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The dentino-enamel junction (DEJ) constitutes a
tructurally unique interphase uniting two miner-
lized tissues with very different matrix composi-
ion and physical properties. Its excellent biome-
hanical properties have drawn interest as a
iomimetic model for joining dissimilar materials.
n order to characterize the functional width of the
EJ, nanoscratching experiments were performed
n human third molars. Friction coefficients of
namel, of dentin, and at the DEJ were obtained
ith a nanoscratch tester attached to an atomic

orce microscope (AFM). Normal loads in the range
f 50 to 600 mN were applied to a spherical diamond
ndenter (r 5 10 mm), which was driven 10 mm
cross the sample surface, recording the lateral
orce. Imaging with an AFM facilitated exact posi-
ioning of the scratches. The friction coefficient of
ntertubular dentin was 0.31 6 0.05, significantly
bove the coefficient of enamel of 0.14 6 0.02. The
ncreased friction of dentin is attributed to the
igher content of organic phases. Scratches per-

ormed across the interphase between enamel and
entin showed a sharp monotonic change in the
riction coefficient. The average width of the slope
etween the friction coefficients of dentin and
namel was 2.0 6 1.1 mm and is assumed to repre-
ent the functional width of the dentino-enamel
unction. The effect of the scalloped structure of the
EJ on its functional width as determined by me-
hanical testing is discussed. © 2001 Elsevier Science

Key Words: atomic force microscopy; nanoinden-
ation; nanoscratch testing; friction coefficient;
entino-enamel junction; tooth.
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INTRODUCTION

The dentino-enamel junction (DEJ) is a natural
unction that unites two mechanically dissimilar cal-
ified tissues in the tooth: the hard and brittle
namel and the softer and tougher dentin. The DEJ
s considered as an interphase, which is defined as a
egion of distinct or functionally graded properties
etween two or more phases (Fong et al., 2000; Mar-
hall et al., 2001; Urabe et al., 2000; White et al.,
000). As such it would be distinguished from an
nterface, which refers to the presence of a sharp
wo-dimensional boundary between two phases
Hodzic et al., 2000b). The DEJ appears to play a key
ole in preventing the transmission of cracks
hrough enamel and into dentin. As such, it may
erve as a useful model for biomimetic formulations
n which mechanically dissimilar biomaterials must
e joined to restore form and function (Lin and
ouglas, 1994; Urabe, 2000; Fong, 2000; Marshall et
l., 2001).
The structure of the DEJ is generally described as

aving 25- to 100-mm-diameter scallops with their
onvexities directed toward the dentin (Arsenault
nd Robinson, 1989; Hayashi, 1992; Lustmann,
978; Rywkind, 1931; Scott and Symons, 1971; Sela
t al., 1975; Ten Cate, 1994; Whittaker, 1978). These
callops contain microscallops and finer structures.
esides the unique structure, the presence of a
mooth gradient of mechanical properties at the
unction is thought to contribute to the interfacial
onding between enamel and dentin and is consid-
red an important toughening mechanism that re-
uces stress concentrations. In order to obtain this
radation of properties a precise control of protein
xpression and biomineralization at the junction has
een suggested (Fong et al., 2000; White et al.,
000).
Measurements of the functional or mechanical
idth of an interphase require either a number of

ndependent measurements of properties spanning
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295FRICTION FORCES ACROSS THE DEJ
he interphase or a technique that provides contin-
ous data collection across the interphase. Indenta-
ion techniques have been used to obtain mechanical
roperties at discrete points across the DEJ. From
he gradient in hardness or elastic modulus, func-
ional widths of the DEJ have been estimated using
ither micro- or nanoindentations. Several authors
howed that mechanical properties displayed a
onotonic transition from enamel to dentin when

ndentations spanned the DEJ (Fong et al., 2000;
arshall et al., 2001; Urabe et al., 2000; Wang and
einer, 1998; White et al., 2000). However, large

ariations in the proposed width of the DEJ have
een reported for different techniques. Using micro-
ardness, a width of 100 to 200 mm was suggested
Wang and Weiner, 1998; White et al., 2000), while
anoindentation measurements revealed a width of
2 to 20 mm (Fong et al., 2000; Marshall et al., 2001;
rabe et al., 2000). However, using an indentation

