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Accurate specimen digitization through glass achieved
and validated using 3D surface scanning
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ABSTRACT

Three-dimensional digitization and morphometric analyses of specimens have
become a crucial source of data for natural sciences. However, the quest for thorough
sampling has been impaired by exhibition practices of locking specimens behind glass.
In this contribution, we tested how well structured white-light scanning and phone-pow-
ered photogrammetry (helped with parallel lasers) capture the morphology of a variety
of fossil specimens behind modern (i.e., flat) and old (i.e., undulating) glass. Postpro-
cessing of scans was often longer, essentially to remove duplicated surfaces. Never-
theless, we were able to generate precise and accurate meshes through modern glass
(validated by scanning objects without the glass): 91-100% of comparable points
deviated < 1 mm from the reference model and 89-99% deviated < 0.5 mm. Older
glass multiplies the deviations, especially for large, three dimensional specimens.
However, these models still have 75 to 94 % of their points deviating less than 0.5 mm
from the reference model, which thus remains manageable. We also conducted a lin-
ear morphometric analysis on a diagenetically flattened ichthyosaurian and a high-den-
sity geometric morphometric analysis of an hippuritid bivalve. The differences in
surface digitization techniques (e.g., laser VS structured white-light scanning) and the
human error in landmark placement generate more deviation than the presence or
absence of glass. We conclude that, with the right scanning methods, specimens can
be confidently digitized through glass and incorporated into morphometric (or other dig-
ital modelling) analyses.
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INTRODUCTION

Specimen digitization technologies such as
computed tomography (CT) scanning, photogram-
metry, and surface scanning have revolutionised
palaeontology (Cunningham et al., 2014). These
advances have provided a wealth of accurate
three-dimensional (3D) models of ancient pheno-
types, enabling unique collections to be digitised
for posterity (e.g., Adams et al., 2015; Karim et al.,
2016; Davies et al., 2017; Kouraiss et al., 2019;
Hedrick et al., 2020) and also facilitating broad
scale phenotypic analyses, notably via morpho-
metrics (e.g., Bjarnason and Benson, 2020;
Goswami et al., 2022) and biomechanics (e.g.,
Lautenschlager et al., 2018). However, this quest
for digitization can often be impaired by historical
specimen exhibition strategies. For example, in the
nineteenth century it was popular to mount large
blocks containing specimens in wooden boxes,
often covered with a glass front. A famous (yet dig-
itizable) example of this style of specimen display
is the Marine Reptile Gallery at the Natural History
Museum in London, which features over a hundred
marine reptiles mounted in glass cases on the
walls. Many of these specimens are holotypes and
neotypes of ichthyosaurians and plesiosaurians;
unfortunately, the glass fronts to the exhibits often
renders these vitally important specimens inacces-
sible for research (Zverkov and Jacobs, 2021).
More generally, glass mounts are a ubiquitous fea-
ture in many museums worldwide, and many exter-
nal researchers have already experienced
difficulties in having these glass protections
removed for research. This severely limits the sam-
pling efforts for studies that require linear measure-
ments and three-dimensional shape, not to
mention notable financial drawbacks for research-
ers travelling long distances and being unable to
fully access specimens on arrival.
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Finding a way to accurately digitize and scale
these specimens would alleviate some of the
issues related to (semi-)permanent specimen dis-
play. Despite photogrammetry being capable of
digitizing images through glass, the method
encounters difficulties due to reflections on shiny
glass surfaces requiring polarizing filters (Mallison
and Wings, 2014), or the lack of ideal lighting con-
ditions (Falkingham, 2012). Here, we test how
structured white-light scanning and cameraphone-
based photogrammetry accurately captures the
morphology of (palaeo)zoological specimens
through glass. We test the influence of modern
(i.e., flat) and old (i.e., undulating) glass by (i) com-
paring the deviation of similar points with a refer-
ence mesh on a wide range of specimens, from
diagenetically flattened (‘2.5D’) Palaeozoic echi-
noids to an extant ibex skull (full 3D), and by (ii)
applying and comparing linear and high-density
geometric morphometric methods on two case
studies (an Early Jurassic ichthyosaurian and a
Cretaceous rudist, respectively). Moreover, we
showcase a device we designed for projecting a
laser scale onto specimens through glass, allowing
accurate scaling of pictures and 3D meshes
obtained through photogrammetry. This quantifica-
tion of error from different 3D surface digitization
methods goes hand-in-hand with a call for trans-
parency in reporting protocols, errors, and inaccu-
racies, as well as establishing consistent good
practice in specimen digitization (Davies et al.,
2017; Diez Diaz et al., 2021).

