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Abstract: The term bioarchaeology refers to the study of archaeological remains of organic origin,
including human and botanical remains, which are highly informative for reconstructing past human–
environment relationships. However, they are not very tangible, either because of ethical issues or
their reduced size. Using novel technologies, such as modeling, 3D printing, and virtual reality, these
remains have been made accessible, manipulable, and inclusive. The objective of this work is the
technological enhancement of bioarchaeological remains through the development of an innovative,
non-destructive, non-invasive, and reproducible protocol. In this way, more effective dissemination
of the information obtained from studying these materials is possible, making them more accessible
to different audiences.

Keywords: archaeobotany; pollen; palynology; virtual reality; virtual anthropology; education;
accessibility; 3D modeling; 3D printing

1. Introduction

Human skeletal remains found during archaeological excavations are an important
source of direct knowledge for the reconstruction of life conditions in the past. The in-
formation resulting from their study can help archaeologists reconstruct the investigated
period of human history [1]. To obtain this kind of information, it is fundamental to have
appropriate expertise about the human skeleton, its anatomy, properties, and functions.
There are many disciplines that focus on the human skeleton, such as osteology, skeletal
biology, and biological anthropology (bioanthropology). The fundamental subject matter
of bioanthropology is an interest in, and an exploration of, human origins and human
variation [2]. However, non-experts are often unfamiliar with the professional figure of
the bioanthropologist, and how the study of skeletons can help the archaeological in-
vestigation. An anthropological study often requires handling bones: the rotation and
visualization from all perspectives can help better understand the biological morphology
of bones. Clearly, non-specialists cannot handle human remains, but they can observe
them in archaeological museums. Museums that exhibit human remains, such as ancient
skeletons or mummies, provide a non-interactive experience to visitors. Usually, they can
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only observe them through glass and are not allowed to touch or manipulate them due to
conservation and ethical reasons [3].

While human remains are traditionally the focus of bioarchaeology, this field also
encompasses other disciplines, covering the study of all biological remains (fauna and flora)
recovered during archaeological excavations [4]. This includes archaeobotany, the study
of plant remains recovered from contexts affected by human presence, i.e., archaeological
sites [5]. Archaeobotany is fundamental for reconstruction of the role that humans played
in shaping the past environment and includes both the study of macroscopical (such
as seeds, fruits, and wood) and microscopical plant parts (e.g., pollen and non-pollen
palynomorphs—NPPs).

Concerning pollen grains, they are the male gametophytes of seed plants [6]. They
are characterized by different morphologies and ultrastructural features [7], which make it
possible to recognize different families and genera, and more rarely, also species [5]. The
study of pollen is called palynology and can be used to investigate cultural landscapes
of both paleoenvironmental and archaeological records [8]. The comparison of past and
present pollen grains makes it possible to evaluate environmental transformations, which
occurred due to both natural and anthropogenic factors. The latter are recorded, for
example, by the spread of cereals (Cerealia-type), the increase in wild synanthropic taxa,
and the presence of cultivated plants [9].

From a practical point of view, palynological analysis is less straightforward than the
study of seeds and fruits, which can be seen by the naked eye (or through a stereomicro-
scope) and are more tangible. Pollen extraction requires a long chemical treatment, which
involves the use of strong acids and bases (e.g., [10]). After extraction, pollen is preserved in
glycerin, mounted on slides, and studied under a transmitted light microscope. Although
pollen grains are tridimensional, the observed images appear “flat”. Their morphology can
be better observed by adjusting the focus and by tapping the coverslip with a preparation
needle [11]. For all these reasons, understanding pollen morphology can be complicated
for both students approaching palynology and for the general public. The former category
might not be able to understand the differences between different types of apertures and
ornamentations. The latter might have trouble understanding how something apparently
“invisible” carries so much information.

New technologies are a great help to face the issues related to the intangibility of
bioarchaeological heritage, overcoming both ethical (bones) and size (pollen) issues.

