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ABSTRACT
Dental casting is a very common procedure for making high-quality replicas of
paleo-anthropological remains. Replicas are frequently used, instead of original remains, to study
both fossil and extant Primate teeth in morphological and metrical analyses. Several commercial
products can be used in molds. This study analyzed SEM image resolution and enamel surface feature deﬁnition of tooth molds at various magniﬁcation levels and obtained, with both Coltène1 and
3MTM low-viscosity body polyvinylsiloxane impression, materials and polyurethane casts. Results,
through comparison with the original teeth, show that both the negative molds and the positive
casts are highly reliable in replicating enamel surfaces. However, positive cast quality is optimal
for SEM observation only till the fourth consecutive replica from the original mold, especially at
high SEM magniﬁcation levels. Microsc. Res. Tech 69:246–252, 2006. V 2006 Wiley-Liss, Inc.
C

INTRODUCTION
Although teeth constitute the most abundant
remains of the paleontological record of Homininae,
they are not easily accessible to all scientists. As
repeated handling and measurement of fossils are
among the main causes of deterioration, museum curators tend to limit access to specimens. Wild-caught
primate collections, irreplaceable evidence of primate
ecology and adaptation (Albrecht, 1982), are more easily accessible to researchers, but tend to suffer from
increasing relapses due to the great interest of largeskeleton collection ‘‘hunters’’ (Almquist, 1973). Tooth
cast availability offers a solution to this problem.
Although plaster molds of fossil remains are suitable
for museum exhibition, high-quality tooth casts are
required if replicas need to be studied instead of original specimens. This is especially so if high-resolution
electron microscopy procedures are to be applied, as in
dental microwear research. Original specimens are too
valuable to be studied directly by SEM (Beynon, 1987),
particularly when such procedure requires irreversible
gold coating. Environmental microscopy (ESEM) can
be used for isolated teeth or small specimens whenever
this technology is available (Romero et al., 2004).
Therefore, high-quality replication of fossil teeth is an
effective way of providing the scientiﬁc community
with access to rare and important specimens (Goodwin
and Chaney, 1994), as well as an alternative method of
studying microfossils or microscopic details (Purnell,
2003). Museum curators can then loan tooth casts to
researchers for their analyses without any risk of further damage to the original specimens.
Science would certainly beneﬁt from the existence of
high-quality cast collections, and contesters and colleagues could independently test scientiﬁc hypotheses.
C
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However, accurate tooth crown molding is difﬁcult
(Teaford and Oyen, 1989) and may cause unwanted
damage to the original teeth if it is not done properly
(Hillson, 2002). High-quality, easy-to-use tooth molding
materials are required for optimum and durable
results. Silicon-base replication procedures are widely
used to obtain negative impressions of original teeth,
especially in odontological practice and dental microwear research. Hydrophobic polyvinylsiloxanes, either
epoxy-resin or polyurethane replicas, produce highquality tooth casts (Goodwin and Chaney, 1994) that
are very precise replicas of the original specimens (Galbany et al., 2004b) and which provide the detailed resolution necessary in quantitative studies of tooth morphology and wear (Teaford and Oyen, 1989). Dental
casts are widely used both for classical morphological/
topographic analyses (Dennis et al., 2004; Egocheaga
et al., 2004; Jernvall and Selänne, 1999; M’Kirera and
Ungar, 2003; Pérez-Pérez et al., 2003a; Ungar, 2004;
Ungar et al., 2001; Ungar and Williamson, 2000; Zuccotti et al., 1998) and in dental microwear research
(Galbany et al., 2002; Galbany and Pérez-Pérez, 2004;
Gordon, 1982, 1984a; Grine, 1986; Hojo, 1991, 2002;
Martı́nez et al., 2004; Pérez-Pérez et al., 1994, 1999,
2003b; Puech et al., 1983; Ryan, 1979a,b; Teaford,
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Fig. 1. SEM images at 1003 of the buccal surface of the left M3 tooth
from Cueva del Molinico, obtained with various polyvinylsiloxane impression materials: (A) 3M Imprint II Light Body; (B) 3M Imprint II Heavy
Body; (C) Coltène President Plus Jet Light Body; and (D) Coltène President Plus Jet Heavy Body. The SEM working distance ranged between
13.3 and 22.7 mm. The heavy-body molds show reduced detail resolution, which affects molding reliability.

