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Abstract 

Historical costumes are part of cultural heritage. Unlike architectural monuments, they are very fragile, which 
exacerbates the problems of their protection and popularisation. A big help in this can be the digitisation of 
their appearance, preferably using modern techniques of three-dimensional representation (3D). The article 
presents the results of the search for examples and methodologies of implementing 3D scanning of exhib-
ited historical clothes as well as the attendant problems. From a review of scientific literature it turns out that 
so far practically no one in the world has made any methodical attempts at scanning historical clothes using 
structured-light 3D scanners (SLS) and developing an appropriate methodology. The vast majority of methods 
for creating 3D models of clothes used photogrammetry and 3D modelling software. Therefore, an innovative 
approach was proposed to the problem of creating 3D models of exhibited historical clothes through their 
digitalisation by means of a 3D scanner using structural light technology. A proposal for the methodology of this 
process and concrete examples of its implementation and results are presented. The problems related to the 
scanning of 3D historical clothes are also described, as well as a proposal how to solve them or minimise their 
impact. The implementation of the methodology is presented on the example of scanning elements of the Emir 
of Bukhara’s costume (Uzbekistan) from the end of the nineteenth century, consisting of the gown, turban and 
shoes. Moreover, the way of using 3D models and information technologies to popularise cultural heritage in 
the space of digital resources is also discussed.
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Introduction
Digitisation of cultural heritage objects is a method 
of preserving their appearance in binary form, which 
can be automatically processed using computer tech-
niques. Like any digital product, binary information 

on cultural heritage objects can be easily and cheaply 
reproduced, stored, transmitted, processed and made 
available. By reproducing it cheaply and storing it in 
many places in the world, it is virtually indestructible 
as long as our civilisation continues to function. It is 
an important element in protecting cultural heritage. 
In addition, the abovementioned benefits of managing 
digital representation of cultural heritage objects make 
their dissemination easier and cheaper, and allow a 
wide use of modern information channels, like the 
Internet.

Documenting cultural heritage requires not only 
high precision, but also geometrically accurate map-
ping of the shape. This mapping is the basis for its 
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cataloguing, reproduction, renewal, popularisation, 
and if necessary, and reconstruction.

In recent years, technological development in the 
area of information technology has led to the develop-
ment of digitisation systems, on the one hand, and the 
possibility of a wide reception of digital information by 
practically the whole society, on the other. The tech-
nological development of digitisation systems provides 
ever newer and newer technical and software tools, 
increasing the possibilities of using them and lower-
ing the costs of 3D digitisation and dissemination. In 
the era of universal access to the Internet and the fact 
that members of society have computers and mobile 
devices with great possibilities of processing and pre-
senting data, a wide market has emerged for recipients 
of digital information about cultural heritage sites.

Registration of cultural heritage objects by technical 
means began with the invention of photographs. Pre-
viously, this was only possible through manual human 
activities—sketches, paintings or verbal descriptions. 
When photography was invented, which recorded 
images, it became possible to obtain data about cul-
tural heritage objects in a more automated way. How-
ever, it was analogue technology. It reduced the costs 
of recording and reproducing information, but not 
enough (at the beginning of the XX century the num-
ber of albums published in print reached tens or at 
most hundreds). Meanwhile, thanks to it, many series 
of photographs capturing cultural heritage objects 
were created. An example of such a series is stored in 
the United States Library of Congress, a collection of 
S. M. Prokudin-Gorski’s analogue colour photographs 
(sic!) from the early XX century [1]. This collec-
tion contains almost 2,000 colour photographs taken 

between 1903 and 1916 [2]. The photographs were 
taken across the vast territory of the Russian Empire in 
a unique technology of colour fixation [2]. Nearly 13% 
of the photographs from this collection concern the 
Central Asian part of the Russian Empire (currently 
these are independent countries, such as: Kyrgyzstan, 
Tajikistan, Turkmenistan, Uzbekistan and Kazakh-
stan). It is one of the first such numerous (over 250 
photos) collections of colour photographs from Cen-
tral Asia of over 100 years ago.

Prokudin-Gorski’s photographs capture the appear-
ance of architectural and cultural objects, which are 
now considered to be cultural heritage objects. They 
are currently being digitised as part of the Interna-
tional Research Project "The Legacy of S. M. Proku-
din-Gorsky" [2], which greatly facilitates wide access 
to them. Preliminary analysis of the photos shows 
that about 70% of the photos from Central Asia pre-
sent people and their appearance, i.e. above all their 
clothes. They show the (currently historical) costumes 
of people from different social strata: from the Emir 
and his officials, through merchants, workers, women 
to beggars (Fig. 1). Similar actions, but with the use of 
modern digital technologies, are presented in this arti-
cle. Unfortunately, costumes from that era can now be 
found only in museums and private collections, and 
not on the streets of towns and villages.

Historical costumes are a component of cultural her-
itage. They are collected, stored and made available in 
various types of museums. Due to the delicate mate-
rials from which they are made, they are particularly 
vulnerable to damage. Their digitisation will allow 
them to be preserved for posterity.

Fig. 1  Photos of people in historical costumes from Uzbekistan (cities of Bukhara and Samarkand) taken by S. M. Prokudin-Gorski [2]: a The Last 
Emir of Bukhara (Mohammed Alim Khan), b Prime Minister of Bukhara, c Bukhara bureaucrat
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The digitisation of the exhibited cultural herit-
age objects began with the the era of digital photog-
raphy and 2D scanning techniques. With technology 
advancement a third dimension has been introduced. 
A 3D technology has emerged, together with its imple-
mentation techniques.

Nowadays 3D scanning is a fairly widespread tech-
nique for acquiring 3D images of cultural heritage arti-
facts, especially in the areas of small historic objects 
[3–5], sculptures [6–9] rooms [10, 11] or large build-
ings and entire architectural sites [12–15].

