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ABSTRACT

This paper employs an action-based research approach to address
the question of how to create a sustainable workflow to support
long term access, interoperability, and reuse of 3D data. This is
applied research, stemming from the Entomo-3D collaboration
between Virginia Tech University Libraries and the Virginia Tech
Department of Entomology to digitize a university insect pollinator
collection. The paper will describe infrastructure to support data
management and transformation, as well as new challenges that
have emerged from this effort.

CCS CONCEPTS

« Human-centered computing — Information visualization;
« Social and professional topics — K-12 education; « Comput-
ing methodologies — Modeling methodologies.
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1 INTRODUCTION

Some commentators have argued that the metaverse is unachiev-
able due to reliance on proprietary platforms, lack of technical
infrastructure, and lack of standardization and governance [Jack-
son 2022]. This paper examines foundational data structures for
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connecting and representing 3D data to support scientific inquiry.
We adopt an action-based research approach to improving our man-
agement of 3D data, and to expanding the reach of our program
to diverse audiences. Our work addresses challenges identified in
previous publications [Kinnaman et al. 2022], [Hardesty et al. 2020],
[Hall et al. 2019], [Lischer-Katz et al. 2022] that arose from the
Developing Library Strategy for 3D and Virtual Reality Collection
Development and Reuse (LIB3DVR) ! and CS3DP ? projects.

In 2017 the Institute for Museum and Library Services funded
two projects, LIB3DVR and CS3DP, to study library strategies in 3D
collection development and preservation [Golubiewski-Davis et al.
2022], [Boyer et al. 2022]. Many academic and national libraries
have developed archives and archival practices for other forms of
research data, but prior to CS3DP and LIB3DVR, there was an ab-
sence of standards and best practices for producing, managing, and
preserving 3D and VR content. The two project teams each held
a series of national forums with experts from multiple disciplines
and sectors to address this challenge. In 2019 Virginia Tech Uni-
versity Libraries (VTUL) received another grant® from the Council
on Library and Information Resources (CLIR) for the systematic
digitization and 3D modeling of an extensive and specialized ento-
mology collection, allowing VTUL the opportunity to implement
findings and recommendations from LIB3DVR and CS3DP.

The Virginia Tech Entomology Collection (VTEC) is the oldest
and largest entomological collection in Virginia, and an important
repository of Appalachia’s natural heritage. This project digitizes,
describes, and provides access to 10,000 pinned insect specimens
through high resolution photos and 300 high resolution 3D models.
Since just 3% of the collection’s 500,000 specimens are digitized, the
majority of specimens are only accessible on-site. Upon completion
of the project, this will be the world’s largest digital 3D insect col-
lection, available through multiple online repositories, facilitating
wide use. Online insect collections typically only have illustrations
and photographs, but the 3D models allow users to virtually ma-
nipulate specimens, zoom in and out, and inspect anatomy in ways
that are impossible with physical specimens or still images. This
project enables global access to new educational experiences with
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ecologically and economically important insects and threatened
and endangered species.

Insect declines and biodiversity loss have significant economic
impacts on agriculture, and ecological impacts on environments,
yet researchers lack historical baselines for comparisons. Museum
specimens provide a critical baseline for comprehending biological
change through time, and for tracking insect disease vectors and
invasive species that threaten ecosystems, agriculture, and public
health. This collection holds ecologically significant pollinators
and Federal Threatened and Endangered species. Many specimens
are keystone species—their absence within an ecosystem would
threaten other species, including plants that the insect pollinates,
animals that rely on the insect for a critical food source or host
(i-e., parasites), or cycles in which the insect breaks down matter
to form nutrient-rich compost. These all become threatened with
species loss.

3D models offer different ways of interacting with specimens,
but cannot fully replace still photography, which our process also
includes. 3D modeling algorithms are limited when it comes to
iridescence; smooth, reflective surfaces; and fine fibers. 3D technol-
ogy is nascent, yet mature enough to support research, instruction,
and outreach. 3D imaging will facilitate greater access than any
other method, allowing users to closely examine specimen morphol-
ogy. This collection, along with our innovative use of technology
for digitization and access, represents a frontier for the discovery
and description of biodiversity. Increasing digital access expands
the collection’s potential users and applications. Use cases include
K-12 and undergraduate participants who can use the models for
studying anatomy, functional morphology, and insect evolution.