1985, 1988a,b; Teaford and Glander, 1991; Teaford and
Oyen, 1989; Teaford and Ungar, 2000; Ungar, 1992,
1998; Ungar et al., 1995, 2004; Ungar and Grine,
1991). Independent molding of dental specimens by
each research group is the norm in such studies, but
there are serious difﬁculties in the sharing of casts.
Most of these difﬁculties, such as the useful life of
the impression materials, the reliability of successive
impressions from the same mold, the accuracy of different replicating materials for SEM research, the standardization of molding procedures for a variety of purposes, or researchers’ diverse interests, have never
been thoroughly analyzed.
President microSystemTM (Coltène1) polyvinylsiloxane impression material is widely used among dental
researchers (Ungar, 1996) because it has excellent
dimensional stability and reproduction detail (Andritsakis and Vlamis, 1986) and replicates surface features
with resolutions to a fraction of a micron (Teaford and
Oyen, 1989). Negative molds made of polyvinylsiloxane
maintain SEM resolution for many years (Beynon,
1987), with over 99.5% recovery after deformation (Coltène, 2002). Nevertheless, the ability to make several
accurate casts from a single mold (Gordon, 1982) is
what determines the usefulness of curating polyvinylsiloxane collections of tooth casts that are easily accessible to researchers, along with the original specimens.
Some research has been done in this regard by comparing the reliability of different impression materials (either 3MTM or Coltène, among the most common ones).
Beynon (1987) used Coltène Putty to build a primary
base holder where Coltène President Light Body was

Fig. 2. 1003 SEM images of the buccal enamel surface of a left M3
tooth from Cueva del Molinico, with comparison of original surfaces
and silicon-base molds. O, SEM images obtained from original tooth
surfaces with BSE in an ESEM; M, images obtained from silicon-base
molds with SE. Molds were obtained with 3M Imprint II Regular
Body (A) and Coltène President Plus Jet (B). Regular body molds compared enamel replicas with molds of the original tooth surface and
found them highly reliable.

poured to obtain the ﬁnal negative impression. Hillson
(1992) indicated that application of Light Body material directly on the crown sufﬁced for accurate surface
replication, simplifying the molding technique and preventing possible changes in surface details. However,
Hillson (1992) pointed out the difﬁculties in examining
negative molds directly under SEM, i.e., negative
molds tend to crack when pouring out the impressions,
they are difﬁcult to attach to the stub and to coat
with gold-palladium, and linear enamel features are
difﬁcult to observe on them (Hillson, 1992). Although
some observations indicate that the ﬂexibility and
porosity of negative silicon-base molds tend to cause
mold shrinking under SEM vacuum (Galbany et al.,
2004a,b), silicon negatives are adequate for SEM characterization of linear enamel hypoplasia on tooth surfaces (Guatelli-Steinberg, 2004; Guatelli-Steinberg and
Mitchell, 2002). Positive casting from negative molds
might be a more stable and lasting solution, though little has been published yet on the accuracy and reliability of casting materials. This study focuses on some of
the methodological drawbacks of tooth cast sharing
among researchers and institutions, such as the accuracy of SEM research on tooth replicas as against origi-
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Fig. 3. SEM images at 1003 magniﬁcation of the same buccal enamel surface of a
left M1 tooth replica from La Olmeda. The
mold was obtained with President microSystem (Coltène) polyvinylsiloxane Regular
Body. (A) Original teeth. (B) First replica. (C)
Second replica. (D) Third replica. (E) Fourth
replica. (F) Fifth replica. (G) Sixth replica.
No differences in surface replication were
found between the original tooth surface and
the ﬁrst four replicas obtained.

nal teeth, the reliability of consecutive casting obtaining several replicas from a single mold, and the useful
life of tooth molds and casts.

MATERIALS AND METHODS
Four isolated human teeth (an upper left ﬁrst molar
LM1, a lower right second incisor RI2, a lower left third
molar LM3, and a lower left canine LC1) from the medieval site of La Olmeda (Palencia, Spain) c. XII-XVII AD
(Pérez-Pérez et al., 1991), and one isolated lower left
ﬁrst molar (LM1) from Cueva del Molinico (Villena, Alicante, Spain), dating back to the IIIrd millennium BC
(Soler Garcı́a, 1993), were selected for analysis. Original teeth, as well as tooth molds and casts, were studied. Most negative tooth molds were obtained by using
Regular Body President microSystem polyvinylsiloxane, since this impression material is widely used in
dental studies. For comparative purposes, some molds
were also obtained with President Light and Heavy

