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DENTAL SURFACE IMAGING USING 
POLARIZED FRINGE PROJECTION 

FIELD OF THE INVENTION 

[0001] The invention relates generally to the ?eld of diag 
nostic imaging using structured light and more particularly 
relates to a method for three-dimensional imaging of the 
surface of teeth and other structures using fringe projection. 

BACKGROUND OF THE INVENTION 

[0002] Fringe projection imaging uses patterned or struc 
tured light to obtain surface contour information for struc 
tures of various types. In fringe projection imaging, a pattern 
of lines of an interference fringe or grating is projected toWard 
the surface of an object from a given direction. The projected 
pattern from the surface is then vieWed from another direction 
as a contour image, taking advantage of triangulation in order 
to analyZe surface information based on the appearance of 
contour lines. Phase shifting, in Which the projected pattern is 
incrementally spatially shifted for obtaining additional mea 
surements at the neW locations, is typically applied as part of 
fringe projection imaging, used in order to complete the con 
tour mapping of the surface and to increase overall resolution 
in the contour image. 
[0003] Fringe projection imaging has been used effectively 
for surface contour imaging of solid, highly opaque objects 
and has been used for imaging the surface contours for some 
portions of the human body and for obtaining detailed data 
about skin structure. HoWever, a number of technical 
obstacles have prevented effective use of fringe projection 
imaging of the tooth. One particular challenge With dental 
surface imaging relates to tooth translucency. Translucent or 
semi -translucent materials in general are knoWn to be particu 
larly troublesome for fringe projection imaging. Subsurface 
scattering in translucent structures can reduce the overall 
signal-to-noise (S/N) ratio and shift the light intensity, caus 
ing inaccurate height data. Another problem relates to high 
levels of re?ection for various tooth surfaces. Highly re?ec 
tive materials, particularly holloWed re?ective structures, can 
effectively reduce the dynamic range of this type of imaging. 
[0004] In fringe projection imaging overall, contrast is typi 
cally poor, With noise as a signi?cant factor. To improve 
contrast, many fringe projection imaging systems take mea 
sures to reduce the amount of noise in the contour image. In 
general, for accurate surface geometry measurement using 
fringe imaging techniques, it is important to obtain the light 
that is directly re?ected from the surface of a structure under 
test and to reject light that is re?ected from material or struc 
tures that lie beneath the surface. This is the approach that is 
generally recommended for 3D surface scanning of translu 
cent objects. A similar approach must be used for intra-oral 
imaging. 
[0005] From an optics perspective, the structure of the tooth 
itself presents a number of additional challenges for fringe 
projection imaging. As noted earlier, light penetrating 
beneath the surface of the tooth tends to undergo signi?cant 
scattering Within the translucent tooth material. Moreover, 
re?ection from opaque features beneath the tooth surface can 
also occur, adding noise that degrades the sensed signal and 
thus further complicating the task of tooth surface analysis. 
[0006] One corrective measure that has been attempted to 
make fringe projection Workable for contour imaging of the 
tooth is application of a coating that changes the re?ective 
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characteristics of the tooth surface itself. Here, to compensate 
for problems caused by the relative translucence of the tooth, 
a number of conventional tooth contour imaging systems 
apply a paint or re?ective poWder to the tooth surface prior to 
surface contour imaging. For the purposes of fringe projec 
tion imaging, this added step enhances the opacity of the tooth 
and eliminates or reduces the scattered light effects noted 
earlier. HoWever, there are draWbacks to this type of 
approach. The step of applying a coating poWder or liquid 
adds cost and time to the tooth contour imaging process. 
Because the thickness of the coating layer is often non-uni 
form over the entire tooth surface, measurement errors 
readily result. More importantly, the applied coating, While it 
facilitates contour imaging, can tend to mask other problems 
With the tooth and can thus reduce the overall amount of 
information that can be obtained. 
[0007] Even Where a coating or other type of surface con 
ditioning of the tooth is used, hoWever, results can be disap 
pointing due to the pronounced contours of the tooth surface. 
It can be dif?cult to provide su?icient amounts of light onto, 
and sense light re?ected back from, all of the tooth surfaces. 
The different surfaces of the tooth can be oriented at 90 
degrees relative to each other, making it di?icult to direct 
enough light for accurately imaging all parts of the tooth. 
[0008] There have been a number of attempts to adapt 
structured light surface-pro?ling techniques to the problems 
of tooth structure imaging. For example, US. Pat. No. 5,372, 
502 entitled “Optical Probe and Method for the Three-Di 
mensional Surveying of Teet ” to Massen et al. describes the 
use of an LCD matrix to form patterns of stripes for proj ection 
onto the tooth surface. A similar approach is described in US. 
Patent Application Publication 2007/ 0086762 entitled “Front 
End for 3-D Imaging Camera” by O’Keefe et al. US. Pat. No. 
7,312,924 entitled “Polarizing Multiplexer and Methods for 
Intra-Oral Scanning” to Trissel describes a method for pro 
?ling the tooth surface using triangulariZation and polariZed 
light, but needing application of a ?uorescent coating for 
operation. Similarly, US. Pat. No. 6,885,464 entitled “3-D 
Camera for Recording Surface Structures, In Particular for 
Dental Purposes” to Pfeiffer et al. discloses a dental imaging 
apparatus using triangulariZation but also requiring the appli 
cation of an opaque poWder to the tooth surface for imaging. 
[0009] It can be appreciated that an apparatus and method 
that provides accurate surface contour imaging of the tooth, 
Without the need for applying an added coating or other 
conditioning of the tooth surface for this purpose, Would help 
to speed reconstructive dentistry and could help to loWer the 
inherent costs and inconvenience of conventional methods, 
such as those for obtaining a cast or other surface pro?le for 
a croWn, implant, or other restorative structure. 