A significant challenge we face in the implementation of this
project is the diversity of data sources and levels of representa-
tion. Collection data exists in multiple databases, each representing
different entities, e.g. specimen, image, instance, to which we are
adding access points through additional online databases that target
different audiences with 3D data in different formats. This paper
tries to address the question of how to create a sustainable work-
flow that addresses the challenges of previous research, and that
improves access to this collection for both scientific audiences and
the general public.

A novel contribution of this work therefore is the use of a split
workflow to generate derivative models for research use in some
access platforms and general public and educational use in other
access platforms, as well as a technique for making lower resolution
models appear to have a higher resolution so that we can use lighter
files for access and reduce the lag from loading time in the web
interface. This paper also describes the refinement and implemen-
tation of emergent processes and infrastructure at Virginia Tech
to support model creation, metadata transformation, and scientific
transparency.

2 LITERATURE

Our work builds on and addresses findings from previous research.
Hall et al [Hall et al. 2019] identifies challenges for supporting 3D
data, including an absence of crosswalks and aggregation tools
for disciplinary metadata, and data dictionaries for 3D research,
an absence of an open source viewer that supports streaming and
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annotation on archival formats of 3D models and makes archival
master files accessible, while also serving derivative files based on
user requirements; and an absence of documentation for image cap-
ture and modeling processes that support reproducibility of models
and research transparency in general. Hardesty et al [Hardesty
et al. 2020] identified challenges for supporting 3D data, including
repository system management beyond academic libraries, incorpo-
rating guidance outside of academia for workflows to model. This
study revealed the disparity between academic library preservation
practices, where packaging involves a high level of standardiza-
tion, and the current landscape of 3D/VR creation that involves
highly proprietary systems and data, with limited utility for re-
search, especially in terms of their capabilities for transparency and
data reuse. Lischer-Katz et al [Lischer-Katz et al. 2022] calls for the
development and adoption of project management and documenta-
tion tools, universal 3D viewers that integrate with 3D repositories,
sustainable, preservation-quality file formats for 3D/VR, and open
platforms for hosting and preserving 3D/VR content.

Kristina Golubiewski-Davis et al [Golubiewski-Davis et al. 2022]
describe preservation intervention points for making decisions
about which steps in the 3D data generation process should be
preserved, depending on the purpose for which the data was cre-
ated, its intended audience, and the repository in which the data
will be archived. For scholarly data, they recommend capturing
original raw data, relevant intermediary steps (to preserve the
decision-making processes), and final project files. They further
recommend original, proprietary formats as well as open-source,
program-neutral formats, along with contextual information about
the data, identification of methods and individuals involved in data
creation, technical metadata outputs from various software used to
manipulate the data, and documentation of methodologies. These
recommendations are supported by the Open Archival Information
System Reference Model* (is014721%), Trustworthy Repositories
Audit & Certification Criteria and Checklist®, and FAIR? (findable,
accessible, interoperable, and reusable) data principles.

Boyer et al [Boyer et al. 2022] discuss the unique qualities and
current challenges in 3D data management, along with a discus-
sion of current data management standards. They present findings
of international survey responses from 3D data managers and cre-
ators, conducted in 2018-2019, and conclude with recommendations
for 3D data preservation. Blundell et al [Blundell et al. 2022] pro-
vide recommendations for metadata based on a five-stage (create;
manage; distribute and publish; access and reuse; archive) digital
asset life cycle. The authors suggest that while no standard can
serve as a one-size-fits-all metadata model for 3D data, Dublin-
Core3, PREMIS?, and VRA Corel?, each address portions of the
recommended metadata fields. They further recommend that in
academic contexts, metadata should adhere to the basic principles
of FAIR. They also point to Audubon Core!! as a domain specific

*http://www.oais.info/

Shttps://www.iso.org/standard/57284.html
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metadata standard that is making progress on recommendations
for 3D-specific field options.

Kinnaman et al [Kinnaman et al. 2022] develops a model for
preserving and accessing 3D data with links between digital triage,
preservation actions, and archiving, to support FAIR principals, as
well as long term access, preservation, and reuse.

In summary, there is now a body of literature that has made rec-
ommendations for standardization of practices for the management,
curation, and preservation of 3D data management that would be-
gin to address some of the skepticism around broader and deeper
connection between 3D data and infrastructure. These efforts both
stem from and point to networks of cooperation that are moving
closer to governance and shared standards for interoperability and
durability, while also employing open and non-proprietary com-
munity standards.

3 DATA INFRASTRUCTURES AND LEVELS OF
REPRESENTATION

One of the challenges of this project is determining the level of rep-
resentation as we generate new digital objects for multiple purposes
from different data sources.