The 3D scanning process of historical costumes, 
due to the materials from which they were made, 
their flaccidity and susceptibility to shape change with 
the movement of objects, is a much more difficult 
undertaking than the digitisation of typical museum 
artefacts from archaeological excavations, such as: 
destructs of ceramics or clay vessels, stone or bone fig-
urines, elements of jewelry, leather products or metal 
artefacts—arrowheads or spears, axes, knives and vari-
ous types of cutting weapons.

Initiatives like European Year of Cultural Heritage, 
Work Plan for Culture 2019–2022, United Nations 
Development Programme (Standard 4: Cultural Herit-
age), as well as other initiatives run by local govern-
ments, stress out the importance of sustaining the 
legacy of the cultural and natural heritage as well as 
protecting it against destruction by either human nat-
ural forces. These motivated museums to draft and 
implement procedures, and obtain funding needed to 
digitise their resources and present it in novel ways. 
Thanks to that, professional and amateur equipment 
for digitising and visualising resources in the 3D envi-
ronment (such a way allows not only to preserve the 
geometry and dimensions of a digitised object, but 
even make it photorealistic) is constantly growing in 
number, being easier and, indirectly cheaper to obtain.

Cultural institutions and their associations create 
digital archives and make them available to a wide 
audience in the Internet [16–18]. Initiatives similar 
to Sketchfab [19–21] and Google Arts & Culture [22] 
emerge and are beeing developed, where 3D models 
are made available to the general public.

The aim of the article is to present:

•	 Developed and effective methodology of acquiring 
3D scans using manual 3D SLS of various histori-
cal elements of clothing in in  situ conditions for 
their documentation and dissemination.

•	 Ways of solving problems arising during 3D scan-
ning with the use of SLS of individual elements of 
the costume in the conditions of a museum located 
in a different cultural area.

•	 On the example of the costume of Emir Bukhara 
from Uzbekistan, stages of post-processing of 
acquired data, which lead to obtaining digital 3D 
models with different parameters.

Study background
Literature research was conducted in specialised sci-
entific databases, open access databases as well as 
museum websites and various types of art galleries. 
Despite finding a dozen or so works (articles, reports 
on websites, books) on the preparation of digital 3D 
models of historical costumes and methods of present-
ing them, it can be concluded that the literature (and 
Internet) research gave a negative result—no scientific 
works were found that would pick up the topic of 3D 
SLS of historical clothes in a scientific manner, deal-
ing with the whole complexity of such a process. There 
were no scientific papers that would present the pro-
cedures for 3D SLS in terms of digitisation of various 
elements of historical costumes and provide compre-
hensive information on the technical and organiza-
tional requirements for the implementation of these 
works and their parameters, including such as:

•	 the number of contractors’ team,
•	 time required to perform a complete scan,
•	 detailed data of 3D mesh models obtained after 

post-processing,
•	 data of final models to be disseminated.

Currently, two main trends can be distinguished for 
creating digital 3D models of clothing:

•	 the first is the manual creation of such models 
using specialised CAD (Computer Aided Design) 
programs,

•	 the second is to use various 3D scanning technolo-
gies and generate 3D models based on the col-
lected data (in the form of a series of photos or 
point clouds)

Manual creation models
During the literature research, it was possible to 
observe that works of numerous authors follow the 
first trend [23–27]. The authors used the following 3D 
modelling technologies/tools in the context of histori-
cal clothes: CAD software for clothes (like CLO 3D, 
Gerber AccuMark 3D, Optitex or Lectra Modaris) 
and general-purpose programming, also for engineer-
ing applications (like MeshLab, Blender 3D Creation 
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Software, AutoDesk 3D or Rhinoceros 3D). Projects 
related to the construction of 3D models of histori-
cal clothes using 2D/3D modelling methods include: 
rider-skirt for riding in the so-called women’s saddle 
[23], trousers [24], Prince Albert of Saxe-Coburg and 
Gotha’s full-dress suite [25]. In these works, the proce-
dures of activities were presented, distinguishing many 
detailed stages of drawing 2D models along with pro-
viding detailed parameters to obtain 3D models. For 
example, a model of a gown from Cicero’s times, made 
with this method, placed on a 3D digital dummy, and 
an animation of the gown draping to make it look real-
istic are presented in article [26]. Study [27] describes 
many methods and CAD programs for modelling cos-
tumes that can be placed on digital bases (manne-
quins) created by 3D scanning. Sometimes researchers 
introduce a short remark that 3D scanning could be 
one of the methods of the digitisation of clothes.

3D scanning technologies and photogrammetry
The second trend is to carry out a 3D scanning pro-
cess of a real object, and then to perform appropriate 
postprocessing of data. Only a few scientific works 
mention the use of 3D scanners at various stages of the 
construction of models of robe images. Unfortunately 
their full potential is not utilised. Literature analysis 
revealed that they are mostly used in a limited scope, 
in order to deal with single elements of digitisation 
instead of the process as a whole, i.e. a 3D scanner is 
used to obtain the model of a human posture only, 
clothes digitisation is done another way. This can be 
called a mixed method or a hybrid method. Examples 
of the use of such a method are: a woman’s folk cos-
tume from the Gorenje region (Blender program was 
used) [28], 3D scanning of the female body in the con-
text of applications in the clothing industry [29], gen-
eration of avatar elements (head and body) based on 
data from scanning 3D and measurements as well as 
3D modeling of clothes on the basis of physical, spatial 
and external information [30], scanning of mannequin 
torsos to properly reproduce various figures of figures 
on which manually modeled outfits were placed [31], 
3D simulation of historical costumes modeled manu-
ally on avatars [32].