SUMMARY OF THE INVENTION 

[0010] It is an object of the present invention to advance the 
art of diagnostic imaging, particularly for intra-oral imaging 
applications. With this object in mind, the present invention 
provides an intra-oral imaging apparatus comprising: a fringe 
pattern generator energiZable to emit a fringe pattern illumi 
nation having a predetermined spatial frequency, With light in 
the 350-500 nm range; a polariZer in the path of the fringe 
pattern illumination emitted from the fringe pattern generator 
and having a ?rst polarization transmission axis; a projection 
lens disposed to direct the polariZed fringe pattern illumina 
tion as incident illumination toWard a tooth surface; an imag 
ing lens disposed to direct at least a portion of the light 
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re?ected and scattered from the incident illumination at the 
tooth surface along a detection path; an analyzer disposed 
along the detection path and having a second polarization 
transmission axis; a detector disposed along the detection 
path for obtaining image data from the light provided through 
the analyzer; and a control logic processor responsive to 
programmed instructions and actuable to obtain image data 
from the detector and to adjust the intensity over one or more 
portions of the fringe pattern illumination that is emitted from 
the fringe pattern generator according to the obtained image 
data. 
[0011] It is a feature of the present invention that it applies 
light of suitable polarization and Wavelength along With 
fringe projection patterning of varying brightness to the task 
of tooth contour imaging. 
[0012] An advantage offered by the apparatus and method 
of the present invention relates to improved imaging of tooth 
surfaces and at loWer cost over conventional contour imaging 
methods. Unlike conventional methods, no poWder or other 
opaque substance must be applied to the tooth as a prepara 
tory step for contour imaging. 
[0013] These objects are given only by Way of illustrative 
example, and such objects may be exemplary of one or more 
embodiments of the invention. Other desirable objectives and 
advantages inherently achieved by the disclosed invention 
may occur or become apparent to those skilled in the art. The 
invention is de?ned by the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0014] The foregoing and other objects, features, and 
advantages of the invention Will be apparent from the folloW 
ing more particular description of the embodiments of the 
invention, as illustrated in the accompanying draWings. The 
elements of the draWings are not necessarily to scale relative 
to each other. 
[0015] FIG. 1 is a schematic diagram of an imaging appa 
ratus using polarized fringe projection imaging in one 
embodiment. 
[0016] FIG. 2A is a block diagram shoWing the use of an 
analyzer With its polarization axis in parallel to the polarizer 
of a polarized fringe projection imaging apparatus. 
[0017] FIG. 2B is a block diagram shoWing the use of an 
analyzer With its polarization axis orthogonal to the polarizer 
of a polarized fringe projection imaging apparatus. 
[0018] FIG. 3A shoWs the polarization-dependent re?ec 
tion and scattering of illumination incident on the tooth. 
[0019] FIG. 3B is a diagram shoWing the relative intensities 
of re?ected light and the scattered light from incident illumi 
nation. 
[0020] FIGS. 4A, 4B, and 4C are perspective vieWs of a 
tooth imaged With fringe projection imaging, using non-po 
larized light, cross-polarized light, and co-polarized light, 
respectively. 
[0021] FIG. 5A is a diagram shoWing Wavelength-depen 
dent penetration of illumination incident on the tooth. 
[0022] FIG. 5B is a schematic diagram shoWing relative 
intensities of re?ected and scattered light With different Wave 
lengths. 
[0023] FIG. 6 is a schematic diagram shoWing an imaging 
apparatus for obtaining both co-polarized and cross-polarized 
light in fringe projection imaging. 
[0024] FIG. 7 is a block diagram shoWing components of an 
intra-oral imaging system according to one embodiment. 
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[0025] FIG. 8 is a schematic diagram shoWing hoW 
increased brightness can be applied for improved imaging 
over a portion of the imaging ?eld With contoured surfaces. 
[0026] FIGS. 9A and 9B shoW exemplary projected light 
patterns generated for contour imaging in one embodiment. 
[0027] FIG. 10 is a logic ?oW diagram that shoWs the 
sequence for obtaining a contour-compensated image. 
[0028] FIG. 11 is a schematic block diagram shoWing com 
ponents of a pattern generator in one embodiment. 
[0029] FIG. 12 is a schematic diagram of an imaging appa 
ratus using polarized fringe projection imaging in one 
embodiment. 

