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Abstract

Large-scale digitization of natural history collections requires the automation of image
acquisition and processing. Reflecting this fact, various approaches, some highly sophisticated,
have been developed to support the imaging of museum specimens. However, most of these

systems are complex and expensive, restricting their deployment.

Here we describe a simple, inexpensive technique for imaging arthropods larger than 5 mm. By
mounting a digital SLR camera on a CNC (computer numerical control) motor-drive rig, we
created a system that captures high-resolution z-axis stacked images (6960 x 4640 pixels) of 95

specimens in 30 minutes.

This system is inexpensive ($1000 USD without camera), easy to set up, and to maintain. By
coupling low cost with high production capacity, it represents a solution for the digitization of any

natural history collection.
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Introduction

Advances in computational and imaging technologies have stimulated the digitization of
specimens in natural history collections (Beaman and Cellinese 2012; Berents et al. 2010; Hedrick
et al. 2020; Holovachov et al. 2014; Hudson et al. 2015; Mantle et al. 2012; Mathys et al. 2015;
Mertens et al. 2017; Moore 2011; Vollmar et al. 2010). Because the largest collections contain
millions of specimens, comprehensive digitization can be a challenge (Blagoderov et al. 2012).
This is particularly true for insects as they dominate most zoological collections (Tegelberg et al
2014). Consequently, many digitization projects have only captured high-resolution images of a
few representative specimens of each species (deWaard et al. 2019).

Projects which seek to digitize entire insect collections require automated image acquisition
and processing. Because of the effort in handling individual specimens and the risk of damaging
them, some digitization programs have imaged drawers of specimens (Blagoderov et al. 2012;
Mantle et al. 2012; Holovachov et al. 2014). This approach has three limitations. First, resolution
is often insufficient to allow examination of some morphological traits. Second, dorsal images are
captured, so characters only visible with a lateral or ventral view are inaccessible. Third, this
approach brings informatics challenges as the drawer image must be decomposed into its
component specimen images (Blagoderov et al. 2012; Holovachov et al. 2014). In practice, most
of the time required in these digitization projects is spent on image selection and metadata capture
(Blagoderov et al. 2012).

Recently, several approaches have been developed to digitize individual specimens in museum
collections (Heerlien et al. 2015; Strobel et al. 2018; Tegelberg et al. 2017) or as part of community
sampling and sorting procedures (Arje et al. 2020; Wiihrl et al. 2021). Some of these systems

generate several images per specimen to facilitate 3-D modelling (Strobel et al. 2018) or include
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robotic handling of specimens to accelerate processing (Arje et al. 2020; Wiihrl et al. 2021). At
this time, most of these systems are elaborate and expensive.

Optimal high-throughput specimen digitization requires combining technologies in novel
workflows and is largely driven by purpose (collection digitization versus one component of a
multifaceted workflow). This study introduces an imaging system developed to support the
specimen-centric workflow employed by the Centre for Biodiversity Genomics (CBG) to gather
DNA barcode records. Because images are essential to validate DNA barcodes, the CBG
photographs every specimen. Small specimens (<5 mm) are each placed into a well in a 96-well
plate and are imaged with a high-resolution automated microscope system (Steinke et al. in prep)
before entering molecular analysis. Larger individuals are pinned, arrayed in Schmidt boxes, and

then imaged using the SLR rig described here.

Material and Methods
System hardware
The SLR rig (Figure 1) employs a Canon 90D camera (24.5 megapixel) with an EF-S 60mm /2.8

Macro USM lens (Canon Corp, Irvine, CA, USA). The camera is attached to an OpenBuilds Acro
1010 40” x 40” motor drive rig (OpenBuilds, New York, NY, USA). Most components for the
OpenBuilds Acro 1010 were purchased, but some components were printed (i-Fast; QIDI
Technology Official, China) using 3D-models available on the OpenBuilds website. The
OpenBuilds Acro 1010 frame is screwed onto a wooden base which is placed on a sturdy table (79
cm from floor). Two 60x60 cm softbox lights (Neewer 24x24, Shenzhen) are stationed to the left
and right of the SLR camera motor-drive rig at a height of 165 cm on their stands. A LED light
strip is positioned along the circumference of the Acro system facing inwards (Daylight White

LED Strip Light; Shenzhen Intellirocks Tech Co. Ltd., Shenzhen, China). The SLR camera is
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mounted 16 cm above the table’s surface and a Kimaru ACK-E6 DR-E6 DC Coupler LP-E6N
Dummy Battery AC Power Adapter Kit is used to provide constant power. A USB-A to micro-
USB cable connects the camera to the computer (iMac 27-inch, 8GB Ram. 3.4GHz Quad-core

Intel-Core i5).

