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Summary - The aim of this paper is to give a practical overview, showing how recent available digital 
technology can be combined to build a laboratory capable to produce 3D (and reproduce in 3D) anatomical 
models for research, teaching and museum exhibitions on topics related to anatomy, morphology in natural 
sciences, biology and medicine. We present workflows in our Virtual Morphology Lab that can be used for 
research, training (museum, academic), and external service. We first review different surface scanning 
equipment and post-processing techniques that are useful for scanning in museum collections and provide 
technical recommendations for hard- and software as well as storing media on the web. This section is 
followed by an overview of available software packages for rigorous and effective 3D measurements of 
landmarks and sliding semi-landmarks, providing extensive supplementary information with guiding 
manuals for self-teaching in these cutting-edge but complicated research methods. We review briefly most 
recent work on virtual GM and describe ways for representing results in form of 3D images and 3D prints 
(outputs). The last part is dedicated to a summary of our experience in 3D-printing using FDM technology 
of differently sized printers and thermoplastic materials. Finally, we discuss the above-described workflows 
and its potential applications in research (paleo, biomedical), teaching and museums pedagogics.
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Introduction

Since the first studies have applied medical 
imaging techniques (computed tomography, CT) 
to the digital study of hominin fossils (e.g., Spoor 
et al., 1994; Zollikofer et al., 1995; Conroy et al., 
1998) continuous technological advances have 
complemented available methods for digitisa-
tion of anatomical structures. Among radiological 
methods high resolution industrial CT scanning 
(microCT) (Fajardo & Müller, 2001) and cone-
beam CT (Maret et al., 2010) have been applied 
increasingly to questions in physical and evolution-
ary anthropology and have facilitated insight into 
internal bone features. On the other hand, external 

features can be digitised by surface scanning and 
during the last decade laser scanners, optical scan-
ners or photogrammetry have become increasingly 
easily available (Mikhail et al., 2001; Bruner & 
Bastir, 2008; Niven et al., 2009; Sellers et al., 2009; 
Friess, 2012; Guidi et al., 2014; Weber, 2015; Fau 
et al., 2016; García-Martínez, 2017). The techno-
logical advances have not only made these devices 
more and more affordable but, by producing digi-
tal collections of fossils (Bruner & Bastir, 2008), 
these advances have also initiated a change in the 
paradigm how morphological research is being 
carried out in human palaeontology and how fos-
sil data can be accessed, distributed, and shared 
(Weber, 2001; Berger et al., 2015). 
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The above mentioned technological develop-
ments are of particular importance for palaeo-
anthropology and this is based on two reasons: 
on the one hand, global economic trends tend 
to limit grants for basic science and make trav-
elling for accessing fossils difficult, particularly 
for younger students who carry out their MSc 
or PhD research without funding (Catanzaro, 
2010; Pain, 2012). On the other hand, the pro-
cess of measurement has changed from quanti-
fying angles or distances to measuring complex 
spatial configurations of 3D landmarks and 
semilandmarks for rigorous 3D morphometrics 
(Mitteroecker & Gunz, 2009). 

In anthropology, these methodologi-
cal advances have become known as “Virtual 
Anthropology” (Recheis et al., 1999) and when 
extended to a more generalized morphologi-
cal research (palaeontology) these have been 
termed “Virtual Morphology” (Weber, 2015). 
The last decades have seen an explosion of stud-
ies using virtual morphological methods and 
have often changed the way one comprehends 
morphological changes in development and evo-
lution (Recheis et al., 1999; Weber et al., 2001; 

Zollikofer & Ponce de León, 2005; Dedouit et 
al., 2007; Kullmer, 2008; Weber, 2015; Weber 
& Bookstein, 2017). In addition, open source 
code for 3D-GM has further pushed its applica-
tion to very different kinds of data, to personalize 
the analyses, and have led to a generalized under-
standing of the importance considering 3D fea-
tures of morphological structures (O’Higgins & 
Jones, 1998a; Slice, 2000; Klingenberg, 2011; 
Schlager, 2017).

More recently, also 3D printing has entered 
into basic workflows of this virtual morphologi-
cal machinery (Fig. 1) (Zollikofer & Ponce de 
León, 2005; Jones, 2012; Bastir et al., 2019). 
So far 3D printing is mostly used to reproduce 
previously digitised bones (Carew et al., 2019). 
However, 3D printing also links perfectly with 
an extended workflow that includes 3D-GM. 
With 3D printing, the analytical process from 
3D data acquisition, 3D data analysis and mod-
elling, the researcher extracts information from 
the real world to model this information in the 
computer (virtual world) and then, produce 
again real-world physical outputs for comparison 
with other real-world specimens (Bastir, 2018), 

Fig. 1 - Typical workflow of processes in a Virtual Morphology Lab. The first step is the digitaliza-
tion of anatomical objects. The scanning process (a) produces 3D virtual objects that can be stored 
(and shared) in digital collections. Virtual 3D models are the input source, on which 3D landmarks 
and semilandmarks can be measured (b). These landmarks and semilandmarks can be processed and 
analysed using the geometric morphometric (3D-GM) toolkit for statistical analysis of object geom-
etries characterised by curves and surfaces through semilandmarks. The graphical results of the 3D-GM 
analysis can be 3D printed (c) and manipulated for further morphological exploration, or exhibition. 
(d) Alternatively, after scanning a virtual anatomical object can directly 3D-printed for manipulation. 
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for physical manipulation, comprehension and, 
finally, for communication (Fig. 2). Particularly 
in the context of communication, this technol-
ogy becomes important not only for academic 
but also for museum education, pedagogics and 
activities (Canessa et al., 2013; AbouHashem et 
al., 2015; Lim et al., 2016). 

The aim of this text is to describe, from a less 
theoretic and more practical point of view, the 
main processes and to overview basic infrastruc-
tural needs in order to build a Virtual Morphology 
Lab for paleoanthropological, or more generally, 
morphological research and for transmission 
of knowledge and communications in Natural 
Science museums. Importantly, while the work-
flows described here are general, the infrastruc-
tural details of the lab described later in this paper 
are specific to our lab and show only one of many 
different ways to implementing these technologies 
for morphological research and museology. 

The acquisition of digital 3D surface 
models in osteological collections

3D surface scanning process
The aim of this section is to describe main 

steps in 3D-surface scanning using portable 
equipment that can be carried easily travelling 
to osteological collections. Therefore, here we 
focus on descriptions and handling suggestions 
of our equipment of small-sized (Next Engine 
HD Laser scanner) and hand-held (Artec Spider, 
MHT, EVA) scanning devices. These surface 
scanners are widely used in physical anthropol-
ogy and palaeoanthropology and are accurate for 
obtaining high-resolution 3D models that can be 
used for 3D-GM analyses in the scope of anthro-
pology, but also for imaging based teaching in 
comparative anatomy classes and workshops 
in natural sciences museums. While here basic 
and practical features will be described, other 

Fig. 2 - Illustration of different steps and processes in a Virtual Morphology Lab. (a) Real cranium, (b) 
virtual 3D model of a cranium, (c) 3D landmarks (red) and semilandmarks of curves (green) and sur-
faces (blue) on a semi-transparent virtual cranial model. (d) Procrustes registered 3D landmarks and 
semilandmarks of a large sample. (e) Mean shape of this sample. (f) 3D PLA-printed cranium warped 
to the mean shape of the sample. The colour version of this figure is available at the JASs website.
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publications (e.g. Friess; 2012; Katz & Friess; 
2014) provide detailed technical information on 
surface scanning technology.

Surface scanners are optical systems that 
can be used for measuring anatomical objects 
through visible light to generate dense 3D polyg-
onal meshes (Friess, 2012). Most frequently 
these scanners are based on laser, white, or other 
structured light sources. A source light is emitted, 
reflected by the object and the reflection detected 
again by the cameras of the scanner. Specifically, 

and as outlined by Friess (2012), most surface 
scanning methods use the principle of triangula-
tion of the x, y, z-coordinates of the light reflec-
tion (on the anatomical structure being scanned) 
on the basis of the known distance and angle 
between emitted and received light. When this 
recording is carried out successively and from 
different angles, more and more x, y, z-coordi-
nates of measurement points are recorded giving 
rise to a geometric representation (by 3D points) 
of the anatomical object. 