Indeed, digital technologies have made it possible to interact with osteological remains
in a virtual environment. This has enabled the origin of Virtual Anthropology (VA) through
the combined use of computer science and bioanthropology for the study, conservation,
enhancement, and communication of human remains [12]. The virtual acquisition of human
remains makes anthropological analysis free of any risk of damage to the original specimen.
Moreover, digitalization leads to significant advantages in educational, dissemination, and
enhancement aspects [13], especially due to the exploitation of Virtual and Augmented
Reality (respectively, VR and AR) devices in contexts such as culture dissemination, gaming,
and simulations [13]. Human–computer interaction and information technologies play a
key role when the main goal is knowledge transfer [14,15], and cultural heritage has taken
advantage of their usage [16].

The use of digital techniques has made it possible to observe and study various cultural
objects such as statues, vases, and coins [17,18] deeper than in the classic observation, and
has also found an application in bioarchaeological evidence in the form of seeds, fruits,
bones, and mummies [19,20]. In addition, immersive VR devices, such as those based on
the Head-Mounted Display (HMD), provide the opportunity to interact with these artifacts
not only by manipulating, rotating, and moving them but also by immersively exploring
their insides. Moreover, these technologies have helped overcome accessibility issues [21],
thereby facilitating physical and logical tasks.

In this perspective, further help comes from three-dimensional (3D) printing, which
represents an important possibility for accessibility to knowledge for categories of users
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with specific needs: for people with visual or learning impairments, touching a three-
dimensional model surely represents a possibility of interaction, which can favor a better
understanding of the object. For this reason, our project has a strong educational value and
represents a communicative possibility of the results of scientific studies for audiences with
different specificities, both non-experts and experts, in compliance with all the needs of use
and valorization.

2. Materials and Methods

In this work, we present the application of VR and 3D printing on two different
typologies of bioarchaeological heritage: pollen grains and human remains.

2.1. Pollen Grains

Pollen grains with different morphologies of taxa commonly found in archaeological
sites and typically associated with human presence were selected for this study. These
are represented by Triticum aestivum L. (bread wheat; psilate and ulcerate) [22], Corylus
avellana L. (hazelnut; psilate and triporate) [23], and Bellis perennis L. (daisy; tricolporate
and echinate) [24]. Considering pollen identification cannot always be performed at a
species level, in archaeological sediments, the chosen taxa would be identified as Triticum,
Corylus, and Asteraceae Asteroideae.

Three-dimensional models of pollen grains were made using Blender 4.0, a versatile
open-source software which allows the management of each stage of the creation of 3D
content [25]. Scanning electron microscopy (SEM) images, illustrating diagnostic charac-
teristics of three pollen taxa, were chosen from the PalDat database [26]. These were then
loaded into Blender as references.

The definition of the polygonal volumes through mesh primitives represented the
starting point of the 3D modeling workflow; spheres were used in all the selected cases.

In the case of Triticum aestivum [22] and Corylus avellana [23] pollen grains, an increase
in the polygonal density of the geometries was opted for using the Subdivision surface
modifier, reaching a high number of polygons and the resolution necessary to operate
within the sculpting workspace. In this phase, the volumetric dimensions of each model
were corrected using the Grab brush, according to the front, back, and side views of the
reference images. A combination of the Inflate brush and the Draw brush, in addition
and subtraction, was used to model the pores of the Corylus avellana pollen grain and the
annulus of the Triticum aestivum grain. The increase in polygonal density was also useful
for the application of a noise texture to the volumes through a Displace modifier, allowing
the irregularities that characterize the outer surfaces to be obtained. To model the Bellis
annua pollen grain [24], two subdivision levels were applied using the Subdivision surface
modifier, which made it possible to obtain the required polygonal density. Echines were
obtained by moving individual vertices along the normals. As in the previous cases, a noise
texture was applied to the model using the Displace modifier to mimic the outer surface.
The three colpori were obtained through subtraction Boolean operations.