3.1 Specimen metadata

The Symbiota Collections of Arthropods Network (SCAN), an Open-
Source Biodiversity Data Management Software portal focused on
arthropod collections, is the real-time data management system
and image database used by VTEC for managing and publishing
the insect dataset and images!?.

There is one set of metadata records about the specimens them-
selves, represented as instances of a species (occurrences.csv). There
is also a separate database of images with metadata about the im-
ages of these specimens (images.csv). These sets of metadata exist
in SCAN.

VTEC specimens are cataloged in a tabular format on a spread-
sheet with the common biodiversity taxa-based metadata standard
— Darwin Core (DwC), an extension of Dublin Core (DC). The
core/specimen data is uploaded to SCAN as comma-separated val-
ues (CSV) file format named "occurences.csv" and packaged as
a Darwin Core Archive (DwC-A) file with two other CSV files
(identifications.csv and images.csv), a “meta.xml” describing data
structure in each CSV file, and an Ecological Metadata Language
(EML), “eml.xml” which is specifically developed for the earth, en-
vironmental and ecological sciences that describe source of dataset
in a single compressed folder.

The DwC-A dataset is then harvested by other two large-scale
biodiversity data aggregators, creating more access points for the
collection: iDigBio (Integrated Digitized Biocollections) and GBIF
(Global Biodiversity Information Facility) via Integrated Publishing
Toolkit!3. Metadata records in SCAN are canonical, and those are
the versions that get edited, and iDigBio harvests from SCAN on
a regular schedule so that both sets of records match. iDigbio!* is
the main point of access for most audiences for VTEC. While more
traffic comes from iDioBio, GBIF as the world largest biodiversity

2https://scan-bugs.org/portal/collections/misc/collprofiles.php?collid=75
Bhttps://www.gbif.org/ipt
4https://www.idigbio.org/portal/recordsets/4f436daa-01d5-4be6-b5c3-fdd255677536
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data repository enables users to harvest data through RESTful
JSON-based APT and to track citation with assigned GBIF ID. Each
aggregator also has their own data infrastructure designed to help
data enhancement adhering to the Digital Object Architecture data
model®® that supports FAIR principles. For example, extensive use
of occurrence ID in linking records deposited in different databases,
built-in data validation to flag missing data fields, transparency
data requirements in MorphoSource that enable reproducibility of
3D models with the raw data.

While decentralization offers flexibility of describing specimens
and improved visibility, any data manipulation action at different
databases poses a great challenge to our data management. For
example, in addition to DwC for specimens and Audubon Core
for biodiversity multimedia resources, Symbiota, iDigBio, GBIF,
and MorphoSource each database has its own local metadata field
and requirements. Data can be extracted manually from different
databases for reconciliation with datasets stored at multiple reposi-
tories. Of all the databases mentioned, the specimen record is only
editable by the users who created the record at the source database,
SCAN, to ensure data consistency. However, that also created a
disconnection with data flowing in one direction at different scales
of databases.

3.2 3D Model Technical Metadata

Our project uses specimen metadata exported from SCAN and we
add technical metadata about the photogrammetry and model pro-
cessing information. Several aspects of photogrammetry are not
transparent, and therefore not as useful scientifically. For many
scientific disciplines, it would be a bad practice to make undocu-
mentable changes to one’s research data for the sake of making
the results fit the expected results rather than the actual results,
yet most photogrammetry software does this through “blackbox”
algorithms. Furthermore, the FADGI'® standards are a set of criteria
for digitization that stipulate that we do not make “improvements”
to digitized historic documents. These standards do not apply to
3D objects, but we are using the spirit of this standard in order to
support digital preservation practices.

Since we believe the models could support scientific publica-
tions, our workflow and our outputs try to anticipate reusability
and reproducibility by scientific audiences. We decided to save ev-
ery step of the process and provide different sets of data so that
scientists can reconstruct any step and generate better models for
their needs. We are archiving the following version of each model
in MorphoSource, a 3D repository for the research community, with
workflow document describe imaging and processing in detail as
an attachment with the media record:

(1) All of the cropped TIF images from the original RAW images,
with capture metadata

(2) Agisoft point clouds constructed from the TIF images in (1),
above, with processing metadata

(3) Mesh models after retopology, derived from the point clouds
in (2), above, for a lower vertices model without texture file,
with processing metadata