DETAILED DESCRIPTION OF THE INVENTION 

[0030] The ?gures provided herein are given in order to 
illustrate key principles of operation and component relation 
ships along their respective optical paths according to the 
present invention and are not draWn With intent to shoW actual 
size or scale. Some exaggeration may be necessary in order to 
emphasize basic structural relationships or principles of 
operation. Some conventional components that Would be 
needed for implementation of the described embodiments, 
such as support components used for providing poWer, for 
packaging, and for mounting and protecting system optics, 
for example, are not shoWn in the draWings in order to sim 
plify description of the invention itself. In the draWings and 
text that folloW, like components are designated With like 
reference numerals, and similar descriptions concerning 
components and arrangement or interaction of components 
already described are omitted. 
[0031] In the context of the present disclosure, the term 
“fringe pattern illumination” is used to describe the type of 
structured illumination that is used for fringe projection 
imaging or “contour” imaging. The fringe pattern itself can 
include, as pattern features, multiple lines, circles, curves, or 
other geometric shapes that are distributed over the area that 
is illuminated and that have a predetermined spatial fre 
quency, recurring at a given period. 
[0032] TWo portions of a line of light or other feature in a 
pattern of structured illumination can be considered to be 
substantially “dimensionally uniform” When their line Width 
is the same over the length of the line to Within no more than 
+/—l5 percent. As is described in more detail subsequently, 
dimensional uniformity of the pattern of structured illumina 
tion is needed to maintain a uniform spatial frequency. 
[0033] As noted above in the background section, conven 
tional approaches for fringe projection imaging fall short of 
providing good results for tooth tissue for a number of rea 
sons. Apparatus and methods of the present invention address 
the problems of obtaining images of the tooth When using 
fringe projection imaging With fringe pattern illumination by 
selection of favorable light properties and by techniques that 
improve light delivery to the highly contoured tooth surface. 
[0034] Referring to the schematic block diagram of FIG. 1, 
there is shoWn an embodiment of an intra-oral imaging appa 
ratus 10 for obtaining surface contour information from a 
tooth 20 using structured light. A fringe pattern generator 12 
is energizable to form the structured light as a fringe pattern 
illumination and project the structured light thus formed as 
incident light toWard tooth 20 through a polarizer 14 and 
projection lens 16. Light re?ected and scattered from tooth 20 
is provided to a detector 30, through an imaging lens 22 and 
an analyzer 28. Detector 30 is disposed along a detection path 
88, at the image plane of imaging lens 22. A control logic 
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processor 34 accepts feedback information from detector 30 
and, in response to this and other data, is actuable to effect the 
operation of pattern generator 12, as described in more detail 
subsequently. 
[0035] One function of control logic processor 34 for fringe 
projection imaging is to incrementally shift the position of the 
fringe and trigger the detector to take images that are then 
used to calculate three-dimensional information of tooth sur 
face. For the phase shifting fringe projection method, at least 
three images are typically needed in order to provide enough 
information for calculating the three-dimensional informa 
tion of the object. The relative positions of the fringes for 
these three projected images are typically shifted by one-third 
of the fringe period. Control logic processor 34 can be a 
computer, microprocessor, or other dedicated logic process 
ing apparatus that executes programmed instructions. 
[0036] Intra-oral imaging apparatus 10 of FIG. 1 uses 
polariZed light for surface imaging of tooth 20. PolariZer 14 
provides the fringe pattern illumination from fringe pattern 
generator 12 as linearly polariZed light. In one embodiment, 
the transmission axis of analyZer 28 is parallel to the trans 
mission axis of polariZer 14. With this arrangement, only light 
With the same polarization as the fringe pattern is provided to 
the detector 30. In another embodiment, analyZer 28, in the 
path of re?ected light to detector 30, is rotated by an actuator 
18 into either of tWo orientations as needed: 

[0037] (a) Same polariZation transmission axis as polar 
iZer 14. In this “co-polarization” position, detector 30 
obtains the specular light re?ected from the surface of 
tooth 20, and most of the light scattered and re?ected 
from the super?cial layer of enamel surface of tooth 20, 
as Well as some of the light scattered back from sub 
surface portions of the tooth. The co-polariZation orien 
tation of the analyZer 28 axis is shoWn in FIG. 2A. 
Parallel or co-polariZation provides improved contrast 
over other con?gurations. 