Body bases, as well as with 3M ESPE Imprint IITM
polyvinylsiloxane. Tooth-crown molding procedures
followed brand indications in all cases and are also
described in detail elsewhere (Galbany et al., 2004a,
2005; Pérez-Pérez et al., 1999).
Preparation and Analysis of Negative Molds
Negative impressions of the buccal enamel surface of
the lower ﬁrst molar from Cueva del Molinico were
obtained by using both polyvinylsiloxane impression
brands (3M1 and Coltène). The buccal tooth surface
was cleaned with cotton swabs soaked in pure acetone,
was then rinsed in 95% ethanol, and was ﬁnally airdried. Two negative impressions were obtained with
each silicon brand, and the enamel surface was cleaned
again prior to obtaining the second impression. Silicone
molds were stuck to brass discs with plastic carbon
cement (Leit-C-Plast, Plastic Conductive Carbon Cement, Electron Microscopy Sciences, Washington, PA)
and sputter-coated with 15 nm of gold-palladium. A
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Fig. 4. SEM images at 5003 magniﬁcation of the same buccal enamel surface of a
right I2 tooth replica from La Olmeda. The
mold was obtained by President microSystem
(Coltène) polyvinylsiloxane Regular Body.
(A) Original teeth. (B) First replica. (C) Second replica. (D) Third replica. (E) Fourth
replica. (F) Fifth replica. (G) Sixth replica.
As in Figure 3, decay in surface resolution
was found from the fourth successive replica
obtained.

colloidal silver solution (Silver Conductive Adhesive
416, Electron Microscopy Science) was applied to improve conductivity and the preparations were mounted
on SEM aluminum stubs. The original tooth and the
molds were examined with a Hitachi S3000N SEM.
The buccal enamel surface of the original tooth was
observed without gold layer coating, using back-scattered electrons (BSE) at 20 kV accelerating voltage in a
low-vacuum, variable-pressure mode (Romero et al.,
2004), whereas the tooth impressions were sputtercoated with 15 nm of gold-palladium and observed
using secondary electrons (standard error (SE)) and
15 kV accelerating voltage that recorded SEM images
at the same location areas and with identical resolution
as for the original teeth. All enamel surfaces were
placed perpendicular to the electron beam and SEM
images (1,280 3 960 pixels resolution) were obtained
at 1003 magniﬁcation on the medial third of the buccal
surface under the protoconid cusp.

Preparation and Analysis of Positive Replicas
Negative molds of buccal surfaces were obtained for
the four teeth from the La Olmeda site. Only Regular
Body President microSystem impression material was
used, and six consecutive high-quality polyurethane
positive casts were obtained for each mold with Feropur power ratio (PR)-55 (Feroca SL, Spain). A total of
24 casts were obtained and mounted on a brass disc
with fusible glue (CeysTM). A colloidal argent belt
(Electrodag 1415M-Acheson Colloiden) solution was
applied to prevent electrostatic charges from accumulating during the SEM observation (Rose, 1983).
Finally, the samples were sputter-coated with a gold
layer and kept clean, dry, and dark inside a dust-free
collection cabinet. Three SEM pictures at 1003, 5003,
and 10003 magniﬁcations were obtained for each cast
with a Cambridge Stereoscan 120 SEM. In all cases,
casts were placed in a horizontal position, with zero
degree of tilt, 12 kV acceleration voltage, and 10–20 mm
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Fig. 5. SEM images at 10003 magniﬁcation of the same buccal
enamel surface of a left M1 tooth replica from La Olmeda. The mold
was obtained with President microSystem (Coltène) polyvinylsiloxane
Regular Body. (A) Third replica. (B) Fourth replica. (C) Fifth replica.

(D) Sixth replica. The ﬁrst two replicas of the original tooth are not
included, since no differences in cast resolution were found until the
ﬁfth replica was studied.

working distance. Digital images (1024 3 832 pixel resolution) were obtained with the SEM Image Slave software. Prior to analysis, all images were enhanced with
Adobe PhotoshopTM v 7.0 using a 50-pixel, high-pass
ﬁlter and automatic gray-level adjustment (Galbany
et al., 2004a, 2005).

these dental casts at 1003 magniﬁcation yielded great
image ﬁdelity of both the original tooth surfaces (Fig.
3A) and the ﬁrst four consecutive replicas. Comparisons were made at the same enamel spot (Figs. 3B–
3E). However, the ﬁfth (Fig. 3F) and sixth (Fig. 3G)
replicas showed a noticeable reduction in surface detail
and some degree of background noise due to mold deterioration after repeated casting. At 5003 magniﬁcation, loss of resolution in replicating enamel surfaces is
evident from the fourth replica (Figs. 4E–4G), where
striation borders appear increasingly less deﬁned
and enamel surface roughness is increasingly evident.
Finally, micrographs of dental casts obtained at 10003
magniﬁcation showed a loss in resolution from the ﬁfth
replica onwards (Fig. 5).

