(13) FiffA2004-29373(P2004-29373A)

24 E3FEEL X

25 EI2EETF
L1:L—¥RXiEHES> 7
L2 : a@EXt

— 1 : 51558 L XDEREhERE
D—2 : 835 L v XoEREiEE

(E1] (2]

(Gl &5

41

[B2a0oun—5]~42  [m1amutnTy |

;2 1 1gatse r._.w ; =5

,i ﬁ2i’-§1§i@fﬁ } s2 [ ®mmem | |
| ol
i1 AE 4 e gt Mo i H

Mi I

42 @2 ASD) m /, i
m&z&@w EETE

43 (CODERERY ;
| b“ i

“25 : e I x’e NI !
[ SO ed

~— L2 § 0 'igo ‘bu T .
24 DA DI~ % |

21 20 61\ e 3 (FHARIR )
A ) e
= = = a5 E
T

2\: _faz-u ]_40
HHERS

Align Ex. 1002 (Part 2 of 3)
U.S. Patent No. 9,962,244

0351



(14) FiffA2004-29373(P2004-29373A)

(3] [[15])

(2141

AR A0 LB E
BEFHOM L XSO
SRR U & L B Huiix ~- 510
LXK 18 R 24 AT,

EBEOH L L AITENT

BEICHMEC THE, XTY
LUHC

with L KR~ $11

t

BRENIIUL N TBRE | 590
U ADIERC, BRUCAEBHTS

(6] (7]

B SRS 550
RHL X EREORSERNEL (R 841
HRL o Z16OFhEFAOMARa. B %
H FEHICHELCEE, A EULTHLC
11218 19a
<19A 41 ]
BRI MWL L XIEN T RBR
il LR 18 DER BRI BET S [542
v -
{ VR f—543
| U— R OFF |
cCo
e
RN L Y XIS T B | cas
[3 X teONEaLERL U XEBRTE
26 1
- | 55~ COD I REM }os4s

;
05— EREES SRR sar
i

BERE NS LD KCEM T AR S48
L Z B DR« CHR L AEBEHYT S

S48

0352



(8]

0353

(15) F5FA2004-29373(P2004-203734)

(9]

Y]

13 1 19a 195
jér_g fi > |4
i

CA -
1

43
L2 28 42
< e "
A
2




(16) FiffA2004-29373(P2004-29373A)

(72)580H% T &
RERFABRH NIRRT E1 TH3E14 5 Aot —xr2m
F#—A(5%#) 2H052 AA08 AB17 AB21 AB24 ACO7 AC1Z2 AC14 AC15 ACI6  AC33
AC34 ADOS ADOG6 ADIS AD35 AFO2 AFQ6 AF14

0354



EP 2 241 248 A2

(1 9) Europiisches

European
Patent Office

Office européen
des brevets

(11) EP 2 241 248 A2

(12) EUROPEAN PATENT APPLICATION

(43) Date of publication:
20.10.2010 Bulletin 2010/42

(21) Application number: 10007060.6

(22) Date of filing: 09.01.2009

(51) IntCl.:

A61B 5/00(2006.01) A61B 1/24 (2006.01)

(84) Designated Contracting States:
DEESFIFRGBIT

(30) Priority: 11.01.2008 US 972907

(62) Document number(s) of the earlier application(s) in
accordance with Art. 76 EPC:
09000250.2 /2 078 493

(71) Applicant: Carestream Health, Inc.
Rochester, NY 14608-1733 (US)

(72) Inventors:
* Llang, Rongguang
Penfield, New York 14526 (US)

¢ Inglese, Jean-Marc
77437 Bussy Saint Georges (FR)

(74) Representative: Wagner, Karl H.
Wagner & Geyer Partnerschaft
Patent- und Rechtsanwilte
Gewiirzmiihistrasse 5
80538 Miinchen (DE)

Remarks:

This application was filed on 08 07 2010 as a
divisional application to the application mentioned
under INID code 62.

(54) Intra-oral camera for diagnostic and cosmetic imaging

(57)  An apparatus for obtaining images of a tooth
comprises at least one image sensor disposed along an
optical axis to take polarized reflectance image and flu-
orescence image, at least one broadband illumination
apparatus for reflectance imaging, and a narrow-band

150

\

142 140 —

ultraviolet illumination apparatus for fluorescence imag-
ine. In order to remove the specular reflection, one or
more polarization elements are disposed along the opti-
cal axis. A filteris disposed along the optical axis to block
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Description
FIELD OF THE INVENTION

[0001] Thisinvention generally relates tomethods and
apparatus for dental imaging and more particularly re-
lates to an intra-oral camera apparatus that includes ca-
pabilities for caries detection as well as for shade match-

ing.
BACKGROUND OF THE INVENTION

[0002] Digitalimaging has been adaptedto serve den-
tistry for both diagnostic and cosmetic purposes. For ex-
ample, there have been a number of dental imaging sys-
tems developed for diagnosis of dental caries in its var-
ious stages, capable of assisting in this diagnostic task
without the use of x-rays or other ionizing radiation. One
methed that has been commercialized employs fluores-
cence, caused when teeth are illuminated with high in-
tensity blue light. This technique, termed Light-Induced
Fluorescence (LIF), operates on the principle that sound,
healthy tooth tissue yields a higher intensity of fluores-
cence under excitation from some wavelengths than
does de-mineralized tooth tissue that has been damaged
by caries infection. The strong correlation between min-
eral loss and loss of fluorescence for blue light excitation
is then used to identify and assess catious areas of the
tooth. A different relationship has been found for red light
excitation, a region of the spectrum for which bacteria
and bacterial by-products in carious regions absorb and
fluoresce more pronouncedly than do healthy areas. Uti-
lizing this behavior, U.S. Patent No. 4,290,433 entitled
"Method and Apparatus for Detecting the Presence of
Caries in Teeth Using Visible Luminescence” to Alfano
discloses a method to detect caries by comparing the
excited luminescence in two wavelengths. The use of
fluorescence effects for caries detection is also described
in U.S. Patent No. 6,231,338 entitled "Method and Ap-
paratus for the Detection of Carious Activity of a Carious
Lesion in a Tooth" to de Josselin de Jong et al.

[0003] Reflectance characteristics of visible light have
also been used for oral caries diagnosis. For example,
U.S. Patent No. 4,479,499 entitled "Method and Appa-
ratus for Detectingthe Presence of Caries in Teeth Using
Visible Light" to Alfano describes a method to detect car-
ies by comparing the intensity of the light scattered at
two differentwavelengths. Commonly assigned U.S. Pat-
ent Application Publication 2007/0099148, previously
mentioned, desctribes an improved method for caries de-
tection that combines both flucrescence and reflectance
effects.

[0004] Amongcommercialized products for diagnostic
dental imaging using fluorescence behavior is the QLF
Clinical System from Inspektor Research Systems BV,
Amsterdam, The Netherlands, described in U.S. Patent
6,231,338. Using a different approach, the Diagnodent
Laser Caries Detection Aid from KaVo Dental GmbH,
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Biberach, Germany, describedin U.S. Patent 6,024,562,
detects caries activity monitoring the intensity of fluores-
cence of bacterial by-products under illumination from
red light. Othercommercial products, such asthe DIFOTI
system from Electro-Optical Sciences, Irvington, NY, de-
scribed in U.S. Patent 6,672,868, use transmission of
light through the tooth structure for diagnostic imaging.

[0005] Diagnostic imaging methods have been devel-
oped for use with hand-held devices. For example, U.S.
Patent Application Publication 2005/0003323, entitled
"Diagnostic Imaging Apparatus” by Naoki Katsuda et al.
describes a complex hand-held imaging apparatus suit-
able for medical or dental applications, using fluores-
cence and reflectance imaging. The’3323 Katsuda et al.
disclosure shows an apparatus that receives the reflec-
tion light from the diagnostic object and/or the fluores-
cence of the diagnostic object with different light irradia-
tion. However, with such an approach, any unwanted
specular reflection produces false positive results in re-
flectance imaging. Moreover, with the various illumina-
tion embodiments disclosed, the illumination directed to-
ward a tooth or other diagnostic object is not uniform,
since the light source is in close proximity to the diagnoes-
tic object.