Dhttps://dissco.tech/2020/03/31/what-is-a-digital-specimen/
16https://www.digitizationguidelines.gov/
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(4) High resolution retopologized 3D models, with texture files,
constructed from combination of the mesh models in (3),
above, with the colors and surface details reapplied from (2),
above, with processing metadata

MorphoSource requires that a specimen exist in the system be-
fore associated media files are uploaded to the repository. The VETC
specimen metadata is harvested by MorphoSource from iDigBio
via an aggregator API and linked to the specimen record in iDigbio.
Much of the capture event, model creation and processing metadata
that is recorded outside of the software will be recorded in the Mor-
phoSource repository. The 3D model metadata will only be stored
in MorphoSource. One specimen deposited with MorphoSource will
generate four dataset records: 1) a series of cropped photogramme-
try TIF images, 2) one Agisoft mesh with texture derived from the
set of TIF image, 3) a Retope mesh - simplified mesh created from
Agisoft model without any texture file, and 4) a High Resolution
model produced from combination of the Agisoft model and Retope
mesh that is created for web rendering. The metadata in each of
these datasets indicates the linear chain of relationship through
the [media.parent_file] metadata element. MorphoSource does not
accept X3D files, so we are using those as our access versions in
our local digital library.

4 PHOTOGRAMMETRY WORKFLOW

The Entomo-3D photogrammetry workflow begins at specimen in-
take and capture (Figure 117). The imaging technician places pinned
specimens on modeling clay on a motorized rotating platform, with
image capture occurring at 6—10-degree intervals producing 36-60
images in one table revolution. Images are taken with a Nikon d810
camera and Nikon AF-S Micro-Nikkor 60mm {/2.8G ED Lens. The
camera height is adjusted to 3 or 4 separate settings to produce
another 36-60 images per angle of height. The specimen is flipped
upside down and this series is repeated so that the specimen is
photographed in total from hundreds of discrete angles per spec-
imen. All RAW images are cropped and saved in a directory for
later inclusion in the Archival Information Package (AIP) and TIF
images are generated for further processing.

The 3D Artist loads images into 3D point cloud generation soft-
ware to generate a sparse point cloud. Outlying points are removed
from the point cloud. This step defines the model’s rough approx-
imation of its dimensions in space. The 3D Artist then uses an
algorithm to create a dense point cloud. This step builds on the
previous one, providing the model with richer detail. Mesh (a) is
too heavy to be useful in other media and some details are lost,
such as hairs, portions of forearms, and wing edges. 3D Artist gen-
erates mesh (a) to connect all the points defined in the dense point
cloud. This mesh represents the model’s surface as a dense mesh
of polygons, and we consider it an archival master file from which
we create derivatives. Mesh (a) is included in the AIP.

The 3D Artist imports mesh (a) into Zbrush software to create a
duplicate mesh (b). Color data is temporarily removed, and mesh (b)
is put through the Dynamesh and ZRemesher processes to seal holes
in the mesh left by missing data from mesh (a), and redistribute
geometry to prepare the mesh for detail projection, respectively.
Detail from mesh (a) is then projected onto mesh (b) so they are

https://doi.org/10.7294/21230690
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geometrically similar. This process is designed to produce as much
detail as possible with the fewest polygons as possible.

The 3D Artist uses the 3D point cloud generation software to
create a color (UV) map that is applied to mesh (b). The model now
looks as clean and rich as it did in steps 3 and 4 above, but it is
more computationally efficient due to better geometry, and all holes
and anomalies have been removed. The final access model is then
created using the low-resolution mesh (c) with the high-resolution
color and normal maps from mesh (b) normal map, forcing a lower
resolution model to look like a high-resolution model. This pro-
duces 35k - 75k polygons for online use, as opposed to hundreds of
thousands of polygons at medium-resolution, and billions of poly-
gons at high-resolution. Mesh (c) is added to mesh (b)’s color map,
and mesh (b)’s normal map to form the package for online access.
The meshes are stored as OB] files until modeling is complete and
it can be exported as an X3D file. This package is approximately
25MB.

5 METADATA STANDARDS AND
WORKFLOWS

This project uses DarwinCore, DublinCore, Audubon Core, iDigBio,
MorphoSource, and PREMIS elements in RDF. These elements are
checked against cultural heritage, biodiversity, and architectural
principle schemes and practices. 3D models will be accompanied
by relevant metadata, in conformance with elements of the Smith-
sonian 3D Metadata Model'8.