Software control

The SLR rig is controlled by a program that employs both a python script (Supplementary File
1) and a G-code script (Supplementary File 2) through an Apple iMac operating system. The
system is manually calibrated using OpenBuilds Control (OpenBuilds) integrated into the python
script. The camera is controlled using the command line tool Gphoto2 (gphoto2.org). It is set to an
ISO value of 100, an aperture value of /8, and a shutter speed of 1/8s. Focus bracketing to allow
Z-axis stacking is set to take nine images at different levels of focus. The lens is set to autofocus,
so the first image captures the uppermost of a specimen before eight more images are automatically
captured at lower focal planes to allow z-axis stacking. The nine images are combined to generate

a single composite in-focus image using Helicon Focus 8 (Helicon Soft Ltd, Kharkov, Ukraine).

Operation

Pinned arthropods are loaded into the SLR rig in batches of 95 after being transferred to a 75 cm
by 47 cm foam platform (Figure 2). This platform has 95 positions for specimen loading, each a
slot with a depth of 1.8 cm, a length of 6 cm, and a width of 5 cm. This count ensures that all
specimens in each 96 well micro-plate (95 specimens, 1 negative control) are processed as a batch.
The platform is split into 8 rows, each with 12 slots (Figure 2). Each pinned specimen is placed

centrally in a slot where it can be positioned for dorsal or lateral imaging (Figure 2). Each row has
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a foam strip (height = 2 cm) that facilitates lateral imaging. Specimens stored in envelopes are

removed from them and placed centrally at the base of a slot.

Data handling

Gphoto? is used to transfer images to the computer for further processing. Z-stacked images are
cropped to standardised dimensions with a 4x3 aspect ratio using a machine-learning-based
cropping tool (Gharaee et al. 2023). A scale bar is added to each image using the batch action
tool of Photoshop 2023 (Adobe Inc, San Jose, USA). Once edited, images are uploaded to the
Barcode of Life Database System (BOLD) (Ratnasingham & Hebert 2007). A python script
(Supplementary File 3) generates a metadata file and compresses it together with packets of 95

images into a zip folder to meet BOLD’s requirements for image upload.

Results/Discussion
Performance and costs

Figure 3 shows a selection of specimens and their sizes. When using a Canon 90D with the
described settings, the resulting image is 6960 x 4640 pixels before cropping. This translates into
an average size of 9.5MB for a jpg-file.

The CNC motor activates at a pre-set time which depends upon the distance between each slot
and the dwell time (3.75 seconds) at each stop which allows the camera to take nine images and
transfer them to the computer. Operating in this mode, the SLR rig images 95 specimens in 30
minutes and the stacking software requires another 11.5 minutes to process these images, but this
usually occurs while the next batch is being photographed. The time required to crop and edit each

batch varies (15-30 min) with the type of specimens. Operated by one staff member, the SLR rig
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can image 4,000 specimens in a week. The CBG’s system has now imaged more than 250,000
specimens and the sole maintenance involved the replacement of a wire leading to one motor.
The SLR rig costs of $4500 are reflecting three main components: 1) CNC machine kit ($1000),
2) Apple computer ($1000), and 3) Canon 90D including lens ($2500). Costs can be reduced by
replacing the computer with a raspberry pi ($100), but under heavy usage (40h a week), it will
need replacement every six months. Less expensive cameras can be used if they can be controlled
with gphoto2. They do have lower resolution (12-20 megapixels) than the Canon 90D (24.5
megapixels), but this resolution is adequate for many applications. However, it is important to
select a camera with a depth stacking function such as focus bracketing (e.g., Canon PowerShot
G7 X Mark I1, $900; Olympus OM-D E-M1 Mark 111, $920 for body). By careful selection of
components, the overall cost can be reduced to about $2000. Plastic components for the
OpenBuilds Acro 1010 are freely available as 3D models so users can modify and 3D-print custom
components. One modification made to our SLR rig was the addition of bumpers and a triangular

structure to improve wire management during operation (Supplementary files 4 & 5).

