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ABSTRACT: 

 

The Goethe Elephant skull is a cultural object of great interest. For the highly accurate 3D digitisation of the object, a hand-held 3D 

scanning system (Creaform GO!Scan) and Structure-from-Motion (DSLR camera) were used. The aim is a complete spatial 

reconstruction with a resolution of 0.5 mm and an accuracy level of approximate 0.5 mm. The skull consists of three parts, which have 

very complex but also very simple surface structures. For both methods the data acquisition and processing is described in detail. In 

both cases, a complete textured meshed 3D model could be calculated without shadows due to the use of camera-fixed lighting. The 

3D models fulfil the desired target resolution and accuracy, verified by independent reference lengths and by the manufacturer's 

specifications. In addition, the colour values of the texture were calibrated with the help of the ColorChecker Digital SG. A visual and 

geometric comparison of the two models shows that both methods are very well suited for high-precision 3D object reconstruction on 

a similar level of accuracy. Furthermore, the advantages and disadvantages of the methods are compared. The main advantage of the 

applied hand-held scanner is the real-time verification of the model during data acquisition. The established SfM convinces with its 

flexibility regarding resolution and camera positioning. 

 

 

1. INTRODUCTION 

1.1 Motivation 

For many cultural objects, there are already automated stations 

for complete 3D digitisation (Santos et al., 2014). However, for 

objects that are not easy to transport, on-site acquisition solutions 

must be developed. One example is given by the Goethe Elephant 

skeleton from the Museum of Natural History located in the 

Ottoneum in Kassel, Germany (Figure 1). The skull of the 

elephant is of greatest historical and scientific interest. 

Probably as a gift from Prince William V of Orange to Landgrave 

Frederick II, an Asian elephant came to Kassel in 1773. With an 

age of two years, the elephant was still very young. The elephant 

lived chained up for the most part, but was also used at opera 

performances or as a working animal. In 1780, the elephant 

slipped down a steep slope and suffered a fatal skull injury. For 

the anatomist Samuel Thomas Soemmerring, who taught in 

Kassel, the death of the young Asian elephant was significant 

from a scientific point of view. This made it possible to create the 

probably largest skeletal montage of a large mammal. Johann 

Wolfgang von Goethe borrowed the skull in 1784 to conduct 

comparative studies of the intermaxillary bone. Hence the name 

Goethe Elephant was derived. In that time the alleged absence of 

the intermaxillary bone in humans was considered to be a 

distinguishing feature between humans and animals. Goethe was 

able to prove this bone in humans as well. However, the 

discussion continued (Matuschek, 2020). 

 

The skull can be described as a complex object due to its size, 

arbitrary free-form surfaces, small openings, high degree of 

shadowing and occlusions. A major challenge is to place the 

object in such a way that it can be recorded from all sides. The 

aim is to calculate a 3D model of the elephant skull and achieve 

a resolution and an accuracy level of 0.5 mm. Due to the sensitive 

surface, non-contact optical measurement technology is 

particularly suitable. The data acquisition was carried out with 

hand-held 3D scanning systems (active method) and Structure-

from-Motion (SfM), both well-established technologies in 

cultural heritage use cases (Stylianidis & Remondino, 2016). The 

final 3D data is designated for visualisation purposes in virtual 

environments, and for 3D prints. 

This paper presents the data acquisition and evaluation process 

of the Goethe Elephant skull using SfM and a hand-held 3D 

scanning system. Both the final 3D models and the application of 

the photogrammetric methods are evaluated and compared. 

Advantages and disadvantages of the respective methods are 

presented. 

 

 
Figure 1. Skeleton of the Goethe Elephant in Kassel (© Peter 

Mansfeld, Kassel). 
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1.2 Related Work 

Both hand-held 3D scanning systems and SfM have already been 

used in various use cases in the field of cultural heritage. For 

example, de Luca et al. (2019) have used hand-held 3D scanners 

to record rather small objects that are later 3D printed. One 

example for SfM applications is given by Fau et al. (2016) for the 

digitisation of bones of mounted skeletons. 

Hand-held scanners as well as SfM applications can be verified 

to industrial standards such as VDI 2634 (Kersten et al., 2018), 

(Nietiedt et al., 2020). This generally enables the definition of 

accuracy requirements for cultural objects according to industrial 

standards.  