The most frequently described and at the same time 
used technique of 3D digitisation of historical cos-
tumes are passive methods: photogrammetry and 
SfM (Structure from Motion), the fundamental (fun-
damental) theoretical basis of which can be found in 
[33]. An example of the application of the SfM tech-
nique is the creation of the 3D Jordanian Dress model 
on the basis of 280 photographs [34]. The photogram-
metry and SfM methods use markers attached to 

the photographed surfaces, additional dimensioned 
objects (e.g. rulers) or manual measurements of dis-
tances between specific points [35]. Their digital dele-
tion from the 3D model is very laborious. Additionally, 
sticking markers on historical costumes is rarely 
possible.

The photogrammetry and SfM method was used in 
work [36]. It shows the presented installation consist-
ing of a digital 3D model of a dress displayed on a trans-
parent screen and a real dress on the Fashion Curation 
2013 display (Moving Textiles: Digital Encounters). 
However, article [36] does not contain any data on the 
parameters of the presented model. In turn, study [37] 
describes the 3D digitisation of the dress with the use 
of specialised Autodesk 123D Catch software devel-
oped for iPad and iPhone devices (photogrammetry). 
The digital 3D model was generated on cloud servers, 
and the surface and 3D model finishing processing was 
done in Adobe Photoshop (removing markers placed 
on the outfit before shooting) and 3ds Max, which was 
also used for rendering. The paper does not present 
the parameters of the digital 3D model transferred for 
presentation purposes to the Unity engine. Website 
[38] presents examples of 3D models of historical cos-
tumes from the turn of the nineteenth and twentieth 
centuries made by using photogrammetry, but there is 
no information on the details of the methodology used 
and the results obtained (model quality, size, etc.). 3D 
scans are often the source of clothes texture only [28]; 
sometimes a 3D scanner is used to document the pro-
file, shape and position of textiles in a bundle before 
conservation [39].

In the available Internet sources (but not scientific 
ones) several unusual solutions can be found for 3D 
scanning of historical costumes. Blog [40] describes 
the use of the specialised medical scanner Vectra 
WB360 (used to detect skin cancer) to 3D scan the 
gown of the Australian opera diva Dame Joan Suther-
land stored at the Arts Centre Melbourne and trans-
fer its digital model to the VR world. However, there 
are no details of the generated digital model and data 
processing methods among the information contained 
therein. Work [36] presents a digital model of a dress 
created by scanning by computed tomography (CT) 
to show the inner layers of a dress invisible to the eye 
(Fashion Curation’13 display). Hu et al. [41] presented 
an interesting solution, although on the example of 
contemporary casual clothes, as they used Kinect 
Fusion to scan a person wearing the clothes and then 
only model the extracted garments. Tota et al. reported 
using a Konica Minolta Vivid 910 3D laser scanner to 
obtain a model of a Luma Waistcoat, although they 
provided a scanner model and print screens of the coat 



Page 5 of 20Montusiewicz et al. Herit Sci            (2021) 9:74 	

model only [42]. One work reported the model being 
a result of 3D laser scanning [43], but further details 
were missing, even the scanner model. Some authors 
just mention that they have a model being the result 
of scanning, but it is unsure whether the authors mean 
photogrammetry as 3D scanning. On the website [44] 
you can find a report on the use of a 3D laser scanner 
(FARO scanner head mounted on the manipulator’s 
arm) to scan the mummy of a Peruvian woman from 
1700  years ago, whose digital image was used to rec-
reate her face. However, the presented physical gener-
ated 3D models of a bust of a woman wearing a dress, 
jewelery and a metal headgear was, however, only an 
archaeological staging [44].

3D SLS of museum artifacts are presented on Rus-
sian websites [45, 46], however they do not contain 
digitization of historical costumes. They concern the 
collection of porcelain human figurines in folk cos-
tumes (Museum of the Imperial Porcelain Factory in 
Saint Petersburg). The costumes of these figures are 
not made of fabrics but painted on the surface of the 
figures. Colorful costumes were painted by hand on 
the copies of the figures made by 3D printing. On the 
website [47] you can see scenes from Chinese history, 
for which both 3D SLS (EinScan-Pro scanner by SHIN-
ING 3D) and 3D printing were used. After appropriate 
processing, 3D models of scanned people in costumes 
(presumably copies) were printed out as monochrome 
objects and painted by hand. There is no information 
in the text about the quality of the digital 3D model of 
the scanned costumes and the 3D scanning procedure 
used. On the blog [48] you can find reports of attempts 
to 3D scan various museum artifacts, including his-
torical costumes, using SLS scanners (Artec Space 
Spider and Artec Eva). Apart from the information on 
the average scanning time of a single object of about 
15 min and information on what objects could not be 
scanned (e.g. the umbrella was scanned on one side 
only, because after turning over, the position of the 
fabric folds changed, which is a typical problem when 
scanning fabrics), there are no procedural indications 
about the digitisation of objects and their further pro-
cessing. In this case, it was not possible to properly 
design and apply a methodical approach to 3D scan-
ning that would take into account such a threat. From 
the content of the Museum of Applied Arts & Sci-
ences blog [49] you can learn that the SLS 3D scanner 
(Artec Eva) was used to create a digital 3D model of 
samurai armor, which was enriched with an interac-
tive touch interface through the use of specialised soft-
ware. However, no methodological information was 
provided that would allow others to carry out similar 
activities, as well as the data of the generated digital 

model. The work [50] describes tools for 3D scanning 
and programs for the preparation of digital 3D models 
that are used in museology, but no rules of conduct or 
procedures for 3D scanning of museum artifacts, espe-
cially historical costumes, are presented.