Fig. 3 - Scanning processes. (a) Typical set up for 3D surface scanning in a museum collection 
showing the scanner, the laptop computer, and the turntable. Note that we fixed a texture pattern 
sheet on the turntable to improve texture tracing during the scanning process. (b) Virtual image of 
two ribs and the texture pattern sheet after scanning. The black-and-white geometries improve the 
speed as it facilitates recognition of subsequent scans. This is helpful when the anatomical object 
offers only few easily recongnisable anatomical details (curved ribs, bones of the neurocranium, 
long bone shafts, etc.). (c) Scanning very large objects (Megatherium americanum of the MNCN, 
Madrid) with a hand-held scanner requires powerful computers and graphic cards both during scan-
ning and for post-processing. The colour version of this figure is available at the JASs website.
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There are several methods that can be used 
to get such point clouds of osteological objects 
which depend basically on the size of the object, 
its geometrical complexity and surface features. 
Two principal methods are available in our lab: 
Laser scanning with a NextEngine HD scanner 
and structured light scanning with Artec scan-
ners. The laser scanner emits laser beams which 
are reflected by the surface of the object and this 
reflection is captured by the camera of the scan-
ner. The object rotates on a turntable and each 
position of the turntable gives rise to a single 
scan (the researcher can select the angular inter-
vals, the number of scans). After a full rotation, 
all the scans are aligned automatically to produce 
an (optionally) textured 3D surface model, which 
can be edited (cleaned, simplified), in the associ-
ated software relatively quickly. This is practical as 
it enables the researcher to do other work on the 
collection while scanning, but it is also a slow pro-
cess. Depending on the number of scans selected 
(6-7 scans), the scanning process lasts about 10 
minutes each full rotation. Usually the bone needs 
to be scanned at least in two different positions 
to digitize all the surfaces of the object, which is a 
problem when a large number of bones needs to 
be scanned. For example, for scanning serial ele-
ments such as ribs (García-Martínez et al., 2018), 
we designed a fixation device, which enabled us 
to scan six ribs at a time saving time. However, 
the post-processing of these scans was more tedi-
ous, and the total time consumed for each rib was 
about 15 minutes. This helps accelerate the scan-
ning procedure in the osteological collection and 
saves travel time because post-processing can be 
done later in the hotel room or back in the lab. 

With hand-held scanners there is usually 
no automatic turntable, but rather the digitiz-
ing person (=digitizer) must change the spatial 
position of the scanner with respect to the object 
by moving the device manually over the object 
(Fig. 3a). When scanning small-to-medium sized 
objects with the hand-held device, we use turnta-
ble that can be rotated manually in relation to the 
geometric complexity of the anatomical object. 
While with the laser scanner the angles between 
the rotations of the object on the turntable are 

fixed and are used to generate geometric conti-
nuity between the scans, Artec Studio software 
can use both geometry and texture to keep the 
continuity between different scans. Scanning 
speed depends on the capability of the system to 
keep track of the object continuity between each 
frame (3D-image) when the scanner is moved 
over the object, or the object itself is rotated on 
the turntable. Also the scanning rates contribute 
to scanning speed. These rates range from 6-8 
frames per second in case of the Artec (Space) 
Spider scanner and up to 20-30 frames per 
second in the Artec EVA (before MHT) scan-
ner (www.artec3d.com). In the Artec Studio 12 
software, activating the texture tracing option 
contributes further to a fast and precise scanning 
process. Texture tracing works better by putting 
a paper sheet with a graphic pattern below the 
object to be scanned (Fig. 3b). This provides 
additional textural information and helps the 
scanner to keep track of the geometric conti-
nuity of the object scan between each frame. If 
continuity is lost, the scanning software emits 
a warning signal and the digitizer can re-adjust. 
The scanner “waits” a bit until the last scanning 
position for which continuity can be achieved, is 
obtained. Therefore it is useful not to scan too 
fast, despite the temptations offered by the tech-
nological possibility. 

Typically, with the Artec Spider scanner, the 
time for digitizing smaller bones, such as ver-
tebrae, foot or hand bones ranges between 3-6 
minutes from scanning to semi-automatic 3D 
reconstruction using Artec Studio 12. The scan-
ning of intermediate-sized bones (e.g. mandi-
ble, hipbones, and sacrum) can takes about up 
to 10-15 minutes. Scanning the skull or long 
bones such as a femur or tibia, can take a bit 
longer because of their more complex geometry, 
but experienced users can keep scanning time 
around 15-20 minutes. In larger object also the 
post-processing times can increase considerably. 
(Importantly, scanning too long with the Artec 
Spider equipment could also lead to failure of 
texture LEDs and the need for repair.) 

Of particular challenge is the scanning of 
curved objects (ribs or partial neurocrania, for 
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instance) where little geometric references are 
available. Here the use of additional objects (and 
their geometries), or the above mentioned tex-
ture features can help. Consequently, scanning of 
triplets of ribs is easier and faster than scanning 
them individually. Post-processing, however, 
will take longer as the different bones need to 
be reconstructed separately. In very large objects, 
also the hardware (graphics card, working mem-
ory and processor speed) is important. Powerful 
computers are necessary during scanning because 
a large number of points on the surface of the 
object (point cloud) are collected, which serves as 
a set of vertices in a common 3D coordinates sys-
tem and represents the external surface geometry. 
When triangulated, these points are connected 
by small continuous polygons giving rise to a 
closed overall surface mesh reflecting the geom-
etry of the object (Friess, 2012). Scanning big 
objects with large point clouds produces many 
polygons (Fig. 3c). The processing of these, 
which is achieved via mathematical algorithms, 
requires high processor capacities and working 
memory (graphic cards, RAM).

Both techniques are well suited for scanning 
in osteological collections although laser scan-
ning gets a bit more difficult with larger objects 
that do not fit the turntable. However, in this 
latter case it is possible to scan, statically, differ-
ent views of the large object and then fit these 
surfaces together manually. Even so, if time is 
an issue, our experience suggests that hand-held 
devices are preferable. In our opinion, the best 
combination is to use Artec Spider for scan-
ning small to medium sized objects (e.g. human 
phalanges, mandible, humerus) and Artec EVA 
for larger bones such as entire crania, femora, 
or fused pelvis, or even very large objects (Fig. 
3c). However, in Artec scanning software both 
devices and their 3D scans can be combined. 
This way, one could scan the bigger structures 
with EVA and the more detailed parts with the 
Spider and fuse these images. 

Post-processing and finalising 3D meshes
Despite the fact that digitisation qual-

ity is usually high, any scanned object must be 

considered a reproduction of the real object 
and some processes and parameters are crucial 
to keep the level of accuracy as high as possi-
ble. Standard processes include the alignment 
of different scans, hole-filling, small object fil-
ters, smoothing and mesh simplification. Most 
software packages of scanning equipment offer 
these options (e.g. NextEngine ScanStudio, 
Artec Studio). Also, free software, e.g. Meshlab 
(Cignoni et al., 2008), Rvcg (Schlager, 2017) or 
commercial packages (Geomagic) can be used 
for carrying out some of these tasks. 

The alignment is the process by which all 
3D scans are combined into a single 3D model. 
There are several methods (drag, automatic, 
manual, etc. …) of alignment and all of them 
are useful; the clue is to be sure the alignment 
has been done properly and the model has no 
inconsistences, scars or distortions in the align-
ment plane. This is usually followed by finding 
and filling smaller holes or bigger edges in the 
surface. Closing the holes of the surface mesh is 
important because, during 3D-GM procedures 
(see Measurement of 3D meshes (landmarks, 
semilandmarks of curves and surfaces)), in 
particular during the process of sliding semilan-
dmarks, these points could move inside the 3D 
model through these holes and lead to problems. 
In addition, for 3D printing the slicing software 
requires closed (water-tight) 3D models. 

Another standard mesh cleaning process is the 
application of a small objects filter. Specifically 
in osteological collections or other environments 
with dust and in combination with higher scan-
ning sensitivity, small particles can cause light 
reflection artefacts and a kind of background 
noise that show up as tiny, sometimes discon-
nected surface irregularities. Small object filters 
usually detect and remove these. 

Smoothing and decimation (mesh simplifica-
tion) are two more delicate problems in the post-
processing stage (Veneziano et al., 2018). Surface 
smoothing is a re-arrangement of the vertices 
of the mesh rendered on the basis of the point 
clouds. Smoothing reduces the noise caused by 
scanning artefacts, such as light reflection, that is 
sometimes observed on the surface of the bone. 
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However, several smoothing algorithms are availa-
ble producing different kinds of artefacts and some 
guidelines for their minimisation have been pub-
lished recently (Veneziano et al., 2018). According 
to these it seems that smoothing is more impor-
tant for getting realistic 3D prints rather than for 
obtaining accurate 3D measurements.  

Decimation, or mesh simplification, is the 
reduction of the number or triangles in a mesh. 
3D models with higher resolution can easily be 
reduced to about 50%. However, Veneziano et 
al. (2018) suggested that, by definition, decima-
tion should be kept low and should be applied 
selectively to the regions of interest, as differ-
ent parts of an object could be affected differ-
ently by the same parameters of decimation. 
However, because mesh simplification reduces 
the size of the 3D model, the digital handling 
can be improved considerably (Fig. 2e), which 
is particularly useful for inspection and interac-
tive warping and visualization of 3D meshes in 
3D-GM software (see below).

Finally, “rescale” is an interesting tool for 3D 
printing an object in a size different to the origi-
nal one, which may be useful for educational 
or dissemination purposes. Rescaling allows for 
increasing the size of a small object, or reducing 
the size of a very large one. Rescaling contrib-
utes to better understanding of tiny structures 
for example in museum workshops working with 
children or pupils. 

Running through all these post-processing 
steps leads to producing an accurate and light-
weight 3D model that contains an accurate 
geometry of the original object ready for meas-
urement, analyses and  3D-printing. 