5.1 Metadata Schema

The 3D metadata schema elements can be categorized into four
groups; descriptive, technical, administrative, and preservation. The
Entomology Department collected all descriptive/core/specimen
metadata in a maximum of 65 DarwinCore (DwC) and DublinCore
(DC) elements, which streamlined the process. Specimen metadata
will be displayed on VTDL with a majority of DC elements. Rather
than displaying all DwC elements from the source institution in
the digital library, select DwC elements essential for information
retrieval and linkage with different databases will be displayed
on VIDL. Specimen data that is not displayed or crosswalked to
the VTDL schema will still be saved in our VIDL repository, and
accessible from SCAN, iDigBio, and GBIF. Meanwhile, 3D model
metadata will be accessible from the Virginia Tech Data Repository
and MorphoSource, a public 3D data web repository for the research
community.

Technical metadata is captured in 67 select elements from the
Smithsonian 3D Metadata Model, rather than the total 129 ele-
ments in the full model. Some of the elements in the Smithsonian
model are under construction and are not relevant to the methods
of capture we are currently using but could be upgraded in the
future should we expand our program. Project information, capture
method, capture device, calibration objects (where relevant), pro-
cessing information, model details, mesh details, and map details
are captured in the technical metadata. This is an extensive amount
of information, and as viewers are less likely to be searching by
technical metadata, we have chosen to create a .xIs file (linked from
Figure 1 above) with an accompanying README file to be uploaded

Bhttps://dpo.si.edu/blog/smithsonian-3d-metadata-model
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with the access object so that it is publicly associated with the object
but doesn’t complicate the digital library backend with elements
that are specific to 3D capture. 3D model-specific metadata includes
information for both VIDL and Morphosource, as discussed below
in section 5.2, and is outlined in the [Full_schema] sheet in the .xls
file linked from Figure 1 above.

The 3D capture and processing workflow is documented in a
tracking spreadsheet that outlines the progress on each step be-
ginning at specimen intake and spanning through capture and
modeling, who performed the step, completion date, and any indi-
vidualized technical metadata. The preservation system then gen-
erates select PREMIS elements as described in the Virginia Tech
Digital Libraries Platform Preservation Events Audit Policy®.

5.2 Digital Object Design and Ingest

5.2.1 Virginia Tech Digital Library. Finished digital objects are
packaged as SIPs to VIDL. Checksums and transfer manifest are
run on the SIPs, on both sides of the transfer to the preservation
staging area. PREMIS event metadata are generated, and all SIPs
are scanned for viruses. Completed SIPs include digital objects and
relevant metadata. These objects contain all original images with
deskewed and cropped versions. Once the access object is complete,
the AIP is created.

We collect the raw images that have been deskewed and cropped,
descriptive and technical metadata including the hardware and soft-
ware for capture, processing, and access, mesh (a), and the masks.
The mask is a small PNG file that isolates the object from the back-
ground and helps with producing a more accurate model at a faster
speed. This package, in addition to the access digital objects, is
ingested into the preservation system (Figure 2, linked from Figure
1 above). Each item type included in the AIP is intentionally chosen
to create a package size that isn’t too large but that can support the
full reconstruction of an object in the medium to long-term. The
preservation system then generates select PREMIS elements as de-
scribed in the Virginia Tech Digital Libraries Platform Preservation
Events Audit Policy.

Master files for images are stored as TIFs. Archival master files for
3D models are stored in Extensible 3D (X3D), an ISO-IEC standard
maintained by the Web3D Consortium [ISO/IEC 19775-1:2013 2013].
For the specimens that are modeled, digital objects will consist of
an <ZIP> archive including image and texture data in TIF and PNG,
plus one or more metadata files in rdf-xml, and a 3D model in X3D,
which includes this metadata, plus lighting, viewing, animation,
and interaction control across platforms. This open publication
model is well-established by Australia’s insect digitization initiative
20 and has accessibility across the WWW and immersive Virtual
Reality platforms. Once finalized, digital objects are transferred
into the preservation staging area by the imaging team. The Digital
Preservation Coordinator uses the preservation staging area to pre-
pare content for ingest into the Virginia Tech preservation system.
Our ID Minting Service?! will assign persistent, non-semantic iden-
tifiers (NOID) with an Archival Resource Key (ARK) to all digital

Yhttps://apps.es.vt.edu/confluence/display/LIBDPLD/Preservation+Events+Audit+Policy
Dhttps://www.csiro.au/en/about/facilities-collections/collections/digitisation
2 https://apps.es.vt.edu/confluence/display/LIBDPLD/Identifier+ Minting+Service+Policy
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objects. Within the staging area, items are scanned for viruses and
fixity is verified via SHA-3 checksum hashes.