MATERIALS AND METHODS
Sampling, Photographing, and Scanning

We sampled a series of 11 extinct and extant
metazoan specimens spanning a broad range of
colours, geometries, and diagenetic alterations



(Table 1) from the fossil collections of the Univer-
sité de Lieége (Belgium, institutional abbreviation
ULgPA). Each of these specimens was scanned
with a structured white-light scanner with a broad
field of view (Artec Eva, precision = 0.5 mm) and
with a more precise scanner, to allow comparisons
between digitization method in addition to the pres-
ence of glass (either a structured white-light scan-
ner with a narrow field of view [Artec Spider,
precision = 0.2 mm] or a laser scanner [Creaform
Handyscan 300, precision = 0.2 mm]). All speci-
mens were then scanned through two types of
glass (a recent, flat glass and an older, undulating
(blowglass-like) glass) using the white-light scan-
ners (Figure 1). Specimens were placed approxi-
mately 150 mm from the glass and both kinds of
glass have the same thickness, about 0.5 mm. Two
specimens (a hyena skull ULgPA1806 and a juve-
nile ichthyosaurian ULgPA13413) were scanned
through thicker, horizontal showcase glass; this
replicated another kind of museum setup. Each
structured light scan was processed using the
automated parameters in Artec Studio v17, with the
following procedure: cleaning, alignment, global
registration, merging, meshing, mesh simplifica-
tion. Holes in the mesh surface were automatically
closed if < 5 mm and left open otherwise. Laser
scans were processed with Creaform VxElements
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v11 (aligning, merging, meshing). Holes in the
mesh surface were automatically closed if small
and left open otherwise. Errors and difficulties in
digitization are discussed (Figure 2, see below).
Photogrammetric models were generated for
two specimens (a rudist bivalve ULgPA3727 and a
juvenile ichthyosaurian preserved on a slab. ULg-
PA13413). We took ~35 pictures around the rudist
specimen, and ~50 for the ichthyosaurian, in each
setting (air/reference + modern glass + old glass
for the rudist, and air/reference + horizontal glass
for the ichthyosaurian). Images were taken with a
12 MP camera mounted within an iPhone 11 pro.
By current standards this has a fairly low resolution
and would directly affect the quality of the models
produced. However, our goal here is to test the
effect of using affordable methods available to any
researcher worldwide as well as compare these
results to those obtained using professional-grade
scanners. Pictures were imported in Reality Cap-
ture v1.2 (RC © Epic Games Slovakia), and sur-
face meshes were created using the standard,
automated procedure without control points or
ground controls (Import Inputs > Align Images >
Calculate Model [Normal quality] > Texturise >
Colourize [Normal quality]). We then manually
removed triangles created in poorly visible areas,
so that only reliable surfaces were compared to

TABLE 1. Specimen sampling, with basic information on size, colour, and shape.