Databases on the internet
The digitization of fossils or other anthro-

pological material creates new perspectives with 
regard to the sample storage, curation and access. 
There are several online databases storing all kind 
of extant and fossil remains, and making them 
broadly available for research or educational pur-
poses. This fact has greatly transformed the world 
of palaeoanthropology, giving it a global breadth 
of access, making it easier for any research team 

to study material (Berger et al., 2015; Boyer 
et al., 2016; Copes et al., 2016; Seiffert et al., 
2016). Digitally accessible data bases speed up 
research enormously as it is possible to access the 
object whenever necessary via internet, and it is 
possible to work not only virtually, but also with 
a physical version of the virtual models using 3D 
printing (see 3D printing of virtual morpho-
logical objects and 3D-GM results). It con-
tributes to conservation as any risk of potential 
damage to the original object due to manipula-
tion is avoided. No travelling is necessary to get 
the sample, reducing costs, which is particularly 
important for younger researchers. However, it 
should be noted that in some respects (finer mor-
phological details, etc.) a digital model cannot 
replace originals and complementing research 
with original descriptive literature, and research 
quality casts is highly recommended.  Table 1 
shows a list of the most complete anthropologi-
cal databases and their particularities.

Measurement of 3D meshes 
(landmarks, semilandmarks of 
curves and surfaces)

Introduction to landmarks and semilandmarks: 
the quantification of shape

Geometric morphometrics is based on the 
quantification of the shape of a structure, which 
is captured by Cartesian coordinates collected 
from specific anatomical points (landmarks) in 
a two-dimensional or three-dimensional space 
(Bookstein, 1991). These landmarks are biologi-
cally homologous in all the individuals of the sam-
ple. One of the great advantages of this method is 
that it allows a statistical analysis of size and shape 
separately since in GM the morphology of an 
object is decomposed into size and shape (Zelditch 
et al., 2012). According to the traditional definition 
of Kendall (1977), shape is “all the geometric infor-
mation that results from eliminating the effects of 
the position, scale and rotation of an object”. This 
is achieved by applying translation, scaling and 
rotation to the landmark configurations which 
guaranties that the relative positions between the 
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landmarks do not change, while the absolute posi-
tion does. This superimposition allows to study 
the “pure” form of an object (Kendall, 1977) and 
is called Procrustes superimposition (Zelditch et 
al., 2012). This superimposition yields Procrustes 
shape coordinates as measures of 3D shape. Size is 
quantified in GM as “centroid size” (CS), defined 
by the square root of the sum of the distances 
squared from the landmarks to their centroid 
(Zelditch et al., 2012). The centroid is the average 
of the x, y and z coordinates of all landmarks.

Regarding landmarks, traditionally three differ-
ent types of landmarks have been defined accord-
ing to their spatial location: type 1 (juxtaposition of 
tissues), type 2 (local properties such as maximum 
of a curvature) and type 3 (extremal points, or con-
structed landmarks) (Bookstein, 1991). These cat-
egories define the quality of information provided 

by such kinds with type 1 providing more bio-
logically relevant information than types 2 and 3. 
Constructed landmarks have more recently defined 
by categories such as “pseudo- or semi-landmarks” 
(Bookstein, 1991, 1997; Dryden & Mardia, 2000). 
Semilandmarks are pseudolandmarks that are 
processed further mathematically (re-sliding, see 
below). However, recent trends avoid the typology 
of classical GM and use only the terms “landmark”, 
for measurement points that are clearly discernible 
(old type 1). For complex anatomical structures 
that lack Type 1 landmarks, and thus, where defi-
nition and homology of the measurement points in 
a sample is “deficient” or somehow else question-
able, e.g rib curvature or the neurocranial surface 
or the neurocranial surface,  “curve semilandmarks” 
and “surface semilandmarks” are used  (Gunz & 
Mitteroecker, 2013). 

Tab. 1 - List of the most complete anthropological databases. 								        Tab. 1 - continued

NAME WEBSITE TYPE OF DATA FORMAT COST NAME PROPERTY COMMENTS

Virtual Anthropology www.virtual-anthropology.com Fossil hominoids CT-Scans Yes Virtual Anthropology University of Vienna (Vienna, 
Austria)

The data requested is sent on a CD-ROM with the 
original CT-Scans at a small price.

African fossils www.africanfossils.org Hominid, animal and 
tool models from the 
African continent

Surface scans No. Creating 
an account is 
necessary.

African fossils Turkana Basin Institute, and the 
National Museums of Kenya, Stony 
Brook University and the National 
Geographic Society

You can previsualize the objects online, manipulate 
them and watch them with texture. The object’s 
measurements and its scanning method (surface 
scanning, photogrammetry, etc.) are given

Digital Morphology www.digimorph.org Paleontological models STL and/or CT-
Scans

No Digital Morphology University of Texas (Austin, Texas, 
USA)

It is possible to contact the model’s curator to obtain 
one (good treatment and fast response) if a model 
does not present the download option.

NESPOS www.nespos.org Extant and fossil 
hominins and primates

STL and/or CT-
Scans

No. Creating 
an account is 
necessary.

NESPOS ART+COM, the Natural History 
Museum of London and the 
Neanderthal Museum of Mettmann, 
among others.

EVAN Archive www.evan-society.org Fossil samples, 
including skulls and 
postcranial elements.

CT-Scans and 
surface scans

Yes EVAN Archive European Virtual Anthropology 
Network

You have to become an EVAN-Society member. The 
annual fee is 100€

ORSA www.penn.museum/sites/orsa/
Welcome.html

Human and non-human 
skulls

CT-Scans No ORSA Penn University Museum 
(Philadelphia, Pennsylvania, USA)

This website offers a list with the description of the 
skulls, with a historical tracking. The data demanded 
is sent on a CD-ROM or a DVD at a small price. It is 
possible to contact the curator to obtain the models 
that are not available online.

Morphosource www.morphosource.org Current and fossil 
remains

Surface scans 
and micro-CT

No. Creating 
an account is 
necessary.

Morphosource Duke University (Durham, North 
Carolina, USA)

In some cases, a request has to be sent to the curator 
of the model in order to download it. Some hominin 
fossils, such as Australopithecus sediba or Homo naledi 
were uploaded to this website

KUPRI http://dmm.pri.kyoto-u.ac.jp/
dmm/WebGallery/dicom/
researcherTop.html

Extant primate body 
cadavers

CT-Scans No. Creating 
an account is 
necessary.

KUPRI Kyoto University Primate Research 
Institute (Kyoto, Japan)

You can find detailed information about sex and age 
of the individuals. The objects can be previsualized 
online.
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Semilandmarks are “deficient” because there 
is no clear criterion to define their exact posi-
tion other than, “on the curve” or “on the sur-
face”. Their best position is actually unknown 
as the curves or surfaces they should quantify 
lack anatomical details, which could be used for 
homologization. Other than a true landmark, 
which marks a biological and thus homologiz-
able structure in a sample, all semilandmarks 
mark a homologous curve or surface together, 
that is, in their sum. A single semilandmark in 
isolation is meaningless. Thus, a problem exists 
as to how to establish a geometrical correspond-
ence (or homology) among semilandmarks in a 
given sample (Gunz & Mitteroecker, 2013). 

To solve the problem of deficient biologi-
cal homology among the semilandmarks the 
sliding semilandmark methodology has been 

developed (Bookstein, 1991, 1997; Gunz et 
al., 2005, 2009; Gunz & Mitteroecker, 2013; 
Mitteroecker & Gunz, 2009; Toro-Ibacache et 
al., 2010). These methods establish a geometrical 
homology between semilandmarks by means of 
mathematical algorithms that are used to opti-
mise the positions (re-slide) of curve or surface 
semilandmarks. Two major different re-sliding (= 
repositioning) algorithms are used (Pérez et al., 
2006; Gunz & Mitteroecker, 2013): 1) re-sliding 
to reach the minimum energy of deformation 
(bending energy, BE) between a specimen with 
respect to a reference (Bookstein, 1991, 1996, 
1997; Bookstein et al., 2002) and 2) re-sliding to 
reach the minimum Procrustes distance between 
a specimen with respect to a reference (Sampson 
et al., 1996, Bookstein et al., 2002, Sheets et al., 
2004). The first approach is based on the sliding 

Tab. 1 - List of the most complete anthropological databases. 								        Tab. 1 - continued

NAME WEBSITE TYPE OF DATA FORMAT COST NAME PROPERTY COMMENTS

Virtual Anthropology www.virtual-anthropology.com Fossil hominoids CT-Scans Yes Virtual Anthropology University of Vienna (Vienna, 
Austria)

The data requested is sent on a CD-ROM with the 
original CT-Scans at a small price.

African fossils www.africanfossils.org Hominid, animal and 
tool models from the 
African continent

Surface scans No. Creating 
an account is 
necessary.

African fossils Turkana Basin Institute, and the 
National Museums of Kenya, Stony 
Brook University and the National 
Geographic Society

You can previsualize the objects online, manipulate 
them and watch them with texture. The object’s 
measurements and its scanning method (surface 
scanning, photogrammetry, etc.) are given

Digital Morphology www.digimorph.org Paleontological models STL and/or CT-
Scans

No Digital Morphology University of Texas (Austin, Texas, 
USA)

It is possible to contact the model’s curator to obtain 
one (good treatment and fast response) if a model 
does not present the download option.

NESPOS www.nespos.org Extant and fossil 
hominins and primates

STL and/or CT-
Scans

No. Creating 
an account is 
necessary.

NESPOS ART+COM, the Natural History 
Museum of London and the 
Neanderthal Museum of Mettmann, 
among others.

EVAN Archive www.evan-society.org Fossil samples, 
including skulls and 
postcranial elements.

