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Abstract

With the inherent advantages of micromachining technologies such as small size, small mass, low cost, low power consumption and high
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eliability, there will be radical changes to biomedical devices and how clinical diagnoses are made. One of the most promising a
f microtechnologies is in the field of medical science. This paper presents a potentially low voltage high electrostatic torque micro
irror capable of two-dimensional (2-D) scans (simultaneous transverse and longitudinal scans) for optical coherence tomograph
hen the micro-mirror is integrated with an optical coherence tomography (OCT) system, three-dimensional (3-D) sample imag

btained in one longitudinal scan period. 3-D images of internal-organs of fruit fly (Drosophila melanogaster) and its larva are acquired usi
he micromachined-based OCT system. The dimension of the micromachined mirror is 1000 um× 1000 um. The entire MEMS scanner
ade of single-silicon crystal, to act as mechanical reinforcement counteracting the inherent stresses of the deposited thin films o
he scanning mirror is actuated electrostatically.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The emergence of minimally invasive diagnostics and
herapeutics in modern high-tech medicine has generated an
nmet demand in miniaturized tomographic devices, fore-
asting an interesting future in biomedical imaging[1]. In the
ast decade, there have been major advances in optics-based

echniques, exploiting the unique features of light-tissue in-
eractions[2]. The micromachining technology highly com-
lements established optical medical imaging modalities.
pplications such as miniature handheld tomographic de-
ices, endoscopic tomographic devices, and catheter-based
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tomographic devices are just some examples where pot
clinical benefit can be realized using micromachining te
nology[3,4]. The ability to fabricate micromachined mirro
and other optical elements on the order of hundreds o
crometers in dimensions has stimulated research into
applications. Low-inertia scanners that deflect light usi
micro mirror of small mass have desirable features suc
small wobble and jitter, high scanning speed and accu
and are capable of precision positioning. As a result, m
turized low-inertia micro mirrors are often the obvious cho
for high-performance and cost-effective optical scanner

In the past decade, micromachining technology is ma
a big impact in many fields, especially for biomedical ins
ments. The small size, and low mass of micromachines m
medical instruments incorporating the technology porta
Micromachines are constructed using similar batch fab
tion techniques as integrated circuit (IC) fabrication. M
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Fig. 1. The current tip design of the endoscopic coherence optical microscope using conventional techniques (note: not to scale).

micromachined devices can be fabricated on the same sili-
con wafer at the same time, thereby reducing the cost of each
device. The cost effectiveness of each device makes it dis-
posable; therefore, increasing the usability and serviceability
of medical instruments. One of the medical instruments that
can benefit from the significant improvement in equipment
performance and quality of patient diagnosis made by in-
corporating micromachining technology is the Endoscopic
Coherence Optical Microscope (ECOM). Optical coherence
tomography (OCT) is an emerging technology for performing
high-resolution cross-sectional imaging. OCT is analogous to
ultrasound imaging, except that it uses light instead of sound.
OCT can provide cross-sectional images of tissue structure
on the micron scalein situand in real time[5].

Presently, ECOM is being developed as a joint project be-
tween the Ontario Cancer Institute (OCI), and St. Michael’s
Hospital (SMH). It utilizes a novel multiple fiber design[6]
incorporating video-rate optical coherence tomography tech-
nology[7]. One of the critical components is the performance
of the scanning mirror located at the tip of the device. The
current design of ECOM uses a conventional rotating mirror
driven by a guide-wire going through the entire length of the
endoscope to achieve scanning motion. The guide-wire, and
hence the mirror, is rotated 360◦ using an external motor. This
mechanism is not only cumbersome but also places serious
l ree
f ter-
f tion
o atly
c ding
t nted
v he fi-
b nly
p y
c ion;

(iii) Doppler blood flow measurements[21,22]similar to the
Doppler ultrasound can be realized in the ECOM system. The
conventional scanning system using bulk optics is shown in
Fig. 1. Doppler measurements have more stringent require-
ment on stabilizing the interferometer of the ECOM system,
which includes the ECOM tip and the fibers traversing in the
endoscope. Here, vibration introduces large random errors
on the flow velocity measurements, limiting the frame rate
in Doppler measurements. Given the problems experienced
by the current scanning systems, a scanning device with in-
tegrated actuating mechanism and micro mirror is clearly
needed so that the mirror scanning motion is less susceptible
to external vibration while providing higher duty cycle ratio.
The integrated device should also satisfy the following engi-
neering parameters and quality: (i) small size; (ii) low power;