RESULTS
Some differences in surface quality were observed
between high- and low-viscosity 3M materials (Fig. 1).
Areas of low casting resolution tended to form when
high-viscosity (Heavy Body) materials were used (Figs.
1B and 1D), which gave lower detail resolution than
when low-viscosity materials (Light and Regular Body)
were used (Figs. 1A and 1C).
However, direct observation of the low-viscosity,
negative polyvinylsiloxane impressions under SEM
showed no damage caused by handling or by anything
methodologically related to handling. Negative molds
offered good stability and image resolution (SE mode),
when compared to the actual enamel surfaces (BSE
mode), for the two impression materials used (Fig. 2).
Although longitudinal cracks or stress features may
form if pressure is applied to the negative molds after
coating (Hillson, 1992), vacuum in SEM chamber during observation seems not to have affected the mold
stability or shape in this case.
Coltène polyvinylsiloxane Regular Body impression
materials always produced high-quality tooth molds of
enamel surfaces, and the positive epoxy tooth casts
obtained from them showed good feature resolution
when observed at 103 to 403 magniﬁcations, with a
VMT binocular magnifying glass. SEM observation of

DISCUSSION
The comparisons of enamel resolution details in all the
SEM images obtained clearly show that low-viscosity silicones are excellent materials for making impressions of
buccal tooth surfaces (bubbles tend to appear only when
heavy bodies are used), even though the viscosity of the
replicating material may vary, depending on the surface
to which it is applied (Chee and Donovan, 1992) or the
shearing forces placed on it (Mandikos, 1998).
Although obtaining impressions with silicone materials may not always be a predictable process (Gordon,
1984b), in the present study all the low-viscosity, Regular Body polyvinylsiloxane dental molds provided highquality casts for SEM analysis up to at least the fourth
consecutive replica obtained from the same mold, at
1003, 5003, and 10003 magniﬁcation. From the ﬁfth
cast on, feature deﬁnition decreased in all casts: tooth
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striations became thicker, with less deﬁned borders,
and enamel surfaces appeared rough and irregular.
Feature modiﬁcation after several consecutive casts
may be caused by pull-out forces affecting negative
molds when the positive cast is removed. Microwear
analyses, essentially based on statistical methods, are
greatly affected by the methodological approach used
(Gordon, 1988) and extra-casting from a single mold
needs to be carefully considered. Only a few, most probably from 1 to 4, good-quality casts can be obtained
from the same original mold, with enough ﬁdelity to
replace original specimens in SEM research. Thus,
molds themselves should be considered valuable specimens for use instead of original teeth. Some precautions need to be taken during cast preparation and
handling, such as not using latex gloves with sulfur
compounds (Browning et al., 1993) or hand lotions
(Goodwin and Chaney, 1994) that inhibit polyvinylsiloxane setting. However, if they are properly curated,
successive positive casts are a reliable alternative to
original specimen analysis, since SEM feature resolution after consecutive casting is independent of magniﬁcation level, at least up to 10003. Cast deterioration
shows up after the fourth replica at all magniﬁcations.
In conclusion, SEM observation of tooth enamel surfaces at various magniﬁcation levels indicates that
both negative, low-viscosity polyvinylsiloxane molds
and positive epoxy casts can be used for SEM research
instead of original specimens. In addition, at least
four consecutive positive replicas can be obtained from
a single mold, ensuring that several researchers
can study a tooth’s morphology without loss of detail
resolution.
It would be of general beneﬁt to researchers to produce digital 3D models of tooth crowns from valuable
collections. This would give permanent access to virtual tooth replicas without any need of the original
tooth. It is not clear yet whether such ‘‘replicas’’ could
be used in all kinds of research. SEM analyses of both
negative and positive replicas are reliable at resolutions lower than a fraction of a micron, whereas 3D
surface topography shows resolution levels between
0.05 mm (mesh-point height-sensing 3D scanner) and
0.2 mm (laser 3D scanning). Unfortunately, as microcomputer tomography 3D models (MCT) are still difﬁcult and expensive to obtain, 3D digital replicas of
tooth crown surfaces cannot yet replace high-quality
tooth casts in SEM research. Detailed analyses of MCT
3D models are still needed to determine whether they
can be used instead of original teeth, replacing traditional high-resolution SEM microwear research using
tooth casts. In addition, automatic procedures for dental microwear research, based on roughness and anisotropy measurements of surface topography, still need
to be proved signiﬁcant in determining dietary-related
behavior in Primates rather than postmortem enamel
abrasion processes (Estebaranz et al., 2005).
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between scanning electron microscopy microwear patterns and interferometric microscopy surface roughness as indicator of dietary related
behaviour in hominoid primates. In: Bailey S, Hublin J-J, editors. Dental Perspectives on Human Evolution. New York: Springer, in press.
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and dental microwear of Homo habilis from East Africa. Anthropologie 42:53–58.
M’Kirera F, Ungar PS. 2003. Occlusal relief changes with molar wear
in Pan troglodytes troglodytes and Gorilla gorilla gorilla. Am J Primatol 60:31–41.
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