[0006] Cosmetic dentistry has also taken advantage
of digital imaging capability to some extent, primarily for
shade-matching in tooth restoration or replacement.
There have been numerous solutions proposed for pro-
viding some form of automated shade matching to assist
the dentist. A few examples are given in U.S. Patents
No. 6,132,210 and 6,305,933, both entitled "Tooth Shade
Analyzer System and Methods" both to Lehmann; and
in U.S. Patent Application Publication No. 2005/0074718
entitled "Tooth Shade Scan System and Method" to Gra-
ham et al. Apparatus solutions for cosmetic imaging are
outlined, for example, in International Publication No.
W02005/080929 entitled "Equipment and Method for
Measuring Dental Shade” by Inglese and in U.S. Patent
No. 4,881, 811 entitled "Remote Color Measurement De-
vice" to O’Brien. Commercialized hand-held products di-
rected to shade matching include the ShadeScan™ sys-
tem from Cynovad, Montreal, CA, described in Cynovad
brochure 1019 of February 2002; and the Shade-Rite™
Dental Vision System from X-Rite Inc., Grandville, MI,
described in U.S. Patent 7,030,986. Notably, hand-held
shade-matching systems are not designed for ease of
access to any but the front teeth Conventional shade-
matching techniques can match tooth color acceptably,
but may not provide enough data for providing a substi-
tute tooth that appears real and exhibits some amount
of translucence. This is largely because conventional
cosmetic imaging systems are directed primarily to color
matching, but provide insufficient information on tooth
translucency and surface texture. For cosmetic systems
that measure translucency, little or no attention is paid
to uniformity of illumination. This results in an uneven
distribution of light and reduces the overall accuracy of
the system for measuring tooth translucency.
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[0007] In spite of the growing range of imaging devices
that is now available to the dental practitioner for diag-
nostic and cosmetic purposes, there is still room for im-
provement. Diagnostic imaging apparatus and shade-
matching systems are still separate pieces of equipment,
each system having its own requirements for system op-
tics. To a large extent, this is the result of their different
functions, affecting numerous components from illumi-
nation, light shaping, and imaging subsystems. For ex-
ample, the illumination requirements for diagnostic im-
aging, largely using fluorescence effects, differ signifi-
cantly from those of cosmetic imaging, which largely em-
ploys reflective light. Specular reflection can be undesir-
able for both diagnostic and cosmetic imaging, but must
be compensated in different ways for each type of imag-
ing. Image sensing, the use of polarization and spectral
content, and other features further differentiate diagnos-
tic from cosmetic systems. Thus, it would be advanta-
geous to provide an intra-oral camera that could be used
for both diagnostic and cosmetic functions.

SUMMARY OF THE INVENTION

[0008] An object of the present invention is to provide
improved apparatus and methods for dental imaging.
With this object in mind, the present invention provides
an apparatus for obtaining an image of atooth comprising
at least one image sensor disposed along an optical axis;
at least one broadband illumination apparatus for reflect-
ance imaging; a narrow-band ultraviolet illumination ap-
paratus for fluorescence imaging; one or more polariza-
tion elements disposed along the optical axis to eliminate
specularreflection; afilter disposed along the optical axis
to block narrow-band ultraviolet light; and a switch for
selecting one of the operation modes of reflectance and
fluorescence imaging.

[0009] An embodiment of the method of the invention
is useful for obtaining images of a tooth for cosmetic im-
aging and comprises steps of directing light fromthe light
source to tooth for obtaining a monochromatic image for
translucency measurement; directing polarized visible
light from one or more color light sources to the tooth for
obtaining a polarized color reflectance image; calibrating
the illumination uniformity and tooth shape; calculating a
tooth shade for tooth restoration according to the images
obtained; displaying a simulated image of the tooth using
the calculated shade information; obtaining customer
feedback on the displayed image; and sending or saving
the tooth shade information.

[0010] A feature of the present invention is that it uti-
lizes a common optical system for both diagnostic and
cosmeticimaging. An advantage of the presentinvention
is that it provides a single imaging instrument for a range
of dental applications.

[0011] These and other objects, features, and advan-
tages of the present invention will become apparent to
those skilled in the art upon a reading of the following
detailed description when taken in conjunction with the
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drawings wherein there is shown and described an illus-
trative embodiment of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] While the specification concludes with claims
particularly pointing out and distinctly claimingthe subject
matter of the present invention, it is believed that the in-
vention will be better understood from the following de-
scription when taken in conjunction with the accompany-
ing drawings, wherein:

Figure 1 is a schematic block diagram of an imaging
apparatus for caries detection and shade matching
according to one embodiment;

Figure 2 is a schematic block diagram of an imaging
probe for diagnostic and cosmetic imaging;

Figures 3ato 3d show example schematic diagrams
for different arrangements of components suitable
for use as an illumination apparatus in embodiments
of the present invention;

Figure 4 is a schematic block diagram of an imaging
probe configured for diagnostic imaging;

Figure 5 shows, in a front view taken along line 5-5
of Figure 4, one arrangementformultiple illumination
apparatus used in the embodiment shown in Figure
4.

Figure 6 shows an alternate embodiment of the im-
aging probe that employs a fold mirror for improved
access to tooth surfaces;

Figure 7 shows another alternate embodiment of the
diagnostic mode optical path using a polarization
beamsplitter;

Figures 8a and 8b show two configurationsfora color
sequential illumination method;

Figures 9a and 9b show two embodiments of an at-
tachment for capture of transmitted light;

Figure 10 shows an arrangement of probe 100 with
two sensors;

Figure 11 shows an arrangement of probe 100 with
three sensors;

Figure 12 shows an arrangement of probe 100 with
three sensing regions;

Figure 13 shows a point-based method for measur-
ing tooth translucency;

Figure 14 is a logic flow diagram showing how the
imaging apparatus of the present invention can be
operated in either diagnostic or cosmetic modes;
Figure 15 is a logic flow diagram that shows how
processor logic uses the translucency and color data
obtainedin the process of Figure 14 to provide shade
matching; and

Figure 16 shows an alternative arrangement of light
sources suitable for use in the apparatus of the in-
vention.
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DETAILED DESCRIPTION OF THE INVENTION

[0013] The method and apparatus of the present in-
vention combine both diagnostic and cosmetic functions
to provide a versatile intra-oral imaging system for use
by dental practitioners. As noted earlier in the back-
ground section, there are significant differences in re-
quirements between diagnostic and cosmetic imaging,
including different light source and optical system re-
quirements, appropriate compensation for specular re-
flection, and different image processing. Moreover, cos-
meticimagingitselfis complexand can involve morethan
merely shade matching. In addition to matching color,
accurate cosmetic imaging also requires that additional
information on more subtle tooth features be obtained,
including translucency, surface texture, gloss, and other
characteristics.

[0014] Commonly assigned U.S. Patent Application
Publication No. 2007/0099148, previously mentioned
and incorporated herein by reference, describes a diag-
nostic imaging approach that combines both fluores-
cence and reflectance effects in order to provide Fluo-
rescence Imaging with Reflectance Enhancement
(FIRE). Advantageously, FIRE detection can be accurate
at an earlier stage of caries infection than has been ex-
hibited using existing fluorescence approaches that
measure fluorescence alone. The apparatus and meth-
ods of the present invention further expand upon the use
of FIRE imaging, as described in detail in the 9148 ap-
plication, in order to provide the added advantages of
cosmetic imaging when using a single intra-oral camera.
[00156] The schematic block diagram of Figure 1 shows
basic components of an imaging apparatus 150 for both
diagnostic and cosmetic intra-oral imaging in one em-
bodiment. Animaging probe 100 is usedto obtain images
from atooth 20, either for diagnostic or cosmetic purpos-
es. A control logic processor 140 communicates with
probe 100to obtain the image dataandprovidesthe proc-
essed image on a display 142.

[0016] Imaging apparatus 150 can operate in either of
two modes: a diagnostic mode or a cosmetic imaging
mode. Subsequent embodiments give examples show-
ing how operationin either orboth modes can be obtained
using a suitable configuration of probe 100 and adapting
the illumination, data collection, imaging processing, and
data recording and display functions accordingly.
[0017] The schematic diagram of Figure 2 shows an
embodiment of imaging probe 100 that can be used for
both diagnostic and cosmetic imaging purposes. Probe
100 has a handle 32 and aprobe extension40. Acommon
optical axis O applies for both diagnostic and cosmetic
image capture. lllumination for any type of image is pro-
vided from one or more of illumination apparatus 12a,
12b, 12¢, or 12d, which include light sources and beam
shaping optical elements. An optional attachment 30 pro-
vides illumination for translucency measurement. Probe
100 also includes a mode switch 36 which is used to
select either of the operating modes: diagnostic or cos-
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metic. Animaging assembly 34 contains the imagingsen-
sor and its supporting optical components, as described
subsequently.

[0018] Each of illumination apparatus 12a-12d may
have both light source and beam shaping optics. Each
illumination apparatus could have its own light source,
or a single light source could serve for multiple illumina-
tion apparatus 12a-12d, provided with an appropriate
spectral selection filter for each illumination apparatus,
for example. The light source could be a solid-state light
source, such as a light emitting diode (LED) or laser, or
could be a broadband light source such as xenon arc
lamp or other type of light source.

[0019] Figures 3a to 3d show example schematic dia-
grams for different arrangements of components that
could be used for illumination apparatus 12a-12d in em-
bodiments of the present invention. Each of these con-
figurations has a light source 21. Beam-shaping optical
elements 22, such as beam-shaping components 223,
22b, or 22¢ condition and shape the light for uniform il-
lumination on the tooth surface. If the beam profile from
the light source is uniform enough for illumination on the
tooth surface, nobeam shaping optics are needed. Beam
shaping component 22a of Figure 3a is a diffuser. Beam
shaping component 22b of Figure 3b is a spherical or
aspherical optical element. Beam shaping component
22c of Figure 3c is a light pipe. Figure 3d shows a con-
figuration using a number of these different components
in combination within an illumination apparatus. Other
beam shaping components that are part of illumination
apparatus 12a- 12d can include light guiding or light dis-
tributing structures such as an optical fiber or aliquid light
guide, forexample (not shown). The light level is typically
a few milliwatts in intensity, but can be more or less, de-
pending on the light shaping and sensing components
used.