Conclusion of the literature review
In conclusion, a review of the available scientific lit-
erature and Internet sources can be concluded that 
very few works are devoted to 3D scanning of histori-
cal clothes using 3D scanners, especially those based 
on structural light technology. Works that were identi-
fied during the query show that the whole potential of 
3D scanners is not used. No scientific approach to this 
topic exists either; what is more, authors do not deal 
with the whole complexity and methodology of scan-
ning very diverse clothes of different shapes and mate-
rials. Results are usually not presented and analysed 
properly. All of this makes a lot of room for work. This 
is due to the fact that various reports of 3D scanning 
of historical costumes or theatrical costumes of high 
historical significance, which can be found in scientific 
and online resources, are not research-based and do 
not contain detailed information about the scanning 
process and the results obtained. There are definitely 
no available procedures describing the individual 
stages of activities necessary to perform 3D SLS of his-
torical costumes in working conditions in  situ, which 
would become mini guides allowing museum employ-
ees to independently digitise historical costumes in the 
future.

Research question
It seems that so far no one has used, in a methodical 
way, 3D scanning techniques using structured-light 
technology methods to obtain data on the appearance 
of historical clothes. Meanwhile, in the course of lit-
erature research, a number of potential problems in 
3D scanning of historical clothes in in situ conditions 
were identified, such as: providing logistical support 
by museum employees, the way of displaying items 
of clothing during digitisation (including ensuring 
their stability and accessibility to the surface), limited 
access time to clothes, sensitivity of objects to dam-
age, difficulties in acquiring data with too high gloss 
and transparent decorative elements made of pre-
cious and gilded stones. In order to fill the identified 
gap, it seems reasonable to pose the following research 
question:
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Is it possible to efficiently acquire in situ 3D digital data of 
historical clothing using 3D structured‑light scanners for 
their documentation and dissemination?
The term "efficiently" is used to mean that such activi-
ties can be effectively carried out in  situ with limited 
technical resources, limited human resources and lim-
ited access time to the facilities.

The authors undertook to develop a methodology of 
3D SLS of historical clothes and processing the results 
using modern devices and software. The methodology 
was tested on the example of a scan of the nineteenth 
century costume of the Emir of Bukhara (Uzbekistan).

Methods and materials
Determinants of 3D SLS of historical costumes
In the Samarkand State Integrated Historical-Archi-
tectural and Art Museum-Reserve (Samarkand, 
Uzbekistan) traditional costumes from Uzbekistan 
are presented in a classic way, i.e. in showcases placed 
against the walls (Fig. 2a) or in the centre of the exhibi-
tion hall (Fig. 2b). Unfortunately, glass is a significant 
obstacle in 3D scanning using structured light.

SLS through a glass surface is in principle possible, 
but the presence of a barrier in the form of a display 
case significantly hinders the correct positioning of 
the scanner in relation to the scanned object, which 

Fig. 2  The classic way of presenting clothes in museum display cases: at the wall (a) and in the centre of the room (b)

Fig. 3  Methodology of 3D SLS of historical costumes
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makes it difficult or impossible to properly scan all its 
surfaces. In addition, the panes have defects, scratches 
and dirt, which also negatively affects the scanning 
process. The location of the display cases against the 
wall usually makes it impossible to reach the back of 
the exhibits. Display cases located in the centre of the 
room have elements connecting glass panes and/or 
corners, which also constitutes a significant obstacle 
in scanning. Therefore, the exhibits must be removed 
from the showcases. This is a specific organisational 
problem.

Proposed methodology of 3D scanning of historical 
costumes
Figure 3 presents a diagram of the developed method-
ology of 3D SLS of historical clothes and processing 
the results using modern devices and software.

The methodology consists of 5 stages (Fig. 3).
Stage 1 (Planning) of the methodology is carried out 

before the actual scanning session. It can be imple-
mented on site as well as through remote arrange-
ments. During it, the following sub-stage tasks are 
performed:

•	 At stage 1.1, the sites proposed by the cultural 
heritage (CH) institution for scanning are ana-
lysed. In the case of remote arrangements, photos 
of objects are transferred. Scanning technicians 
analyse objects in terms of the required scanning 
techniques, in particular: the way the object is 
arranged during scanning, the required lighting, 
additional positioning surfaces. The potential for 
obtaining the desired scan is also assessed.

•	 At stage 1.2, objects that will be scanned are 
selected. The objects indicated in step 1.1 can be 
rejected by both the scanning technicians (due to 
the inability to obtain the desired scan quality) and 
the CH institution’s refusal to use 3D SLS tech-
niques due to the potential harm to the exhibit by 
activities consistent with the methodology (Fig. 3). 
For example, the fabric of a garment is too delicate 
to be removed from the display case and placed in 
the required position.

•	 At stage 1.3, the details of scanning selected 
objects are agreed. Depending on the require-
ments, the availability of the necessary props 
(dummy, lighting, desktop, etc.) is determined.

	 Stage 2 (Scanning) of the methodology covers the 
proper implementation of the scanning process. 
The objects in the order agreed with the CH facil-
ity are made available and the procedure of their 
scanning is carried out, which includes cyclically 
performed task sub-stages:

•	 At stage 2.1, the scanning station is prepared for 
a given object (lighting setting, dummy, possible 
suspension, etc.). The object is placed in the posi-
tion.

•	 Stage 2.2 covers the actual procedure of the scan-
ning process. Individual partial scans are per-
formed. Scanning must be performed ensuring 
that the orientation of the fabric of the scanned 
object remains unchanged until the entire proce-
dure is completed.

•	 Stage 2.3 includes collecting information about the 
scanned object (textual and visual – photographic 
data). They are necessary both for the correct 
identification of the obtained scans, as well as in 
processing data from the scan, as an aid in posi-
tioning and determining the correct colour of the 
obtained model.

Stage 3 (On site preliminary verification of scans) 
is carried out for each object at the place and time of 
scanning in order to make sure that the 3D SLS process 
is running correctly. This avoids the need to re-pre-
pare the object for the scanning process in the event of 
any irregularities in the acquired data. It includes the 
following sub-steps:

•	 Stage 3.1 includes pre-processing of sub-scans by 
the technician. It includes assessing the quality of 
individual scans and matching parts to each other. 
The completeness of the acquired point cloud is 
also analysed.