Adjustments

The SLR rig can image a wide variety of specimens by adjusting settings as described in this
section. The distance between the camera and specimen dictates the size of the image (focal
distance from base = 16 cm). The frame size varies by 0.5 cm in both directions depending upon
the depth of the focus point determined by the auto focus program. This limits the size range of
specimens which can be imaged (5 — 45 mm). As each slot on the platform is designed to fit the
camera frame, no specimen should overlap an adjacent space because the cropping tool is likely

to malfunction. However, larger specimens can be imaged if the distance between the camera and
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specimen is increased as this enlarges the size of the frame. Conversely, reducing the camera-
specimen distance decreases the size of the frame, allowing smaller specimens (down to 2 mm
using the 60mm macro lens in our set up) to be imaged. Any change in the camera’s operating
height is difficult with the described setup as it requires remounting the camera at a higher or lower
position on its mount or the exchange of the legs mounted to the rig frame. Future optimization
could incorporate legs capable of height adjustment.

Background colour and light settings can also be modified to improve image quality. Dark
backgrounds improve the contrast for dark specimens, helping to highlight otherwise subtle
features and also help to contrast pale specimens that blend into a white background. To make this
adjustment, a second platform can be made of dark foam, or dark strips can be temporarily added
to the existing platform. As lighting and whitening settings on the camera must be adjusted to
accommaodate the change in background colour, all 95 slots must have the same background.

The number of images taken of each specimen can be adjusted with the depth stack function on
the camera. Increasing the image count expands the depth range in focus, but increases the time
required to capture photographs and to process them in Helicon Focus. The dwell time of the CNC
motor system does needs to be extended to allow more images to be taken before the camera
moves. Conversely, imaging and processing times can be reduced by reducing the number of
images taken per specimen. Experimentation with sets of specimens in the target group is the best
way to optimize the number of images taken.

Although this CBG’s SLR system is primarily used with pinned insects, it is effective in imaging
other specimens (e.g., soft-bodied invertebrates in liquid preservative). In the latter case, the foam
platform is simply replaced by a grid structure that holds each specimen vial (Mendez et al. 2018).

Focal distance and stack depth often need to be adjusted in such case (Mendez et al. 2018).
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Limitations

Generating an image with enough resolution to allow species identification can be difficult with
any automated system given the manifold differences in shape and size of specimens (Blagoderov
etal. 2012). Very large individuals that exceed the standard stacking depth can cause the autofocus
program to return an out-of-focus image. The autofocus function is also vulnerable to vertical
protrusions, especially if they contrast with the background. In such cases, the depth stack may
begin above the organism’s body plane leading to a blurred image. For winged insects, such as
Lepidoptera, variation in wing orientation can lead the wingspan to exceed the range of the image
stack. In such cases, the resulting image may show a focused wing with an out-of-focus body or
an in-focus body with a blurred wing. In such cases, a slight change in the angle at which a
specimen is positioned can greatly improve image quality but a switch from lateral to dorsal view
is sometimes required. Because reorienting a few specimens requires recapturing an entire set of
images, it is often more time effective to simply accept few imperfect images (Chapman 2005, Ahl
et al. 2023).

At the CBG, specimens are usually imaged before they are labelled. When labelled specimens
are imaged, a small white piece of paper with a slit in the middle is used to cover labels, allowing
images of small specimens to remain sharp when cropped. Alternatively, the labels can be removed

and reattached to the specimen after photography.

Conclusion

The present SLR rig was designed to photograph terrestrial arthropods that were being analyzed
to construct DNA barcode reference libraries. About 90% of these specimens are small enough to

be imaged within 96-well plates, but the remainder must be pinned. As the CBG currently barcodes
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three million specimens annually, it was essential to develop a system capable of imaging the
larger specimens in a cost-effective way. This led to the present solution which can be acquired
for $2000-4500 depending on choice of camera and controller and generates almost 200 high-
resolution specimen images per hour.

As the CBG’s SLR rig has performed reliably for 2.5 years of heavy use (12h/day), this system
is ideal for deployment in settings remote from technical support. Because of its capacity to rapidly
generate large numbers of high-quality digital images for online databases, it is also an asset for

any large specimen collection.
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287  Figure legends

288

289  Figure 1: The SLR rig is placed on a heavy base table to minimize vibration. The inset shows the
290 actual rig area with specimens on the styrofoam base.

291

292  Figure 2: 75 cm by 47 cm foam platform with pinned insects in dorsal and lateral positions.
293

294  Figure 3: Panel of example images taken with the SLR rig.
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