echnique to quantify spatial variations of an inter-
ace is difficult. Sufficient spacing between indenta-
ions (about four times the indentation size) must be
aintained to ensure appropriate properties deter-
ination. Furthermore, the three-dimensional scal-

oped structure of the DEJ and its multilevel sub-
tructure should be taken into consideration when
echanical properties are obtained from cross sec-

ions through this junction.
The observations of a broad transitional zone be-

ween enamel and dentin are in contrast with data
cquired by high-resolution imaging at this junction.
everal authors indicated that if at all, only a nar-
ow interfacial zone between the mantle dentin and
namel is present (Bodier-Houlle et al., 2000; Ha-
ashi, 1992; Lin et al., 1993). Studies using trans-
ission electron microscopy at the DEJ showed fre-

uent bridging of collagen fibrils from the dentin
nto the enamel. The fibrils, however, did not reach
urther into the enamel than a few hundred nano-
eters. The junction was more typified by an abrupt

tructural demarcation, comparable to the presence
f a plain interface, between dentin and enamel.
his demarcation line, however, was very irregular,
howing deep interpenetrations of the two phases
ue to the scalloped architecture of the junction.
In this study, the concept of continuously moni-

oring properties along a line was applied to the DEJ
sing a nanoscratching technique that facilitates
he continuous recording of the friction coefficient.
n the field of protective and wear-resistant coat-
ngs, the scratch test is a common tool for charac-
erizing the mechanical resistance of the coating–
ubstrate interface (Benjamin and Weaver, 1960; Li
nd Bhushan, 1999; Steinmann et al., 1987). As
uch, the adhesion forces and scratch hardness of
aints are measured by straining the coating with
n increasing load on the stylus until cracking oc-
urs.
The development of nanoindentation techniques

nabled measurements of mechanical properties of
ayers and structural entities on the nanometer
cale. Thus, site-specific information, e.g., hardness
nd elastic modulus, of microfeatures in biological
issues and synthetic materials can be obtained (Ha-
elitz et al., 2001; Kinney et al., 1996; Rho et al.,
997; Zysset et al., 1999). Recent progress in
anotest methods facilitated lateral movement of a
anoindenter while simultaneously recording the

ateral force. Nanosized scratch tests are widely
sed to characterize thin films on semiconductor
ubstrates with thicknesses as low as a few nano-
eters (Kriese et al., 1998; Venkataraman, 1996).
Nanoscratch testing recently has been used to
easure friction of material surfaces (Wang et al.,

000). In the absence of plastic deformation, the
riction coefficient m can be determined as the quo-
ient of lateral to normal force, between stylus and
ample surface. Friction forces, however, depend not
nly on the attractive forces between sample surface
nd sliding stylus, but also on several extrinsic ma-
erials properties. For example, surface roughness
nd stylus geometry are difficult to control and can
remendously alter the frictional behavior (Buldum
t al., 1998; Steinmann, 1987). Thus, results must be
nterpreted as qualitative or semiquantitative. How-
ver, using this technique to measure frictional
orces would provide data sets that enable the quan-
ification of the two-dimensional size of material
hases with significant differences in their friction
roperties. The application of lateral force micros-
opy, for example, is based on the ability to detect
ifferences in the friction properties on the nanome-
er scale in order to acquire images of sample sur-
aces (Gibson et al., 1997).

For the present study the approach of Hodzic et al.
2000a,b), who performed scratches of a few nano-

eters in diameter across a glass–polymer inter-
hase and determined the functional width of the
nterphase, is employed. Here, nanoscratches are
onducted on enamel, on dentin, and across the
EJ of human teeth, and their friction coefficient
rofiles are recorded in order to determine the func-
ional width of the DEJ.