The possibilities and limitations of using hand-held scanners and 

SfM in comparison for the recording and modelling of cultural 

objects was carried out by Lachat et al. (2017) and Barszcz et al. 

(2021). 

Lachat et al. (2017) investigate the Faro Freestyle3D scanner and 

identified advantages in this use case due to simple and fast 

recording and modelling. Barszcz et al. (2021) use the Artec 

Spider, but in this case the long processing time of the Artec 

software does not bring any advantages in comparison with SfM. 

This makes it clear that the practical use strongly depends on 

which scanner system is used. 

 

1.3 Goethe Elephant skull 

Even though the skeleton of the elephant is still completely 

preserved, only the skull has been recorded, which was part of 

Goethe's research. The elephant skull consists of three individual 

parts shown in Figure 2. The lower jaw has a size of approx. 60 

x 60 x 40 cm, the upper skull has a size of 60 x 30 x 20 cm, and 

the main skull has a size of 80 x 60 x 60 cm. The object surface 

consists of both simple and very complex structures. On the one 

hand, the main skull has parts that are occluded (zygomatic arch, 

maxilla) or very finely structured (cranial suture). Furthermore, 

there are numerous hollow and inner spaces, such as the eye 

socket or nasal cavity. These were not focussed on in this work. 

It might be possible to record them with miniature cameras using 

macro photogrammetry. On the other hand, there are smooth 

areas such as the forehead bone. A challenge is that the elephant 

skull cannot be set up to record it completely. The parts have to 

be recorded from above and below individually. 

 

 
Figure 2. Lower jaw (left) main skull (middle) and upper skull 

(right) of the Goethe Elephant skull. 

 

2. DATA ACQUISITION 

The data acquisition was done at the Museum of Natural History 

Kassel (Figure 4). For both measurement methods, the object was 

placed on a table to be as accessible as possible. Additional high-

precision scale bars were attached to ensure metric scaling. After 

the object was firstly recorded from one side (top), it was 

carefully turned around and recorded from the other side 

(bottom). Thereby it is possible to reconstruct the entire surface 

of the object without missing information. The data acquisition 

was carried out in a darkened room without ambient light. Only 

four LED floodlights with a colour temperature of approx. 5,500 

Kelvin (daylight) were used. This ensured a consistent diffuse 

lighting situation with less reflections and shadows and without 

extraneous light influences. 

For the SfM data acquisition, a black, non-reflective background 

was used. This enables the masking of the images during data 

processing (see chapter 3.1). 

 

 
Figure 3. ColorChecker DigitalSG for colour calibration. 

 

When digitising cultural objects, the calibration of the object 

colour is of high importance. The colour can be calibrated with a 

colour chart as an independent reference. As recommended by 

FADGI (2016) and van Dormolen (2012), the ColorChecker 

Digital SG (Figure 3) from x-rite was used and placed in the 

measurement volume. For SfM the colour chart was positioned 

in advance on the spot where the object would later be located. 

When using the hand-held scanner, the colour chart was recorded 

together with the object at the same time. 

 

 
Figure 4. Data acquisition SfM (left) and hand-held scanning 

system Creafom GO!Scan (right). 
 

2.1 Structure-from-Motion 

The photogrammetric recording for SfM was carried out using a 

DSLR Nikon D850 with 24 mm NIKKOR lens. The 

specifications of the camera are listed in Table 1. The data 

acquisition was carried out according to the recommendation of 

Wenzel et al. (2013) with the aim of complete photogrammetric 

surface reconstruction. For more complex and potentially 

shadowed object areas, it is recommended to capture a higher 

number of images from different viewing angels and with shorter 

baselines. At less complex object areas, the number of images 

was reduced, but 80 % overlap was taken into account. 

 

Parameter Value 

Sensor size  35.9 mm x 23.9 mm 

Number of pixels   8256 x 5504  

Pixel size 0.0044 mm 

Focal length 24 mm 

Table 1. Specifications DSLR Nikon D850. 

