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Introduction

The complexity and variation of skeletal

anatomy make replication a difficult task.

Traditionally replication has been achieved by

forming a mould around the specimen and

casting a replica. This technique, however,

has significant limitations. The specimen

must come into contact with a foreign

material which by nature of its moulding

properties is chemically unstable. Such

contact can lead to damage of the specimen

and the adherence of molding material to the

surface. Another limitation is that internal

features, such as the intracranial cavity

and neurovascular foramina, cannot be

replicated.

The utility of 3D imaging in cranio-

maxillofacial surgery has been well

documented (Hemmy et al., 1983). This has

led to its acceptance as a standard tool in the

evaluation of complex deformities (David et

al., 1990). Recently, with the advent of

biomodelling technology, 3D medical

imaging can be used to generate an exact

plastic copy of anatomical structures.

`̀ Biomodelling'' is the generic term that has

been coined to describe this ability to

replicate the morphology of a biological

structure in a solid substance. Specifically, it

is used to describe the process of using radiant

energy to capture morphological data on a

biological structure, and the processing of

such data by a computer, to generate the code

required to manufacture the structure, by a

rapid prototyping apparatus. A biomodel is

the product of this process and `̀ real

virtuality'' is the descriptive term coined for

the visualisation medium.

In medicine, biomodelling has been

reported to have utility in complex

cranio-maxillofacial surgery and has been

reported as being highly accurate, to within

0.9mm (Barker et al., 1993; Stoker et al.,

1992; Arvier et al., 1994). Biomodelling has

also been used to replicate ancient human

remains with high fidelity (Anderl et al.,

1994). This study examines the utility of

biomodelling technology in vertebrate

palaeontology.
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Abstract

Stereolithographic (SL) biomodelling is a relatively new

technology that allows three-dimensional (3D) computed

tomography (CT) data to be used to generate accurate

solid plastic replicas of biological structures (biomodels).

A prospective trial to investigate the utility of

biomodelling in palaeontology was performed. Seven

fossil specimens were selected. Volumetric 3D

reconstructions were generated on each specimen. The

data of interest were edited and converted into a form

acceptable for SL. SL uses a laser to selectively polymerize

photosensitive resin to manufacture each biomodel. The

biomodels were assessed for fidelity, internal morphology

and for use in display and demonstration. Biomodelling

was found to faithfully replicate the fossilized specimens.

The most important variable affecting biomodel accuracy

was the initial acquisition of 3D CT data. Biomodelling is

intuitive, user-friendly technology that facilitates

morphological assessment and specimen reconstruction.

Biomodelling allowed both internal and external features

of fragile specimens to be safely replicated without risk.
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Methods

Seven rare vertebrate fossils were selected.

CT scanning was performed on a GE

Highspeed Advantage (General Electric

Medical Systems, Milwaukee, USA) scanner

in helical mode. Contiguous 1.0mm slice

images were reconstructed from the data

volume, using a standard soft tissue CT

algorithm.

The ANATOMICS BIOBUILD system

(ANATOMICS, Brisbane, Queensland,

Australia) was used to transform the raw CT

data to the code required to direct the SL

apparatus for biomodel manufacture. Volume

rendering was used to display the anatomy in

3D (see Plate 1). The image threshold for

segmentation of the fossil from the

surrounding artefact was determined

empirically. Unconnected structures were

removed using a 3D connectivity function.

The volume was then resliced in the desired

build orientation. Trilinear grey value

interpolation was used to generate contours

from each CT slice image and then contours

`̀ in between'' to match the SLA z axis

resolution of 0.25mm. With this interpolation

technique the `̀ stairstepping effect'' was

limited to the 0.25mm steps inherent in the

SL process. The next step was then to

generate the hatch vectors within the contour

to create the final SL `̀ object'' file.

Support structures were integrated with the

biomodel during manufacture to maintain

structural integrity. They are designed to have

minimal contact with the object to reduce

artefact and to facilitate removal.

Both `̀ object'' and `̀ support'' build files were

downloaded to the SL apparatus.

Stereolithography (SL) is a `̀ liquid bed laser

curing system''. In this process a laser beam

solidifies layers of a photosensitive liquid

plastic monomer or resin. The laser traces out

contours and polymerises the resin to a

specific depth. As each layer was polymerized

the build platform was lowered into the resin

vat to submerge the formed layer by a depth

equivalent to the layer thickness. The next

layer was then polymerized on top and so on

until the complete biomodel was generated.

The support structures were then removed

and the biomodel hardened in an UV oven for

one hour.

Results

The biomodels faithfully reproduced the

external and internal morphological detail of

the original specimens (see Plate 2). Direct

comparison did reveal that some of the finer

features (< 1.0mm in diameter) were

distorted. This was especially noted in a

fossilized species known as Balbaroo, or

`̀ Fangaroo'' (see Plate 3), where the

definition of the finer teeth was sub-optimal.

The resolution could have been improved by

changing the specimen's orientation during

CT scanning.

The biomodels were found to be well suited

to painting so as to exactly simulate the

originals and it was also noted that they could

be divided into halves to facilitate the

examination of internal cavities and

features.