•	 Stage 3.2 includes the decision to accept the 
obtained effect. If you obtain a scan of insufficient 
quality or completeness, you may decide to repeat 
some or all of the scanning process. In special 
cases, it may be decided not to scan a given object. 
Representatives of CH institutions may participate 
in this process.

Stage 4 (Postprocessing) is performed after the scan-
ning session is completed. It does not require the 
involvement of CH institutions. At this stage, the pre-
merged data from stage 2 is fully processed in order to 
obtain the base model and its archiving. During it, the 
following sub-stage tasks are performed:

•	 Stage 4.1 consists in the processing of scans (clean-
ing, micro-matching of clouds, etc.) and genera-
tion of the model with the highest available param-
eters (the so-called Base Model). At this stage, 
apart from the scans themselves, metadata (photos 
etc.) obtained at stage 2.3 are used. They are espe-
cially helpful when matching a large number of 
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partial scans of surfaces with a similar fabric pat-
tern.

•	 Stage 4.2 includes archiving both processed scans 
(to enable further analysis) and the Base Model, 
saved in universal formats that can be processed 
with various software.

Stage 5 (Dissemination) includes disseminating the 
obtained model in the forms required for a given appli-
cation (e.g. presentation on websites). It can be imple-
mented many times, depending on the needs, using 
the Base Model. Stage 5 consists of the following sub-
stage tasks:

•	 In step 5.1, the Base Model is converted to Dis-
semination Models in accordance with the speci-
fied requirements (format, model complexity, size, 
texture type, location, lighting etc.).

•	 Stage 5.2 includes the publication of the Dissemi-
nation Models in the appropriate media. The pub-
lication is also accompanied by supplementing 
the information about the presented object on the 
basis of metadata obtained at stage 2.3.

The developed methodology of 3D SLS of histori-
cal clothes and processing of the results was tested in 
the field at the Samarkand State Integrated Historical-
Architectural and Art Museum-Reserve (Samarkand, 
Uzbekistan) during the scanning of the Emir of Bukha-
ra’s costume.

The Emir of Bukhara’s outfit
The Emirate of Bukhara existed as an Uzbek state from 
1785 to 1920. In the years 1873–1917 it was under the 
protectorate of the Russian Empire. It was located in 
central Asia in the lands of present-day Uzbekistan, 
Tajikistan and Kazakhstan. It was liquidated by the 
Soviet Red Army in September 1920. The last Emir 
of Bukhara, Said Mir Mohammed Alim Khan (Fig.  1) 
emigrated to Afghanistan [51, 52], where he died.

The Samarkand State Integrated Historical-Archi-
tectural and Art Museum-Reserve (Samarkand) stores 
elements of the Emir of Bukhara’s costume (at least 
that is what museum staff and guides call it), such as 
(Fig. 4):

•	 Dressing gown, gold-embroidered, Bukhara, 1895.
•	 Salla (turban), a man’s head bandage from fabric, 

Bukhara, end of the XIX century.
•	 Mahsi and kaushi (high and low shoes), Bukhara, 

end of the XIX century.

These elements were selected for scanning and veri-
fication of the procedure from Fig.  3. The choice was 
not accidental. These objects vary in size and materi-
als: from thick dressing gown fabric, richly embroi-
dered with gold thread, to thin turban fabric. This 
made it possible to check the proposed methodology 
of 3D SLS historical costumes on artefacts that differ 
significantly in surface textures and materials.

Fig. 4  Objects selected for 3D scanning: a dressing gown, b turban (salla), and c shoes (mahsi and kaushi)
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Scanning elements of the Emir of Bukhara’s costume in situ
The scanning was carried out by a team of three IT 
specialists (IT team), the authors of this article. It cov-
ered the first three stages of the developed methodol-
ogy (Fig. 3).

While obtaining and processing the data, the follow-
ing equipment and software were used:

•hand-held structured-light technology scanners 
(Artec Eva – 50-100 microns accuracy, saving tex-
tures),
•digital camera (Nikon D7200),

•laptop (i7 Processor, 32GB RAM, GTX 980 8MB 
graphics card),
•rotary scanning table with reference surface,
•software on site (Artec Studio 12 Professional),
•post-processing software (Blender v2.8, MeshLab 
v2020.04).

The visit to the museum was previously agreed by the 
persons who acted as intermediaries, but the IT team 
and the museum staff could not agree on any details 
of the operation due to the lack of a direct meeting. 
All actions were taken on the basis of the experience of 

Fig. 5  Preparation of objects for 3D SLS: a taking the outfit out of the showcase and b wrapping a turban on the head of a museum employee

Fig. 6.  3D SLS of the elements of the Emir’s costume: a dressing gown, b turban—salla, c kaushi—low shoe and d mahsi—high shoe
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the IT team, and the museum staff improvised solving 
emerging problems in real time.

Some activities were carried out in parallel by both 
teams (museologists and the IT Team), including the 
initial verification of the quality of the obtained scans 
(stage 3 of the methodology in Fig. 3).

Removing the outfit from the sealed display case 
turned out to be quite a difficult undertaking due to 
the fact that the design of the display case did not pro-
vide for free access to the objects placed there (Fig. 5). 
When removing the ball from the stand, it was dis-
solved. Thanks to the cooperation of both teams and 
the willingness to make 3D scans of all the elements 
of the outfit (Fig.  6), the emerging problems could be 
overcome there and then. For example, the human 
head dummy unavailable in the museum was replaced 
by one of the museum employees (Fig. 6b).

The scanning time was minimised due to the fact 
that the exhibition room was closed to normal visitors 
at the time of scanning. It is not a comfortable situ-
ation for the museum authorities in view of the large 
number of visitors in organised tours with a strongly 
limited time window and the programme of visiting 
the museum during its normal opening hours. One of 
the requirements of the museum board to minimise 
the time of data acquisition was to make the exhibition 
available for scanning. The total stay in the museum 
from entering it until leaving took only 1.5 h (Table 1).