[0038] (b) Orthogonal polariZation transmission axis 
relative to polariZer 14. Using the orthogonal polariZa 
tion, or cross-polarization, helps to reduce the specular 
component from the tooth surface and obtain more of the 
scattered light from inner portions of the tooth. The 
cross-polarization orientation of the analyZer 28 axis is 
shoWn in FIG. 2B. 

[0039] When the tooth is imaged With an imaging system 
and sensor, the light that is available to the sensor can be (i) 
light re?ected from the tooth top surface; (ii) light scattered or 
re?ected from the near surface volume or portion of the tooth; 
and (iii) light scattered inside the tooth. In the context of the 
present disclosure, the “near-surface volume” of the tooth is 
that portion of the tooth structure that lies Within no more than 
a feW hundred um of the surface. 
[0040] It is knoWn that the light re?ected from the tooth 
surface (i), the specular light, maintains the polariZation state 
of the incident light. As the incident light propagates further 
into the tooth, the light is increasingly depolariZed. 
[0041] Disadvantageously, some portion of the specular 
light (i) for a contour pattern may be incident on more highly 
re?ective portions of the tooth surface, even causing some 
amount of saturation that degrades light detection. In contrast 
to conventional approaches that use all the light from the 
tooth, methods of the invention use at least portions of both 
the specular light (i) and the near-surface re?ected light (ii), 
and avoid the light scattered deep inside the tooth (iii). Appli 
cants have found that the near-surface light (ii), particularly 
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for blue light and shorter Wavelengths, is still substantially 
polariZed. Thus, for example, a large portion of the light 
scattered and re?ected from the super?cial layer of the tooth 
enamel also has the same polariZation state as the incident 
light and as the specular light (i). 
[0042] FIG. 3A shoWs Why the apparatus and method of the 
present invention use scattered near-surface light from just 
beneath the surface of the tooth. When a polariZed light P0 
With small dimension illuminates the tooth, some of the light 
P1 is re?ected from the surface of the tooth in specular fash 
ion and has the same polariZation state as the illumination 
light P0. The other portion of the illumination light P0 goes 
into the tooth, is subject to scattering and depolariZes. Some 
of the scattered light P2 escapes the tooth surface near the 
illumination region and can reach detector 30 (FIG. 1). 
[0043] Of particular interest, the spatial “footprint” of the 
scattered light P2, Which relates to the dimensions of pattern 
features of the structured light, such as line thicknesses, 
shoWs an increase over the corresponding spatial footprint of 
re?ected light P1. For example, Where the structured light 
pattern consists of parallel lines of light of a given thickness, 
the re?ected light P1 from these pattern features has lines of 
substantially the same thickness as the projected pattern. 
HoWever, the scattered light P2 is detected as lines of slightly 
increased thickness. That is, since light P2 has been scattered 
inside the tooth, the projected footprint on the tooth surface is 
broader than that of the specular re?ected light, Which is the 
same siZe as the illumination beam. The graph of FIG. 3B 
shoWs the difference betWeen the footprint of the light from 
the tooth surface (P1) and the light from inside the tooth (P2). 
To reduce the measurement error that can result, the light 
detected from inside the tooth should be minimiZed. Appli 
cants have found that polariZation provides an effective dis 
criminator for separating the specular light (P1) from the 
tooth surface from the scattered light from inside the tooth, 
While still taking advantage of a portion of the scattered light 
(P2). 
[0044] The group of contour images shoWn in FIGS. 4A-4C 
gives a comparison of approaches for obtaining and using 
light returned from the tooth using fringe projection. FIG. 4A 
shoWs a contour image of tooth 20 obtained using unpolariZed 
light. FIG. 4B shoWs a someWhat poorer image using cross 
polariZed light, but not exhibiting specular re?ection. FIG. 4C 
shoWs the improvement in the image contrast When using 
co-polariZed light. Areas of high brightness in this image are 
due to specular re?ection. As these images shoW, fringe con 
trast improves When the cross-polarization light is blocked 
from the image detector. 
[0045] In addition to taking advantage of favorable proper 
ties of polariZed light, embodiments of the present invention 
also take advantage of different amounts of re?ection that 
correspond to the Wavelength of light directed toWard the 
tooth. FIG. 5A shoWs three different Wavelengths k1, k2, and 
L3 as directed toWard tooth 20. The shortest Wavelength at A1 
penetrates the tooth the shortest distance. The next longest 
Wavelength at A2 penetrates the tooth an additional distance. 
Finally, the longest Wavelength at A3 penetrates the tooth the 
farthest distance. The graph of FIG. 5B shoWs hoW scattering 
affects the footprint of the light on the tooth surface from each 
Wavelength. The longer the Wavelength, the larger the foot 
print, resulting in larger measurement error. Wavelength k1 
could be near-UV or blue light in the range of 350 to 500 nm, 
for example. Wavelength k2 could be green light in the range 
of 500 to 700 nm, for example. Wavelength k3 could be red or 
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IR light in the range of 700 nm or higher, for example. Thus, 
blue or near UV light in the approximate 350-500 nm range, 
because it provides the least penetration into the tooth struc 
ture, proves to be a suitable light source for fringe projection 
imaging in one embodiment. 
[0046] For the embodiment of FIG. 1, spatial light modu 
lators can be used as part of fringe pattern generator 12 to 
provide the needed shifting motion for polarized fringe pro 
jection imaging, as described in more detail subsequently. 
The fringe pattern itself is shifted to at least one alternate 
position during imaging, more preferably to tWo or more 
alternate positions. This shifting of the light pattern can be 
caused by a separate actuator (not shoWn in FIG. 1), such as a 
piezoelectric or other type of actuator that is part of fringe 
pattern generator 12 for achieving precision incremental 
movement. Altemately, Where fringe pattern generator 12 
uses a spatial light modulator, this shifting can be performed 
electronically, Without mechanical movement of parts Within 
fringe pattern generator 12. In addition, another actuator 18 
can be positioned for providing 90 degree rotation to either 
polarizer 14 or analyzer 28 (such as is shoWn in FIG. 1) in 
order to obtain both co-polarization and cross-polarization 
images. Polarization can also be rotated When using an LCD 
spatial light modulator. 
[0047] FIG. 6 shoWs an embodiment of an intra-oral imag 
ing apparatus 40 that obtains images using both parallel and 
cross-polarization Without requiring rotation of either polar 
izer 14 or analyzer 28 betWeen image captures.A polarization 
beam splitter 36 separates the re?ected and scattered light, 
re?ecting the cross-polarized light to a detector 3 0b and trans 
mitting the co-polarized light to a detector 30a. 
[0048] Because the co-polarized and cross-polarized light 
provide different types of information about the surface and 
near-surface of the tooth, imaging apparatus 40 of FIG. 6 
offers the advantage of using both polarizations Without the 
need for mechanical movement of analyzer 28 or polarizer 14, 
combining the results from orthogonal polarizations in order 
to obtain improved surface contour data. 
[0049] Detectors 30, 3011, or 30b in the embodiments 
described herein can be any of a number of types of image 
sensing array, such as a CCD device, for example. Polarizers 
and analyzers can be Wire-grid or other polarizer types. 
[0050] In one embodiment of the present invention, the 
imaging apparatus is packaged in the form of a hand-held 
probe that can be easily positioned Within the patient’s mouth 
With little or no discomfort. Referring to FIG. 7, there is 
shoWn an intra-oral imaging system 42 that includes imaging 
apparatus 10 in the form of a probe. The probe communicates, 
over a Wired or Wireless data communication channel, With 
control logic processor 34 that obtains the images from either 
or both co-polarized and cross-polarized projection fringes. 
Control logic processor 34 provides output image data that 
can be stored as a data ?le and displayed on a display 38. 