Taxon Specimen Size Colour Flattened? Scanner used
Crocuta crocuta spelaesa ULgPA1806, cranium 262 mm Light brown No Artec Eva
(Mammalia)
Hippurites radiosus ULgPA3727, complete shells 158 mm Beige No Artec Eva, Artec
(Hippuritida) Spider
Ursus spelaeus ULgPA12766, femur 486 mm Brown No Artec Eva
(Mammalia)
Ichthyosaurus sp. ULgPA13413, complete 1044 mm Dark grey Yes Artec Eva, Creaform
(Reptilia) skeleton Handyscan
Pleurosaurus thiollieri ULgPA25056, cast of 808 mm Brown Yes Artec Eva
(Reptilia) complete skeleton
Proterocidaris sp. ULgPA35400, complete test 196 mm Black Yes Artec Eva
(Echinoidea)
Lovenechinus sp. ULgPA35401, complete test 174 mm Black Moderately Artec Eva, Creaform
(Echinoidea) Handyscan
Siphonophyllia cylindrica ULgPA20230303-4, 136 mm Light brown No Artec Eva
(Rugosa) complete skeleton
Caninophyllum patulum ULgPA20230303-5, 112 mm Light brown Mostly no Artec Eva
(Rugosa) complete skeleton
Capra hircus ULgPA20230320-1, cranium 393 mm Light beige No Artec Eva

(Mammalia)
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FIGURE 1. Protocols employed in this paper. (A) protocol for assessing the performance of surface scanning through
glass. (B) schematics of the laser scaling device we describe in this paper. (C) photograph of the laser scaling device
in action. (D) photogrammetric model of an hippuritid bivalve showing the laser dots clearly visible on the model tex-

ture.

one another to assess mesh deviations. Scanning
and photogrammetry were performed in the exact
same location with constant lighting conditions
(overcast conditions with neon lighting from
above).

Laser Scaling Device

Scaling specimens is a cornerstone of photo-
grammetry and is strongly compromised when
specimens are locked behind glass. We solved this
by creating ‘Scale3000’, a device projecting paral-
lel lasers onto the specimen, perpendicular to the
glass, with the beams separated by a known dis-
tance (Figure 1B). Because the beam is set per-
pendicular to the glass, we estimate that the
deviation of the beam is negligible. We confirm this
by analysing centroid size differences in 3D geo-
metric morphometrics (see below). This device is a
modification from what has been used in ecological
studies aiming to estimate the size of animals in
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the wild (Bergeron, 2007; Rothman et al., 2008;
Rohner et al., 2011); the main advantage of our
method is that it does not require the researcher to
know the lens focal length nor the distance from
the object being studied. Further technical details
on Scale3000 will be published online after publi-
cation of the paper.

Analyses of Mesh Deviations

The resultant models were aligned in Artec
Studio v17 (although alignment can also be done in
a freeware of choice, such as MeshLab or Cloud-
Compare) and were reexported as .stl files. These
meshes were imported in pairs (for example refer-
ence mesh + modern glass mesh) in the open
source software CloudCompare v2.13.alpha (http://
www.cloudcompare.org) (Figures 1, 3, 4). Meshes
were then finely registered, allowing optimal over-
lap and alignment (root mean square difference set
at the default value of 10-5). We then computed the
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FIGURE 2. Difficulties and issues in data acquisition. (A) multiple surfaces created by reflections on the glass; these
are frequent when using scanners requiring a close distance from the specimen, such as the Artec Spider. (B) light
rings polluting the texture of the final model of NHMUK R1157, holotype of Temnodontosaurus eurycephalus. The 3D
mesh (C) appears detailed, nonetheless. (D) 3D mesh of the extant goat ULgPA20230320-1, showing important
errors in the orbit, palate, and basicranium. (E-H) 3D meshes of Lovenechinus sp. (ULgPA35401) produced using
laser scanning with Creaform Handyscan 300 (E), white-light scanning with Artec Eva (F), white-light scanning with
Artec Eva through flat glass (G), white-light scanning with Artec Eva through old glass (H), showing progressively
fewer details of minute anatomical structures.

cloud/mesh (C2M) distance, using the default  Morphometrics
parameters (signed distances, multi-threaded), and
exported the histogram data of the signed dis-
tances for processing and visualisation in R v.4.2.1
(Table 2).