Three AIPs are generated in the staging area, and each is trans-
ferred to one of three components of the preservation system. (1)
Our local, archival storage service is an Amazon Web Services
(AWS) S3 archive with limited access, where fixity is validated daily.
(2) Our secondary storage is replicated to a regionally diverse AWS
S3 data center with restricted access and unlimited storage space.
(3) We participate in two geographically distributed preservation
services. We will deposit our third AIP in Academic Preservation
Trust?? or the MetaArchive Cooperative??. Both services actively
monitor and maintain preserved content.

In addition to the digital preservation system described above,
we are also committed to providing long-term, persistent access
to these digital objects. We provide access through SketchFab?*
while we continue to implement Virginia Tech Digital Library, a
homegrown, modular, object-oriented system. This digital library
stores metadata in a NoSQL DynamoDB metadata server and as-
signs each digital object a persistent, non-semantic identifier in the
Archival Resource Keys (ARKs) scheme from EZID. VIDL provides
free public access to digital objects created through this project. We
are still fine-tuning the implementation of the 3D viewer within
the pre-production server before making the models accessible.

5.2.2  Morphosource. The URLSs for 3D models in MorphoSource
will be queried and reconciled with the SCAN datasets. Updated
records in SCAN will be harvested and updated automatically in
iDigBio and GBIF. The Digital Collections Librarian will export spec-
imen data from SCAN, query 3D model metadata through RESTful
API from MorphoSource, reconcile and crosswalk metadata to the
VTDL schema (Figure 3, linked from Figure 1 above). Specimen
records exported from VTDL will be transformed into XML file
format with additional DPLA required elements.

Each of the 10,000 2D images and 300 3D insect models with
associated metadata that include geographical coordinates, species
identification, date, and other metadata associated with the histori-
cal collecting events in DwC biodiversity standards. Each of these
metadata values will be searchable through the SCAN and iDigBio
web portals. Scientists and the public should be able to search for a
certain insect group (e.g. butterflies, bees) that have been collected
with a past time period to compare against a modern time period
to understand insect declines, and other trends.

Each specimen associated with a 3D model will be hosted and
streamable in VTDL. Source files for 3D models will be archived
and available through the Virginia Tech Data Repository and Mor-
phoSource. Each record in VIDL will be indexed in DPLA and
MorphoSource as well as linked from corresponding records in
iDigBio and SCAN, since neither of those sites will be able to host
the 3D models.

6 CONCLUSION

While our workflow supports multiple use cases, it presents a num-
ber of sustainability challenges. Our workflow currently requires

Zhttp://aptrust.org/
Zhttps://metaarchive.org/
Zttps://sketchfab.com/VirginiaTechUnivLibraries
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substantial effort to maintain synchronicity between various sys-
tems, only a few of which currently enable automated harvesting.
This repeated data is difficult to manage. There is a single editing
point for specimen data—but this does not transfer automatically
to specimen data in VTDL and Virginia Tech Data Repository. The
proliferation of datasets that move from spreadsheets to various
endpoints with different user profiles presents a complicated sys-
tem. Associating the specimen with the literature, sequence, images,
models, and raw data still requires substantial manual effort. While
the project is designed to sustain the data hopefully for decades
after the funding period is over, the question of who will maintain
the relationships between the various datasets is unresolved. Fur-
thermore, the proliferation of data correlates with a larger carbon
footprint through the various data centers where the data reside.

In spite of these challenges, this work has resolved, at a local
level at least, many of the challenges in managing 3D data that were
identified since 2017 by successfully implementing recommenda-
tions from previous studies. Since the previous studies resulted in
recommended practices that had not actually been implemented
in practice anywhere, this is the first time to observe such a sys-
tem, and new challenges, primarily around scale and sustainability,
have emerged from that observation. The larger challenge however
remains to continue to increase cooperation with other institutions
to make 3D management practices more standardized.

Future research will explore usage and usability of data and
models by the research community and the general public, along
with explorations of new pedagogical affordances and limitations
of 3D models in comparison with traditional teaching specimens.
Standard practices for 3D modeling continue to evolve. The Library
of Congress previously expressed some interest in updating FADGI
to include guidelines for the creation of 3D images. In the meantime,
we follow the spirit of FADGI guidelines for the digitization of
specimens and the creation of 3D models. We will continue to
monitor stakeholders and consortia in this field.
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