CT-Scans and 
surface scans

Yes EVAN Archive European Virtual Anthropology 
Network

You have to become an EVAN-Society member. The 
annual fee is 100€

ORSA www.penn.museum/sites/orsa/
Welcome.html

Human and non-human 
skulls

CT-Scans No ORSA Penn University Museum 
(Philadelphia, Pennsylvania, USA)

This website offers a list with the description of the 
skulls, with a historical tracking. The data demanded 
is sent on a CD-ROM or a DVD at a small price. It is 
possible to contact the curator to obtain the models 
that are not available online.

Morphosource www.morphosource.org Current and fossil 
remains

Surface scans 
and micro-CT

No. Creating 
an account is 
necessary.

Morphosource Duke University (Durham, North 
Carolina, USA)

In some cases, a request has to be sent to the curator 
of the model in order to download it. Some hominin 
fossils, such as Australopithecus sediba or Homo naledi 
were uploaded to this website

KUPRI http://dmm.pri.kyoto-u.ac.jp/
dmm/WebGallery/dicom/
researcherTop.html

Extant primate body 
cadavers

CT-Scans No. Creating 
an account is 
necessary.

KUPRI Kyoto University Primate Research 
Institute (Kyoto, Japan)

You can find detailed information about sex and age 
of the individuals. The objects can be previsualized 
online.
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during thin-plate-spline deformation (Bookstein, 
1991) while the second approach is based on the 
Procrustes superimposition (Gower, 1977; Rohlf 
& Slice, 1990). Minimizing bending energy 
during the sliding process is particularly recom-
mendable in the context of virtual morphology, 
where deformation of meshes is used for inter-
pretation or 3D-printing, because minimizing 
BE leads to 3D models with smoothly interpo-
lated geometries (Fig. 2).

The interpolation algorithm of the thin-
plate-spline (TPS) deformation is borrowed 
from material sciences (Bookstein, 1991) and 
has been used to visualize differences in shape 
between two specimens in the sense of grid trans-
formations introduced by D’Arcy Thompson 
(1917). In TPS methods the bending energy is 
quantified that is necessary to deform one set of 
landmarks (shape 1) in another one (shape 2). If 
two configurations differ strongly, or if this dif-
ference is in a localized region, higher bending 
energy is necessary to transform one configura-
tion into the other than if two configurations 
are more similar to each other. The advantage 
of the TPS lies in its capacity for visualizing the 
deformations of shape, not only of 2D grids, 
but also of the 3D meshes associated with the 
set of coordinates. These deformations (typi-
cally called morphs or warps) make shape dif-
ferences between two landmarks configurations 
very intuitive (see next section) even if the shapes 
and/or their differences are complex (e.g. Bastir 
et al., 2011) (Figs. 2,4). 

Procrustes distance between two specimens is 
quantified as the square root of the sum of the 
square distances between their homologous land-
marks after Procrustes registration (Mitteroecker 
& Gunz, 2009). A greater Procrustes distance 
between two shapes will be defined by greater 
distances between homologous landmarks of 
those sets of coordinates and, therefore, it will 
mean a greater morphological difference. 

These two methods are used in the re-sliding 
procedure during which the new positions are 
calculated (= estimated) for semilandmarks with 
only two criteria: criterion 1): minimising either 
the bending energy (BE) or Procrustes distances 

(PD) between the first configuration and the 
reference (often the average shape, consensus) 
and criterion 2): being located on a curve or 
on a surface. By fulfilling these two criteria the 
positions of the semilandmarks after the reslid-
ing procedure can be considered geometrically 
(mathematically) homologous. 

The main difference between both sliding 
approaches is that bending energy takes into 
account all the landmarks and semilandmarks 
to calculate the deformation energy as a whole 
or set, and the sliding of each semilandmark is 
influenced by the sliding of adjacent landmarks 
and semilandmarks. This introduces covariation 
among the semilandmarks. In the Procrustes 
distance minimization approach, each semilan-
dmark does the sliding separately and is not 
influenced by the position of adjacent landmarks 
and semilandmarks. Therefore, potentially, when 
doing the resliding through the PD minimisa-
tion approach, it may happen that a semiland-
mark passes a landmark, which, through the BE 
minimisation method is impossible. Whatever 
the process used, for the sliding to be possi-
ble in mathematical terms, the semilandmarks 
of the curve must slide along lines tangent to 
these curves, while the surface semilandmarks 
slide along planes tangent to them (Gunz & 
Mitteroecker, 2013). Because of this curve sem-
ilandmarks have 1 degree of freedom due to their 
sliding along tangents and surface semilandmarks 
slide have 1 degree of freedom due to their slid-
ing along tangent planes. Semilandmarks may 
lose their contact with the 3D surface because 
this would be the optimal position of minimal 
BE or PD (Criterion 1). However, in order to fit 
also Criterion 2 they must be re-projected onto 
the curve or surface again (Gunz & Mitteroecker, 
2013). 

It has been recommended to carry out the 
sliding process twice to optimize the position 
of the semilandmarks: first, taking (arbitrarily) 
any specimen of the sample to be digitized as a 
reference. This is usually the specimen on which 
the landmark template is based on (see below). 
Second, after all specimens have been measured 
their average shape (consensus) of the sample is 
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used as new reference against which the sem-
ilandmarks are reslid (Gunz et al., 2009; Gunz 
& Mitteroecker, 2013). After all this process, a 
mathematical homology is achieved and the re-
slid semilandmarks can be treated as landmarks. 

Missing data estimation by the use of 
semilandmarks

Finally, it should be noted that sliding sem-
ilandmarks methods are also very useful for the 
estimation of missing landmark data in incom-
plete structures (e. g. broken fossils, or part of 
fossils). Missing landmark estimation methods 
are necessary because geometric morphometrics 
only work if all specimens are represented by the 
same number of homologous landmarks. Thus, 
in broken or otherwise incomplete structures it is 
necessary to estimate the coordinates of the non-
preserved landmarks. Anatomical, geometric and 
statistical estimation methods have been devel-
oped (Gunz et al., 2009). Once the landmarks 
are estimated surface deformations (warps, 
morphs) can be used to generate, virtually, the 
missing 3D structure. 

If a structure is missing that belongs to a 
symmetrical anatomical object, we can use mir-
ror images to perform the reconstruction of the 
specimen (anatomy-guided missing data estima-
tion) (Zollikofer et al., 2005; Ponce de León et 
al., 2008; Gunz et al., 2009; Weber & Bookstein, 
2011; O’Higgins et al., 2011). However, when 
parts are absent on both sides or when a structure 
is not symmetric then other methods are neces-
sary. The sliding algorithms can be used to esti-
mate the positions of semilandmarks even when 
there are no surfaces onto which they can be pro-
jected. This method is called geometric and ref-
erence-based estimation of missing data (Gunz et 
al., 2009). It is possible because during the regular 
semilandmark sliding process, the final position 
is previously unknown and only defined after the 
resliding procedure in a given sample. The posi-
tions of semilandmarks need always be estimated 
with respect to the sample and the anatomical 
structure either along the tangent line (curve sem-
ilandmarks) or the tangent plane (surface sem-
ilandmark). The difference between complete and 

incomplete structures consists only in the fact that 
in the incomplete structure (e.g., a broken fossil), 
no surface exists onto which the semilandmarks 
could be projected but the position of the sem-
ilandmark itself can be estimated. Importantly, the 
more landmarks and semilandmarks are located 
close to the missing structure, the more mor-
phological information will be exploited and the 
more reliable the estimation of missing structures 
will be (Gunz et al., 2009; Gunz & Mitteroecker, 
2013). Further certainty in the estimation of 
missing data can be gained by creating different 
estimates using different possible references or 
methods [anatomically guided reconstructions, 
statistical reconstructions (Gunz et al., 2009)]. 
This way, several different estimates of the same 
structure can be produced following different 
methods and/or hypotheses. Consequently, differ-
ent reconstructions are available for analysis and 
any possible bias or reconstruction-artefact can 
be assessed (Gunz et al., 2009, Neubauer et al., 
2018). Obviously, these geometric morphometric 
reconstruction techniques are very attractive when 
combined with 3D printing because this converts 
a fragmented anatomical structure in a complete 
one that has been reconstructed on a quantitative 
basis and can further be manipulated (Fig. 1). 

Basic analyses in geometric morphometrics
3D-GM analyses are based on the study of 

the size and shape extracted from landmark con-
figurations in a sample. To obtain the array of 3D 
coordinates two main options exist: on the origi-
nal object or on a virtual 3D model of the origi-
nal object, which has to be previously obtained 
using digitization methods (see The acquisition 
of digital 3D surface models in osteological 
collections). If landmark coordinates are to be 
collected on the original physical object, a digitiz-
ing tool is needed. One of the most extensively 
used tools recently is the MicroScribe device. It is 
a counterbalanced mechanical arm which allows 
the user to collect 3D landmark coordinates of an 
object using a sharp stylus. The 3D coordinates 
can be automatically pasted into an excel file while 
digitizing with a footswitch (Inscribe software). 
The MicroScribe digitizer also allows the user 
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to collect pseudolandmarks along a curve (ridge 
curves) or on a surface. In the latter a different 
pointer (ball tip) is recommended. This rounded 
stylus can be moved along the curve or surface col-
lecting hundreds of semilandmarks without dam-
aging the bone surface. Curve semilandmarks can 
be transformed into equidistant semilandmarks 
(for example, using the software “Resample.exe”). 
Importantly, the stylus should be always held 
orthogonally during landmark recording to the 
surface because rotations affect the coordinates. 
These curve semilandmarks can then be submit-
ted to resliding in Viewbox 4.0.1.7 software, as 
recently shown in Rodríguez-Pérez et al. (2017). 
Surface landmarks need to be post-processed by 
more specific routines, for example those available 
in R (R Core team, 2017). 