 

The three objects were each recorded from both sides, above and 

below. For each side of the object, images were taken at a 

distance of approx. 100 cm from three different heights. An 

example of the closed-loop arrangement taken from one side of 

an object with approx. 150 images is shown in Figure 5 (top). The 

resolution in object space (GSD) is approx. 0.22 mm. According 
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to Nyquist–Shannon sampling theorem, the resolution was more 

than doubled to guarantee the defined resolution of 0.5 mm 

(Luhmann et al., 2019, p. 149). Furthermore, detailed images 

were taken at complex object areas that are particularly occluded, 

shadowed or finely structured with an acquisition distance of 30 

cm and an object resolution of approx. 0.04 mm. For all image 

sets, tilted images were also taken to ensure sufficiently accurate 

camera calibration.  

 

 
Figure 5. Closed-loop arrangement from above (top). Complete 

closed-loop arrangement from above and below (bottom). 

 

For the scaling of the scene, two scale bars were placed in object 

space. In addition, two further scale bars were used as 

independent reference lengths for verification of the captured 

image bundle. Figure 5 (bottom) shows a complete all-round 

configuration of both sides of the object with 377 images. The 

number of images taken is listed in Table 2. 

 
Dataset Number of images 

 Images Detailed images 

Lower jaw 274 103 

Main skull 555 197 

Upper skull 352 86 

Table 2. Total number of images for data acquisition. 

 

2.2 Hand-held 3D scanning system 

A hand-held 3D scanning system, Creaform GO!Scan, was used 

as second method. The specifications of the hand-held scanner 

are listed in Table 3. Basically, the data acquisition was carried 

out under the same external conditions as before. The object is 

recorded from one side, and then the object is rotated and 

recorded from the other side.  

Due to the sensitive object surface, no attached reference targets 

can be used. This would be necessary to scan with the highest 

possible resolution of 0.2 mm. However, a resolution of 0.5 mm 

is used to meet the desired specifications. The registration of the 

point cloud is determined by geometric features of the object. 

Since the resolution is verified by the manufacturer, it is not 

necessary to scan at twice the resolution as it has been done for 

SfM data acquisition. The hand-held system was moved slowly 

and evenly over the object. Before data acquisition, the hand-held 

scanner is calibrated using a flat test field provided by the 

manufacturer. 

 

Parameter Value 

Accuracy 0.05 mm 

Volumetric accuracy 0.05 mm + 0.15 mm/m 

Resolution 0.1 mm 

 

Mesh resolution 

0.2 mm (positioning via 

targets) 

 0.5 mm (positioning via 

geometry) 

Object size 0.1 – 4 m 

Table 3. Specifications for hand-held 3D scanning system 

Creaform GO!Scan. 

 

3. DATA PROCESSING 

The data was processed at the Institute for Applied 

Photogrammetry and Geoinformatics (IAPG) in Oldenburg, 

Germany. A PC with 256 GB RAM and GeForce RTX 3090 (24 

GB) was used. 

 

3.1 Data processing SfM 

The photogrammetric evaluation was carried out with the SfM 

software Agisoft Metashape (version 1.7.2). For all objects, the 

calculations were made in the same way and with the highest 

quality settings. The evaluation procedure is shown 

schematically in Figure 6.  

 

 
Figure 6. Processing workflow in Agisoft Metashape. 

 

In order to be able to evaluate all images of an object together, 

i.e. front and back, the images must be masked. First, the images 

of one data set are oriented and a sparse point cloud is calculated. 

The area of interest is defined and the images are masked by 

transformation from object space to image space. The masked 

images and the unmasked images from the second data set can be 

orientated together. Subsequently, it is possible to calculate a 

point cloud. In the final mesh, all images can be used as basis for 

texturing. The unmasked images contain scaling information that 

are taken into account in the bundle adjustment. Two cameras, 

one for close-range images and one for detailed images, are 

calibrated separately. The result is a textured meshed 3D model 

as shown in Figure 7. Table 4 shows quality parameters of the 

bundle adjustment. For the main skull, the average reprojection 

error (RMS) is 0.9 px. From this, a mean precision of the object 

coordinates of 0.20 mm can be derived. The independent 

reference distances also allow for checking the external accuracy 

of reconstruction. For the main skull, the average deviation of the 

reference distances is 0.025 mm. As Table 4 shows, the average 
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deviation of the reference is in the same order of magnitude for 

the other objects. Examination of the references makes it clear 

that the parameters of the bundle adjustment are within the 

expected accuracy range. 