[0051] As noted in the background section, the pronounced 
contours of the tooth include surfaces that are steeply sloped 
With respect to each other, complicating the task of directing 
enough light onto each surface. As a result, some surfaces of 
the tooth may not provide 3-D information that is su?icient. 
Referring to FIG. 8, this problem is represented relative to a 
rear surface 26 of tooth 20. Patterned light from imaging 
apparatus 10 generates a contour-detecting fringe pattern 44 
onto tooth 20, as shoWn in box B. Fringe pattern 44 is su?i 
ciently bright for obtaining 3-D image content over a top 
surface area, as outlined over an area 52; hoWever, the back 

Oct. 21,2010 

surface area corresponding to rear surface 26 of tooth 20 and 
outlined as a darker area 54 is very dimly lit. This alloWs only 
a coarse estimation, at best, of the contour of rear surface 26. 

[0052] In order to compensate for this lack of brightness 
using conventional fringe projection patterning techniques, 
an embodiment of the present invention selectively increases 
the light intensity of the fringe pattern illumination over a 
given area. In FIG. 8, a fringe pattern 50 is shoWn With tWo 
different areas, differentiated by their relative light intensi 
ties. In fringe pattern 50, a ?rst intensity 56 is provided for 
fringe projection imaging of surfaces such as top surface area 
that are more readily accessible for contour imaging. A sec 
ond intensity 58, higher than ?rst intensity 56 for the example 
shoWn and as indicated by darker lines in FIG. 8, is provided 
for the back surface area of the tooth. It should be observed 
that the actual pattern feature spacing and thickness of the 
projected contour lines that are the pattern features in this 
example is not changed in this embodiment. The same spatial 
frequency of fringe pattern 50 is preserved. This means that 
the contour pattern, fringe pattern 50, remains dimensionally 
uniform, With individual lines or other pattern features 
changed only in intensity, rather than in dimension or spacing 
(period). Only the relative intensity of the fringe pattern illu 
mination over one or more areas is increased Where needed. 