If landmarks coordinates will be collected 
on a virtual 3D model, two frequently used pro-
grams are available: Landmark editor or Viewbox 
4.0.1.7. Landmark editor can produce data matri-
ces of landmarks of curves and surfaces on virtual 
objects but the sliding of semilandmarks needs to 
be carried out in other programs (R Core team, 
2017). In turn, Viewbox 4.0.1.7 is a commercial 
software (that can also be used licence-free with a 
bit of patience) for 3D data preparation, includ-
ing basic edits of 3D surface meshes, or extracting 
meshes from CT-scans through segmentation, 
but also 3D landmark measurements and sliding 
of curve and surface semilandmarks, as well as 
basic geometric morphometric analyses includ-
ing Procrustes superimposition, principal com-
ponents analysis, Thin-Plate-Spline visualization 
and geometric methods for missing landmark 
data estimation. The supplementary information 
shows how to use Viewbox 4 to measure 3D land-
mark and semilandmarks on virtual 3D objects, 
how to carry out the sliding of the semilandmarks 
and the re-sliding to the sample mean, and how 
the produce reference-based missing data esti-
mations based on the considerations laid out in 
section Introduction to landmarks and semiland-
marks: the quantification of shape.

Once all virtual 3D specimens are digitized, 
a file with all 3D landmark coordinates of all 
the specimens is generated that, appropriately 

formatted, can be imported in a large number of 
existing 3D-GM software depending on the anal-
yses to be performed. MorphoJ (Klingenberg, 
2011), Morphologika v2.4 (O’Higgins & Jones, 
1998b), Morpheus et al. (Slice, 2000), IMP-
software (Zelditch et al., 2012) or Evan-Toolkit 
(ET) (Evan Society, 2010) are among the most 
widely used packages. NTS format is useful even 
in 3D because it works well in data base func-
tions of tpsUtil software. However, a growing 
number of geometric morphometric analyses are 
carried out using open-access codes programmed 
in R such as Geomorph (Adams et al. 2019) and 
Morpho (Schlager, 2017). 

The first step in any geometric morphomet-
ric analysis is the Procrustes superimposition 
(Fig. 4a,b) (O’Higgins, 2000; Mitteroecker & 
Gunz, 2009; Zelditch et al., 2012) and this step 
is usually followed by several standard analyses. 
Most frequently a principal components analy-
sis (PCA) is carried out (Fig. 4c), which helps to 
explore and visualize the major patterns of varia-
tion (Fig. 4d). Principal components analysis in 
GM is, however, not well-suited to test directly 
for hypotheses (Bookstein, 2017). This is related 
to the aim of the PCA, which is to reduce the 
number of variables in a data set by factors (prin-
cipal components) that account for as much as 
possible of variance. A specific biological signal 
maybe, however, too subtle to be reflected in 
any of those principal components and thus it 
could not be detected. A specific version of PCA, 
the Procrustes Form Space PCA, can be used to 
analyse allometric trajectories for comparative 
growth analyses (Mitteroecker et al., 2004; Bastir 
et al., 2007). 

Other typical analyses are mean compari-
sons, to address the question of differences in 
shape between different groups. These can be 
carried out either on the PC-scores obtained pre-
viously for parametric statistical analyses (PAST; 
Hammer, 2015) or directly on the shape coor-
dinates using permutation approaches such as 
implemented in MorphoJ (Klingenberg, 2011) 
or Morpheus et al. (Slice, 2000). 

The association between shape and a continu-
ous factor (e.g. age, size, stature, temperature, etc.) 
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Fig. 4 - Basic steps in a virtual 3D geometric morphometric analysis. (a) Many different crania in 
their natural positions after their landmark digitization using the landmarks template shown in 
Figure 2b. (b) Procrustes registered crania; (c) Principal components analysis as example for a first 
typical data exploration. We used the template skull in EVAN toolkit as warping reference to illus-
trate the variation along the shape vector of the first principal components. However, when shape 
variation is larger, or different species are used then warping to the endpoints of a given shape dif-
ference vector can be unrealistic due to large mesh distortion. In such cases those specimens should 
be used for warping that are most closely located to the end point of the vectors. (X1 mesh warped 
to the shape of the negative end of PC1 vector, and X2 mesh warped to the shape of the positive end 
of PC1 vector). (d) The same surface warps shown with Thin-plate spline grids in principal anatomi-
cal planes to aid understanding of specific features of variation. The colour version of this figure is 
available at the JASs website.
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is addressed by a multivariate regression analysis. 
MorphoJ and ET-software offer such options. ET 
also offers an option to predict the shapes of such 
regression models for a given value of the inde-
pendent variable and to export these “standardised” 
shapes. However, if many landmarks and semilan-
dmarks are used in a smaller sample the results of 
these regression analyses should be accompanied 
and checked with further regression analyses carried 
out on the PC scores (Mitteroecker & Bookstein, 
2011).

The association and covariation patterns 
between two different shapes (e.g., face and neu-
rocranium) can be studied by Two Blocks Partial 
Least Squares analysis (2B-PLS), that finds lin-
ear combinations in each block by maximising 
the covariance between blocks (Rohlf & Corti, 
2000; Bookstein et al., 2003). When applied to 
two sets of shape data, this method examines the 

covariation through two different approaches 
(between separate blocks, and within-blocks). 

A 2B-PLS between separated blocks (Bookstein 
et al., 2003; Torres-Tamayo et al., 2018) relies on 
separated Procrustes fits for each block and quan-
tifies pure covariation in their shapes (e.g., pelvis 
and rib cage). In a within-configuration PLS the 
blocks of landmarks are defined within the entire 
configuration (Bastir & Rosas, 2016). This covari-
ation is influenced not only by the variation of the 
shapes, but also by variation in the relative sizes, 
positions or orientations of the blocks. Thus, 
while the between block PLS could underesti-
mate biological covariation, the within-block PLS 
could overestimate it. Therefore, it depends to 
some degree on the question which PLS approach 
is chosen and as a general recommendation on 
3D-GM, many different analyses should be 
explored before final conclusions are made. 

Fig. 5 - MorphoJ warper. This network uses the coordinates that can be exported from the graphic 
panel of MorphoJ to warp a 3D mesh along the vector defined by the coordinates in EVAN Toolkit. 
In the upper part of the network the original data set and a specific 3D mesh (that corresponds in 
space to the 1st specimen of the landmark file) are imported. In the lower part the landmarks to be 
visualized (e.g. MorphoJ results) are imported. This is a coordinate file (here in nts format) that con-
sists of two configurations: a source (configuration 1) and a target (configuration 2). This network 
transforms original surface mesh to fit the landmarks of the MorphoJ results and the warper allows 
for interpolation between two landmark configurations obtained from MorphoJ. 
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All these geometric morphometric analyses 
should be accompanied by 3D visualizations to 
link the statistical analyses with the correspond-
ing morphological (graphical) information. 
Although the software packages mentioned above 
offer some kind of visualization it should be men-
tioned that to facilitate comprehension, interac-
tive warp visualizations are preferable. Interactive 
exploration (that is, moving the pointer with the 
mouse along statistical vectors such as PC-axes, 
mean shape differences, or regression vectors) of 
3D-GM results favours comprehension and is 
highly recommended. 

When working with MorphoJ the 3D visu-
alization is limited. However, a simple transfor-
mation of the coordinates, as output file of the 
MorphoJ Graphics panel, together with a spe-
cific network of ET-software (Fig. 5) converts 
the static graphical output of MorphoJ into an 
interactive, dynamic and heuristically powerful 
visualization. 

With the network shown in Figure 5 any 3D 
surface mesh (.ply, .obj, .stl) can be deformed 
in ET so as to fit the shapes of the results of a 
MorphoJ analysis. To achieve this, two steps are 
necessary: First, load a coordinate data set with 
its corresponding 3D mesh (e.g., the 3D mesh of 
ViewBox template and the landmark coordinates 
of the template; or any other data set that con-
tains landmarks of which one fits to a given 3D 
mesh) into the import node of ET shown in the 
upper part of Figure 5. Then load the coordinates 
of the results of any MorphoJ analysis. To obtain 
these coordinates right-click in the Graphics 
panel in MorphoJ and select “Export Coordinate 
File”. Then adjust the existing header text to 
the necessary header of the NTS format by 1) 
removing the first lines of text, 2) by defining 
the labels so as to specify the MorphoJ results, 
and 3) by replacing the missing landmarks codes 
from the default setting of MorphoJ  “1 9999” to 
“0”, which is recognized by ET-software after the 
NTS data import). These edits can be done in 
any text editor. Then, load this NTS file into the 
Import node shown in the lower part of Figure 5 
and run the network. Importantly, visualize not 
only the 3D mesh but also the proper landmarks 

of the MorphoJ results. This way one can be sure 
to display exactly the kind of shape data that is of 
interest by the Warper node. The warper uses 3D 
TPS for transforming (morphing) the 3D mesh 
along the MorphoJ results. 