The activities related to the object preparation, 
scanning and photographic documentation process 
are listed in Table  1. Other activities performed at 
the same time by the IT team, which were parallel to 
the digitalisation process, were omitted, such as: (i) 
discussing with a team of museologists how to dis-
play subsequent items for digitisation, (ii) collecting 
information about scanned items (the need to search 
for specialised vocabulary and translate them (Polish/
English/Russian/Uzbek), (iii) backup files from scan-
ning and checking their quality on a current basis on 
a second computer set. Some of these activities were 
performed when the team from the museum was pre-
paring subsequent objects for scanning (Tables  1, 4a, 
6a).

Note that the scanning time is not linearly related to 
the size of the scans obtained. This is due to the dif-
ferent shapes of the scanned items. The dressing gown 
contains large, relatively flat surfaces, which facili-
tates and speeds up the scanning process. The rest of 
the garment is smaller in size and has a lot of edges. 
Passing during the scanning over the edge with a sig-
nificant difference in the angle of the joined surfaces 
requires increased attention to avoid loss of scanner 
positioning in relation to the scanned object. Conse-
quently, it extends the scanning time of such an area. 
In the case of objects with a very small area (Kaushi), it 
was necessary to support the scanning process with an 

Table 1  Set of activities related to the 3D scanning process of the Emir’s costume

No Activity Team Completion time

1 Arriving at the museum, formal matters, closing the exhibition IT team, 3 people 13:12 (14 min.)

2 Preparatory activities

2a Taking the exhibits out of the display case Museologists, 6 people 13:26 (10 min.)

2b Preparing the equipment IT team, 3 people (7 min.)

3 The outfit

3a Scanning the outfit IT team, 2 people 13:36–13:48 (12 min.)

3b Creating photographic documentation IT team, 1 person (10 min.)

4 The turban

4a Preparing the turban Museologists, 4 people 13:43–13:53 (10 min.)

4b Scanning the turban IT team, 2 people 13:55–14:00 (5 min.)

4c Creating photographic documentation IT team, 1 person (15 min.)

5 The low shoes

5a Scanning the low shoes (2 items) IT team, 2 people 14:02–14:08 (6 min.)

5b Creating photographic documentation IT team, 1 person (6 min.)

6 The high shoes

6a Preparing the tripod Museologists, 1 person 14:03–14:08 (5 min.)

6a Scanning the high shoes (2 items) IT team, 2 people 14:10–14:20 (10 min.)

6b Creating photographic documentation IT team, 1 person (10 min.)

7 Packing the equipment, opening the exhibition IT team, 3 person 14:21–14:26 (5 min.)
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appropriate reference surface (Fig.  7c), ensuring that 
the scanner was positioned.

Postprocessing
The obtained 3D scans of individual elements of the 
outfit were post-processed in order to obtain the 
required models—stages 4 and 5 of the methodology 
developed (Fig.  3). This process consisted of stages 
that slightly differed depending on the model being 
processed. This was due to different techniques of 
obtaining scans for individual objects. Generally, there 
are three steps of post-processing.

At the first step, individual partial scans were ana-
lysed and purified from undesirable fragments. The 
specificity of scanning with the use of a handheld 

scanner means that there is a risk of distortions when 
positioning the moving scanner, which causes the for-
mation of "delamination" of the scanned surfaces. The 
occurrence of such a case had to be caught and the dis-
section corrected. Correct scans could then be fitted 
by comparing the surface of point clouds. The final 
effect of the first stage was clean and distortion-free 
partial scans, matched to each other—a comprehensive 
point cloud. Point clouds of individual elements of the 
outfit were saved in the native Artec Studio software 
format.

At the second step, the overall model point cloud 
was converted to the mesh base model. The generation 
of the mesh model was carried out by Artec Studio 
software dedicated to the scanner. The interference of 

Fig. 7  Clouds of obtained dressing gown points before merging

Table 2  Parameters of elements and the results of their scanning

a scanning the second piece (knowledge from scanning the first piece was used)
b scans include the surface of the rotary table on which the kaushi was scanned
c scanning required changing the position of the shoe (position on its side) on the rotating table

No Articles of the Emira’s costume Number 
of partial 
scans

Geometric sizes of objects and total approximate 
surface area

Total size of the scan

1 Scanning the dressing gown 8 robe sides: 2 × (47 × 130) cm, robe back: 95 × 130 cm, 
sleeves: 2 × (2 × 65 × 26) cm, około: 31,000 cm2

3.5 GB
83.63 million points

2 Scanning the turban (salla) 4 diameter: 20 cm, average height: 20 cm, average surface: 
1250 cm2

0.5 GB
8.73 million points

3 Scanning the low shoes (kaushi, 2 items) 5 + 3a length: 29 cm, average height: 7 cm, average sole width: 
8 cm, about: 630 × 2 = 1260 cm2

0.6 GB + 0.5 GBa

17.05 + 15.23 million pointsb

4 Scanning the high shoes (mahsi, 2 items)c 6 + 4a length: 29 cm, height: 45 cm, average width: 14 cm, aver-
age sole width: 8 cm, about: 1900 × 2 = 3800 cm2

0.6 GB + 0.45 GBa

14.02 + 7.72 million points
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a IT specialist consisted, among others, in on the deci-
sion on the method of possible filling of the discon-
tinuities in the surface of the obtained model. In the 
next step, the colour information about the surface of 
the object recorded in partial scans was transferred to 
the base model of the scanned object with the simulta-
neous unification of the brightness levels. IT special-
ist corrected the parameters of the target colours to 
ensure faithfulness to the original colours, using refer-
ence photos of objects. The base model was saved in 
the universal.obj format, while the texture in the loss-
less.png format.