 

Object RMS 

(px) 

RMS 

(mm) 

Average deviation of 

reference (mm) 

Jaw 0.7 0.19 0.018 

Main skull 0.9 0.20 0.025 

Upper skull 0.8 0.19 0.029 

Table 4. Quality parameters of bundle adjustment. 
 

 
Figure 7. Textured and meshed 3D model from SfM. 

 

3.2 Data processing hand-held scanner 

The evaluation of the hand-held 3D scanning data is done with 

the software programs VXelements (version 8.1.1) and VXmodel 

(version 8.1.1) that are provided by the manufacturer Creaform. 

In VXelements, the data acquisition and cleaning of the raw data 

is carried out.  

 

 
Figure 8. Processing workflow with VXelements. 

 

Figure 8 gives a coarse overview of the processing workflow. 

The processing from above and below of the object is carried out 

separately in VXelements at first. After the models have been 

cleaned for outliers, a geometric resolution of 0.5 mm and the 

resolution of the texture of 100 dpi were defined. The two 

models, including the raw data, are further processed in 

VXmodel. By means of a manual pre-orientation via control 

points, the transformation into a common object coordinate 

system is carried out via ICP. It is very important to have 

sufficient object overlaps for the transformation. With the help of 

the raw data (images), the texture is completely recalculated for 

the whole object. At this point it should be mentioned that for the 

main skull no texture calculation is possible at a geometric 

resolution of 0.5 mm and 100 dpi, although the used computer 

corresponds to the recommended computing power of the 

manufacturer. Finally, the models for upper skull and jaw are 

available with a geometric resolution of 0.5 mm and a texture 

resolution of 100 dpi (see Figure 9). The geometric resolution of 

the main skull had to be reduced to 0.7 mm to ensure a texture 

resolution of 100 dpi. The problem of computing power should 

be addressed to further investigations. Nevertheless, the raw data 

are available and a non-textured model with a spatial resolution 

of 0.5 mm can be calculated. 

 

 
Figure 9. Textured and meshed 3D model from hand-held 3D 

scanner. 

3.3 Colour calibration 

To calibrate the image colour with the ColorChecker Digital SG, 

the software ColorChecker Camera Calibration (v2.1.0) is 

usually applied. The aim is to extract the colour chart from the 

image to calculate a colour correction matrix (CCM) with the 

help of the reference colour values calibrated by the 

manufacturer. With the CCM, the colour values of all pixels can 

be corrected. 

Unfortunately, the software can only process RAW image data. 

This is not a problem for the SfM data, as it was recorded in RAW 

format. Since the hand scanner does not allow access to raw data, 

the colour values of the colour chart have to be extracted from 

the texture image (bitmap) of the mesh. The procedure for colour 

calibration has been done as follows.  

First the reference colour values of the ColorChecker (CIELab) 

and the recorded colour values from the texture (sRGB) are 

needed. Afterwards, the colour space conversion is carried out. 

The recorded colour values are converted from sRGB to linear 

RGB, then to CIEXYZ and finally to CIELab. Now the colour 

correlation matrix (CCM) can be determined according to Wolf 

(2003). The CCM is calculated as an iterative least-squares 

solution with a cost function which minimizes the weight of 

outliers in the fit.  

The Euclidean distance between the reference colour values and 

the recorded colour values is minimised iteratively. With the help 

of the CMM, the colour values of the whole image can be 

corrected. Finally, CIELab is transformed back into sRGB colour 

space. The texture of the hand-held scanner model is now colour 

calibrated. 

 

 
Figure 10. Colour calibrated models of the hand held 3D 

scanner (left) and SfM (right). 
 

Figure 10 shows the colour calibrated jaw models of the two 

methods. Even though the texture is very similar, minor 

differences can be seen. The processing approach was checked 

with the commercial software, so that no errors can be assumed 

here. The differences are probably due to the recording 

conditions with the hand scanner. Since the model appears 

slightly brighter, it is possible that the scanner was overexposed. 

In general, the brightness of the images plays an important role. 

Molada-Tebar et al. (2019) present an approach to bring images 

to a similar brightness level, which may help with models here as 
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well. Schierbaum (2022) is also investigating this topic based on 

this case study. 