ET-software provides further facilities for 
interactive visualization using different kinds of 
3D glasses (e.g. shutter glasses, anaglyphic glasses, 
etc.). In addition, the ET warper offers the gen-
eration and insertion of selective TPS-grids into 
the 3D mesh in all kind of orientations. Also 
cutting planes can be used to highlight regions 
of interest. The protocols for all these applica-
tions can be found in the EVAN-Society web-
site. Finally, one can export 3D meshes (.stl, 
.obj, .ply) of TPS-warped shapes representing 
the results of given analyses (Bastir et al., 2014). 
However, these 3D meshes are exported in shape 
space and thus need to be rescaled accordingly. 
This export of meshes that represent 3D-GM 
analyses is particularly useful for the final step in 
a Virtual Morphology Lab, the 3D printing (Fig. 
2). Similar facilities exist in Viewbox 4, which 
can also warp textures. 

3D printing of virtual morphological 
objects and 3D-GM results

Object manipulation enhances our attention 
to and improves our comprehension of spatial 
properties of real‐world objects, allowing us to 
better understand those things we can touch 
(Turner et al., 2017). Yet, in paleoanthropology, 
the personal manipulation of fossils, (including 
touching them with the hands), is limited to 
very specific situations and partially privileged 
persons because of the specific scientific value of 
precious fossils or, sometimes, even rare, histori-
cal casts. However, this physical interaction with 
the object and the knowledge and experience 
extracted from it are crucially important for mor-
phological research and 3D printing can help in 
this respect.

Widespread 3D printing is a relatively recent 
technology. However, in 1980, the idea of rapid 
prototyping arose and successive models of 
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printing were developed. It was Adrian Bowyer 
(University of Bath, United Kingdom) who pop-
ularized this technique in 2005, under an open 
source auto‐replication robot project called The 
Replication Rapid‐Prototyper Project (RepRap) 
(Amigo, 2015). After these first initiatives, 3D 
printing experienced an enormous popularity and 
3D printers have now become widely available.

Principles of a 3D printer and printing 
technologies

There are different 3D printing technologies 
available but all of these are based on a funda-
mental principle that is the deposition of the con-
struction material, layer by layer, one on top of 
the other, until the object is complete; this is why 
this technology is called additive construction or 
additive manufacture. Different 3D printing tech-
nology can be distinguished and the most impor-
tant methods are 1) stereolithography (SLA), 2) 
selective laser synthesis (SLS), 3) injection print-
ing (IP), and 4) fused deposition model (FDM), 
among others (Crafts et al., 2015). All these 3D 
printers evolve at a very fast pace and are suited 
for different sizes, aims and also produce differ-
ent final qualities (Crafts et al., 2015; Carew et 
al., 2019). Depending on the needs one can thus 
either use this technology via online services (e.g. 
see the section “Info on the web”), or one can 
decide to implement a 3D printing lab. 

In the Virtual Morphology Lab (MNCN-
CSIC) we use FDM technology which is among 
the most simple, economic, and also most eco-
logical techniques. The FDM or FFF (fused 
filament fabrication) is the process by which a 
Cartesian 3D model is constructed through 
successive 2D layers organized along the z-axis, 
that is, a process by which a plastic in the form 
of a molten filament is deposited on top from 
another to create a 3D object layer by layer. 
Various thermoplastics are used as raw material, 
the most frequent being PLA (polylactic acid) 
and ABS (Acrylonitrile Butadiene Styrene). PLA 
is a biopolymer composed of lactic acid derived 
from the fermentation of corn starch or sugar-
cane. Because of these properties PLA is biode-
gradable, which is not the case for ABS. 

Fig. 6 - Preview of a 3D print file of a mandi-
ble. (a) The natural orientation of the mandi-
ble barely needs any support structures. (b) 
Inverted orientation of the mandible requires 
many support structures for printing. (c) This 
view shows all help structures of a 3D print. 
On the bed the rafts are shown. Rafts are the 
basis on which the model and the supports are 
printed. The cutting plane through the 3D model 
(mandibular corpora and angles) shows the 
hexagonal geometric pattern of the infill struc-
tures that are necessary for robustness of the 
model and for printing the last layers. 



www.isita-org.com

123M. Bastir et al.

The FDM printing process

The basic parts of an FDM printer consist of 
the printer head, the rails and the base or bed. The 
printer head is composed of a stepper motor that 
drives the filament through a hot zone (hot end, 
190 ‐ 220 oC) where it will melt and be extruded 
through the nozzle (extrusor). The movement 
of the head by the rails deposits the filament on 
the bed to build the 3D object and therefore any 
object to be printed is constructed from its basis 
towards the top. This is also the reason why the 
first layer is of primary importance determining 
the rest of the 3D print. It is recommendable 
to print first a kind of surface, a raft, before the 
first layer is printed. The raft compensates pos-
sible irregularities of the bed surface and guar-
antees the best possible printing of the first layer. 
In addition, the raft also provides the necessary 
adhesion of the entire 3D print during construc-
tion. If the print loses its contact with the bed 
during printing filament will be printed in the air 
and sooner or later the nozzle will be obstructed.  
To avoid this sometimes lacquer spray is used to 
increase the adhesion. 

Because in FDM one layer is built on top 
of another layer of the object some geometric 
features require printing of additional help-
ing structures (supports), on which consecutive 
object layers of the overhanging structure can 
be constructed. For example, a mandible in its 
natural position can be printed with almost no 
support structures. This is because all of its maxi-
mal dimensions are located at the base or very 
close to it. Therefore, all object (mandible) layers 
can be constructed on the basis of the first layer 
(Fig. 6a; actually, because the corpora are slightly 
curved very few supports are indeed necessary). 
However, when for some reasons a mandible is 
to be printed up-side down (Fig. 6b) then many 
supports are necessary as some structures (the 
more distal part of the tooth row, the condyles, 
the projecting chin, etc.) would otherwise “hang 
in the air”. For these structures there exists no 
previous object layer on which other layers could 
be built. Instead, supporting structures (tiny 
brittle columns; Fig. 6b) need to be printed from 

the bed onwards, to sustain the layers of over-
hanging mandibular parts in such an orientation. 
The supports are removed mechanically once the 
printing is finished. Usually, they are much more 
brittle than the printed object and can be broken 
off more or less easily but mostly they leave some 
traces on the object. 

Something similar occurs with the final layer 
of an object. Because the last layer will close the 
3D print and because this closed layer is also 
printed in horizontal plane (x-y plane) internal 
supports are needed. Because these supports are 
printed inside the object they are called “infill”. 
Without infill no structure could be closed dur-
ing the last stages of 3D printing. The infill, 
which is usually a simple geometric pattern (Fig. 
6c), gives the model also its physical consist-
ency and will influence in many cases the surface 
finishes of the top and button of the 3D print. 
Because of this, finding the best position of the 
model is essential to obtain an optimal result and 
usually requires some experimentation for the 
final print. Figure 6c shows all helping structures 
in detail (the rafts, the supports, and the infill). 

In our laboratory, we use three different 
types of FDM 3D printers, each used because 
of specific features: the MakerBot Replicator 
2 Minireplicators are very easy‐to‐use and eco-
nomically affordable direct Cartesian printers. 
With a building volume of 28.5 x 15.3 x 15.5 
cm the Replicator 2 can be used to print many 
structures of a human skeleton (except complete 
skulls, some long bones). Because of its straight-
forward use most of our 3D objects are printed 
with these machines for a first and quick over-
view print. (Also the Minireplicators are easy to 
handle, which is why we use them in the Open 
Fablab of the MNCN for public workshops for 
families, children and school classes). 

The DeltaWasp40X70 is a fairly fast and 
large capacity Delta bower printer. With a cylin-
drical building space of 40 cm diameter and 70 
cm height it allows for building large and com-
plex anatomical models such as skulls, fused pel-
ves, complete rib cages, even full trunk skeletons 
and all human long bones. This, however, can 
take considerable time (a thorax in real size takes 
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between 150-190 hours to finish). Also, because 
of the large size of the printer base a greater 
number of smaller pieces can be produced in a 
relatively short time and, above all, in one simul-
taneous printing process (e.g., the isolated verte-
brae and ribs of a thorax). 

The Ultimaker3+ Extended is a direct 
Cartesian printer used to build complex and 
detailed structures with a building volume of 34 
x38 x 49 cm. This 3D printer has two extruders 
which allows for printing structures in two colors 
or two different materials. This latter option is 
interesting for printing highly complex and deli-
cate geometries where the first extrusor builds 
the main object while the second one builds the 
support structures with a specific material such 
as Polyvinyl-alcohol (PVA) that is water soluble. 
Once the 3D print is finished, it is submerged in 
water and the support structures get dissolved. 
Apart from producing small models of delicate 
structures (small-sized rib cages), we use this 3D 
printer to build 3D models of fossils that require 
a high definition or internal osteological struc-
tures. Its precision along the z‐axis (layer height) 
is lower than that of the others (0.06 mm), 

which allows us to make hyper-detailed models. 
The main technical and practical features of each 
3D printer are detailed in Table 2. 

Hard- and software set up before printing

All 3D printers need to be configured before 
the printing process, with a special focus on 
different parameters affecting the speed of the 
process and the quality of the final result. One 
should configure these parameters following 
the manufacturer’s instructions. Among these 
parameters, the most important is the adjust-
ment of the height of the bed or the configura-
tion of the z‐axis.