The third step involved the preparation of various 
versions of the object model intended for dissemina-
tion, the so-called Dissemination Models. It was nec-
essary to simplify the Base Model mesh to ensure the 
model’s availability to a wide audience by minimising 
download time and hardware requirements. The con-
version of the Base Model into various versions of 

Dissemination Models was carried out with the use 
of Meshlab and Blender software. Depending on the 
needs, a reduction was carried out by up to 85%, i.e. up 
to 15% of the number of triangles in the Base Model. 
The.obj model format was retained due to its universal 
nature. The texture covering the model was also opti-
mised by possible resolution reduction and saving in a 
lossy.jpg format.

Results
Obtained materials about the Emir’s robes
As a result of the scanning, 30 point clouds (Table  2) 
with a total volume of over 6  GB were obtained. The 
total number of points in the clouds (Table  2) was 
over 146 million. Detailed parameters of the acquired 
images of elements of the Emir’s costume are pre-
sented in Table 2.

The obtained materials are in the form of point 
clouds distant from each other by approx. 0.25  mm, 
which reflect the geometry of the objects and infor-
mation about the colour of their surface (Fig.  7). Fig-
ure  8 shows a fragment displaying the distribution 

Fig. 8  The obtained point cloud of the dressing gown fragment

Table 3  Base model parameters of elements of the Emir’s costume

a non-visible surfaces (interior of the dressing gown, interior of the shoes, etc.) are not taken into account

No Object Size of the base model Estimated percentage of 
shortages of external area, 
%aNo. of triangles MB

1 Dressing gown 2,085 150 0.2%

2 Salla—turban 280 20 5.0%

3 Kaushi (L&R)—low shoes 312
320

20
20

0.5%
1.0%

4 Mahsi (L&R)—high shoes 830
850

57
59

3.0%
5.0%

Fig. 9  Base Model of the object a dressing gown and b fragment of 
the model with the mesh of triangles shown
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of points on the material surface. It can be seen that 
the sampling density is uniform. Consequently, any 

protrusions resulting from the patterns sewn will be 
visualised with the same accuracy.

Base models—results of postprocessing for data 
archiving
In the course of processing point clouds, mesh base 
models of individual elements of the outfit were 
obtained. The mesh density was selected to obtain 
the greatest possible accuracy of mapping the surface 
of costumes determined on the basis of point clouds. 
Table  3 shows the sizes of the obtained meshes (the 
number of triangles) and the sizes of the resulting files 
saved in the universal.obj format (MB).

The dressing gown object was characterised by a 
large surface, devoid of hard-to-reach fragments. 
Therefore, the obtained model has the lowest gaps 
coefficient (gaps) in the continuity of the 3D model 
surface—percentage of external surface defects 
(Table 3). Figure 9 shows the Base Model of the dress-
ing gown (with a fragment of the mannequin left as 
a reference to the shape of the character wearing the 
garment).

The obtained base model of the turban object is 
characterised by the highest percentage of short-
ages. It results from the necessity to adjust the scan-
ning method to the shape instability of the object. The 
adhesion of the turban belt to the human model torso 
made it impossible to obtain its inner surface. Fig-
ure 10 shows the view of the Base Model of the turban 
(along with the model’s head mapping left as a refer-
ence for the correct headgear positioning).

In the case of the low shoes, scanning was carried 
out using a rotary table with a reference surface. A sig-
nificant level of shortages in the case of the high shoes 
(Table 3) results from the inability to scan the surface 
under the flaps—the unrolling of the flaps was not 
allowed by the employees of the CH institution. The 
visible surface of the objects was mapped with a preci-
sion equivalent to the previous objects (Fig. 11).

Fig. 10  Base Model of the turban a a whole view and b a fragment 
of the model with the mesh of triangles visible

Fig. 11  Base Models of footwear a high shoe, b low shoe and c a 
fragment of the model with the mesh of triangles visible

Table 4  Object optimisation in scan processing—dissemination model parameters

No. Object Size of dissemination model after optimisation 
(reduction by 70% of the number of triangles), MB

Size of dissemination model after optimisation 
(reduction by 85% of the number of triangles), 
MB

1 Dressing gown 64.8 31.6

2 Salla—turban 8.2 4.1

3 Kaushi (L&R)— 8.7 4.3

low shoes 8.9 4.4

4 Mahsi (L&R)— 23.1 11.3

high shoes 23.8 11.7
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Fig. 12  Dressing gown: a Base Model, b Dissemination Model—70% reduction, c Dissemination Model—85% reduction

Fig. 13  Dissemination Model of the image composed in Blender and Meshlab a combining all elements of the Emir of Bukhara’s robe—integrated 
Model and b in the natural scenery of the throne room of the palace located in the Ark of Bukhara—a massive fortress
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Dissemination models—the results of processing 
for dissemination
The basic method of disseminating the obtained mod-
els, agreed with the CH facility, was to present them 
in the Internet. It was necessary to take into account 
the requirements of matching models to the needs and 
capabilities of potential recipients, not necessarily hav-
ing high-performance computers capable of smoothly 
displaying 3D objects with complexity at the level of 
the Base Models. It was equally important to limit the 
size of model files due to the need to transfer them via 
the Internet. In order to develop Disseminations Mod-
els, the meshes of the Base Models were optimised to 
ensure a satisfactory visual quality while meeting the 
above-mentioned requirements. Table  4 summarises 
the obtained model file sizes using 2 levels of mesh 
detail reduction (i.e. reducing the number of triangles 
making up the Dissemination Models in relation to the 
Base Models)—70% and 85%.