 

4. COMPARISON OF THE RESULTS  

As already shown, the object parts of the skull could be 

successfully reconstructed as a textured and meshed 3D model. 

In the following, the completeness of the models is discussed 

first. Subsequently, a geometric comparison of the two models is 

carried out. Finally, the two methods are compared in general. 

 

4.1 Visual comparison of 3D models 

Even though the final models have already been shown, some 

details will be discussed here. The models were displayed in 

different software, which have an influence on the representation 

of the texture here. 

 

 
Figure 11. Detailed view of the skull recorded with hand-held 

scanner (top) and SfM (bottom). 

 

Figure 11 shows the detailed view of the skull. It is clear that the 

object surface could be completely reconstructed on a high level 

of detail. The models are both of high quality. Nevertheless, one 

advantage of SfM becomes clear. Due to the possibility to choose 

short baselines, deeper object areas (e.g. hole of the elephant 

trunk) can be reconstructed. The baseline and the angle of view 

of the cameras of the hand-held scanner are fixed. The object area 

to be reconstructed must always be observed with both cameras 

simultaneously, which is not always possible. However, in very 

deep holes both methods reach their limits. Here, further 

investigations would be interesting. It might be useful to use a 

miniature camera or endoscope for macro photogrammetry. 

 

Thanks to the camera-fixed illumination, the hand-held scanner 

can present a shadow-free object surface. With the help of a 

camera-fixed ring light, the DSLR images could also be taken 

without shadows. 

 

4.2 Geometric comparison of 3D-models 

After the visual inspection of the meshed 3D model is convincing 

for both SfM and the hand-held scanner, a geometric comparison 

is aimed. It should be noted that only a relative comparison 

between the methods can be conducted here. For an absolute 

comparison, an independent and high accurate reference model 

should be available. The certified parameters of the hand scanner 

regarding resolution and accuracy have to suffice as ground truth 

at this point (see section 2.2, Table 3). The geometric comparison 

of the models is carried out in the software CloudCompare. The 

models are roughly pre-oriented using control points and then 

transformed into a common coordinate system via ICP. Figure 12 

shows the cloud-to-mesh comparison of the jaw. The average 

deviation is -0.17 mm. As expected, further small deviations 

occur especially in more complex object areas. In the jaw, for 

example, positive as well as negative deviations can be found in 

the complex area of the teeth. The deviations are in a similar 

range for all objects (main skull -0.035 mm, upper skull 0.052 

mm). The deviations are extremely low and lie within the 

expected measurement accuracy of SfM. It shows that both 

methods are at a similar level of accuracy. 

 

 
Figure 12. Cloud (SfM) to mesh (hand-held scanner) distances 

in mm and corresponding histogram. 

 

4.3 Comparison of the usage properties 

After comparing the final product of the two methods and finding 

only minor differences, some general information is discussed.  

 

Procedure SfM Hand-held scanner 

Setup 0.5 h 0.5 h 

Data acquisition 1 h 1 h 

Post-processing 10.5 h 1.5 h 

Total time  12 h 3 h 

Table 5. Procedure and time required for both methods. 

 

Table 5 summarises the procedure steps and the approximate 

time required. Even though the same PC with high computing 

power was used, it should be mentioned that the computing time 

for the SfM evaluation with Agisoft Metashape can probably still 

be reduced. Nevertheless, at this point we can speak of a clear 
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speed advantage for the hand-held 3D scanning system. While 

the setup and data acquisition take about the same time with both 

methods, the post-processing in Agisoft consumes significantly 

more time. In particular, it is consistently necessary for a user to 

manually start new processes. With the hand scanner, much less 

interaction is required. Luhmann et al. (2019) were able to 

generate models significantly faster using the Reality Capture 

software than with AgiSoft Metashape. It becomes clear that the 

applied software plays a decisive role.  

 

SfM 

Pros Cons 

Less expensive Scale required 

Wide range of resolutions & 

object sizes 

No visual control during 

recording 

Flexibility in baselines and 

viewing angels 

Experience in camera use 

Access to raw data (e.g. 

images) 

No manufacturer-guaranteed 

3D accuracy 

Table 6. Advantages and disadvantages of SfM. 

