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ABSTRACT 
 
With the advent of instruments incorporating elements of confocal microscopy and Optical Coherence Tomography 
(OCT), optical technologies are steadily gaining usage in a variety of biomedical applications. They offer tissue 
visualization both at the superficial level and in depth, they operate using non-ionizing radiation at a relatively low cost, 
and the procedures are easily tolerated by patients. One area of growth for optical imaging is in the oral cavity, which has 
excellent optical accessibility both for dental tissue and oral mucosa. The need to image features accurately (both as part 
of oral mapping and as part of investigating the underlying tooth structure) requires producing 3-D volumes with 
sufficiently good lateral and vertical resolution to allow identification of features of interest. 
 
Although a few types of intraoral optical scanners are already successfully commercialized for surface mapping, the 
examination of optical design considerations that are particular to scanned beam imaging in the oral cavity does highlight 
particular challenges of interest to both clinicians and optical engineers engaged in designing the next generation of 
optical instruments.  
 
Keywords list: confocal microscopy, optical coherence tomography (OCT), intra-oral scanning, GRIN lens technology. 
 
 

1. INTRODUCTION 
 
Optical Coherence Tomography (OCT) is an interferometric technique capable of detecting light scattered from within 
tissue or from boundaries between different tissue layers. It can be used to obtain structural sub-surface morphology of 
regions situated up to a few mm inside tissue, as well as from the surface / air-tissue boundary (which can be of 
considerable interest in dental investigations [1]-[4]).  
 
Optical instruments that can facilitate non-OCT type of confocal imaging of dental tissue in the oral cavity have been 
successfully commercialised, such as for example iTero (Align Technology), CEREC (Dentsply Sirona), Trios (3Shape) 
and several others [5],[6] but they rely on relatively high levels of confocality which is necessary to provide depth 
discrimination of the air-tissue boundary, with a resolution of around 10 microns.  
 
OCT requires a probe beam and a reference beam. Lateral resolution is achieved by delivering the probe beam through a 
confocal channel of (typically) low to medium confocality (NA between 0.1 and 0.4), in order to maintain a reasonable 
depth of focus both at the target tissue and below the surface of the target tissue. Since OCT relies on interferometric 
rather than confocal depth sectioning, the emphasis is on lower magnification and better depth of focus for OCT 
imaging.  
 
Apart from delivery through a confocal channel, the need to provide illumination and collection of backscattered light 
imposes its own constraints in OCT depth imaging. Exploring volumes within teeth and soft tissue in the oral cavity is 
achieved by scanning the optical beam laterally across the area of interest (which may be only as wide as an individual 
tooth, or, if mapping is desired, may extend across several teeth to a quadrant or an arch, which has been shown to be 
possible with 3D intraoral scanners). Regardless of the design, the optical conduit of such devices should have an exit 
aperture that is wide enough to accommodate the beam as it is being scanned ([7],[8]). For a beam diameter of 2-3 mm 
the exit aperture may need to accommodate the beam on axis, as well as off-axis at the extremes of the scan angle range, 
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thereby increasing the exit aperture of the tip of the instrument which may be difficult to accommodate particularly for 
posterior teeth.   
 
Information from up to several mm within tissue can be obtained in several wavelength windows, mostly in the near 
infrared wavelengths of 750 nm and longer which are suitable for deeper penetration in dental tissue and oral soft tissue, 
whose light attenuation properties due to water absorption should be taken into consideration. For in vivo imaging at 
faster speeds, Swept Source OCT (SS-OCT) configurations are often employed due to their higher sensitivity and 
generally faster scanning speeds.  
 
In the context of imaging of oral cavity tissue, the design of the system delivering the probe beam to the desired volume 
of tissue (comprising tissue surface and a depth of 2-3 mm immediately below it), should be informed by the imaging 
resolution, lateral / depth of field size requirements and working distance as well as by the ease of access to parts of the 
oral cavity. These are often competing requirements, and typically the magnification of the confocal platform on which 
the OCT system is built is relatively low, in order to produce useful images of features in the mm range.  
 
This paper examines the possibility of building a versatile  optical column in the object arm of an OCT system, using 
common GRIN lens elements, with the purpose of allowing easy access to a large part of the oral cavity in a way that 
makes the investigative imaging procedure comfortable for the patient.  
 