Although the obtained Dissemination Models lost 
the surface details defining the shape of the embroi-
dery on the garment, the visual effect was kept at a 
good level thanks to the texture. However, in the case 
of the presentation of models using dynamic shadow 
techniques, only the shadows resulting from the 
arrangement of the folds of the garment will be repro-
duced without shadows on the edges of embroidery. 
Figure  12 presents a summary of the dressing gown 
model in three versions of the density of the triangle 
mesh.

Dissemination Models are available in a 3D view on 
the website of the Laboratory of Intelligent Systems 
Programming and Computer 3D Technology (Lab3D), 
Department of Computer Science, Lublin University of 
Technology [51]. In addition, the simplified 3D model 
of the dressing gown was also used to build the virtual 
exhibition presented in [53].

An alternative method of disseminating the results 
of the work was to prepare the combination of high-
resolution images of the obtained Base Models into an 
Integrated Model. The generated images of the Inte-
grated Model, including lighting and shadows, were 
superimposed on the scenery corresponding to the 
historically presented clothing and simplified to the 
Dissemination Model format (Fig. 13).

The generated images of the Integrated Model are 
available in 3D view on the Lab 3D website [54].

Discussion
In the course of scanning the historical clothes dis-
played at the Samarkand State Integrated Historical-
Architectural and Art Museum-Reserve (Samarkand), 
a number of problems emerged (both foreseen and 

unexpected) that could be solved to a greater or lesser 
degree. They are listed in Tables 5, 6, 7 and 8 together 
with alternative solutions.

The analysis of the problems and their resolution 
during the scanning of historical clothes at the Samar-
kand State Integrated Historical-Architectural and 
Art Museum-Reserve (Samarkand), as well as of alter-
native activities, shows the complexity and variety of 
problems arising during its course.

Summary
The methodology developed and implemented in the 
present case study at the Samarkand State Integrated 
Historical-Architectural and Art Museum-Reserve 
(Samarkand, Uzbekistan), primarily due to its results 
of use, allows to answer the research question:

Is it possible to efficiently acquire in situ 3D digital data of 
historical clothing using 3D structured‑light scanners for 
their documentation and dissemination?
The answer to the research question posed above is: 
YES, it is possible to effectively acquire scans of his-
torical clothes using 3D SLS for their documentation 
and dissemination.

The authors’ experience gathered during the exper-
imental work carried out at the Samarkand State 
Integrated Historical-Architectural and Art Museum-
Reserve entitles them to formulate the following 
conclusions:

•	 Collecting available information on good prac-
tices in the process of 3D digitisation of museum 
artefacts, arranging them and adapting them to 
the requirements of in  situ digitalisation of his-
torical costumes has resulted in the development 
of a comprehensive methodology of 3D SLS of 
historical costumes in the form of a diagram. The 
developed methodology is addressed not only to 
researchers dealing with the methods of digitis-
ing objects of tangible cultural heritage, but also 
to museum professionals who in the future should 
take on the task of 3D digitisation of museum arte-
facts.

•	 The prepared methodology clearly separates the 
organisational and preparatory tasks performed 
by the museum employees from the activities of 
a specialised team to conduct 3D scanning and 
preparation of supplementary photographic docu-
mentation. Thanks to this, both teams can work 
autonomously and fully professionally, which ena-
bles parallel work and economical time manage-
ment. The works carried out at the museum show 
that the optimal number of IT team members is 
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3 people. The size of the support team may vary 
depending on the task being performed.

•	 Digitisation with a 3D SLS (in our case the Artec 
Eva model was used) is a relatively simple and fast 
process that can be performed in situ, without the 
need to create special working conditions for the 
IT team. The scanning process by a team of three 
of six elements of the outfit: dressing gown, turban 
(salla), two low shoes (kaushi) and two high shoes 
(mahsi), taking into account all the preparatory 
and finishing activities, took less than 1.5 h.

•	 3D digitisation in the structured-light technology 
is a safe process for the scanned objects due to the 
fact that the technology used does not require any 
tags to be attached to vintage costumes, and the 
scanning process is low-energy and does not heat 
up the scanned objects. In addition, 3D SLS does 
not require interfering with the structure of digit-
ised objects by sticking macros, which on the one 
hand can be dangerous for the surface of fabrics, 
and on the other hand, significantly increases the 
workload of preparing an outfit for digitisation and 
extends the post-processing time to make the final 
digital 3D model due to the necessity to do so.

•	 The applied 3D digitisation technology enables 
acquisition of evenly illuminated colour maps, thus 
simplifying the process of photorealistic materials 
creation for the purpose of physically based ren-
dering. The creation of photographic documenta-
tion performed during the scanning process is pri-
marily supplementary. The photos make it easier 
to assemble the acquired multiple point clouds 
into one 3D model, especially when the person 
submitting the model did not participate in the 
scanning process.

•	 Due to the high accuracy of the scanned objects, 
amounting up to 0.05  mm, the created 3D mesh 
Base Models are very large (from 20  MB for the 
Kaushi to 150  MB for the dressing gown). Such 
large graphic objects are perfect for archival pur-
poses because they contain a lot of information 
about the surface area of scanned artefacts. The 
acquired models can be used to retrieve precise 
dimensions from the object at any time.

•	 The redundancy of the Base Models, understood 
as the available number of triangles reflecting the 
geometry of the surface, allows for their process-
ing in order to obtain models suitable for presenta-
tion on websites and mobile devices. The activities 
carried out on these models show that their reduc-
tion by 70% or even 85% ensures both the suffi-
cient quality of the 3D model and a reduction in 
their size sufficient for successful presentation on Ta

bl
e 
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various platforms. The models have the respective 
sizes from about 4 MB for the Kaushi to 30 MB for 
the dressing gown.

Further work in the area of 3D scans using 3D scan-
ners, specifically ones based on structural light, of 
historical clothes for the purpose of their documen-
tation and dissemination will be carried out using the 
present methodology. It should confirm the correct-
ness of the current approach and give directions for its 
modification.
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