MATERIALS AND METHODS

Human third molars with documented history were extracted
ccording to protocols approved by the UCSF Committee on Hu-
an Research. Teeth were sterilized by gamma radiation and

tored (less than 4 months) in deionized water at 4°C until pre-
ared (White et al., 1994). Sagittal midcoronal sections (thickness
f 2 mm) were prepared by polishing through a series of SiO2

apers and with a diamond paste to 0.25 mm. Ultrasonic treat-
ents in water for 10 s were used to clean the surface. Specimens
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296 HABELITZ ET AL.
ere glued with cyanoacrylate to a metal disk for study in the
tomic force microscope (AFM).
Nanoindentations and nanoscratches were performed using an
FM (Nanoscope III, Digital Instruments, Santa Barbara, CA)
ith the standard head replaced by a 2D-Tribo-Scanner

Hysitron Inc., Minneapolis, MN), which consists of two transduc-
rs. One transducer controls displacement and force in the verti-
al axis, which is the common assembly for nanoindentation
xperiments (Oliver and Pharr, 1992). The second transducer is
ttached perpendicular to the vertical transducer and records
orizontal displacement and lateral forces applied to move the

ndenter across the specimen’s surface. Before a series of mea-
urements, calibration of the lateral force transducer was per-
ormed in air for the entire scratch length of 10 mm. In a typical
xperiment, an adequate area was selected, e.g., intertubular
entin or DEJ, using the imaging capabilities of the AFM. Then
onstant normal loads (LN) were applied, pressing the indenter
nto the sample surface, trying to avoid plastic deformation in
rder to obtain pure frictional behavior. However, depending on
he load and the hardness of the substrate, the indenter can
lightly penetrate into the material. Subsequently, the indenter
as driven horizontally across the sample surface while the nor-
al force was maintained. Lateral (LL) and normal forces (LN), as
ell as normal and lateral displacements were recorded during

he scratch test. Lateral or frictional forces opposing the sliding
ovement of the indenter and the substrate were attributed to

hree components: adhesion forces, elastic deformation of surface
sperities, and plowing forces or plastic deformation. The last
orces should be minimized in order to ensure pure frictional
ehavior (Suh and Sin, 1981). Hence a relatively blunted tip, a
pherical diamond tip with a tip radius of 10 mm (Hysitron Inc.,
N), and low loads of 50, 100, 200, 300, or 600 mN were applied.
scratch length of 10 mm and a scratch rate of 333 nm/s were

hosen for the experiment. The friction coefficients (m) were mon-
tored with 1000 data points over the whole length of the scratch
nd were calculated from the equation m 5 LL/LN.
Friction coefficients of the intertubular dentin within the man-

le dentin and enamel at areas close to the DEJ (distance ,200
m) were determined. A minimum of 3 scratches at each load on
entin and enamel of each tooth were conducted. Subsequently,
cratches across the DEJ were performed in both directions, from
entin toward enamel and vice versa. The functional width of the
EJ was determined by measuring the width of the slope be-

ween friction coefficients attributed to dentin and enamel. The
verage functional width of the DEJ was obtained from 48
cratches at loads between 100 and 600 mN on all three teeth
tudied.

RESULTS

Figure 1 shows AFM images of nanoscratches con-
ucted on human dentin (Fig. 1a), on enamel (Fig.
b), and across the DEJ (Fig. 1c) at loads as indi-
ated for each scratch. Nanoscratches were visible
nly if scratch tests were performed at loads of at
east 200 or 100 mN on dentin and enamel, respec-
ively. The use of AFM facilitated the exact place-
ent of scratches on intertubular dentin, avoiding

cratching across peritubular dentin and tubules,
hich have different friction characteristics.
cratches on enamel crossed at least one entire rod
nd were performed without respect to the rod ori-
ntation. AFM images of the DEJ revealed a surface
tep between dentin and enamel as shown in Fig. 1c.
ue to differences in elastic modulus, the softer
entin deforms more under the pressure applied for
olishing and the surface level of dentin appears to
e about 100 to 250 nm below the enamel level after
olishing. Scratches at the DEJ were conducted
rossing the junction perpendicularly. The scratches
ere more profound on the dentin side. At a load of
00 mN the scratch depth was approximately 25 6 5
m, as determined from the AFM images. Scratches
n the enamel side were shallower and thus more
ifficult to image because resolution decreased at
he DEJ due to the higher surface roughness and
ncreased z range (see Fig. 1c).