 
 

2. DESIGN CONSIDERATIONS 
 

The key design consideration for the confocal microscopy platform employed to deliver the investigation beam to the 
tissue volume for imaging is the need to form the OCT image by scanning the beam laterally, usually at right angles to 
the direction of propagation of light. This is commonly accomplished by pivoting the beam around the axis of a 
galvanometer scanner situated at the entrance aperture of a telescope system, with the tissue located axially at the 
conjugate point of the telescope’s exit aperture as described in the diagram in Fig.1. The length of the telescope system 
constitutes the bulk of the distance between scanner and tissue. Ideally the number of elements in the telescope should be 
kept to a minimum in order to avoid a loss of intensity due to stray reflections.  

 
Figure 1. Scanning setup used to facilitate the lateral exploration of a the surface of interest. The pivot axis of the scanner 

is placed at the entrance aperture of the telescope consisting of refractive elements of focal lengths f1 and f2. 
The image plane is conjugate with the exit aperture of the telescope.  

One specific set of design parameters to oral cavity imaging can be derived from the need to angle the imaging 
instrument around teeth in order to image either dental tissue (e.g. molars from the side) or oral soft tissue. Although 
insertion of wider tube is possible in the oral cavity, in order to avoid patient discomfort, the exit aperture at the distal 

 

Proc. of SPIE Vol. 10831  108310F-2
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 10/9/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



end of the te
fitted around 

For these reas
lenses and ot
used in OCT 

To satisfy the
of an adjusta
Optics 67-59
positioning al
a single mode
clearance to a
5.5 mm from 
for two suitab
obtained from

The scanned 
diameter), wh
image plane a
the image pla

Figure 

To enhance th
set apart whil
the beams em
angle). The f
objective lens

The maximum
choice of a re
which requir
between L4 a
focal length n
mirror is show

1-D 
SM 

lescope shoul
the tooth prof

sons, the type 
ther appropria
imaging befo

ese requiremen
able collimato
1) and L3 (Ed
llows a beam 
e fibre, to be 
allow for the 
L3. The clear

bly small scan
m the tissue of

beam subseq
hose purpose 
and b) to ensu
ane, across the

2. Layout of th
lateral resol
G1-G4: GRI
aperture of t

he simplicity 
le the other th

merge with am
final lens in th
s of the confoc

m scanner ang
elatively smal
es a comprom

and the image 
needs to be su
wn in Fig.3. 

L1 (EO 45-37

L2 (EO 67-59

L3 (EO 45-27

G

SMF 

ld not be larg
file.  

 of design pro
ate small aper
re [9] 
nts, the design

or arrangemen
dmund Optics
of light, cons
focused appro
positioning o
r aperture of t
nning mirrors
f interest.   

quently enter
is twofold: a

ure that the fin
e desired latera

he proposed 3 m
lution. SMF: sin
IN lenses, 1.8 m
the telescope co

of the design 
hree are group

mplified scan a
he system is a
cal platform a

gle (which in 
ll 2.7 mm cle
mise to be m
plane is wher

ufficiently larg

75) 

91) 

73) 

G1 to G4 (Tho

ger than a few

oposed in this 
rture optics no

n represented 
nt composed o
s 45-273). The
isting of wave
oximately 11 
f at least one 

the scanning m
s to be accomm

rs a sequence
a) to amplify t
nal lens can re
al scanning ra

mm diameter sy
ngle mode fibr

mm diameter; L
onsisting of G1-

and reduce th
ped together w
angles and wit
a 2.7 mm clea
and focuses th

turn determin
ear aperture is

made on the m
re any perisco
ge to allow thi

orlabs GRIN 2

w mm, in orde

paper employ
ot exceeding O

in Fig. 2 is pr
of three singl
ese lenses hav
elength compo
mm away fro
scanner mirro

mirror modelle
modated, ther

e of four iden
the scanning 
efocus the bea
ange.  

ystem capable o
re; L1-L3: sing
L4: achromatic l
-G4. The image

he number of s
with zero sepa
th a minimal 
ar aperture ac

he beam on the

nes the lateral
s imposed by 
maximum ach
ope mirror or p
is. A represen

910) 

er to allow a 

ys a telescope 
OD values of

roposed. Mode
et lenses: L1

ve a 2.7 mm c
onents in the r
om the exit ap
or (as shown 
ed in this stud
reby making i

ntical GRIN 
angle in orde

am in a way th

of producing a 
glet lenses; 1-D
lens. The pivot 
e plane is conju

stray reflection
aration.  At th
amount of div

chromat (Edm
e tissue.  