[0020] Each illumination apparatus 12a -12d can be
arranged in a number of ways, as shown in detail sub-
sequently. Light source 21 for each illumination appara-
tus emits light with appropriate wavelengths for each dif-
ferent imaging mode. In one embodiment, for example,
lightsource 21 inillumination apparatus 12a emits broad-
band visible light (400nm - 700nm) for polarized reflect-
ance imaging, or a combination from light sources with
different spectrum, such as acombination of Red, Green
and Blue light emitting diodes (LEDs). Light source 21 in
illumination apparatus 12b emits narrow band ultraviolet
(UV) light (375nm - 425nm) to excite tooth fluorescence.
Light source 21 inillumination apparatus 12c emits Near-
Infrared (NIR) light for translucency measurement. Light
source 21 in illumination apparatus 12d emits blue light
or UV for tooth surface texture measurement. The light
used in the illumination apparatus 12a can be also ob-
tained from other sources, such as a daylight simulator.

Diagnostic Imaging Mode

[0021] The schematic diagrams of Figures 4 and 5
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show probe 100 as configured for diagnostic imaging.
Probe 100 has a handle 32 and a probe extension 40
that is designed for insertion into the mouth for both im-
aging modes. lllumination apparatus 12a, with the coop-
eration of polarizer 42a, which is placed in front of the
illumination apparatus 12a, provides uniform polarized
white light illumination on the tooth surface for polarized
reflectance imaging. lllumination apparatus 12b directs
UV light toward tooth 20 through a bandpass filter 46 to
excite fluoresecence in the tooth. Bandpass filter 46 is an
option and is helpful for improving spectral purity of illu-
mination from the light source in illumination apparatus
12b.

[0022] Light reflected from tooth 20 passes through a
central opening among the illumination apparatus and
through an analyzer 44. One or more lenses 66 then di-
rect reflected light through a spectral filter 56. Spectral
filter 56 has a long pass that captures fluorescence data
over a range of suitable wavelengths and blocks the ex-
citation light from the light source. In order to obtain a
true color reflectance image, the cut-off wavelength of
the spectral filter 56 is selected so that it can block the
excitation light from illumination apparatus 12b, but not
block the blue portion of the light from illumination appa-
ratus 12a. The fluorescence image that has been ob-
tained from tooth 20 can have a relative broad spectral
distribution in the visible range, with light emitted that is
outside the wavelength range of the light used for exci-
tation. The fluorescence emission is typically between
about 450 nm and 600 nm, while generally peaking in
the green region, roughly from around 510 nm to about
550 nm. A sensor 68 obtains the fluorescence image,
typically using the green color plane. However, other
ranges of the visible spectrum could also be used in other
embodiments. When taking fluorescence image, analyz-
er 44 can be moved out of the optical axis O if necessary
to increase the fluorescence signal. Referring back to
Figure 1, this image data can then be transmitted back
to control logic processor 140 for processing and display.
[0023] Still referring to Figures 4 and 5, polarized re-
flectance image data is also obtained using many of the
same components. An illumination apparatus 12a directs
visible light, such as awhite light or other broadband light,
through a polarizer 42a, and toward tooth 20. Analyzer
44, whose transmission axis is oriented orthogonally with
respect to the transmission axis of polarizer 42, rejects
light from specular reflection and transmits light used to
form the reflectance image onto sensor 68. Filter 56 may
be removed out of the optical axis O or replaced with
another filter element as needed.

[0024] Sensor 68 may be any of a number of types of
imaging sensing component, such as a complementary
metal-oxide-semiconductor (CMOS) or charge-coupled
device (CCD) sensor. Light sources used in illumination
apparatus 12a and 12b can be lasers or other solid-state
sources, such as combinations using one or more light
emitting diodes (LEDs). Alternately, abroadband source,
such as a xenon lamp having a supporting color filter for
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passing the desired wavelengths, could be used.
[0025] Figure 5 shows one arrangement for multiple
illumination apparatus used in the embodiment shown in
Figure 4. As Figure 4 showed, probe 100 has multiple
illumination apparatus 12a, 12b, 12c, and 12d. lllumina-
tion apparatus that have the same light spectrum are
arranged to be symmetric to the optical axis of the imag-
ing optics for a uniform illumination.

[0026] The imaging optics, represented as lens 66 in
Figure 4, could include any suitable arrangement of op-
tical components, with possible configurations ranging
from a single lens component to a multi-element lens.
Clear imaging of the tooth surface, which is not flat but
can have areas that are both smoothly contoured and
highly ridged, requires that imaging optics have sufficient
depth of field. Preferably, for optimal resolution, the im-
aging optics provides an image size that is suited to the
aspect ratio of sensor 68.

[0027] Camera controls are suitably adjusted for ob-
taining eachtype of diagnostic image. Forexample, when
capturingthe fluorescence image, itis necessary to make
appropriate exposure adjustments for gain, shutter
speed, and aperture, since thisimage may notbe intense.
When sensor 68 is a color sensor, color filtering can be
performed by color filter arrays (CFA) on the camera im-
age sensor. That is, a single exposure can capture both
back-scattered reflectance and fluorescence images. In
one embodiment, the reflectance image is captured in
the blue color plane; simultaneously, the fluorescence
image is captured in the green color plane.

[0028] Image processing by imaging apparatus 150
(Figure 1) combines the reflectance and fluorescence
images in order to obtain a contrast-enhanced image
showing caries regions, as is described in the '9148
Wong et al. application. Various methods can be used
forprocessing, combining, and displaying the images ob-
tained.

[0029] Figure 6 shows an alternate embodiment of
probe 100 that employs a fold mirror 18 for improved
access totooth 20 surfaces. This fold mirror is necessary
in order to access the buccal surface of the molars and
the occlusal and lingual surface of all teeth. Figure 7
shows another alternate embodiment of the diagnostic
mode optical path using a polarization beamsplitter 38.
An illumination apparatus 14 provides light of one polar-
ization directed through a beam shaping optical element
14a from a light source 14b, which is reflected from po-
larization beamsplitter 38 and directed toward tooth 20.
Beam shaping optical element 14a shapes the light from
an illumination apparatus 14 to provide uniform illumina-
tion on the tooth surface. Reflected light of the opposite
polarization state is then transmitted through polarization
beamsplitter 38 toward sensor 68. This arrangement re-
moves specular reflected light from other scattered light,
so that the returned light includes a high proportion of
reflectance light from caries sites. Using the arrangement
of Figure 7, illumination apparatus 14 can be selected
from a number of configurations, such as a combination
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of the light sources with different wavelengths or a single
light source with spectrum selection filter. The light
source 14b can also be outside of the handheld probe
and the light delivered to the beam shaping optical ele-
ment 14athrough an optical fiber or other light guide such
as a liquid light guide. One advantage of this embodiment
is that illumination apparatus 14 can be easily changed
to meet different applications. For example, illumination
apparatus 14 can be changed to provide a daylight sim-
ulator for dental shade matching in cosmetic imaging
mode, as is described subseguently.

Cosmetic Imaging Mode

[0030] When switched to cosmetic imaging mode,
probe 100 operates under a different set of requirements.
In this mode the illumination sources and optical path are
suitably configured for the types of measurement that are
of particular interest for cosmetic imaging. This includes
the following:

(i) Color shade measurement;
(i) Translucency measurement; and
(iii) Surface texture or gloss measurement.

[0031] In embodiments of the current invention, color
shade measurement can be obtained using a number of
approaches. In one approach, illumination is provided
from polarized Red (R), Green (G), and Blue (B) light
sources, sequentially. The resulting R, G, B images are
then captured in sequence. The tooth shade can be cal-
culated from the RGB images that are obtained. In an
alternate approach, a polarized white light source is used
as source illumination. The color shade of the tooth is
then calculated from data in RGB planes of the white light
image.

[0032] In one conventional method, unpolarized light
is used in tooth shade measurement. One problem with
unpolarized light illumination relates to specular reflec-
tion. The light from specular reflection has the same spec-
trum as the illumination light source and doesn’t contain
colorinformation for the tooth. Additionally, very little sur-
face informationis obtained when specular reflection pre-
dominates and saturates the sensor.

[0033] By using polarized light illumination and spec-
ular reflection removal, embodiments of the present in-
vention overcomethis limitation and obtain scatteredlight
fromthe enamel and dentin. This scattered light contains
the true base color of the tooth.

[0034] Referring to Figures 4 and 5, when probe 100
of the present invention is used to measure tooth color,
a broadband light source in illumination apparatus 12a
is turned on. The broadband light from illumination ap-
paratus 12a passes polarizer 42a and illuminates the
tooth surface. Of allthe light reflected back from the tooth,
only the light having orthogonal polarization passes
through analyzer44 and reaches sensor 68. Tooth shade
information is calculated from the R, G, and B plane data
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of sensor 68.