For example, along any one line Within structured light fringe 
pattern 50, there can be any number of intensities, such as the 
tWo shoWn as ?rst and second intensities 56 and 58 in FIG. 8. 
The line thickness Within the fringe pattern does not change; 
the spatial frequency of the fringe pattern is preserved. 
[0053] Maintaining dimensional uniformity and spatial fre 
quency of the fringe pattern is advantageous for contour 
imaging because it provides a uniform resolution over the full 
image ?eld. Other techniques have been proposed for chang 
ing the pattern dimensions itself, such as thickening the pat 
tern lines over speci?c areas; hoWever, because the spatial 
frequency of the fringe pattern changes When using such a 
technique, the resulting resolution of the contour image that is 
obtained is non-uniform. With respect to the example fringe 
pattern 50 given in FIG. 8, it is instructive to observe that if the 
area indicated as second intensity 58 actually used thicker 
lines, the resulting contour image Would suffer reduced reso 
lution over this area. By maintaining the lines of fringe pattern 
50 as dimensionally uniform and only increasing the intensity 
of light to provide second intensity 58 in this example, 
embodiments of the present invention provide an increased 
illumination Without loss of resolution over the darker region. 

[0054] The schematic diagram of FIG. 8 shoWed a simple 
case in Which fringe pattern 50 compensates for surface steep 
ness by using tWo different intensities 56 and 58. FIGS. 9A 
and 9B shoW examples of other possible arrangements that 
use more than tWo light intensities. In FIG. 9A, for example, 
light for the fringe pattern illumination can be of ?rst intensity 
56, second intensity 58, or a third intensity 66, represented as 
the highest intensity in this example. In FIG. 9B, light can be 
of ?rst, second, or third intensities 56, 58, or 66 respectively, 
or of an even higher fourth intensity 68 as shoWn. The light 
intensity can vary along any individual pattern feature, such 
as along a single line in the projected fringe pattern 50. 
[0055] In addition to increasing the light intensity over 
darker areas of the tooth surface relative to the position of 
imaging apparatus 10, it is also possible to reduce the light 
intensity over areas Where there may be highly specular 
re?ection that otherWise causes saturation of the detector. 
Again, it must be emphasized that What changes is the light 
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intensity over one or more portions of the projected light 
pattern; line thickness and spacing, both related to the spatial 
frequency, remain the same for different intensities. 

[0056] Referring again to FIGS. 1 and/ or 6, the light inten 
sity over the projected pattern can be changed by controlling 
fringe pattern generator 12 by means of commands from 
control logic processor 34, in response to programmed 
instructions, and by means of signals provided from control 
logic processor 34 to related control components. In one 
embodiment, fringe pattern generator 12 is a digital micro 
mirror device (DMD). Intensity can then be increased over 
any portion of projected fringe pattern 50 by increasing the 
effective duty cycle of the rotatable mirrors of the DMD using 
Pulse-Width Modulation (PWM), so that the source illumi 
nation is provided for a suitable amount of time over a par 
ticular portion of the fringe pattern. Other methods of illumi 
nation intensity adjustment Would apply for LCD and for 
other transmissive and emissive spatial light modulators, 
using light modulation techniques familiar to those skilled in 
the imaging arts. 
[0057] Referring again to FIG. 7, control logic processor 34 
is programmed With instructions that automatically adapt the 
local intensities of lines or other features in fringe pattern 50 
according to imaging conditions. 
[0058] The logic ?oW diagram of FIG. 10 shoWs a sequence 
of steps that are used for adaptive fringe projection imaging in 
one embodiment. In an initial step 60 a ?rst reference image 
is obtained. The reference image can be a contour image, 
formed by projecting structured light onto the tooth surface. 
Altemately, the reference image can be a conventional tWo 
dimensional image obtained from projection of a uniform 
?eld of light onto the tooth surface. The reference image that 
is obtained can be at full resolution; alternately, since the 
reference image is not used directly for imaging but instead to 
determine the overall amount of light that is returned over 
each surface area, the reference image can be at loWer reso 
lution. 