F l and
h

imitations on the performance of the ECOM system. Th
actors are involved: (i) since the OCT technology is an in
erometric technique, any wave-front/polarization distor
f the light while it is traversing through the fibre can gre
hange the signal amplitude. A rotating guide-wire exten
he entire length of the endoscope is a source of unwa
ibrations and exerts changing mechanical stress to t
res, thus degrading the image quality; (ii) imaging is o
ossible over a small sector angle (∼20◦), resulting in a dut
ycle less than 10% in terms of light source power utilizat
ig. 2. Raster scanning achieved by using a combination of vertica
orizontal scanners.
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Fig. 3. Layout of 2D scanning micro-mirror.

(iii) low cost; and (iv) reliable. Micromachining technology
with its inherent advantages is ideal for this purpose.

2. Previous work

Previous work involving micromachined scanners that
have been implemented is reported in[8–13]. The previous
efforts were focused on fabricating mirrors on the micron
scale. Issues such as low driving voltages, large scan angles,
large mirror surface of high optical quality, compact over-
all design, system performance of the scanner and actuating
mechanism when integrated with the ECOM have not been
addressed. Furthermore, there is an increasing need to achieve
raster scans for imaging tissue planes rather than line scans.
Most of the scanning mirrors demonstrated to date involved a
combination of two 1-D scanning mirrors[8,11]. One mirror
scans horizontally and the other mirror scans vertically, thus
performing raster-scanning collectively.Fig. 2shows that 2-
D raster scanning can be achieved by a combination of two
1-D scanning mirrors. However, cascaded 1-D scanners have
several disadvantages. A second mirror larger than the hor-
izontal scan length of the first mirror is required to reflect
the beam. This restriction results in low resonant frequency
and also large overall size of the scanner, thereby failing to
a ass.
M lso
b of-
f hich
a h as
e

olt-
a uld be
c n in
t intain
g the
i tive

surface of the scanning device. Therefore, the mirror of the
scanner should be large so as to improve the image quality.

3. 2-D scanner architecture

The 2-D micromachined scanner is composed of two outer
attraction plates and an inner scanning mirror. The schematic
diagram of the 2-D micromachined scanner and the elec-
trodes are shown inFig. 3. The entire scanner structure is
electrically grounded. The difference in voltage potential be-
tween the scanner and its electrodes generate the electro-
static fields. Two outer electrodes that are placed parallel to
the y-axis attract the outer attraction plates for theβ-scan.
A second pair of electrodes is placed orthogonally to the
y-axis and rotates the mirror plate about thex-axis for α-
scan. The combine rotation of the attraction plates and mirror
about thex- andy-axes performs raster scanning. The mirror
plate has a dimension of 1000 um×1000 um and provides the
slow axis scan. The entire scanner structure has a dimension
of 1400 um× 1700 um and is the fast axis scan. The scan-

F nner.
T er
s with
d

chieve the initial purpose of compact size and small m
icromachined mirrors with two axes of rotation have a
een demonstrated in[14]. However, these two degree-

reedom (DoF) scanners have high driving voltages, w
re not suitable for in vivo biomedical applications suc
ndoscopic imaging.

The ideal scanning device would require low driving v
ges for large angular scans. The scanning device sho
apable of providing slow scan in one axis and fast sca
he orthogonal axis to achieve raster scanning and ma
ood spatial scan resolution. In addition, the quality of

mage resolution is proportional to the size of the reflec
ig. 4. Scanning electron microscope picture of micromachined sca
he inner mirror has dimensions of 1000 um× 1000 um. The entire scann
tructure (1400 um× 1700 um) is suspended by a pair of torsion bars
imensions of 200 um× 6 um× 1.1 um.
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ning electron microscope picture of the scanner is shown in
Fig. 4.

4. Mathematical model

The suspended mirror structures are actuated by electro-
static forces. Electrostatic actuation is chosen because it is
well understood, and easy to implement[8,9,15].