Figure 2 shows a characteristic course of lateral
nd normal force versus displacement obtained dur-
ng scratching across enamel. Data points were re-
orded every 10 nm for the whole scratch length of
0 mm. The normal load, which was set to 300 mN,
aried between 275 and 320 mN, which was attrib-
ted to adjustments to surface irregularities and
pecimen tilt. The lateral force in this experiment
aried between 43 and 53 mN. Background noise of
he lateral force increased significantly with de-
reasing loads. Friction coefficients were obtained
or the whole scratch length from the quotient of
ateral to normal force. Characteristic friction coef-
cient courses for dentin (a), enamel (c), and the
EJ (b) are shown in Fig. 3. Courses of friction

oefficients of dentin (curve a) had a relatively high
ackground noise compared to enamel (curve c),
hich is attributed to the increased surface rough-
ess of dentin. Curve b of Fig. 3 shows an abrupt
ransition in friction forces when scratches cross the
EJ. Average friction coefficients of 0.31 6 0.05 and
.14 6 0.02 for dentin and enamel, respectively,
ere calculated from all specimens studied and for

he whole range of loads applied. Friction coeffi-
ients of enamel remained approximately constant
or loads between 50 and 600 mN, as shown in Fig. 4.
he friction coefficient curve of dentin showed a
igher noise level, which is attributed to an in-
reased surface roughness compared to enamel. The
riction coefficient of dentin was about 0.3 for loads
etween 50 and 300 mN. At loads of 600 mN the
riction coefficient dropped slightly to 0.25. High
tandard deviations at low loads are attributed to
ore background noise of the lateral force recording.
cratching from dentin toward enamel showed a
ontinuous and sharp decrease in friction coeffi-
ients. Within a lateral displacement or scratch
ength of a few micrometers the friction coefficients
ecreased from the level of the intertubular dentin
o a level slightly above the level of enamel. The
ateral displacement, which is covered by the slope
etween the friction coefficients of dentin and
namel, was considered to be the functional width of
he DEJ. Figure 5 illustrates how the width was
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297FRICTION FORCES ACROSS THE DEJ
etermined. Forty-eight scratches across the DEJ of
hree different teeth at loads between 100 and 600
N were evaluated and resulted in an average width
f 2.0 61.1 mm. A slight increase in the functional
idth with normal force was observed. Average
idths of 1.7, 1.8, 2.2, and 2.5 mm were determined
t loads of 100, 200, 300, and 600 mN, respectively.
owever, the differences in width were not signifi-

ant (P . 0.05, ANOVA). When scratching was
onducted in the opposite direction, from enamel
oward dentin, a similar friction coefficient profile
as obtained. The friction coefficient increased from

he level of the enamel to the level of the dentin
ithin 1.6 6 0.7 mm and was not significantly dif-

erent from results obtained from scratch tests per-
ormed in the other direction. The course of the
riction coefficients at the DEJ often showed a mono-

FIG. 1. AFM images of nanoscratches across (a) intertubular d
olars. Numbers indicate the load applied in micronewtons. Th

ndicating increased topographic height in a linear scale.
entin, (b) enamel rods, and (c) dentino-enamel junction of human third
e color schemes show the z range of the images, with brighter colors
FIG. 2. Force–displacement courses for a scratch of 10 mm on
namel: Normal load was set to 300 mN and resulted in a lateral
orce of around 45 mN.
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298 HABELITZ ET AL.
onic slope, but occasionally also revealed sudden
hifts in the friction behavior, illustrated as humps
n Fig. 5.

DISCUSSION

Nanoscratches conducted on enamel and intertu-
ular dentin yielded friction coefficients of these tis-
ues for the particular indenter used. The friction
oefficient of dentin was significantly higher than

FIG. 4. Friction coefficients of enamel and dentin at different
oads (error bars are standard deviations).