[0035] Because sensor and filter performance are im-
perfect, there is some amount of cross talk between each
color plane when broadband illumination is used. An al-
ternative solution fortooth colormeasurementis to obtain
3 separate images sequentially, each image separately
illuminated using light of red, green, and blue spectra
separately. These images can then be combined to pro-
duce more accurate tooth shade information. One dis-
advantage of this method is that it may require additional
image processing in orderto alignthe three differentcolor
images since they are taken at different time.

[0036] Figures 8a and 8b show two configurations for
a color sequential illumination method. The first config-
uration of Figure 8a comprises three light sources 21
such as red, green and blue LEDs, and one beam shap-
ing optical element 22, which can be one ofbeam shaping
elements 22a, 22b, or 22¢, previously described or some
combination of these elements. Thesethree light sources
can be switched either simultaneously or sequentially in
order to obtain each of the composite Red, Green, and
Blue images separately. The second configuration of Fig-
ure 3b comprises a broadband light source 21, spectrum
selection filter 23 and beam shaping optical element 22.
While using this configuration, the spectrum selection fil-
ter 23 is rotated to change the illumination spectrum in
order to obtain Red, Green and Blue images. Lightsource
21 and spectrum selection filter 23 of this embodiment
can be built in or provided outside of probe 100. Illumi-
nation from these color sources could be directed to
probe 100 by optical fiber or liquid light guide. This type
of arrangement allows a wide selection of light sources,
without the constraints imposed by size and weight lim-
itations for probe 100.

[0037] The translucency of a tooth can be determined
by measuring the reflectance light returned fromthe tooth
or, alternately, the light transmitted through the tooth. The
translucency can be used as a coordinate of the meas-
urement point in one dimension of the shade space ded-
icatedto this parameter. It can also be used for correction
of at least one other coordinate of the measurement point
in another dimension.

[0038] To use the reflectance light to determine tooth
translucency, specular reflection must be removed either
by changing the illumination angle, or by using polarized
light illumination. One advantage of embodiments of the
present invention using polarized light illumination re-
lates to the light captured by the sensor and scattered in
enamel and dentin. If unpolarized light is used, specular
light reflected from the tooth surface and from the super-
ficial layer of the enamel is much more pronounced than
is the light returned from enamel and dentin. This can
lead to inaccurate translucency data.

[0039] Theoretically, with the uniform illumination and
ideal enamel, the tooth is more translucent if the light
level of the polarized light, reflected from the tooth sur-
face, and captured by the sensor 68, is lower. However,
there are several factors that can affect the light level of
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the polarized light captured by the sensor 68. These fac-
tors include, for example, the thickness of the enamel,
the local tooth defect, fillings, and local absorption.
Therefore, calibration is an important process for trans-
lucency measurement. Also, in order to determine the
translucency of the tooth from reflected light, calibration
is necessary to correct the illumination non-uniformity
and tooth shape factor. With calibration, one or more im-
ages captured for tooth color shade measurement, as
discussed in a previous paragraph, can be processed to
determine the tooth translucency. In one preferred em-
bodiment, Near-Infrared (NIR) light is used for tooth
translucency measurement since the scattering is weak-
er inside the tooth for light with longer wavelengths. In
particular, the measurements taken in infrared light can
be used for the correction of one coordinate of the meas-
urement point in a dimension corresponding to the red
shades. lllumination apparatus 12c and polarizer 42¢ in
Figures 4 and & provide NIR light for translucency meas-
urement.

[0040] When transmitted light is used to determine
tooth translucency, the tooth is illuminated from the side
opposite the image sensor. The illumination is not nec-
essarily polarized, since there is no specular reflection
intransmission mode. Translucency is determined by the
light level transmitted through the tooth. A higher light
level means that the tooth is more translucent.

[0041] Referring to Figures 9a and 9b, two embodi-
ments of attachment 30 are shown. Either embodiment
can be added to imaging probe 100 in order to capture
transmitted light. In both embodiments, light from illumi-
nation apparatus 12a or 12c is delivered to a light output
window 31 of attachment 30 by a light guide element.
The light source, such as LEDs or other solid state light
source, can also be placed directly in the light output
window 31. In the embodiment of Figure 9a, the light
illuminates the tooth at an angle, as indicated by lines
33. In the embodiment of Figure 9b, the light illuminates
the tooth directly. In both embodiments, calibration on
illumination uniformity is necessary when calculating the
translucency from the transmitted light.

[0042] Another parameterofthe tooth capable of being
used as a coordinate of the shade space, or as a correc-
tion parameter, is the tooth’s surface condition. This pa-
rameter is termed the roughness parameter, or texture.
The roughness parameter can be used to establish one
coordinate of the measurement point in one dimension
of the shade space dedicated to this parameter. This can
be determined by illuminating the tooth with light, and
measuring the angular distribution and intensity of the
light reflected from the tooth surface. A smooth tooth sur-
face tends to return a greater amount of specularly re-
flected light. Since the scattering effect is stronger for
light with shorter wavelength, blue or UV light source can
be generally more advantageous fortooth surface texture
or roughness measurement. Since the light reflected by
the tooth surface and superficial enamel layer is more
relevant to surface properties of the tooth, one strategy
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is toilluminate the tooth surface with polarized light, then
to capture light of the same polarization state that is re-
flected from the tooth.

[0043] Again referring to the architecture of probe illu-
mination shown generally in Figure 4 and more particu-
larly in Figure 5, illumination apparatus 12d and polarizer
42d provide polarized lightillumination for surface texture
measurement. The light source in illumination apparatus
12d could be any light source in the spectral range from
UVto NIR. In one preferred embodiment, UV orblue light
is used, since the surface scatter effect is stronger. For
surface roughness measurement, the orientation of po-
larizer 42d is orthogonal to that of other polarizers 42a
and 42c in order to capture the light reflected back from
the tooth surface with the same polarization as the illu-
mination light. Polarizer 42d is not a requirement for sur-
face roughness measurement and could be an option.
Without polarizer 42d, light captured by the sensor is still
polarized since there is an analyzer 44 in the imaging
path. This polarized light contains both specular lightand
scattered light, since the illumination light is unpolarized.
The analyzer 44 could be moved out of the optical axis
too as needed for surface texture measurement.
[0044] As described earlier with reference to Figures
7 and 8, instead of separate light sources, beam shaping
elements, andpolarizers, asingle broadband light source
with one spectrum selection filter and one beam shaping
element can also provide the needed illumination for
color shade, tooth translucency, and surface roughness
measurement.

[0045] lllumination uniformity is useful for determining
both tooth translucency and surface roughness meas-
urement. Any one of the illumination configurations
shown in Figure 3 could generate sufficiently uniform il-
lumination. On the other hand, tooth shape is another
factor which has a significant effect on the light level re-
ceived by the sensor. For example, even with the same
surface quality, the light level reflected back fromthetilted
surface is lower than that of the surface perpendicular
with the optical axis. For these reasons, calibration for
both illumination uniformity and surface shape is very
important in order to obtain accurate measurement on
tooth translucency and surface roughness.

Alternate Embodiments

[0046] Figures 10, 11, and 12 are alternative embod-
iments of probe 100 using more than one sensor. There
are some benefits with more than one sensor, especially
foran apparatus with diagnostic and cosmetic application
modes. In Figure 10, there are two sensors, 68a and 68b.
A polarization beamsplitter 65 divides the light returned
from the tooth into two parts having different polariza-
tions. The light with orthogonal polarization goes to sen-
sor 68a, while the light with the same polarization state
goes to sensor68b. Along pass filter 56 is placed in front
of the sensor 68b to block the excitation light from illumi-
nation apparatus 12b. In diagnostic imaging mode, sen-
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sor 68b captures a fluorescence image and sensor 68a
capturespolarized white lightimage. In cosmeticimaging
mode, the data from sensor 68b, which has the same
polarization state as the illumination beam, can be used
to determine the surface roughness. The data from sen-
sor 68a is used to calculate the color shade and translu-
cency.

[0047] The embodimentofprobe 100in Figure 11 com-
prises three sensors, one for each color. A beam splitter
element 67 separates the beam into three spectrum
bands: UV to Blue band, Green band and Red to NIR
band. One type of beam splitter element 67 that can be
used is an x-cube that is configured to direct light to three
sensors with different spectrum bands. As in Figure 10,
one long pass filter 56 is required in order to obtain flu-
orescence images without cross talk from the excitation
light. Since there are Red, Green and Blue imaging data
fromthree sensors separately, the calculated colorshade
is more accurate.

[0048] Figure 12 is yet another alternate embodiment
with three sensing regions 69r, 69g, and 69b in one sen-
sor 69. Color filter 58 is placed in front of sensor 69 so
that sensing regions 69r, 89g, and 69b capture the im-
ages in RED, Green and Blue regions. Since sensing
regions 69r, 69g, and 69b are in the same plane, three
separate imaging lenses 66a, 66b, and 66c are neces-
sary.