 

Hand-held 3D scanning system 

Pros Cons 

No external lighting required More expensive 

Visual real-time control 

during recording 

Limited resolution & 

object size 

Very user-friendly, easy to 

handle 

No access to raw data 

Fast data processing   

Table 7. Advantages and disadvantages of hand-held 3D 

scanning system. 

 

The advantages and disadvantages of the methods are listed in 

Tables 6 and 7. Basically, the use of SfM is cheaper However, 

SfM requires much more user experience, especially in handling 

cameras and image acquisition. Furthermore, high-quality scale 

bars are needed to scale the model. For professionals, it is 

advantageous that the images (raw data) can be accessed. The 

biggest advantage is the flexibility. A high range of resolution 

and object size is possible, as well as the simple adaption of 

baselines and viewing angels, which is helpful for complex 

objects. 

 

The biggest advantage of the hand-held scanning system 

GO!Scan is its user-friendliness. The device and the software are 

easy to use and the data can already be checked for completeness 

during the recording in real-time. A rough textured and meshed 

3D model is available immediately after recording. The 

disadvantage is that there is no access to the raw data such as the 

recorded images. Furthermore, the range of resolution and object 

size is clearly defined and cannot be changed, which leads to less 

flexibility. For the quick recording and modelling of objects of 

similar size, the hand scanner is highly recommended due to its 

ease of use and high quality. 

 

5. SUMMARY AND OUTLOOK 

In this work, the Goethe Elephant skull was digitised with high 

accuracy using a hand-held 3D scanning system and Structure-

from-Motion both with a resolution and approx. accuracy of 0.5 

mm. The elephant skull can be defined as a complex object. For 

a complete capture, the object parts have to be recorded from 

below and above. Data acquisition and data processing are 

described in detail for each method. Statistical parameters are 

used to estimate the quality of the SfM bundle adjustment. 

Independent reference lengths (scale bars) show a mean deviation 

of 0.018 - 0.029 mm. This is within the expected accuracy range 

for SfM. As the handheld 3D scanning system is verified by the 

manufacturer, no further investigation of accuracy has been 

carried out here. Overall, the lower jaw, the main skull and the 

upper skull are available as a textured meshed 3D model. Due to 

the camera-fixed illumination of the scanner and on the camera, 

both complex and trivial object areas could be captured 

completely and shadow-free. The desired spatial resolution of 0.5 

mm was achieved for all models. However, the software 

VXelements (Creaform) was not able to texture the main skull at 

highest resolution. Despite the high-end notebook, a textured 

model can currently only be created with a geometric resolution 

of 0.7 mm.  

 

In addition, the colour values of the texture were calibrated with 

the help of the ColorChecker Digital SG. Nevertheless, small 

visual differences could be observed when comparing the colour 

calibrated models from SfM and hand-held scanner. A slight 

overexposure of the hand-held scanner is suspected. 

Alternatively, the brightness level of the images/models leads to 

the differences. Nevertheless, a method was shown to colour 

calibrate hand-held scanner models. In respect of the importance 

of colour authenticity for cultural objects, more research is 

needed here. 

 

Furthermore, the 3D models of the two methods were compared. 

Visually, there are hardly any differences. SfM has a little 

advantage recording holes. The baselines and viewing angels can 

be individually adjusted here. Nevertheless, the skull contains 

deep holes that have to be recorded with a miniature camera using 

macro photogrammetry. This could be part of further 

investigations. 

 

A relative spatial comparison of the models shows average 

deviations of -0.035 to -0.175 mm, depending on the model. 

These small deviations show that the models are geometrically at 

a similar level of accuracy. With both methods it is possible to 

digitise cultural objects with high accuracy. In the future, an 

absolute comparison using a high accuracy measured reference 

object would be of high interest. Combined measurements and 

data fusion? 

 

In addition, noted usage properties of the two methods were 

defined and compared as advantages and disadvantages. The 

main advantage of SfM is the purchase price and flexibility with 

object size and resolution. The main advantage of the hand 

scanner is the very simple operation. Even inexperienced persons 

can quickly carry out a 3D recording, and the visual real-time 

impression of the model is a major advantage. It should be noted 

that the comparison does not apply to the high number of 

handheld scanners available. 

 

The final 3D models will be used for museum purposes, such as 

virtual presentations and 3D printings. 
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