Deviation from a reference model offers a
good estimation of the effect of digitization tech-
nique or settings on 3D model accuracy. However,
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FIGURE 3. Mesh deviations from reference (laser scanned without glass), invertebrate fossils. (A-D) Caninophyllum
patulum (ULgPA20230303-5); mapping of deviations (A, C) and associated histograms (B, D). (E-H) Siphonophyllia
cylindrica (ULgPA20230303-4); mapping of deviations (E, G) and associated histograms (F, H). (I-L) Proterocidaris sp.
(ULgPA35400); mapping of deviations (I, K) and associated histograms (J, L). (M-P) Lovenechinus sp. (ULg-
PA35401); mapping of deviations (M, O) and associated histograms (N, P). (Q-T) Hippurites radiosus (ULgPA3727);
mapping of deviations (Q, S) and associated histograms (R, T). (U, V) aggregated data (invertebrates and vertebrates)
for new (Q) and old (V) glass.
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FIGURE 4. Mesh deviations from reference (laser scanned without glass), vertebrate fossils. (A—D) skull of Capra hir-
cus (ULgPA20230320-1); mapping of deviations (A, C) and associated histograms (B, D). (E-H) femur of Ursus spe-
laeus (ULgPA12766); mapping of deviations (E, G) and associated histograms (F, H). (I-L) cast of Pleurosaurus
thiollieri (ULgPA25056); mapping of deviations (I, K) and associated histograms (J, L). (M-N) Ichthyosaurus sp. (ULg-
PA13413); mapping of deviations (M) and associated histogram (N). (O—P) skull of Crocuta crocuta spelaea (ULg-
PA1806); mapping of deviations (O) and associated histogram (P). Abbreviation: horiz, horizontal.

it is also important to understand the effect that
scanning through glass might have on morphomet-
ric measurements. Indeed, many morphometric
studies employ Z-transformed ratios or two/three-
dimensional XY(Z) coordinates as measures of
shape or form, which will then be subjected to a
Procrustes superimposition, reducing the need to
have highly accurate estimates of absolute size. It
is thus valuable to understand the effect of digitiz-
ing through glass in these ‘real-life’/applied scenar-
ios such as linear and geometric morphometric
studies.

To examine the effect on linear morphometrics
and functional ratios, we recorded linear measure-
ments on the skull and teeth of the ichthyosaurian
ULgPA13413 (Ichthyosaurus sp.) on meshes

obtained via: Artec Eva, Artec Eva through hori-
zontal glass, Handyscan300 (laser scanner, 0.2
mm precision), and photogrammetry. Measure-
ments taken followed the method of Bennion et al.
(2022) (see Tables 3,4, Figure 5). We compared
the deviations introduced by scanning method
(laser VS white-light- against those induced by the
presence of glass (white-light VS white-light behind
glass) using a Wilcoxon two-sample test. A single
operator (VF) did all the measurements to avoid
the interoperator bias.

To assess the effect on geometric morpho-
metric data acquisition, we applied a semi-auto-
mated high-density surface landmarking protocol
(after Fischer et al., 2022) on the external surface
of the right valve of the rudist ULgPA3727 (Hippur-
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TABLE 2. Effect of glass (new and old) in deviating points compared to the reference mesh. All specimens compared

here have been scanned with an Artec Eva.