FIG. 3. Courses of friction coefficients versus lateral displac
entin, (b) across DEJ, and (c) on enamel.
hat of enamel, which can be attributed to the higher
ontent of organic phases in intertubular dentin
;45 vol%) (Butler, 1998) compared to enamel (;12
ol%), which is also reflected in the lower hardness
nd elastic modulus of dentin (Habelitz et al., 2001;
inney et al., 1996).
Using an AFM for exact positioning, scratch tests
ere performed crossing the DEJ. A very narrow

ransitional zone of friction properties between the
entin and enamel was revealed. The width of the
radient in friction coefficients at the DEJ was on
he order of 2 mm and is assumed to be the func-
ional width of the DEJ. This width is significantly
ower than values obtained by nano- or microinden-
ation techniques. As shown by Hodzic et al. (2000b)
or glass–polymer interfaces, scratch tests can pro-
ide improved estimates of mechanical property
hanges at interphases. The advantage of nano-
cratch testing versus nanoindentation lies in the
ontinuous measurement of properties. Whereas
anoindentations placed along a line require spac-

ng to avoid interaction of the plastic zone and the
ontact stress fields, nanoscratching allows continu-
us reading of the frictional properties along the line
r scratch and thus improves the spatial resolution
f the measurement.
Furthermore, deep penetration into the material
as avoided by using a blunted indenter for scratch

esting at low loads. Scratch depths between 10 and

: Nanoscratches were performed at 200-mN normal force (a) on
ement
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299FRICTION FORCES ACROSS THE DEJ
0 nm were measured on dentin at loads between
00 and 600 mN. Thus, the interaction of the tip with
he material is mostly reduced to the surface. In
ontrast, sharp indenters (e.g., Vickers, Berkovich,
r cube corner) cause larger and deeper indenta-
ions, as illustrated by a comparison of indentation
tudies found in the literature and are summarized
n Table I. In particular, the use of a microindenter,
lthough applied at relatively low loads, increases
he indentation size and depth by several times. As
hown by Hodzic et al. (2000b) reliable values of the
idth of an interphase are facilitated only if the size
f the indentation is significantly smaller than the
ize of the interphase. Since the interfacial zone of
istinct mechanical properties between the enamel
nd dentin is only a few micrometers, large inden-
ations would not be valuable. Thus, microindenta-

TA
Comparison of Indentation Characteris

Type of indenter Load
Indentat
on huma

ickers microindentationa 147 mN 3.4
erkovich nanoindentationb 1 mN 100
ube corner nanoindentationc 500 mN 300
pherical nanoscratchtesterd 300 mN 25

Note. Dimensions refer to indentations on the dentin side.
a White et al. (2000).
b Fong et al. (2000).
c Marshall et al. (2001).
d This study.

FIG. 5. Analysis of a course of friction coefficients obtained b
he slope relates to the functional width of the DEJ.
ions may overestimate the actual size of the junc-
ion due to averaging the dentin and enamel
ardness within individual indentations close to the
EJ (White et al., 2000). Indentations at the submi-

rometer level have a better spatial resolution. How-
ver, the indentations need to be spaced to avoid
nteractions, which then decrease the spatial infor-

ation of the measurement.
The DEJ shows several levels of scallop-like struc-

ures, which in cross sections appear as concavities
ointed toward the enamel (Whittaker, 1978). As
uch, it is a highly irregular, nonplanar junction.
sing indentation methods on such a three-dimen-

ional feature means that indentations may sample
arying mixtures of the phases on either side of the
unction. The deeper the indentation at the DEJ, the

ore likely is an interaction with an underlying

I
om Studies Conducted across the DEJ

th
tin

Indentation size
at surface Step size Width DEJ

17 mm 50 mm 27–100 mm
850 nm .2 mm 15–25 mm
800 nm 1–2 mm 10–13 mm
1.4 mm 0 mm 1–3 mm