Specifically, the z‐axis of the Cartesian and of 
the Delta printer is marked by the surface of the 
base. This is responsible for establishing a vertical 
movement that allows builds the object layer by 
layer. It is necessary to establish an appropriate 
distance of the nozzle with respect to the bed. 
This distance must be large enough that it allows 
for filament extrusion and small enough to guar-
antee the first layer sticking to the surface. This 
value is determined by the diameter of the nozzle. 

Tab. 2 - Comparison of the 3D printers in the Virtual Morphology Lab (MNCN-CSIC). 

3D 
PRINTER

BUILD 
VOLUME  
(CM)

NOZZLE 
DIAMATER 
(MM)

NOZZLE 
TEMPERATURE 
(°C)

EXTRUDER FILAMENT 
DIAMETER 
(MM)

MAX LAYER 
RESOLUTION 
(MM)

PRINT 
SPEED 
(MM/S)

Makerbot 
Replicator 
R2

28.5 length 
15.3 width 
15.5 height

0.4 180-260 single 1.75 0.1 20-140

DeltaWasp 40 diameter 
(cylindrical 
print area) 67 
height

0.4 180-260 single 1.75 0.1 20-270

Ultimaker 
3 Extender

single 
extrusion: 
21.5 length x 
21.5 width x 
30 height dual 
extrusion: 
19.7length x
21.5width x
30 height

0.4 180-280 double 2.8 0.02 30-300
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As a general rule, the maximum resolution/qual-
ity along the z-axis that can be reached with a 
nozzle is 80% of its diameter. For example, if the 
nozzle diameter is 0.4 mm the maximum layer 
height (=quality) will be 0.32 mm. Half of the 
nozzle diameter (approximately 0.16 mm) will 
be used to establish the initial distance of the 
nozzle with respect to the base. This parameter 
is crucial because, as mentioned above, a good 
3D printing result depends on the quality of the 
first layer. This first layer determines the com-
pression between remaining layers and will affect 
thus the density, dimension and appearance of 
the entire structure. In summary, the greater the 
height, the more probable the under‐extrusion, 
whereas the smaller the height, the more prob-
able and over-extrusion. Printing a raft before the 
first layer will improve these relations (Fig. 6). A 
good calibration of the z-axis is at the very basis 
of the printing success. All our printers need a 
manual calibration but the Ultimaker 3+ carries 
also out an automatic recalibration.  

Once the printer is configured, the some basic 
parameters of the printing software need to be 
adjusted. Software packages such as Simplify3D, 
Slic3r and Cura can be used for these aims. These 
programs provide a precise control of complex-
ity and personalization of printing parameters 
(speed, material flow rates, nozzle, retraction, 
times, etc.). Slic3r and Cura are free programs 
while Simplify3D is commercial. In our lab we 
use Simplify3D for generating print files for 
Makerbot and DeltaWasp printers and Cura 
to generate print files for the  Ultimaker 3+. 

Professional printing software (Simplify3D) 
offers a wide range of parameters that can be 
edited but usually the most important factors 
to be considered are: 1) temperature and speed, 
more related to the thermoplastic material; 2) 
object-orientation, layer heights, more related to 
the resolution of the print, and 3) the definition 
of rafts, support structures and infill, which are 
more specific to the object and the requirements 
of finishing quality. The result of these adjust-
ments is a machine-specific print file of the spe-
cific 3D object to be printed. If these settings 
prove successful, it is recommended to store the 
print file for further repetition of print jobs of 
this object and material. 

The following parameters need to be taken 
into account and eventually adjusted: 

Temperature: Each manufacturer of thermo-
plastic filament provides the user with a range 
of recommended temperatures. These param-
eters are theoretical and can be adjusted slightly 
depending on the needs of the laboratory, but 
they give a rough idea of the necessary initial 
configuration of the print file. For example, an 
optimal temperature range of PLA is between 
190 oC – 230 oC but while Makerbot R2 prefers 
up to 230 oC, Deltawasp prefers temperatures 
towards the lower PLA range (190-200oC). The 
temperature of the environment is also impor-
tant, particularly if the printers do not offer a 
chamber in which the 3D print is carried out. 
Low ambient temperatures affect the adherence 
and fusion of the layers during printing. Do 
not open the windows of the lab for ventilation 

Tab. 3 - Practical technical details of the 3D printers used in the Virtual Morphology Lab (MNCN-CSIC).

3D PRINTER OWN SOFTWARE 
SLICER

WORK 
ARCHIVES

BUILD PLATE 
LEVELING

HOT BED CONNECTIVITY

Makerbot 
Replicator R2

MakerbotDeskop .x3g manual no USB, SD card

DeltaWasp no .gcode manual 0Co-100Co USB, SD card

Ultimaker 3 
Extender

CURA .gcode manual/auto 20oC-100Co USB,wifi, SD card
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during cold outside temperatures, and don’t for-
get switching off the air-condition system, when 
leaving the lab. 

Speed: Print speed ranges typically between 
40 mm/s – 90 mm/s. It is recommendable to 
start within the lower ranges and then, if neces-
sary, increase. After some experience with the 3D 
printer, one will be able to determine the optimal 
printing values for each filament, although these 
values can be occasionally changed as required by 
the geometry or size of some models. Geometry 
is important because organic models have cavi-
ties, crests, processes, holes and other complex 
structures that make their 3D printing more 
difficult than that of simple geometries (cubes, 
cylinders, pyramids, etc.). These particulari-
ties should be taken into account by adjusting 
the speed and the temperature. In a region with 
more details and irregular morphologies (e.g. 
anterior nasal spine, nasal bones in the skull, 
coronoid processes of the mandible, the tips of 
the transverse or spinous processes of vertebrae, 
canines) reducing the speed can improve qual-
ity as the deposition of the molten filament can 
follow more exactly the complexity of the struc-
tures. However, if the printing speed is reduced, 
it is also necessary to decrease the temperature 
because higher temperature decreases the viscos-
ity coefficient of the plastic, causing more plas-
tic to be extruded by exerting the same pressure. 
This phenomenon is known as over-extrusion. 
The printing speed will also contribute to deter-
mine the time the previous layer needs to get 
solid. A low print speed offers more time for the 
previously printed layer to cool down before the 
next one is deposited. 

Orientation of the object: As mentioned 
previously, the object is constructed from its 
basis towards its top. Therefore, each object or 
3D print has its preferable orientation which 
will affect morphologically the location of the 
support structures and economically the print-
ing time and quantity of the material (mandible 
in the position shown in Figure 6a takes 2h 30 
minutes to print, while in the orientation shown 
in Figure 6b it takes 3h 26 minutes). As a rule 
of thumb those structures that can be printed 

without supports will have the best possible 
aspect and finishing. Consequently, the orien-
tation depends on the purpose of the 3D print 
model or on that part of the model that needs 
to be highlighted. The slicing software builds the 
support structures beyond a given angle of the 
part of the object relative to the bed. In Figure 
6b the lower part of the mandibular symphysis 
(close to the chin) exceeds 45 degrees relative 
to the build plate. Consequently, supports are 
printed close to the chin. In turn, the ascending 
ramus in Figure 6a is always below 45 degrees rel-
ative to the build plate. No support is necessary. 

A cranium, for example, is best printed in its 
natural position because the rough surface that 
remains after removal of the support structures 
mimics to some degree the morphology of the 
natural roughness of the muscle and tendon inser-
tions at the cranial base.  On the other hand, other 
orientations will affect other aspects. If the cra-
nium is oriented with the occipital at the base and 
slightly rotated posteriorly the facial structures will 
not need any support structures which saves both 
material and time. Also the physical resistance is 
affected by the orientation. If forces are likely to be 
expected from the handling of the 3D print, the 
orientation of the infill should be in line with the 
major direction of forces. Finding the best orienta-
tion requires some experiments but it is worth try-
ing. When all aspects of the 3D print are impor-
tant or delicate (e.g. small-sized thorax models) 
we use double extrusion in the Ultimaker3+ and 
water soluble PVA filament for supports. 

Nozzle diameter: Controlling the diameter of 
the nozzle allows one to influence the quality of 
the printed piece and to predict the kind of ele-
ments that can or cannot be built. This feature 
is called printability. The printability depends 
on the diameter of the nozzle and the presence 
of angular structures in the model. The nozzle 
influences the layer height and the wall thick-
ness, sometimes also called shells. In the preview 
of complex objects the slicing software can show 
gaps between the layers. These gaps show parts 
that are non‐printable because the thickness of 
the layer in that part of the 3D mesh is less than 
the diameter of the nozzle. The wall thickness 



www.isita-org.com

127M. Bastir et al.

determines the minimum part of the mesh that 
will be printed in one run of the extruder, that is, 
the minimum thickness of one layer.  

3D printing tips and tricks

1)	It is highly recommended to use a filament 
of good quality even if it is more expensive 
so that the printing flow is constant and 
thus avoiding bad results and extruder ob-
structions.

2)	Excessively high temperatures (above 230 
degrees for standard and PLA nozzles) dam-
age the extruder and carbonize the filament 
potentially causing obstructions.

3)	It is recommended to provide a route to the 
filament before entering the hot end. It is 
very important to release tensions in the 
filament to avoid breaks and underextru-
sions in the model, seen as small gaps, due 
to the lack of filament in those places. To 
avoid this, one can place a secondary reel 
next to the main one. This will cause the 
filament to wrap before entering bowden 
tube on the secondary reel by relaxing and 
unraveling the filament.