New glass, points New glass, points Old glass, points  Old glass, points

with < 0.5 mm with <1 mm with < 0.5 mm with <1 mm
deviation (%) deviation (%) deviation (%) deviation (%)
ULgPA12766 99.56 99.97 75.45 94.69
Ursus spelaeus femur
ULgPA13413 98.71 99.95 NA NA
Ichthyosaurus sp.
ULgPA1806 96.6 98.32 NA NA
Crocuta crocuta spelaea skull
ULgPA20230303-4 99.16 100 90.81 99.52
Siphonophyllia cylindrica
ULgPA20230303-5 99.82 99.95 94.29 97.45
Caninophyllum patulum
ULgPA20230320-1 89.29 91.74 7717 88.38
Capra hircus skull
ULgPA25056 99.39 99.92 93.55 99.91
Pleurosaurus thiollieri (cast)
ULgPA35400 98.81 99.53 96.4 100
Proterocidaris sp.
ULgPA35401 94.36 98.88 93.5 99.4
Lovenechinus sp.
ULgPA3727 99.76 99.96 99.6 99.98
Hippurites radiosus
MIN 89.29 91.74 75.45 88.38
MAX 99.82 100 99.6 100

TABLE 3. Raw measurements taken on each mesh generated from specimen ULgPA13413. Laser scans were used as
a control and were performed with no glass between scanner and object.

Mandible Skull Snout Snout Orbit Articular to Articular to Crown Crown

Mesh length length length depth length coronoid retroarticular diameter height
Laser 264.304 257.67  159.27 6.77 48.08 18.48 12.46 4.51 2.53
Eva 266.8 262.1 164.87 5.52 47.75 20.38 15.82 4.64 2.99
Glass 265.83 261.86 162.9 7.05 46.04 20.05 15.01 4.26 35

horizontal

TABLE 4. Morphological ratios computed on the raw data (Table 3) for each mesh generated from specimen ULg-

PA13413.
Anterior Opening
Absolute Relative Relative Relative mechanica mechanical
Mesh Tooth shape crown size orbit size snout length snout depth adventage adventage

Laser 0.56097561 2.53 0.186595257 0.618116195 0.042506436 0.069919487 0.047142684
Eva 0.644396552 2.99 0.182182373  0.62903472  0.033480924 0.076386807  0.059295352
Glass 0.821596244 35 0.17581914  0.622088139 0.043278085 0.075424143  0.056464658
horizontal

ites radiosus). The sequence of fixed landmarks is
as follows (Figure 5): 1, extremity of the attached
valve; 2, commissure (valve junction), deepest lon-
gitudinal groove on the posterior surface; 3, com-
missure, anteroventral extremity of a trapezoidal
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boss on the anterior surface; 4, commissure, small,
damaged arch on the dorsal surface; 5: commis-
sure, small groove on the ventral surface. This
landmarking scheme was applied to meshes
obtained via: Artec Eva, Artec Spider, Artec Spider
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FIGURE 5. Case studies of morphometric analyses (A—C linear morphometrics; D—F high-density 3D geometric mor-
phometrics). (A) 3D mesh of Ichthyosaurus sp. (ULgPA13413) produced by laser scanning showing the traits (linear
measurements) we took. (B) relative differences in measurement lengths for each trait, comparing methods (grey) and
the presence of glass (blue). (C) morphospace resulting from Principal Component Analysis of the z-transformed trait
data. (D) 3D mesh of Hippurites radiosus (ULgPA3727) produced by white-light scanning, with fixed (black) and auto-
matically placed surface semi-landmarks (grey) superimposed. (E) euclidean distance per landmark, comparing meth-
ods (grey) and the presence of new and old glass (blue). (F) morphospace resulting from Principal Component

Analysis of the Procrustes coordinates.

through modern glass, and Artec Spider through
old glass, with fixed landmarks placed using Strato-
van Checkpoint v.20.10.13.0859. These landmarks
were exported as .pts files and imported into R for
semi-automated surface semi-landmark place-
ment; 2000 surface semi-landmarks were used
with a dome-shaped atlas mesh (see the protocol
in Fischer et al. (2022)). These fixed and surface
semi-landmarks were submitted to a Generalised
Procrustes Superimposition and visualised via a
principal component analysis.