[0049] Figure 13 shows another point-based method
formeasuringtoothtranslucency and surface roughness.
As shown in this figure, a number of individual points,
shown as A, B, C, D and E, are illuminated with polarized
light. The sensor captures the tooth surface image
formed by the orthogonal polarized light reflected from
these points. The method illustrated in Figure 13 works
asfollows: Afterthe illumination lightreachesthe enamel,
it scatters inside the tooth randomly and exits the tooth
surface from all over the tooth surface. Even when the
tooth is notilluminated over its entire surface, the sensor
can still obtain the tooth image with sufficient scattered
light. This image gives a particularly good characteriza-
tion of tooth properties, such as tooth translucency and
surface roughness. It should be emphasized that Figure
13 only presents a point illumination method. Other illu-
mination methods, such as grid illumination and line illu-
mination, can be applied and can offer similar advantag-
es.

Operation of Imaging Apparatus 150

[0050] Imaging apparatus 150 is designed to obtain
translucency, surface texture, and color shade measure-
ments as well as to obtain images for dental caries de-
tection. Figure 14 is a logic flow diagram showing how
this apparatus can be operated in either mode. Initially,
an operation mode selection 70 is made, such as by ac-
tuating mode switch 36. In diagnostic imaging mode, the
light source inillumination apparatus 12a or 12b isturned
on for tooth examination (step 72). When the operator
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decides to capture the images and pushes the shutter
(or otherwise enters the command to capture the image),
the light sources in illumination apparatus 12a and 12b
are switched on and off sequentially for sensor 68 to cap-
ture the polarized reflectance image and fluorescence
image (step 73). Then the image processing software
processes the images and provides the analyzed data
(step 76). Software suitable for this purpose is disclosed
in commonly assigned, copending U.S. Patent Applica-
tion Serial No. 11/623,804, previously mentioned, the
contents of which are incorporated by reference into this
specification.

[0051] With the selection of cosmetic imaging mode,
the light source in illumination apparatus 12a is turned
on to determine the right teeth for imaging (step 78). To
take images for color shade, translucency and texture
measurement, the light sources in illumination apparatus
12a, 12¢, and 12d (or light source 31) are turned on and
off sequentially (step 80). The final step 82is to calculate,
using image analysis techniques known to those skilled
inthe art, the tooth color shade, translucency, and rough-
ness from the images obtained in step 80.

[0052] The logic flow diagram of Figure 16 shows how
processor logic uses the translucency and color data ob-
tained in the process of Figure 14 to provide shade
matching. After the tooth shade, translucency and sur-
face roughness are calculated (step 82), the image
processing software displays a simulated tooth to the pa-
tient for review (step 84). A patient approval step 86 then
prompts the patient to approve the calculated shade, us-
ingasimulation provided on display 142 (Figure 1). When
approved, the data is sent to a lab or other processing
facility (step 88). If not, the image process software will
modify the simulated image based on the patient’s pref-
erence (step 90), and re-display the modified image to
the patient for approval.

[0053] The invention has been described in detail with
particular reference to certain preferred embodiments
thereof, but it will be understood that variations and mod-
ifications can be effected within the scope of the invention
as described above, and as noted in the appended
claims, by a person of ordinary skill in the art without
departing from the scope of the invention. For example,
various arrangements of light sources in illumination ap-
paratus 12a-d could be used, with various different em-
bodiments employing a camera or other type of image
sensor, such asthe parallel arrays of light sources shown
in Figure 16.

[0054] Thus, what is provided is a dental imaging ap-
paratus that provides, in a single unit, diagnostic imaging
forcaries detection and cosmetic imaging for shade map-

ping.
PARTS LIST
[0055]

12, 12a, 12b, 12¢, 12d. lllumination apparatus
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14. illumination apparatus

14a. Beam shaping optical element
14b. light source

18. Fold mirror

20. Tooth

21. Light source

22. Beam shaping optical element
22a. Diffuser

22b. Beam shaping element

22c¢. Light guide

23. Spectrum selection filter

30. Attachment for translucency measurement
31. Light output window

32. Handle

33. Light lines

34. Imaging assembly

36. Mode switch

38. Polarization beamsplitter

40. Probe extension

42, 42a, 42¢, 42d. Polarizer

44. Analyzer

46. Bandpass filter

56. Long pass spatial fitter

58. Color filter

65. Polarization beamsplitter

66, 66a, 66b, 66¢c. Lens

67. Beamsplitter

68, 68a, 68b, 68c. Sensor

69. Sensor

69r, 69¢g, 69b. Sensor regions

70, 72, 73, 76, 78, 80, 82, 84, 86, 88, 90. Method
steps

100. Imaging probe

140. Control logic processor

142. Display

150. Imaging apparatus

A, B, C, D, E. illumination points
O. Optical axis

FURTHER SUMMARY OF THE INVENTION

[0056]

1. An apparatus for obtaining images of atooth, com-
prising:

a) at least one image sensor disposed along an
optical axis;

b) at least one broadband illumination apparatus
for reflectance imaging;

c) a narrow-band ultraviolet illumination appa-
ratus for fluorescence imaging;

d) one or more polarization elements disposed
along the optical axis to eliminate specular re-
flection;

e) afilter disposed alongthe optical axis to block
narrow-band ultraviolet light; and

f) a switch for selecting one of the operation
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modes of diagnostic imaging using reflectance
and fluorescence imaging, and cosmetic imag-
ing using reflectance imaging.

2. The apparatus of 1, wherein cosmetic imaging fur-
ther uses light transmission through the tooth.

3. The apparatus of 1 further comprising an attach-
ment for illuminating the occlusal or lingual surface
to obtain an image from the transmitted light.

4. The apparatus of 1 wherein the broadband illumi-
nation apparatus comprises at least one light source
with the spectrum from 400nm to 700nm.

6. The apparatus of 1 wherein the broadband illumi-
nation apparatus further comprises one or more
beam shaping elements.

6. The apparatus of 1 wherein the narrow-band ul-
traviolet illumination apparatus comprises at least
one narrow-band ultraviolet light source with the
spectral range of 375nm to 425nm.

7. The apparatus of 1 wherein the narrow-band ul-
traviolet illumination apparatus further comprises a
bandpass filter to clean the spectrum of the narrow-
band ultraviolet light source.

8. The apparatus of 1 wherein the polarization ele-
ment is a polarization beamsplitter.

9. The apparatus of 1 wherein the polarization ele-
ment is a plate polarizer.

10. The apparatus of 1 wherein there are two image
sensors, further comprising a polarization beam
splitterto separate the light with different polarization
states to two sensors.

11. The apparatus of 1 wherein there are two image
sensors, further comprising at least one dichroic mir-
ror to separate the light with different spectral ranges
to at least two sensors.

12. Amethod for obtaining images of a tooth for cos-
metic imaging, comprising:

(a) directing light from a light source to a tooth
for obtaining a monochromatic image for trans-
lucency measurement;

(b) directing polarized visible light from one or
more colorlight sourcesto the toothfor obtaining
a polarized color reflectance image;

(c) calibrating the illumination uniformity and
tooth shape;

(d) calculating atooth shade for tooth restoration
according to the images obtained;
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(e) displaying a simulated image of the tooth us-

ing the calculated shade information;

(f) obtaining customer feedback on the dis-
played image; and

(9) sending or saving the tooth shade informa- 5
tion.

13. The method of 12 further comprising a step to
illuminate the tooth with deep blue or UV light for
obtaining reflectance image fortooth surface texture 70
measurement.

14. The method of 12 wherein the light for obtaining
monochromatic image is delivered to occlusal or lin-
gual surface of the tooth. 15

15. The method of 12 wherein calculating the tooth
shade for tooth restoration includes the tooth shade,
tooth translucency and tooth surface texture.

20
Claims
1. Amethodfor obtainingimages of atooth for cosmetic
imaging, comprising: 25

(a) directing light from a light source to a tooth

for obtaining a monochromatic image for trans-
lucency measurement;

(b) directing polarized visible light from one or 30
more colorlight sources tothe tooth for obtaining

a polarized color reflectance image;

(c) calibrating the illumination uniformity and
tooth shape;

(d) calculating atooth shade fortooth restoration 35
according to the images obtained,;

(e) displaying a simulated image of the tooth us-

ing the calculated shade information;

(f) obtaining customer feedback on the dis-
played image; and 40
(9) sending or saving the tooth shade informa-
tion.

2. The method of claim 1 further comprising a step to
illuminate the tooth with deep blue or UV light for 45
obtaining reflectance image fortooth surface texture
measurement.

3. The method of claim 1 wherein the light for obtaining
monochromatic image is delivered to occlusal orlin- 50
gual surface of the tooth.