[0059] Still referring to FIG. 10, an analysis step 64 fol 
loWs, in Which areas from the sensed reference image that are 
not suf?ciently bright are identi?ed. For dental imaging 
applications, analysis step 64 can take advantage of knoWn 
data about tooth structure. The operator, for example, may 
identify the tooth by number or provide other information that 
is used in analysis step 64. A map generation step 70 is then 
executed, in Which areas of greater or lesser intensity are 
de?ned according to the ?rst reference image. With respect to 
FIGS. 9A and 9B, step 70 then sets up variable intensity 
fringe pattern 50. An image acquisition step 74 then uses the 
generated fringe pattern 50 for obtaining a contour image 
With added brightness as described With respect to FIG. 8. 
Image acquisition step 74 may be folloWed by an optional 
looping step 76 that repeats the analysis of map generation 
step 70 in order to generate a second or other additional 
mappings so that the projected structured illuminationpattern 
can be shifted, With appropriate changes in intensity, one or 
more times. This shifting is done in order to obtain a more 
accurate evaluation of tooth contour using fringe projection 
techniques. The individually obtained contour images are 
combined to obtain surface structure information, using tech 
niques Well knoWn in the imaging arts. In one embodiment, 
image acquisition step 74 also includes energizing actuator 
18 (FIG. 1) in order to obtain images using both co-polariZa 
tion (as in FIG. 2A) and cross-polarization (FIG. 2B). 
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[0060] FIG. 11 is a schematic block diagram shoWing com 
ponents of fringe pattern generator 12 in one embodiment. A 
spatial light modulator 84, such as a digital micromirror 
device (DMD), liquid crystal device (LCD), or other type of 
light modulator array or grating forms a pattern according to 
control signals from control logic processor 34.A light source 
80 provides incident light to spatial light modulator 84, con 
ditioned by one or more optical elements 82, such as a light 
uniformiZer and lens elements. Spatial light modulator 84 in 
this embodiment may be a transmissive device as shoWn in 
FIG. 11 or a re?ective device, such as a DMD. Control logic 
processor 34 responds to pattern 44 of light brightness that is 
returned in the initial reference image as Was described earlier 
With reference to FIG. 8 to control the intensity of pattern 
features in the fringe pattern that it forms on spatial light 
modulator 84. 

[0061] In the embodiment shoWn in FIG. 11, light source 80 
can be a solid-state light source, such as a Light-Emitting 
Diode (LED) or laser, or can be a lamp or other light source. 
Blue or near UV light in the 350-500 nm range is used for 
providing usable image content from near-surface portions of 
the tooth, as described earlier. In an alternate embodiment, 
light source 80 is not used and an emissive array, such as an 
Organic LED (OLED) is used for pattern generation from a 
single component. 
[0062] The schematic diagram of FIG. 12 shoWs another 
embodiment of the present invention Wherein a ?lter 90, such 
as a bandpass ?lter that transmits blue or near UV light in the 
350-500 nm range and attenuates other light, is placed in the 
imaging path. This embodiment can be less sensitive to fac 
tors in the environment, such as stray light from other equip 
ment in the room. In this embodiment, light source 80 Within 
fringe pattern generator 12 (FIG. 11) can be either broadband, 
extending Well beyond the 350-500 nm range, or narroW 
band, primarily emitting blue and near-UV light. 
[0063] Embodiments of the present invention provide 
improved contour imaging for teeth by taking advantage of 
properties of light and capabilities of spatial light modulators 
for forming an adaptive fringe projection pattern having suit 
able light intensity that is responsive to variability in tooth 
surface characteristics. The apparatus and methods of the 
present invention compensate for problems related to the 
translucence of the tooth by using short-Wavelength light and 
by employing principles of polariZed light. When light of 
suitable Wavelength and polarization state is provided With an 
adaptable intensity arrangement, a more accurate indicator of 
the highly contoured tooth surface can be achieved. 

[0064] The surface contour image that is obtained using the 
apparatus and methods of the present invention can be used in 
a number of Ways. Contour data can be input into a system for 
processing and generating a restorative structure or can be 
used to verify the Work of a lab technician or other fabricator 
of a dental appliance. This method can be used as part of a 
system or procedure that reduces or eliminates the need for 
obtaining impressions under some conditions, reducing the 
overall expense of dental care. Thus, the imaging performed 
using this method and apparatus can help to achieve superior 
?tting prosthetic devices that need little or no adjustment or 
?tting by the dentist. From another aspect, the apparatus and 
method of the present invention can be used for long-term 
tracking of tooth, support structure, and bite conditions, help 
ing to diagnose and prevent more serious health problems. 
Overall, the data generated using this system can be used to 
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help improve communication between patient and dentist and 
betWeen the dentist, staff, and lab facilities. 
[0065] Advantageously, the apparatus and method of the 
present invention provide an intra-oral imaging system for 
3 -D imaging of teeth and other dental features Without requir 
ing the use of a special poWder or application of some other 
temporary coating for the tooth surface. The system offers 
high resolution, in the 25-50 um range in one embodiment. 
[0066] The invention has been described in detail With par 
ticular reference to a presently preferred embodiment, but it 
Will be understood that variations and modi?cations can be 
effected Within the spirit and scope of the invention. For 
example, any of a number of different types of spatial light 
modulator could be used as part of the fringe pattern genera 
tor. The presently disclosed embodiments are therefore con 
sidered in all respects to be illustrative and not restrictive. The 
scope of the invention is indicated by the appended claims, 
and all changes that come Within the meaning and range of 
equivalents thereof are intended to be embraced therein. 