tching across the DEJ at a normal load of 300 mN. The width of
BLE
tics fr

ion dep
n den

mm
nm
nm
nm
y scra



p
F
a
p
t
d
p
t
s
m

s
t
(
w
l
t
w
s
t
7
d
l
o
a
s
s
6

m
t
m
m
U
o
r

v
t
t
p
W
d
d
o
f
c
t
f
t
w
m
d
t
f
(
o
i
s
(

p
t
S
t
e
m
t
n
i
i

D
t
v

l
w
d

300 HABELITZ ET AL.
hase different from the DEJ, e.g., dentin or enamel.
igure 6 is a schematic drawing of nanoindentations
t the junction, where the DEJ is considered as a
lain, but irregular interface. In both cases shown,
he indentation penetrates two phases, enamel and
entin, resulting in a combination of mechanical
roperties, which are distinct from the properties of
he single phases. Avoiding deep penetrations
hould therefore allow a more accurate measure-
ent of the functional width.
This consideration is supported by the trend

hown in the literature that a decreasing indenta-
ion depth results in a decreased width of the DEJ
Table I). Hence, an extrapolation of the resulting
idths obtained from measurements at various

oads might be suitable to narrow down the size of
he DEJ. The width obtained at loads LN 5 0 N
ould theoretically correspond to the width mea-

ured by an infinitely low load or an infinitely small
ip. We applied this approach to our results and Fig.

shows a plot of load versus width of the DEJ. A
ecrease of the width was observed with decreasing
oads. According to a regression analysis, the width
f the DEJ at LN 5 0 would be about 1.6 mm and is
s such within the range determined by nano-
cratching. This approach, however, seems critical
ince the widths obtained at loads between 100 and
00 mN were not significantly different (P . 0.05).
Using nanoscratch testing an approximately
onotonic linear transition of the properties across

he junction was observed, which is in good agree-
ent with results from nanoindentation experi-
ents (Fong et al., 2000; Marshall et al., 2001;
rabe et al., 2000). However, to what extent this

bservation depicts the true mechanical behavior
emains questionable. A monotonic slope of property

FIG. 6. Schematic drawing of nanoindentations at the DEJ.
ue to the three-dimensional structure of the DEJ, nanoinden-

ations can penetrate dentin and enamel, resulting in an average
alue of mechanical properties.
alues at a junction can, on one hand, represent its
rue behavior. On the other hand, it is likely to be
he result of a superimposition and averaging of
roperties of the single phases (Hodzic et al., 2000b).
ith a minimum contact area of the spherical in-

enter with the specimen surface of about 1 mm in
iameter, nanoscratch testing would not be capable
f measuring the actual dimension of the DEJ if it is
ormed of an interphase below 1 mm in size or if it
onsists of a simple interface. Applying the scratch
est to quantify the size of highly irregular inter-
aces, however, does not eliminate the influence of
he angle in which the interface is crossed on the
idth of this interface. In this study we attempted to
aintain the direction of the nanoscratches perpen-

icular to the orientation of the DEJ. However, due
o its scalloped architecture, scratches sometimes
ollowed the curved interfacial line tangentially
Fig. 1c) before crossing. This could increase the size
f the transition zone in the lateral force profiles and
s assumed to be a reason for the relatively high
tandard deviations of the average width of the DEJ
2.0 6 1.1 mm).

Hence, in order to better understand property
henomena at the DEJ we are currently studying
he three-dimensional structure of this junction.
imulations of the DEJ interpenetrating architec-
ure relating structure to properties might further
lucidate the real width of the DEJ. Regarding bio-
imetic modeling of the DEJ, emphasis on the in-

erfacial design concerning its microstructural orga-
ization and roughness is encouraged in order to

mprove joining of materials with different mechan-
cal properties.

FIG. 7. The average functional width of the DEJ at different
oads applied: Width decreases with load. Extrapolation yields a
idth of 1.6 mm at a load of 0 mN (error bars are standard
eviations).
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301FRICTION FORCES ACROSS THE DEJ
CONCLUSIONS

This study introduces nanoscratch testing as a
seful method to determine functional dimensions of

nterfaces in biological hard tissues. By continuous
ecording of the frictional forces along a line crossing
he junction between enamel and dentin, a func-
ional width of the dentino-enamel junction of hu-
an third molars of approximately 2 mm was deter-
ined.

The authors appreciate the helpful suggestions for data evalu-
tion by Dr. Brian R. Lawn, National Institute of Standards and
echnology (Gaithersburg, MD) and the financial support by
IH/NIDCR Grant DE13029.
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