4. The method of claim 1 wherein calculating the tooth

shade for tooth restoration includes the tooth shade,
tooth translucency and tooth surface texture. 55

10

0364



EP 2 241 248 A2

o5

001

I ‘BIq

~~ 071

GrI

0S1

1

0365



EP 2 241 248 A2

. Z oI

07 -
0 Par <[] ~ 3¢
\ |
. g ]

001

12

0366



EP 2 241 248 A2

FIG. 3d

13

0367



EP 2 241 248 A2

? DI

g

(HLYd INIGVINI IHL NI LON) Q2T DEP | DET ' 9¢

o |/ |
—

RN

0 | 07  (HIYdINIQYWIHLNILON) 97 DgF |DGTFF 99 89 G&
| g

001

14

0368



EP 2 241 248 A2

12¢ —— :""_ = 1 ‘)Fr/—- 12d
12b % : —r_— 12b
46 O\ . IQ-/ 46 '

12d —illll === 12¢

15

0369



EP 2 241 248 A2

0¢é

e ————— —

81

1

H

i

or 9 @b

_§<>:
1 {_ 7

Dgrek 99 89 G€

001

16

0370



EP 2 241 248 A2

L "OIA

17

0371



EP 2 241 248 A2

- [ll
21— "

FIG. 8b

18

0372



EP 2 241 248 A2

Ig

oz

€&

96 “OId

g — ] _’g

Par
26T

Il

—~&§

Q3T
DG ~

(]

— 7&

19

0373



oI BId

98I vgp VI "1 g

06 o ..ew |

\ L]
i
— I s A R

9 DZF VZI 99 €9 989 ZE

\

~ o001 -



EP 2 241 248 A2

Ir “OIH

———— —
—_—
— e
[BRNSE-—
P

— —
—_— .
- ,———
—_———
—_——
———

0z | 0¥

Y 1T 1T\

er gl 99 989 L9 989 &€

0or

21

0375



EP 2 241 24

0 .

1|l|||i|1.l\|r¢mDK_ 999
: . ~ 969

a1 "vIA

9 @rrr 299 89

\ | |

—_———
————
-

— —— e
e e ——

- — 369

. — — —_
———
—_—————

==
'lll!ll!'.
—_—_—
—_—
———

.. T | / * 69
| S R [V T 7§
. gF nozI D99 9969 3¢

\

00r



EP 2 241 248 A2

FIG. 13

23

0377



EP 2 241 248 A2

PI "OIA

G8 —

SSINHINOY JDY4ANS
NV “AQNZONTSNYYEL 40709
HL00L ININY3130 0L STIYII SS3D0¥d

SISONIYIA #1001
 ¥04 SIBVWI 30NISIN0NTH Y
ONY 3ONYLOTII3Y G3ZRAVI04 $53904d

08 —

ATIVIININD3S 440
NY NO P71 Pue “Z1 "1 SN1VYYddy
NOLIYNIWATII NI SI2UN0S LHIN
FHLHIIM INTWTHASYIN SSINHINOY
NY AONIDNTSNYHL 404 SIDYI NIVIED

ATIYIIN3ND3S
410 QNY NO 921 ONY B7)
SNIvitddy SNOILYNIWATI NI S3UNCS |~ o,
1H9IT IHL HLIMA SIOYIE 0NISTYONT
ONY JONYLO3143Y Q3218104 Niv.80

8L —

INI9YWI 404
HLOOL IHL ONI4 OL NO SI ETL
BN1VYYddY NOILYNINATII J0UN0S LHON

NINTIYIS HLOOL 404 NO
Q3HILIMS SI 671 4O BTL SIVYddY '~ ~,
NOILYNIANTII NI 304N0S LHIT

- NOIL3ITIS

 J00W INI9YII JILTWS0)

. JO0W NDILV3AD J00W SNISYHI JLISONYID

0

24

0378



EP 2 241 248 A2

ST OId

 8Y1 0L VIYG AINIIMISNVAL :
J0YHS 0IA0Y¥ddY ON3S — 88

06 —

JINIUI13Ud SINIILY IHLND

TWAOYddY INFILY

98

3Sv8 VNI IH1 AdIOW

28 411

- J0VWI HLOOL GILTINWIS ATdSID. |~ g

25

0379



EP 2 241 248 A2

12c12a 12d 12b
\42c 2a 42_d/ 46 .

VW [/ ]/
==1010

(e

LHH == ==
. —

==

/ / \ \\
46 [42d \42a\42¢

12b12d 12a 12¢

£
{

FIG. 16

26

0380



EP 2 241 248 A2
REFERENCES CITED IN THE DESCRIPTION
This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European

patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description

o US 4200433 A [0002] «  USB8132210 A [0006]

«  US 6231338 B [0002] [0004] «  US 6305933 A [0006]

o US 4479499 A [0003] e US 20050074718 A [0006]
e US 20070099148 A [0003] [0014] « WO 2005080929 A [0006]
o US 6024562 A [0004] e US 4881811 A [0006]

e US 6672868 B [0004] «  US 7030986 B [0006]

«  US 20050003323 A [0005] e US 623804 A [0050]

27

0381



2013/00809'7 A1 |\ 010 0 .00 0 0000

W

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization
International Bureau

17 January 2013 (17.01.2013)

WIPOIPCT

N 0 0 0 0O O O 0

(10) International Publication Number

WO 2013/008097 Al

51

2n

(22)

(25)
(26)
(30)

(72)
1

(74

International Patent Classification:

A61B 1/24 (2006.01) A61B 1/05 (2006.01)
A61B 5/107 (2006.01) A61B 1/06 (2006.01)
AG61B 1/00 (2006.01) AG61C 9700 (2006.01)
AG61B 5/06 (2006.01)

International Application Number:
PCT/IB2012/001777

International Filing Date:

9 July 2012 (09.07.2012)
Filing Language: English
Publication Language: English
Priority Data:
11 56201 8 July 2011 (08.07.2011) FR

Inventors; and

Applicants : DURET, Frangois [FR/FR]; Chéateau de
Tarailhan, F-11560 Fleury D'aude (FR). QUERBES,
Olivier [FR/FR]; 6 Avenue de I'Occitanie, F-31520 Ra-
monville Saint-Agne (FR). QUERBES-DURET, Véro-
nique [FR/FR]; 6, Avenue de I'Occitanie, F-31520 Ramon-
ville Saint-Agne (FR).

Agent: RHEIN, Alain; Cabinet Brev&Sud, 55, Avenue
Clément ADER, F-34170 Castelnau Le Lez (FR).

(81)

84)

Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FL, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD,
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

Published:

with international seavch report (Art. 21(3))

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))

(54) Title: THREE-DIMENSIONAL MEASURING DEVICE USED IN THE DENTAL FIELD

/ "

- =
|- 15

Figure 4

(57) Abstract: Three-dimensional measuring device used in the dental field and aimed at measuring in the absence of projection of
active or structured light, comprising image-capturing means and data- processing means for images. The image-capturing means
(38, 39) consist of means designed capable of permitting to capture simultaneously, or almost simultaneously, at least two images,
o one of which is totally or partially included in the other one, said included image describing a narrower field than that of the other
one, and having a higher accuracy than that of the other one.

0382



WO 2013/008097 PCT/IB2012/001777

e
7

20

p2
%5

THREE~-DIMENSTONAL MEASURING DEVICE USED IN THE DENTAL FIELD

The present invention relates to a new secure three~dimensional
meaguring devics through contactless high-precision and wide-
field optical color impression without structured active light

projection, especially for dentistry.

The present invention ensures the structural integrity of the
human body and an accouracy in the range of one micron. It is
applicakle namely in the medical and dental $£ields For intra~

oral picture recordings and assistance in diagnosis.
It includes:

1} a miniaturized three-dimensional reading system using no
active or structured light projection for measuring the

dimensionsg of the object, consisting of

a) one or more CCD-~ or CMOS-type electronic sensors and its

asscciated optical system,

b} eventually one LED or OLED lighting of one or several
wavelengths permitting to diagnose eventual pathologies at the

surface of the teeth or the gums,

¢} one or more accelerometers/gyros/3ID-magnetometers for

agzisting, limiting, even xeplaving one or several sensors.

2} a central unit for converting analogue/digital data and

management data,

3) associated software permitting 30 spatial analysis almost in
rgal time, temporal analysis for analyzing the movements of the
measured objects, colorimetric analysis for analyvzing the color
of these objescts in direct correlation and in real time with the

surfaces measured in 3D providing assistance for the diagnosis
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through reflection, global or selective penetration of the

carefully selected LED/OLED light radiation,

4) an YIEM communication *hardware® and "software® set (screen,

kevboard, modem ...}.

Thisz invention permits to solve the fundamental problems the
systems for recording optical 3D impressions are faecing, It
provides real-color and resal-time information for the dentistry.
It measures the object without projecting any structured active
light with an accuracy of at least 10-15 pgm at a field depth of
at least 15 mm and a surface of at least 20 x 30 mm on the teeth

located within 10 mm of the front lens of the camera.

Thexre exist a large varisty of methods for xecording optical
impressions in the mouth or on a model for making prostheses or
a diagnosis. By the term “optical impression® Ffirst introduced
in 1873 by the inventor of this technology., Francois Duret, in
his thesis for the second cycle (DDE) under the title *Optical
Impression® No. 273, the 3D measuving and diagnostic analysis of
the ovral and medical environment by contactless optical means,
in substitution of the traditional impression methods with paste

or probing.