l field size) is
the need for 

hievable exten
prism would n
ntation of the p

L4 (EO 

small perisco

consisting of 
f 3 mm (Fig. 2

elled in Zema
(Edmund Op

clear aperture 
range 1030-10
perture of L3.
in the diagram

dy is 2.7 mm. 
it feasible for 

lenses (Thor
er to generate
hat results in a

lateral scan of 
D SM: one dime

axis of 1-D SM
ugate with a poi

ns, the first of
e exit apertur
vergence (mor

mund Optics 4

s limited by th
easy access to
nt of the later
need to be plac
possible place

45-262) 

ope-like arrang

f commonly av
2). GRIN len

x OpticStudio
ptics 45-375),
and their jud

060 nm, and e
 This is a suf
m in Fig.2) at
The design ho
3-D volumes

rlabs GRIN 2
 a suitable fie
a quasi-unifor

2.75 mm with 
ensional scanni

M is placed at th
int situated insid

f the four GRI
e of the GRIN
re pronounced

45-262) which

he aperture of
o the surface 
ral field size
ced, therefore
ement of this p

gement  to be

vailable GRIN
ses have been

oTM, it consists
, L2 (Edmund
icious relative

emerging from
fficiently large
t a distance of
owever allows
s of data to be

2910, 1.8 mm
eld size at the
rm spot size a

40 micron 
ing mirror; 
he entrance 
de G4.  

IN elements is
N lens system
d at the 0 scan
h serves as the

f lens L4. The
of oral tissue
. The interva

e L4’s nomina
periscopic end

Image 
plane 

e 

N 
n 

s 
d 
e 

m 
e 
f 
s 
e 

m 
e 

at 

 

s 
m, 

n 
e 

e 
e, 
al 
l 
d 

Proc. of SPIE Vol. 10831  108310F-3
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 10/9/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Figure 

3.1. Spot size
 
The maximum
RMS spot ra
considered fo
while the lo
consideration
The table belo
the final GRI
with the maxi
   

Configuration

1 

2 

3 

3. Shaded mo
mirrors can 
corresponds

e analysis 

m achievable 
adius or the 
or analysis (1,
ower half, fro
ns).  
ow illustrates 
IN element, a
imum being s

 

Chief 
orientation
to optical 
after reflec

scanner 

0 

0.9

1.8

del representat
be added to aid

s to the maximu

 lateral imagi
Airy disk rad
, 2 and 3), co
om -100% to

the relationsh
and the relativ
et to 1). 

ray 
n relative 

axis (º)  
ction on 
mirror 

or
to

9 

8 

tion of the scan
d access around

um lateral exten

3

ing resolution
dius. Three c

orresponding t
o 0%, is ass

hip between th
ve field positio

Chief ray 
rientation relat
o optical axis 
on exiting fina
GRIN surface

0 

5.16 

10.49 

nning optical sy
d dental tissue.

nt of a half-scan

 
3. ANALYSI

n of the propo
configurations
to different sc
sumed to res

he angle of the
on in the ima

tive 
(º) 
al 
e 

Relative
positio

a perce
of maxi

0

52.4

100

ystem proposed
 The direction 

n (1.35 mm half

IS 

osed imaging
s have been m
can angles spa
sult in an id

e scanner mirr
ge plane (exp

e field 
on (as 
entage 
imum) 

 

4% 

0% 

d, to which  on
of propagation

f field, 2.7 mm f

 system is de
modelled in 
anning half th
dentical perfo

ror, the angle 
pressed as per

ne or two peris
n of the light be
full field) 

etermined by 
Zemax Optic

he field (from 
ormance due 

of the beam e
rcentage of th

Diagram 

 
scopic end 
eam shown 

the largest of
cStudioTM and

0% to 100%
to symmetry

emerging from
he image field

f 
d 
; 
y 

m 
d, 

Proc. of SPIE Vol. 10831  108310F-4
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 10/9/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

Spot size ana
there is a sm
36.4 μm (Con
10% between

Figure 

The mismatc
progressively
showing for 1
angle of 1.8º 
This shows th
aperture and w
 
3.2. Variatio
 
Given that th
measure of th
to be carried o

alysis at the im
mall variation i

nfig. 3), the R
n the limits of 

4. Spot size an
scan angles,
outline and a

ch, albeit sma
y increases. In 
1070 nm wher
(Config. 3) t

hat the design
working dista

n of spot size

he system is in
he range of dep
out.  

40.0    41.3  
 

RMS

mage plane wa
in the Airy ra

RMS spot size 
the OCT imag

nalysis for each 
, at five distinct
a good match is

all, between t
the centre of 
re the RMS sp

the Airy radiu
n is performing
ance and that t

e in the axial d

ntended to pr
pths over whi

  42.1    43.