The 3D models, decimated and optimized for 3D printing using Print Toolbox, a
Blender add-on, were then exported in .ply format and imported into Ultimaker Cura, 5.6.0,
an open-source slicing software. Models were printed using a PLA filament using a 3D
AnyCubic i3 Mega S equipped with a maximum resolution of 50 microns, and an accuracy
of 0.0125 mm on the X and Y axes, and 0.002 mm on the Z axis.

2.2. Bioanthropological Remains

We created an interactive and immersive VR-based experience to show the differences
between the sexes (sexual dimorphism) in the human cranium and some basic principles
of osteology. We used the Oculus Rift CV1, Leap Motion devices, and a high-end desktop
computer with a CPU Intel i7 5930k, RAM 32GB DDR4 3200MHz, motherboard Asus
Rampage V Extreme, a Samsung SSD storage 860 Pro 1TB, and Nvidia GeForce RTX 2080ti.
Leap Motion’s software can discern 27 distinct hand elements, including bones and joints,
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and track them even when they are obscured by other parts of the hand. With a 120 Hz
refresh rate and low-latency software, the time between motion and photon falls below the
human perception threshold.

Two phases can be distinguished within the experience, which takes place in a futur-
istic environment. The necessary instructions are provided to the user in the first phase,
teaching them how to move around the virtual environment and interact with objects in the
scene. The user then accesses the main scenario and begins to visually explore the virtual
environment. In the front view, there is a desk with a monitor displaying the Sapienza
University logo, a flashlight, a pen with a notebook, and three skulls. The narrator invites
the user to pick up two skulls and explore any potential differences, while explaining the
morphology of the male and female cranium. The user is then invited to use an osteometric
table, available in the scene, to measure the skulls. An algorithmic approach coupled with
statistical analyses described in the work authored by Manzollino et al. [27] were used
to digitally generate the skulls in the virtual environment from references of male and
female skulls.

In phase two, the user finds a series of commingled bones on the scene, which they are
then asked to reassemble with the help of a reference skeleton. This task should be easily
completed thanks to the skills acquired during phase one. The experience is completed
when all the bones are placed in anatomical position, considering a generous margin of
error (about 0.3 m from the correct place for each axis and 30 degrees for each rotation
axis). However, if a user faces difficulties with the task, the operator can interrupt the
experience with a slightly different ending. Unity3D has been utilized to develop the
interactive environment and to make it a touchless exploration VR experience.

3. Results and Discussion

A range of models aiming at increasing the accessibility of bioarchaeology to the public,
such as non-specialists and students, was developed using the aforementioned methods.
The intended audience is not limited to any particular group and is open to people of all
ages, even those who are not familiar with 3D-printed objects and VR devices, aiming at
providing an enjoyable experience to everyone who engages with digital technologies.

Firstly, we obtained 3D models of pollen grains (Figure 1), giving a 360◦ view of each of
them, thus highlighting their diagnostic characters. This contrasts with the two-dimensional
view typically observed during routine analyses, and results in a more straightforward
understanding of the object. This is not the first attempt of pollen digitalization. Worthy
of mention is the recently published 3D Pollen Project [28], an open-access repository of
3D pollen scans and surface files obtained by confocal laser scanning of pollen reference
collections and herbarium specimens.

3D printing (Figure 1) has allowed us to enlarge our pool of potential users by provid-
ing a tactile experience of the elements, otherwise usable only, for example, through sight.
Humans perceive and communicate through all five senses. Sight is perhaps the most
encouraged sense and that allows a greater possibility of use in all areas [29]. However, for
those with a visual impairment, this implies being excluded from many communication
possibilities; for example, it is impossible to see pollen under a microscope. Another sense
involved in the perception of physical forms is touch. For people with visual impair-
ments but also for people with cognitive disabilities, not being able to touch represents an
enormous limit in the possibilities of knowing an object, and its shape and size.