Data Availability

We place all our data and scripts in the Institu-
tional repository of the Université de Liege
(orbi.uliege.be). This includes: (i) the 3D template
and landmarks for high-density 3D landmarking; (ii)
a dataset of linear measurements on a specimen of
Ichthyosaurus; (iii) the R script to generate histo-
grams from CloudCompare data; (iv) the R script
for running high-density 3D geometric morphomet-
rics; (v) all 3D models. Supporting data for this

paper are available for download as Supplemen-
tary Data at https://palaeo-electronica.org/content/
2024/5265-digitisation-through-glass.

RESULTS
Digitization Process

Capturing surface data through glass can be
challenging. It was often impossible to obtain qual-
ity data with the more precise scanner (Artec Spi-
der; Figure 2). There are two reasons for this: (i) it
requires a close distance to the object and the
=150 mm distance between the object and the
glass made it impractical to use, and (ii) it was
often interpreting glass reflections as relevant
shapes, creating parallel and often imbricated sur-
faces that are difficult to clean up. In the worst
cases, this produced partially distorted copies of
the target surface, overlapping the genuine data
(Figure 2), and thus required painstaking cleaning.
This was rare with the structured white-light scan-
ner with a larger field of view, which requires a lon-
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ger distance from the object (Artec Eva), and
therefore most results focus on the meshes
obtained by this scanner. Another minor issue
observed was that when scanning perpendicular to
the glass, flashes sometimes appeared on the tex-
ture of the models (Figure 2). While this reduced
the amount of detail which could be extracted from
the texture, such as minute bone sutures, the effect
did not appear to influence the quality of the mesh
(Figure 2), only the colouration of the resultant sur-
face.

Additionally, an effect of scanning method dis-
tinct from the XYZ placement of landmark points
was the precision of the model; precision describes
the ability for the digitization method to capture
minute details of the object in the resultant digital
version. We found that scanning through glass,
especially undulating glass, generated less precise
models (Figure 2), where the boundaries between
anatomical elements became less perceptible.
However, the effect of glass was less marked than
differences generated by different scanning tech-
nologies (Figure 2) (see also Diez Diaz et al.,
2021).

Mesh Deviations

The presence of modern, flat glass between
subject and scanner/camera resulted in accurate
meshes, where a high percentage (89.3-99.8%) of
the points deviated from the reference model by
less than 0.5 mm (Figures 3, 4; Table 2); 0.5 mm
was the limit of detection of the scanner we used
for most of these analyses (Artec Eva; Table 1). If a
threshold of 1 mm is selected instead, this propor-
tion of accurate meshes digitised behind modern
glass increased to 91.7-100% (Figures 3, 4; Table
2). When considering different object shapes, the
worst results by far were those obtained from the
extant goat skull, which is a fully 3D object (Capra
hircus; ULgPA20230320-1). Problematic points
were not distributed randomly but were found in
areas that were difficult to reach without a marked
angle (e.g., the inside surface of the orbit, the pal-
ate, the ventrolateral surface of the basicranium;
Figure 2). Scanning with a strong angle increased
reflections, and this reduced the data gathered in
these areas, producing less accurate surfaces. Our
aggregated results, taking all the points measured,
recover a mean of 2% points deviating for more
than 0.5 mm (Figure 3).

The effect of older, undulating, blown glass
were more difficult to predict. Generally, this kind of
glass multiplied the deviations; the percentage of
points deviating more than the thresholds was sim-
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ilar, often multiplied by a factor of 1.5-3, but some-
times much higher (up to 177 times higher; Table
2). Two specimens skewed this high proportion of
inaccurate points when scanned through undulat-
ing glass (instead of flat glass): the cave bear
femur (Ursus spelaeus; ULgPA12766) and the
extant goat skull (Capra hircus; ULgPA20230320-
1). The femur was a long object (493 mm long) and
was purposefully placed obliquely with respect to
the glass to mimic possible arrangement in muse-
ums. As a result, some parts of the specimen were
closer and easier to capture by circling in front of
the specimen, while the range of angles we could
use to scan the most remote parts were smaller,
resulting in less accurate data. Still, while 24.75%
(100-75.25%) of points deviated by more than 0.5
mm compared to the reference mesh, this metric of
inaccuracy dropped to 3.31% when a threshold of
1 mm was selected instead (Table 2). Aggregated
data found 12.45% of the points deviated by more
0.5 mm (Figure 3).