In the demtal field the works by Dr. Duret, described i.a. in a
number of axticles and in his patenks dd. May 9, 1980 (PR
80.10967 oxr US 4,663,720 and 4,742,464}, RApril 14, 1982 (BE
0,091,876 - U8 4,611,288), November 30, 1982 (EP 0110797, ug
5.,092,022), March 27, 1984 (¥R B4.05173), February 13, 1987 (FR
87.0233% or US 4,952,149} or alsc June 26, 1992 (FR 92.08128 or
PCT WO 94/00074) have been sechoed by many authors since the
early 1980s, as ws will see in the various techuologies, which

can be gsummarized as follows.

1} The technigques using the projestion of active or

structured ilight.
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The sinmplest method used by these systems consists in projecting
on the object structured light, which may be a dot, a line, even
& full grid. This light will scan the object and is followed by
one or several COCD or CMOS 2D cameras positionsd at an angle
ranging between 3° and 10° with respest to the axis of the light
projecition. These techniques have been widely kaown for several
decades and aye vexry well described in the article by ¢ Hauslex
and Col. « light sectioning with large depth and  high
resolution » in Appl. Opt. 27 (i988). They have been the object
of numerous developments and are used in particular by the desk-

top scanners in dental laboratories.

3 moye sophisticated nmethod consists in projecting ontoe the
teeth a structured active light in the foxrm of a wvarying-pitch
grid. The most common techuigue for this kind of f£ringe
prejection has baen described £or the first time by M.
Altschuler and Col., under the title *Numerical sterec camera®
SPIE vol 283 3-D (1981) Machine perception, which publication
has been echoed by other authors such ag M Halicua and Cel.
« Automated phase measuring profilométxy of 3D diffuse objects »
in Appl.Opt. 23 {1884). It consists in preojecting a series of
varying-pitch grids. The grid with the wider piteck serves for
providing general infoxmation and the global position of the
lines im =, the f£imnest 1line for refining the accuracy of

reading .

All these works =and inventions have led to many embodiments and
to more than twenbty commercially available syastems (F.Duret, the
dental flicogs No. 63, May 2011, “the greatr adventure of CADCAM ab
IVS in Cologne® 14-26). We will cite for example the systems
using a spot scamnning system {Cera from Cera system, GN1I from GC
and Nikon}, a line scanning system (Titan from DCS, Ekton from
Straumann}, & wvarying-pitceh frame scausning system (Cexrcom from
Pegudent, Digident f£rom Hint-Bls, Everest from Xaveo, Lavascan

from 3M, Zeno from Wielan or Wol-ceram from Wol-dent).
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These systems cannot be used in the mouth because they are too
slow {is ¢to imn). The slightest movement by the patient or the
cperator impedes the full reading and the necsssarxy correlation
of pictures for transforming a 2D cross-gectional display into a
3D image. Purthermore, thers ig no information betwsen the
lines, which wequires a sgexies of readings in different
directions, which further increases the reading time
significantly (up to 4 minutes per tooth for the complete

readings) .

Finally, more recently. ir order to more easily determine the
spatial position of the projected fringes, the chromatic
profilometry technique has been provided, which wuses the
varying-coleor fringes. It has been described aes profilometry by
Cohen Sabban, BV F 2758076 and is the obiject of a marketing

under the name Pro50 (Cynovad - Canada) .

In order to meet the intra-oral reading reguirements, f£aster
gystemg has been provided. The first one has besen maxketed in
France in 1985 under the name of Duret systen {(Vienne - France)
and used the system of profilometric phase in conical projection
as described in the patents (PR 82.08707 or U8 4,611,288}, (FR
82.2034% or US 5.092,022) amd (FR 87.02339% or US 4,982,149} .
Thig techuigue has been adopted with great sucdess by Moermann
and Brandestini in their Patents 4,575,805 and 4,837,732 or in
their bocks dealing with the issue as "Die Cerec Computer
Reconstruction® in 1989, *CAD/CIM in Aesthetic Dentistry® in
1836 or also “"State of the art of CAD/CAM restoration® inm 2008.
This method has been improved gradually as we can sse in the

patent by Jones, T.N. of 19%9 (U.8. 6.409.504).

This is an active and structured light projection technigque in
the form of a frame projected ontc the teeth according to
parallel or coniecal ryadiation with a slight phase shift
{genexrally n/2)} and performing a series of 2D picturse

acquigitions {in 100 ms), the third dimension can be Ffound
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provided the patient and the camera are psrfectly still while
recording the successive pictures, which remains difficult
during a clinical action, the more since the slectro-optical

ocrgans of the camera are mobile.

Other slightly different systems, but which use structured

active projection in the mouth, have been provided:

The simplest one 18 the ®OralMetzix®, which consists 4n
projiscting one single type of grid onto the surface of the
teeth, as described in FR 84.05173),. This is therefore an active
triangulation asgociated with one single projection of
atructured light. One single camsra reads the deformation of the
grid and, by comparison with a stored grid, derives the distance
z from it, the acguisition of six pictures per second associated
with a 2D view of a deformed grid makes the system inaccurate

and ungtable during the picture recording.

The second system is the "direciScan® f£rom the company Hint-FEls
{Usa). It combines the fringe projection and the phase
vorrelation. This method takes place in two steps: projection of
two series of orthogonmal gxrids with different pitches, one after
the othaw, then correlation of the pictures obtained depending
of the pogition of the dots at the level of the pixels of the
CChs. Thisz i sn dmprovement of the profilometrie phase, but the
processing time is about 200 ms, which makes its use wvery

difficult in the mouth. The measures avre often srroneous.

The third system provided is the iTeo system f£rom ds company
Cadent {(US.010%559} based on the principle of the *parallel
confocal image® where many 50 pm laser dJdobs are projected zat
different field depths. This scanning of the target area has the
advantage of haviag one single axis of image recording and re-
recoxrding of images, but takes about 300 ms. The apparatus must
therefore not move during the recording of images. In addition,

gince this technology is complex, the iTeroc gysteéem is
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particularly volumdnous, which limits the recording of images in

the depth of the mouth.

The fourth system has Dbeen pgrovided by G. Hauslerxr {U8
2010.0303341). Several structured light grids of different
orientations ave projectsd onto the arch. This permits to find
the third dimension immediately through correlation betwesn the
firat deformed grid and ths next ones. This method permits to
record only one image, but has the disadvantage of being capable
of measuring only the dots of the deformed grid and not all the

dots of the object itself.

In these methods based on active and structured light
projection, e chtain several 2D images permitting to
reconstruct the analyzed obiject in 3D. These methods are the
more accurate as the proijected light iz fine and calibrated and
a5z the moving organs avre stable over time. Unfortunately, none
of them measures the object itself, but only the deformation of
the projected light, which limits the number of measured dots
and dan hide important areas for the exack reconstruction of the

analyzed 3D surface.

Furthermore, it veyry often vequires the object to be coatsd with
a white layer referred to as coating, or to use special plasters
when a model is measured. Iudeed, the spescular reflection of the
teeth is very sensitive and responds in a wvarying way to the

structured light projected depending on its own ceolor.

This also has a major drawback ax regavds the accuracy of the
measurement. The structured active light, because of its power,
penetrates inte the gsurface layers of the tooth, adding

inaccuracy to the exact determination of the outer surface.

The calibration of these devicas is complex and the mounting is

always very complex and expensive.
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¥inally, since the angle of projection is often different from
the angle of recovery of the image, the shadow effects can lead
to the presence of uncoded shadow areas. which requires many
manipulations. It should alsc be noted that we have no

information bestween the lines.

Some systems have tried to limit the projection of structured
light without xemoving it. To this end, they have associated a
very small projected portion with a conventional 2D sterecscopice
vigion. One uses two idemtical cameras and projects a line or a
target bhaving a varying shape onko the object and moves the
whole while scanning the surface of the obiject. The Ltwo 2D
cameras form a conventional stereoscopic unit, both information
of which are corxelated thanks to the projected target wvisible
in the two pictures. Thisg system is marketed by means of the T~
scan 3 sensor from Steinbichlex Opt. (Neubsuerm - Germany} or by
Unes {Toulouse - France). These methods, which have the same
drawbacks as the methods described above, could never be applied
to dentistry, because they in addition lack precision and, in
particular, they require the projected target to always be
displayed, which remains difficult on highly specular or uniform

surfaces as in the case of the testh.

2) The technigues, which do not use active or sgtructured

light projection.

The first proposal to use a sterecscopic intra-oral system was
made by . Rekow {F. of Dent.Practice Administration : 4 {2} 52~
55 (1$84). In this system, it 4is necessary to make several
acguisitions, with 3 reference fixed on the testh, then to read
these frames by means of a Kodak Bikonix device. This ancestral
method, well known under the name of stereoscopic, has proved
inaccurate and time-consuming for its implementation. This
method was xecently proposed again by Denzen Caoc UZ 2008.0227875%
{Sandy -~ USA} and by Steinbichler Opt. EP 2,166,303 (Neubeuern ~

Germany) without any improvement ovey the system by Rekow, in
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particular the rasolution of the field depth, the determination
of the reference dots and the accuracy, which dis a crucial
problem during the recoxding of intra-oral pictures
corresponding to a close stersocscopic, has not been addressed.
Sauch a system cannot be carried out in the mouth if we want to
aschieve an adouracy of 20 pm at a field depth of 20 mm with the

object placed within 5 mm of the front leuns.