Plate 1 3D CT scan of a 25-million year old juvenile Diprotodontid

Silvabestius skull of the Riversleigh fossil fields in north-western

Queensland, Australia Plate 2 Biomodel of Diprotodontid Silvabestius skull
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Discussion

The manufacturing of palaeontological

biomodels was identical to that of humans,

but the CT scanning was quiet different. An

advantage noted when CT scanning

palaeontological specimens was that radiation

exposure was not important, unlike when

scanning humans. A very high resolution

acquisition could thus be used. Another

advantage was that the specimen could be

positioned in many ways within the scanner.

Specimen orientation during scanning must

be carefully considered. It is important that

the specimen be positioned so that details of

interest are scanned with the best resolution

possible. This is particularly important for

objects such as frontal teeth, which can be as

small as 1.0mm across. Scanning parallel to

the long axis of these structures may improve

resolution, but such specimen orientation

may be inefficient for the overall scan process,

as the long axis of fossil skulls is usually

perpendicular to that of the frontal teeth. This

may cause the number of scans required to be

doubled or tripled compared with if the

specimen was scanned parallel with the

specimen long axis. This is computationally

inefficient and may be prohibitive. The

quality of the CT scanning was thus found to

be the main determinant of biomodel fidelity.

The authors recommend that an optimal

scanning protocol for each specimen be

carefully determined.

Artefact noted in the biomodels can be

largely explained by three phenomena. The

first is the resolution of the CT scan. The

`̀ partial volume effect'' of CT is such that if a

distance across a density gradient is less than

the diameter of the smallest picture element

(pixel) then the average density is represented,

i.e. if a small feature occupies only a fraction

of a pixel its density will be averaged with the

remaining pixel components. The

interpolation algorithm used tends to smooth

any irregularities caused by partial voluming

and thus small features can be distorted. The

resolution of CT is generally best in the x-y

plane where the pixel width is generally

around 0.5mm. This pixel width can be

reduced to around 0.2mm by minimizing the

CT scanner's display field of view, something

easily achievable when scanning small

specimens. The z plane is generally less

accurate than the x-y plane as the minimum

slice thickness is 1.0mm. However, slices can

be scanned with up to a 90 per cent overlap,

theoretically increasing resolution to around

0.1mm. The higher the resolution, though,

the greater the amount of data and the more

difficult and time-consuming computer

processing becomes. The second

phenomenon is the visible 0.25mm stairstep

between each layer of polymer. This is

unfortunately unavoidable at present. It is

possible to build biomodels with an

interpolated layer thickness of 0.1mm but

again this significantly increases the build

time and cost. Advances are likely in SL that

will offer strategies to considerably smooth

the stairstep. The third factor causing artefact

was the visible attachment sites of the support

structures. Support design minimization and

build optimization combined with meticulous

post-processing of the biomodel can minimise

this. Reorientation prior to build was

necessary for some specimens with large

downward facing fangs. Building the

biomodel reoriented top surface first

preserved the intricate base of skull details

and fangs without the use of extra support

attachments. The disadvantage was that the

top of the specimen, the most visible surface,

contained the support artefacts. Fortunately,

this surface usually is smoother and less

complex than the underside, thus allowing

easier post-processing.

The ability of biomodelling to accurately

replicate internal features was the most

valuable aspect of the technology. This allows

the investigator to open the biomodel and

examine otherwise inaccessible features. For

example, the cranial vault can be removed,

allowing close inspection of the internal

cranial base and neurovascular foramina.

Plate 3 Biomodel of an extinct Balbaroo or `̀ Fangaroo'', a prehistoric

ancestor of the kangaroo also from Riversleigh
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The authors found that the digitization of

the specimen's morphology could herald

further important advantages. Mirror imaging

may be used to accurately reconstruct missing

fragments by mirroring existing anatomy to

compensate for contra-lateral deficits, i.e. half

a cranium can be used to accurately

reproduce a complete specimen.

The ability to use computer imaging to

segment specimens from the surrounding

earth highlighted another potential advantage

of the technology. A fossilized specimen was

artificially extracted using image

segmentation and replicated without risk (see

Figures 1 and 2).

Conclusions

The use of biomodelling, as demonstrated by

this study, highlights its potential in

palaeontology. Many important specimens in

museums cannot be examined or replicated

by conventional means as they are too fragile.

The process of replication is often laborious,

risky and expensive. Internal structures

cannot be replicated and studied without

disturbing the outer layers of a specimen with

presently used techniques. Biomodelling,

however, is able to accurately replicate both

the internal and external morphology of any

biological structure without the need for

physical contact. Biomodelling makes use of

advanced 3D imaging and stereolithography

to reconstruct structures to enhance

visualisation in a user-friendly way.
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Figure 1 3D CT of a Sinornithoides youngi, a troodontid dinosaur from

the Early Cretaceous period of the Ordos Basin, Inner Mongolia, PR China.

Note the presence of foundation rock material

Figure 2 3D CT of a Sinornithoides youngi after segmentation to remove

foundation rock material
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