S spot radius 

as carried out 
adius across th

does not chan
ging spectrum

of Configuratio
t wavelengths s
s notable betwe

the Airy radi
the field, at 0
pot size is 44

us is larger tha
g close to or a
there is no adv

direction 

roduce depth 
ich the focusin

2    44.3 

35.0    3
 

in for each of
he full extent 
nge with wave

m, i.e. 1030 nm

ons 1, 2 and 3.
spanning the OC
een the RMS sp

ius and the R
º (Config. 1) s
.3 μm (cf 38.7
an all RMS sp
at almost exac
vantage in opt

images, one i
ng is still suffi

34.4    33.8   

RMS spot rad

f the three con
of the lateral

elength in any
m and 1070 nm

The RMS spot 
CT imaging spe
pot size and the 

RMS radius c
spots are aber
74 μm Airy ra
pot radii so th
ctly the limits 
timizing for ab

important par
iciently sharp,

35.6
 

 33.3    32.9

dius 

nfigurations (F
l field betwee
y given config
m. 

radius is show
ectrum. The Air
Airy disk size i

changes (and 
rration limited
adius). At the
he imaging re
imposed by t

berrations any

ameter is the 
, without refo

    36.3    37

RMS sp

 

Fig. 4). It reve
en 38.8 μm (C
guration by mo

wn for each conf
ry disk is shown
in each case. 

inverts) as th
d with the grea
e edge of the f
egime is diffra
the physical c
y further. 

depth of focu
cusing adjustm

7.1    37.9    

ot radius 

eals that while
Config. 1) and
ore than abou

figuration / 
n as a dark 

he scan angle
atest mismatch
field, at a scan
action limited
onstraints, i.e

us, which is a
ments needing

38.8 

e 
d 

ut 

e 
h 
n 
d. 
e. 

a 
g 

Proc. of SPIE Vol. 10831  108310F-5
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 10/9/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



The depth of 
resolvable fe
achieve this. 
size” diagram
increments of

Figure 

The analysis 
depth range o
(which woul
Configuration
 
3.3. Telecent
 
The imaging 
intensity, wit
ensure consis
advantage in 
transverse pla

To accomplis
illumination o
to the origina

Field curvatu
relatively sm
scan range, an
results in a m

focus is in an
ature size, res
The analysis 

ms shown in 
f 500 μm. The

5. Through fo
distance of 2

reveals that d
over which th
d be sufficie
ns 2 and 3 ove

tricity and fie

of highly refl
th significant 
stent illumina
producing 1-D

ane.  

sh this, lens 
of the image p

ating fibre is o

ure is another 
all angles of 
nd given the >

much less sever

n inverse relati
sults in better
of spot variat
Fig. 5. In the

e spot size at t

ocus spot size 
2 mm (1 mm aw

depth of focus 
he spot size d
ent for OCT 
er that distanc

eld curvature

lective dental 
discrepancies

ation angles a
D B-scans in 

L4 should op
plane is consi
f a similar int

important pa
scan employe
>2 mm depth 
re impact on t

ionship with t
r depth of foc
tion in the axi
ese diagrams,
the resulting a

analysis for ea
way in either di

is substantial
does not excee

imaging), an
e.  

e 

tissue present
s between the
as close as po
the sagittal pl

perate as muc
istently close t
tensity across 

rameter becau
ed in this desi
of focus over

the sharpness 

the lateral reso
cus. Low num
ial direction w
, a virtual “d

axial position i

ach of Configu
irection from th

ly similar reg
ed 50 μm rad
nd in fact the

ts the challen
 centre and th
ossible to nor
lane where the

ch as possibl
to the normal
the entire scan

use it can resu
ign keep field
r which diffra
of OCT imag

olution: worse
merical apertu
was carried ou
defocus” is ac
is shown for e

urations 1, 2 an
he axial position

ardless of con
dius extends c
e spot radius 

ge that the ba
he edge of th
rmal incidenc
e tooth curvat

e like a telec
orientation, a

n range.  

ult in defocus
d curvature va
action limited 
es.  

e lateral resolu
ure focusing o
ut with the aid
chieved by st
each of the thr

nd 3. Defocus 
n of the image p

nfiguration (i.e
considerably b

continues to

ackscattered li
e field. For th

ce on the toot
ture is less pro

centric f theta
and light scatt

s at the edges
alues limited t
imaging is po

 

ution, i.e. a lar
optics are gen
d of the “throu
epping the im
ree configurati

is modelled ov
plane) 

e. scan angle)
beyond the mo
o be diffracti

ight may be n
his reason it i
th surface, an
onounced, rath

a lens (Fig. 6
tered by tissue

s of the field. 
to less than 1
ossible, the ac

rger minimum
nerally used to
ugh focus spo
mage plane in
ions in Fig. 5.