Morphometrics

The biggest challenge faced was the accurate
placement of points for linear measurements or
fixed-point landmarks. This was due to the fact that
some digitization methods (white-light vs. laser
scanning) and older glass reduced the precision of
the model (Figure 2), making it more difficult to pin-
point small anatomical structures with precision. As
a result, greater human error was induced in mea-
surements and landmark placement, with this error
being linked to the scanning technique used. We
provide the raw measurements and the linear mor-
phometric ratios obtained from multiple meshes
generated on the ichthyosaurian specimen in
Tables 3 and 4, respectively. The average devia-
tion of the ratios is roughly <5% for both the laser
vs. white-light comparison and the air vs. (horizon-
tal) glass comparison (Figure 5; Table 4). A Wil-
coxon two-sample test did not regard either of
these sets of deviations as significantly distinct
from one another (p-value = 0.6048). Neverthe-
less, a couple of ratios deviated more notably
(>15%); this appeared to be the case more fre-
quently for comparisons between scanning meth-
ods rather than for comparisons between the
presence or absence of glass (Figure 5). The mor-
phospace resulting from a Principal Component
Analysis of these linear ratios also recovers a
stronger influence of the scanning methods (ori-
ented along the first axis, which accounted for
48.95% of the total variance), whereas the pres-
ence of glass was essentially represented along



the second axis (accounting for 27.2% of the total
variance).

The picture was similar for high-density three-
dimensional morphometrics. The Euclidean dis-
tance per fixed and surface semi-landmarks was
larger in between scanning techniques (laser vs.
white-light) than for the presence of glass (Figure
5). Our two-sample Wilcoxon test recovered the
methods (laser vs. the two white-light populations
combined) and the type of glass (white-light new
glass vs. white-light old glass) as significantly dis-
tinct (p-value < 0.001 in both cases). Perhaps
counterintuitively, the distance in landmark place-
ments between the reference mesh and the mesh
generated through glass appeared slightly smaller
through old glass compared to new glass (Figure
5), possibly indicating a stronger influence of
human error than mesh shape differences. In any
case, these differences were very small; the maxi-
mal difference in centroid size was 0.64%, also
possibly reflecting human error in the placement of
fixed landmarks. The resulting morphospace was
similar to the one generated for our linear morpho-
metric case study, in the sense that the scanning
methods (white-light with Artec Eva vs. white-light
with Artec Spider) form the extremes of the first
axis of the Principal Coordinate Analysis (account-
ing for 74.3% of the total variance) and the pres-
ence of glass structures the second axis
(accounting for 16.8% of the total variance) (Figure
5).

DISCUSSION AND CONCLUSIONS

Can We Efficiently Digitize an Object Through
Glass?

Our assessment of the capabilities of struc-
tured white-light surface scanning and photogram-
metry through glass is reassuring: the presence of
flat glass is not distorting specimens and accurate
models can be generated with minor deviations
from the original specimen. Older ‘blown’ glass,
with its undulating surface, creates more devia-
tions, which are sometimes manageable, some-
times above the precision threshold we used in
some of our previous studies (i.e., scans with preci-
sions of 0.2-0.6 mm) (e.g., MacLaren et al., 2022;
Fischer et al., 2022). Our results nevertheless sug-
gest that the scanning method (see also Diez Diaz
et al., 2021) and the human error in landmark/ana-
tomical point placement are bigger factors in driv-
ing morphometric differences than the presence of
glass (see also Von Cramon-Taubadel et al., 2007;
Shearer et al.,, 2017). Accordingly, we provide a
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decision tree to help anyone requiring a 3D model
of (palaeo)biological specimens to assess whether
a scan through glass is sensible and usable in
quantitative studies (Figure 6). The key things to
check and to plan are:

1. Check glass reflections at a =30° angle
and estimate specimen distance from the
glass.

2. Does your study require a precision < 1
mm, < 0.5 mm ?

3. Are key areas for your study well exposed
and thus scannable at multiple angles?

4. Does your study require a full, detailed tex-
ture to place landmarks/measure traits?

The cost of handheld scanners, in addition to
the cost of their associated software packages and
computers with the required capabilities, is restric-
tive. Photogrammetry offers a cheaper alternative,
using open source software which can be run on
increasingly lower-cost devices (e.g., Falkingham,
2012). Furthermore, this technique of creating sur-
face 3D models has already been shown to be
especially useful for museum gallery specimens
with access difficulties other than glass (e.g., large

Type of glass
- check reflections
- check specimen
distance from glass
|
| ] ]
) ( . ™\
Undulatlr_lg gla_ss Undulatnn_g glas_s Flatgass
and specimen is far and specimen is near
.

J

Are
key areas well
exposed?

Abort mission

Do

you require full
texture?

Choose:
White Light Scanner

Choose: laser scale
+photogrammetry

FIGURE 6. Decision tree to assess the usefulness and
select the 3D digitization method when specimens are
behind glass.
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mounted skeletons) (Fau et al., 2016). The laser-
scale device outlined in this study adds to the
potential uses of photogrammetry in museum set-
tings as it provides an affordable solution to
researchers who require 3D model data or mea-
surements from behind glass.

The Importance of Physical Access to
Specimens

As outlined in our workflow above, 3D scan-
ning is not always an appropriate method for
obtaining data from specimens behind glass. This
can particularly be the case where specimens are
preserved in three dimensions with areas invisible
or poorly visible by the scanning device or with
areas that are obscured by the wooden edges of
the display case. Our results found that areas of
the specimen which require strong angles (with
respect to the orthogonal of the glass plane) to
scan were more susceptible to errors. In these situ-
ations, it is preferable for the specimen to be
removed for scanning.

Despite the ongoing revolution of 3D morphol-
ogy studies, surface digitizing will always create an
imperfect and partial model of the original speci-
men. Surface digitizing does not usally capture the
entirety of the specimen and usually leave gaps,
most notably when attempted through glass. Phys-
ical access to specimens is mandatory as many
types of analysis rely on data not capturable by
surface digitizing. These notably include taxonomy,
comparative anatomy, phylogenetic analyses
(always requiring detailed interpretation of minute
bony sutures and structures), detection of patholo-

gies, and feeding ecology, which relies on minute
structure and wear patterns on tooth crown enamel
(e.g., Massare, 1987; Schubert and Ungar, 2005;
Bennion et al., 2023). Some other lines of research
require samples which can only be gathered physi-
cally from the specimen, such as moulds for tooth
microwear analysis (e.g., Purnell et al., 2017; Best-
wick et al., 2020) and bone histology and micro-
anatomy (e.g., Houssaye, 2013). Finally, physical
access is also crucial to assess the authenticity of
specimens; it is well known that many historical
specimens (with a single accession number) have
been artificially enhanced, sometimes even creat-
ing chimera (McGowan, 1990; Massare and
Lomax, 2016; Rossi et al., 2024). Therefore, it is
vital that the protocol outlined and tested in this
study is not used by institutions to restrict physical
access to specimens by external individuals.
Rather, it offers options to museums and research-
ers faced with logistical difficulties.
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available for download in a zipped file at https://palaeo-electronica.org/content/2024/5265-digitisation-
through-glass.
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