4)	If the company supplies specific software 
for its own printer, it is recommended to 
use it because they are adapted to the 3D 
printer’s firmware.

5)	Check always carefully the preview of the 
printed model in the software. This is very 
important to determine its printability. 

6)	The quality of the STL of OBJ model will 
determine the final result of the 3D print-
ing. Therefore, the pre‐processing of the 3D 
model is very important (smoothing, filling 
holes, etc.) will improve the quality of the 
final result.

7)	To improve the adhesion of the piece to the 
bed, one can apply adherents such as sprays, 
lacquer and glue just before printing starts. 
Sometimes, when printing goes well but the 
piece loses contact, adhesion tapes can be 
used to fix the raft on the bed on the go. 

8)	Some supports are necessary to give stabil-
ity to the piece, especially if it is printed at 

high speeds that can lift part of the model 
from the bed.

9)	3D prints with a high probability of base 
separation or numerous undulations on the 
surface need lower print speed than those 
having a large number of straight lines.Ad-
just the resolution to the size of your print to 
avoid unnecessary times, for example unless 
you want to highlight some detail, printing 
a human skull at 0.2 mm is enough; below 
this value the aesthetic impression does not 
increase while wasting a lot of time.

Post-processing of 3D prints 
Once the pieces are printed, it is usually 

necessary to carry out some post-printing treat-
ments to optimize the results. These treatments 
include the removal of supports (either manually 
or dissolved in water) and of remains of some 
unwanted material that may have been deposited 
on the surfaces the piece. Finally, if the model 
was printed in different parts, these need to be 
joined using different methodologies to clean the 
fitting surface parts (using blades, scalpels, pliers, 
spatulas, sandpaper, files, rotating tools, etc.). 
Also more advanced methods can be used such 
as grit blasting, sandblasting or polishing with 
abrasives and thermal or chemical treatments. 

One important aspect is the generation of a 
coloured texture (polychroming), which is some-
times necessary to generate an anatomically more 
realistic impression than the one achieved by the 
colour of the monochromatic thermoplastic fila-
ment. This is particularly important in the con-
text of museum exhibitions. There are two ways 
to get polychromatic pieces: by obtaining a cast of 
the 3D printed model that will be polychromed 
or by the application of a patina directly to the 
3D print. Casting of 3D prints is common when 
used for conservation or expository aims. This is 
because 3D printing materials have not yet been 
sufficiently investigated and their ageing proper-
ties are still quite unknown. Latest research has 
shown that the base polymers used in 3D print-
ing and their additives, such as colourants, are 
highly unstable and therefore its use in exhibi-
tions is not advisable (Coon et al., 2016). On the 
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other side, registering an original piece directly 
by casting is becoming less frequent because of 
the damage and consequences that this entails for 
the original. As an example, in our lab we pro-
duced a cast of the 3D print of the skull of Homo 
naledi (Fig. 7a) for the paleoanthropological part 
of exhibition at the MNCN-CSIC (Ávila, 2017). 
We used silicone to record morphological details 
of the 3D printed skull and plaster to provide 
the rigidity where necessary. The mould was 

formed in several parts due to the complexity of 
its shape, and once complete, it was filled with 
epoxy resin mixed with pigments and other fill-
ers (Santos Gómez, 2005) in order to get a cast 
with the colours and patina appearance closest to 
the original possible (Fig. 7b).  

Alternatively, it is also possible to apply a 
patina directly to a 3D print to change its mon-
ochromatic appearance. This is the case of the 
patina applied to a 3D print of a Neandertal 

Fig. 7 - Post-processing and polychromatic staining of 3D prints. (a) 3D PLA print of the H. naledi skull. 
(b) cast of the 3D print that has been stained with natural sediment colours to improve longevity of the 
colours in exhibitions. (c) Four pieces of PLA printed ribcage glued together (for example necessary 
when the entire model does not fit the building space). (d) 3D print full rib cage model directly stained 
with natural sediment colours. The colour version of this figure is available at the JASs website.
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ribcage (Sawyer & Maley, 2005). In this exam-
ple, we surface-scanned the real size cast of the 
Neandertal in the MNCN collection and then 
printed the thorax model half-size and in four 
pieces using the R2 Makerbots. After the removal 
of the supports, these four thorax pieces were 
joined together using different adhesives, such 
as glue for rigid plastics, a contact glue, super-
fast liquid glue based on methyl cyanoacrylate 
and hot glue applied with a heat gun, accord-
ing to the size and geometry of the surfaces to 
be adhered (Fig. 7c). In addition, and to achieve 
an optimal union between the lower and upper 
part a pin (i.e. a piece of plastic) was placed in a 
hole in the centre of the joining surfaces in order 
to provide greater fixation and support to the 
3D print. For a polychromatic colouring of the 
thorax, a mixture of different pigments was used 
and agglutinated by matt varnish. The choice of 
matte quality is important in the reproduction of 
bones and fossils since they usually do not show 
any kind of brightness. The piece was coloured 
directly with the mixture applied with a brush 
(Fig. 7d) (Ávila, 2017). 

Discussion 

This review has presented standard work-
flows and methods in virtual morphology which 
are relatively easy to implement as a laboratory 
in academic institutions and useful in vari-
ous respects of anatomical and morphological 
research. The methods outlined here facilitate 
comparative morphological research because 
once museum specimens are properly digitized 
they can be made available to a wide range of 
students and researchers as exemplified recently 
in the form of digital databases (see some exam-
ple listed in section Databases on the internet). 
Consequently, these technologies reduce research 
costs by avoiding the need for traveling, curation 
and protection. In addition, broad access to data 
enhances the speed of scientific progress as more 
researchers are investigating these objects. 

In palaeoanthropology, fossil specimens 
are usually compared with greater comparative 

samples of extant species using 3D-GM (e.g. 
Williams et al., 2017; Neubauer et al., 2018). 
Accordingly, more and more fossil data are 
actually digitally available either via the just 
mentioned digital data bases, or via 3D models 
directly downloadable from the corresponding 
publication site (Weaver & Hublin, 2009) or 
accessible online, virtually, by interactive manip-
ulation of the 3D image (Bastir et al., 2014). 
However, regarding recent species it is currently 
still quite difficult to get a reasonably sized com-
parative data set allowing for statistically robust 
3D-GM analyses. Efforts in both, fostering mass 
digitisation and standardizing digitisation qual-
ity criteria, are currently part of the EU research 
policy in Natural Sciences (e.g. SYNTHESYS+; 
DISCCO, etc.). Such conversion of physical into 
digital collections will reduce this problem by 
leading to improved and widely accessible data 
bases for research activities at both student and 
professional levels. 

These digital 3D models enter directly 
into the 3D-GM toolkit for statistical analyses 
and interactive 3D visualizations. Importantly, 
while several software packages are available 
for 3D-GM analyses (see Measurement of 3D 
meshes (landmarks, semilandmarks of curves 
and surfaces)), the use of open access code in R 
is increasingly used leading to fast and innova-
tive development of further analytical protocols 
for the intersection between pure 3D-GM and 
virtual morphological treatment of 3D images 
(Profico et al., 2016).

As shown in this paper, the dramatic devel-
opment in 3D printing now offers the oppor-
tunity to 3D-print the results of the 3D-GM 
analyses with very little costs. This offers new 
opportunities in palaeoanthropology, or more 
generally, palaeontological sciences, where the 
reconstruction of incomplete fossils is an impor-
tant step. With 3D printing fossil reconstruc-
tions based on 3D-GM or other virtual mor-
phological work can be produced for physical 
inspection. Such reconstructions could even be 
re-introduced in existing cast collections of aca-
demic institutions and studied using traditional 
morphometric methods (Carew et al., 2019). 
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Here, one important remark should be men-
tioned. 3D printing of human remains should 
follow ethical considerations regarding respect 
and dignity. Such considerations are particularly 
relevant in the context of anatomical teaching 
or forensics and less so in a paleoanthropo-
logical context and no clear guidelines are cur-
rently elaborated (Márquez-Grant & Errickson, 
2017). Ethical consideration is even more 
important when 3D prints are to be shared and, 
thus, multiplied and distributed. 

Although 3D prints of virtual anatomical 
objects do not actually present new data, they 
do stimulate new intellectual channels of percep-
tion of the researcher leading to enhanced atten-
tion to the object. This is related to the “power 
of things”, the haptic interaction between the 
physical object and the researcher. It can lead to 
a better comprehension of complex 3D anatomy, 
its variation and evolutionary change and also 
stimulate creative processes for further research 
or experiments.  

These very same psychological principles 
apply to teaching and learning in Natural History 
Museums. 3D scanning and printing technology 
overcome the limitation that exists due to prohi-
bition for visitors to touch or manipulate origi-
nal pieces of exhibition. When implemented in 
Museum workshops (e.g. palaeontology, com-
parative anatomy, or, more generally, natural sci-
ences) children can benefit following recent edu-
cational trends in museology (STEAM-methods, 
Stein et al., 2016; Turner et al., 2017). Finally, 
to some extent 3D technology can facilitate cer-
tain aspects of social inclusion into museology, of 
people which for different reasons due to physi-
cal or mental handicaps will benefit from direct 
manipulations with 3D printed objects of exhi-
bition of both art and natural science context. 
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