ver a total 

, and the axia
odelled 2 mm
ion limited in

non-uniform in
is desirable to
nd there is an
her than in the

6), so that the
e and returned

However, the
 mm over the

ctual curvature

m 
o 
t 
n 
.  

al 
m 
n 

n 
o 
n 
e 

e 
d 

e 
e 
e 

Proc. of SPIE Vol. 10831  108310F-6
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 10/9/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

Figure

 
A very comp
has an optica
limited) over
optical eleme
comparison to
 
The system o
achievable re
maximum ac
forming the o
the final mir
significantly 
not a factor a
beyond this le
 
The implicati
and a workin
introduced by
justified – eve
 
This would b
opportunity to
objective lens
were to be em
rectangular a
corresponding

e 6. a) Field cur
(correspond
configuratio
centre of th

pact and easily
al column of 3
r a depth of 4
ents are all co
o designs that

operates near t
esolution. The
hievable reso

optical column
rror in order 
smaller than a
and hence pe
evel.  

ion of this fin
ng distance o
y the four GR
en though the 

be different if 
o reduce the R
s. Similarly th
mployed. In th
area that can b
g increase in t

a) 

rvature in the im
ding to a +Y 
ons striking the

he field.   

y manoeuvrab
3 mm outside

4 mm. The el
ommon stock 
t use a moving

the area in par
e choice of o

olution in the 
n is set to 3 mm
to access har
about 35 μm. 
erformance im

ding is that fo
f 10-12 mm 

RIN elements.
 combined ab

the diameter 
RMS spot siz
here would be
his situation t
be circumscri
the exit apertu

mage plane. Th
value of 1.8);

e image plane. 

4. C

ble scanning s
e diameter, an
lectrically actu
items so this

g mirror situat

rameter space
objective lens 
diffraction lim
m, and assum
rd-to-reach tis
In these circu

mprovements c

or imaging thr
(lens L4) the
. The choice 
errations are a

of the tube co
ze to a smaller
e an advantag
the scan angle
ibed by the fi
ure of (at least

he maximum fie
; b) Footprint 
The edge of th

 
CONCLUSIO

ystem for OC
nd is capable 
uated scanner
s design may 
ted close to th

e where diffrac
(L4) influen

mited regime 
ming a working

ssue surfaces,
umstances, opt
cannot be obt

rough the prop
ere is no adva
of GRIN opti
at a relatively 

ould be increa
r value throug
ge in optimisin
es in both dir
inal lens; if a 
t) lens L4 in o

eld curvature is 
diagram of b

he field is situa

ONS 

CT imaging in
of lateral res

r is located n
offer the pos
e distal end, c

ction and aber
nces the size 

of operation.
g distance of a
, the Airy dis
tical aberratio
tained by red

posed system 
antage in opt
ics to provide
high level. 

ased by a fact
gh optimisatio
ng for aberrat
ections should
larger lateral

order to accom

just under 1 m
eams correspo

ated at a distanc

n the oral cavi
olution of 35
ear the opera
sibility of low

close to the tis

rrations impo
of the Airy d
 If the outsid

at least 10 mm
sk radius at t
ons introduced
ducing the abe

having an ex
imising for th

e the telescop

or of 2, in wh
on of the GRIN
tions if two se
d be matched
l field size is 
mmodate this 

b) 

mm at the edge o
onding to each
ce of 1.135 mm

ity is proposed
-40 μm (mos

ator (proximal
wer complexit
ssue of interes

se very simila
disk, which d
de diameter of
m to allow for 
the image pla
d by the GRIN
erration-limite

it aperture val
he aberrations
ic arrangemen

hich case there
N optics and/
eparate scann

d to the maxim
desired, ther

rectangular as

of the field 
h the three 
m from the 

d. The system
tly diffraction
l) end and the
ty and cost in
t.  

ar limits to the
determines the
f the elements
positioning of

ane cannot be
N elements are
ed spot radius

lue of 2.7 mm
s unavoidably
nt is therefore

e would be an
/or of the fina
ers (X and Y)

mum available
re should be a
spect. In order

m 
n 
e 
n 

e 
e 
s 
f 
e 
e 
s 

m 
y 
e 

n 
al 
) 
e 
a 
r 

Proc. of SPIE Vol. 10831  108310F-7
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 10/9/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



to mitigate against this, while retaining the advantage of a small aperture, a suitable design for the telescopic system dual 
axis scanner may be designed for particular tissue imaging in a non-telecentric way that allows a larger field, similar to 
the way in which some rod endoscopes operate.  
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