The potential of this project in the educational and instructional field plays a key role
in relation to recent pedagogical studies related to an alternative possibility of educational
approach, so-called Object-Based Learning [30]. This approach is defined as active learning
and is useful to stimulate critical thinking through direct interaction with physical objects,
such as artworks, documents, or 3D-printed objects [31]. Hence, objects can be studied in an
active and collaborative way. This could represent a possibility for inclusion in classrooms
where there are students with specific needs. New models of accessible learning can thus
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be generated. One example concerns the possibility of having 3D models of archaeological,
archaeobotanical, or anthropological artifacts in schools.
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Figure 1. VR models of selected pollen grains (first column); photos of plants the pollen grains belong
to (second column): Corylus avellana, Triticum aestivum, Bellis perennis; printed 3D models of selected
pollen grains.

In this example, 3D printing represents a possibility of accessible communication; the
use of 3D models is not exclusively dedicated to people with disabilities, but it can work for
all students: it is not a specific adaptation but represents a new possible model of inclusive
and participatory teaching [32].

The 3D models created can also be part of animated digital pathways or virtual envi-
ronments, offering new possible educational and learning developments, such as the case
study of VR with an anthropological theme (Figure 2). The educational–didactic element
based on gaming allows greater involvement of participants who learn in a dynamic and
participatory way, even with more complex concepts. The fruition and usability of an
immersive VR system focused on skeletal anatomy have been studied previously [27] with
the aim of providing guidelines for the communication and education of human osteology.

The 3D modeling, 3D printing, and VR applications proposed in this paper combine
innovation, technology, and alternative educational solutions. The challenge of making
bioarchaeology accessible and inclusive using digital technologies is a key aspect that has
led to the creation of the digital models and 3D prints. In addition, the experiential and
immersive nature of the virtual environment allows us to show the potential of these digital
replicas for the enhancement and communication of bioorganic heritage.

As mentioned above, VA and VR can enrich the experience of learning about human
osteology, even in museums.

By using these techniques, visitors can interact (i.e., touch, manipulate, and rotate)
with digital replicas of human remains in an immersive virtual environment, replacing
passive observation [33]. One of the future developments of this project could concern its
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application on a museum case study, such as the Grottarossa Mummy, currently found in
the Museo Nazionale Romano, and subjecting this to palynological analyses [34].
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4. Conclusions

In this paper, we have illustrated an application of VR and 3D-printing techniques for
the dissemination of archaeobotanical and bioanthropological content.

The pipeline of the study consists of four main steps, two for archaeobotany and two
for bioanthropology: the creation of 3D digital models of three pollen grains and their 3D
printing; the reconstruction of 3D skeleton replicas and the development of an interactive
environment.

The first two phases involved the Blender modeling approach for creating 3D models
of naked wheat, hazelnut, and daisy pollen grains using SEM images as references, and the
optimization of 3D models for their materialization via 3D printing. The latter two focus
on exploiting VA and VR to create 3D replicas of human bones and develop an interactive
environment.

The high scores in user questionnaires for the presence, significance of exchanged
knowledge, and overall experience appreciation, demonstrate that the project is effective in
terms of content quality and usability.

The effectiveness of knowledge dissemination demonstrated in the appreciation and
understanding of anthropological remains with immersive VR devices, and the possi-
bility of creating 3D models of pollen grains with morphological reliability provide an
opportunity for future development of serious games with bioarchaeological content. In
general, the proposed work provides a framework for future research in this field, i.e., using
VR for the dissemination and education of underexplored topics such as archaeobotany
and bioanthropology.

We are aware that our study represents only a preliminary analysis of the advantages
of 3D models and virtual reality for the study of bioarchaeological heritage. Future steps
will certainly involve an evaluation and quantification of the impact of 3D technologies on
the dissemination of palynology. In addition, we plan to include more options for people
with disabilities, particularly in relation to the study of bioanthropological remains. Finally,
we aim to apply the presented solutions on a museum case study, such as the Grottarossa
Mummy stored in the Museo Nazionale Romano.
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