PARTS LIST 

[0067] 1 0. Imaging apparatus 
[0068] 12. Fringe pattern generator 
[0069] 14 Polarizer 
[0070] 16. Lens 
[0071] 18. Actuator 
[0072] 20. Tooth 
[0073] 22. Lens 
[0074] 26. Rear surface 
[0075] 28. Analyzer 
[0076] 30, 30a, 30b. Detector 
[0077] 34. Control logic processor 
[0078] 36. Polarization beam splitter 
[0079] 38. Display 
[0080] 40. Imaging apparatus 
[0081] 42. Intra-oral imaging system 
[0082] 44. Pattern 
[0083] 50. Fringe pattern 
[0084] 52, 54. Area 
[0085] 56. First intensity 
[0086] 58. Second intensity 
[0087] 60. Initial step 
[0088] 64. Analysis step 
[0089] 66. Third intensity 
[0090] 68. Fourth intensity 
[0091] 70. Map generation step 
[0092] 74. Image acquisition step 
[0093] 76. Looping step 
[0094] 80. Light source 
[0095] 82. Optical element 
[0096] 84. Spatial light modulator 
[0097] 88. Detection path 
[0098] 90. Filter 
[0099] B. Box 
[0100] P0, P1, P2. Polarized light 
[0101] k1, k2,?»3. Wavelength 
What is claimed is: 
1. An intra-oral imaging apparatus comprising: 
a fringe pattern generator energizable to emit a fringe pat 

tern illumination having a predetermined spatial fre 
quency, With light in the approximate 350-500 nm range; 

a polarizer disposed in the path of the fringe pattern illu 
mination emitted from the fringe pattern generator and 
having a ?rst polarization transmission axis; 
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a projection lens disposed to direct the polarized fringe 
pattern illumination as incident illumination toWard a 

tooth surface; 
an imaging lens disposed to direct at least a portion of the 

light re?ected and scattered from the incident illumina 
tion at the tooth surface along a detection path; 

an analyzer disposed along the detection path and having a 
second polarization transmission axis; 

a detector disposed along the detection path for obtaining 
image data from the light provided through the analyzer; 
and 

a control logic processor responsive to programmed 
instructions and actuable to obtain image data from the 
detector and to adjust the intensity over one or more 
portions of the fringe pattern illumination that is emitted 
from the fringe pattern generator according to the 
obtained image data. 

2. The imaging apparatus of claim 1 Wherein the second 
polarization transmission axis is parallel to the ?rst polariza 
tion transmission axis. 

3. The imaging apparatus of claim 1 Wherein the second 
polarization transmission axis is orthogonal to the ?rst polar 
ization transmission axis. 

4. The imaging apparatus of claim 1 further comprising an 
actuator coupled to either the polarizer or the analyzer and 
energizable to rotate the coupled polarizer or analyzer to one 
of tWo positions, substantially 90 degrees apart. 

5. The imaging apparatus of claim 1 Wherein the analyzer 
is a polarization beam splitter and Wherein the detector is a 
?rst detector disposed to receive light transmitted through the 
polarization beam splitter and further comprising a second 
detector disposed to receive light re?ected from the polariza 
tion beam splitter. 

6. The imaging apparatus of claim 1 Wherein the fringe 
pattern generator comprises a grating. 

7. The imaging apparatus of claim 1 Wherein the fringe 
pattern generator comprises a spatial light modulator. 

8. The imaging apparatus of claim 7 Wherein the spatial 
light modulator is taken from the group consisting of a digital 
micromirror device and a liquid crystal device. 

9. The imaging apparatus of claim 1 Wherein the fringe 
pattern generator comprises an emissive device that forms 
and emits the fringe pattern. 

10. The imaging apparatus of claim 1 further comprising a 
?lter disposed along the detection path for transmitting light 
in the 350-500 nm range. 

11. A method for obtaining a surface image of a tooth 
comprising: 

obtaining a reference image of a portion of the tooth sur 
face having at least a lighter area and a darker area; 

generating and projecting one or more fringe patterns onto 
the portion of the tooth surface, Wherein the intensity of 
the fringe pattern illumination that is directed toWard the 
darker area exceeds the intensity of the fringe pattern 
illumination that is directed toWard the lighter area and 
Wherein the fringe pattern has the same spatial fre 
quency for pattern features over the lighter and darker 
areas; and 

obtaining one or more images from the one or more pro 

jected fringe patterns. 
12. The method of claim 11 Wherein obtaining the refer 

ence image further comprises directing a structured illumina 
tion onto the tooth surface. 