The same vemarks can be made for the systems using the technigue
referred to as "3D from motion® described, for example by C.
Tomasi and Ceol. « Shape and motion from image streams under
Orthography : & factorization Method » dans Int. J. of Computer
Vision $ (2) 18922. This system no longer uses active 1light, as
seen before, but only a passive illuminastion of the areas
measured by a conventional stexsoscopic wvision with twoe cameras
having the same resolution. Unfortumately, under conventional
circumstances ag descoribed by the authors, the corrxelations of
pictures without projected target aund the sbundance of arsas
without coding make the use of this system impossible on the

teeth. It does not solve the problems evoked by Rekow.

This is the reason why recently the system by Active Wavefront
Sempling (AWS), based on the Biris system, marketed by 3N with
his Lava Cos camera has been introduced on the market in 2008
{Rohaly and Co. US Patemt 7,372,642). This system uses a single
view gcanning, thanks to a rotatory disk, a very small portionm
of the object. The diameter of the position of the view in the
focal plane and the mechanical wvarxiation of the focal length
with respect to the optical axis of the mounting permits to know
vthe spatial positdion of the small area messured at a small-fiesld
depth. Unfortunately, the system iz complex and expensive Ffor
its implementation and the very small scanning area reguires the

operatoxr to slowly move over all the arsas to he measured.

Whether they are laboratory systems or intra~oral cameras,

including the one we developed, all these systems do not provide
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the reqgquired gualities to have a guality information in oxdexr to
make prostheses ox diagnoses. A more thorough anzlysis shows
that these cameras have geveral very important drawbacks, in the
very principle of the methods used. These drawbaocks are
unavoldable, becausse they ave related to the choiece of these

methods .,

a) All these gystems, vhether in the wmouth, on the skin or in
the laboratory {on model) use the surfasce scamning by
mechanical, optical or elesctro-optical means. Although this
scanning of fringes or frames iz very £ast, the f£act renmains
that it reguires & movement in the camera iktself, which movement
can cause blurry areag or parasitic movements, which often lead

to the rejection of part of the pictures.

b} This scanning significantly Iimits the already considexrably
reduced ¥field depth in a macroscopivc plisture {of 2 Ffew cubigc

centimeters).

o} the dots of the surface of rthe obilect are not measured, but
the deformation of =& light projection on the surface of this
object iy measured. Thisz Ffirst feature regquires developers to
covaer the teeth with a white layer referred to as Yopating®,
which Jdegrades, in principle, the Bacotual mreasurement of the
object. Thig is in fact often expressed both as inaccuracy and
inconvenience in the use of cameras in the mouth {(Beuttell, ¥

Int.J.Cumputerized Dent. 1998 1:35-33) .,

Basides, this layeyr is often mandatory if we do not want to have
any penetration,. Lthus inacouragy., in measuring the exaot
position of the tooth surface, erystalline organ per excellence

where a sufficient signal-to-noisge vatic ig vreguired,

d} This has led some manufacturers to use radiation, making the
tooth "opague® as de the blue oy UV rays. This is why bthe

present inventor proposad in 1985, presented to the ADF, the use
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of an argon laser. This can be restrictive for the user, even

dangerous, for the patisent,

2} sven more, noet measuring ths obijsct, but the deformation of
the projected light, either a dot, a line, s frame of a varying
shape or a phase of this light, removes =zll possibilities of
baving a perfect match in real time between the color, the color
shade of the object and itz measurement. The only color that we

can bave in real time is the color of the projected light.

£) Thers is no immediate solurion allowing the clinician to
continue his surgical procedure if a conponent fails, which is

crucial during a clinical procedurse.

g} the transition from 3D reading to 2D coler reading, when it
is used for diagnosis, is completely impossible in dentistry,
because we will ryscover only a monochromatie image rvepresenting

the lLight of the fringes.

h} fimally, the technigues o¢f analysis by profilometzy oz
scanning require rxecording multiple pictures of the same spot in
order to be able to extract the third dimemsion. This results
into a risk of distortion of the data between the first picture
and the last pictures, leading to large exrors in correlation
and accuracy. The "movement® has always been an snemy of bhis

type of technology.

Finally, if it is possible to measure & tooth, in most cases a
measurement of the projected light is carried out and not a
measuremant of the object dtgelf. In the case in which we do not
use projected light, we must use complex and expensive
defocuesing systems. This explaing why the proposed cost is
particulariy high. As for the only stereoscopic systems that
have been provided for decades, they have nothing innovative and
are therefore inaccurate, time-comsuming to handle, complex and

very sxpensive to be implemented.
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No simple and above all sscurs solution has been found to mest
the tooth/camera proximity, fast carryiag oub, reguired
accuracy. the measurement of the actual color and field depth on

a guite large surface.

The obijsct of the presgsent invention is o solive the
aforementioned drawbacks by providing a2 new and wvery secure
sterecgcoplie maethod for intra-oral reading conmbining a very
fast, even instantanecus dynamic 3D reading., & measuring at a
field depth correspouding to ithe intended application and the
availability almost in real time of a xeal 3D or 2D colox
display, all this leading to a very accurate digitalizing. a
data storage and transfer withoubt using structured active light

or addition of a *"coating® covering the teeth.

The three-dimensiconal measuring device used in the dental field
according to the invention is aimed at measuriung in the absence
of active or structured light projection, it cowprises means for
capturing images as well as data-processing means for said
images, and it is characterized in that said image-capturing
means are comprised of means designed capable of permitting to
sinultanecusly, or nearly simultaneousliy, capture at least two
images, one of which ig fully or partially included in the other
one, said included image describing a fTield that is narrower
thanz that of the other one, and its acouracy iz greater than

that of the other one.

This invention solves the problems set forth by providing an
adaptable, insxpensive sclution usable im all dental and medical
offices, but alseo as hand-held instrument in dental-prosthesis

labeoratories, in a simplified and patient-friendly form.
In paxticular, it solves the many problsms mentioned above:

1) Through a oW and ceriginal organization of the
traditional dental stereoscopy, we limit the problem of

the blind spots between the two piocture recordings
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corresponding to the difference betwesn the optical axes,
which is crucial for an object close to the front lenses

of the mountiung, as teeth in the mouth always are.

By wuzing an original software arrangement, in case of
failure of one of the gsensors during the clinical
procedure, it is possible to obtain a2 sterecscopic
picture by means of one single sensor, which solution is

simple, inexpensive and little bulky in the mouth.

By eventually adding a 3D accelerometer/gyroscope/
magnetometer, it is possible to accelerate and facilitate
the correlation of ¢the pictures with each othervr,

especially in the event of failure of one of the sensors.

By chooasing different focal 1lines, 1t is possible to
golve the problems of accuracy and speed of nliniecal
optical recording of an dnpression in the mouth. This
alsce permits to combine or separate a general, less
acvurate rwecording on a8 wide fiseld and a fast and
aceurate recoxding on a narrower field depending on the

clinical need.

By chovsing new lenses, in particular the ligquid lenses,
it dis possible to eliminate the conplex mechanical
adjusticg eqguipment, which ensures =z measuring at an
effective field depth in dentistry on objects wvery close
to the measuring system because of the very small intra-

cral space.

By not using measurements of dJdeformabion of structured
active light, we work directly on the actual =surface and
in color of the body images. This psrmits for example to
manually or automatically select certain parts of the
human body, for example to didentify the teeth and gums

separataly.
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Not to be compelled to cover the peasured obiject with

the *coabting”, which is unaccurate and tedious

To have no penetration of measure-vesctor light inside
the teath, thanks to the abandonment of active

structured light projection,

Toe use the color of the read areas, in oxder &o
facilitate the matching o©f homologous dots. which is
crucial in the mouth whexe the surfaces remain regular

and uniform.

To make highly effective and to reduce the reading time
for measuring a corplex surface {full arch) or the
movements of these surfaces {(uppexr arches with respect

to lower arches}.

To enable self-calibration, eliminating any adijustment

over time.

To avoid any blur effect due to *movement® during the

recording of pictures.

For the implemented means, the device is simple as to its

manufacture, which makes it particularly resistant.

Thig alsc permits:

to significantly reduce the manufacturing cost, hence
the sale price, in particnlar from thae democratization
of the electromic cvomponents used, such as CChs, MOS

or LEBDS,

to permit a reduced power supply, which can be provided
by a USB-compatible connection with all types of

computers or just a battery power-supply.,
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-  to have OCMOS or CCD sensors in a predetermined,
immutable and £fixed spatial position with respect to
sach other during wmanufacture, avoiding the nsed to
know the movements of the object or cgameras ({(with
respect to each other), reducing the problem of
digparity to a simple problem of density correiation in

the scatter diagram.

~ Being able to pass from a 30 imsge, spatial analysis,
to a 28 dnage, planar analysis, uzgeful for common
diagnostics dn  dentistry without using software

manipulations.

-~  To have the 3D display on standard 30 screens, which is
not the case without complex processing of the present

intra~oral systems.

The present invention relates to a new thres-dimensional and
temporal measuring device by means of optical color impressions
in the wouth ensuring ity structural dntegrity, namely
appl