The scanning capability is achieved by the simultaneous
actuation of the mirror and the attraction plates. The electro-
static torques model of the mirror plate is complex because the
rotating axis (α-scan) of mirror moves with the outer attrac-
tion plates as the plates are rotated about their axis of rotation
(β-scan). Therefore, the mirror is subject to varying electro-
static forces as it moves in two degree-of-freedom motion in
space. Throughout the period of a raster scan, the electrostatic
fields are not only changing in the direction alongy-axis but
also along thex-axis (in the case of the attraction plates). The
electrostatic torques on the scanning mirror is expressed as
[15]:

T i
α(Vi) = 1

2
ε0V

2
i

∫∫
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the restoring the torsion bars to the original shape is given by
[17]:

Tm = 2
Gwt3

3l
α

[
1 − 192

π5

t

w
tanh

(πw

2t

)]
(3)

wherew is the width of the mirror torsion bars,t the thickness
of the torsion bars,G the shear modulus of the torsion bars,
l the length of the torsion bars.

The width of the inner torsion bars is 6�m, the thickness
is 1.1 um, and the length is 100 um.

T T
α = Tm (4)

The solution ofEq. (4)represents the equilibrium of the me-
chanical torques experienced by the torsion bars and the elec-
trostatic torques generated by the electrostatic fields on the
mirror. The degree ofα-scan can be determined when given
outer electrode bias voltages to rotate the scanner toβ, in-
ner electrode bias voltages, and the physical dimensions of
mirror and torsion bars.

The electrostatic forces acting on the outer attraction plates
rotate the entire scanner structure about thex-axis for theα-
scan.

The electrostatic 1-D model of the outer attraction plate
is shown inFig. 5. This model makes two assumptions[18]:
( er
s lectro-
s h is
u
t dge
o s.
W c-
t two
e y
s
v

ner
i en-
e .
T∑
w

× dS (1)

hereγ is the angle between the virtual extension of the o
ttraction plates and the electrode plane.

The total electrostatic torques on the mirror is the su
he torques generated from the two inner electrodes:

T
α =

2∑
i=1

T i
α(Vi) (2)

he two inner electrodes are biased by a dc voltageVdci,
nd modulated by small oscillating waveformsvy (V1 = Vdci
vx, V2 = Vdci − vx). Previous study has shown that

c-bias improves the linearity of the scanning sweep[16].
urthermore, the electrostatic forces are a function o
quare of the applied voltage, therefore it is desirable to
dc-bias so that the resultant voltage is unipolar and
irror is driven at the same frequency as the applied vo

ather than twice that frequency. The mechanical torqu

Fig. 5. Analytical m
 f the attraction plate.

i) the intersection,A, of the virtual extension of the scann
tructure and the electrodes acts a centre where the e
tatic field arcs arise; (ii) the electrostatic field strengt
niform along the axis parallel to the axis of rotation.Lc is

he distance from the axis of rotation (O) to the inner e
f the attraction plates.Leff is the length of the electrode
e assume thatLeff is also the effective length of the attra

ion plates that is subject to the electrostatic forces. The
lectrodes are biased by a dc voltageVdco, and modulated b
mall oscillating waveformsvy (V3 = Vdco + vy, V4 = Vdco −
y).

The derivation of the electrostatic torque for 1-D scan
s well documented[11,18]. The electrostatic torqueses g
rated by the two electrodes areTe1 andTe2, respectively
he total electrical torques on the attraction plates is:

Te = Te1 − Te2 (5)

here
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Fig. 6. Perimeter 2-D scans with different offset voltages.
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whered is the distance from the rotation axis of the mirror
to the substrate,Lβ the length from the rotation axis of the
mirror to the effective length of the attraction plates:

Lβ = Lc + Leff

w

V

V

T

T

T e is
d
( ess
i

When the scanner is in 2-D scanning operation, it is sub-
ject to additional electrostatic torques about thex-axis. It is
expected that the electrostatic forces acting on mirror also
contribute electrostatic torques to rotate the attraction plate
about thex-axis. The overall electrostatic torques is a super-
position of the 1-D outer attraction electrostatic torques with
contribution from the inner electrodes of the mirror:

Touter = Te1 − Te2 − 1

2
ε0V

2
i

×
∫∫

S

y
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γ
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d − y cosβ sinα + x sinβ

)2

dS

(9)

When the scanner was instructed to perform multiple 2-D
perimeters scans, it is observed that the additional torques
has negligible effects on the linearity of theβ-scans.Fig. 6
shows the perimeter scans of the scanner when it is biased at
various direct current (dc) voltages. Theα- andβ-scans show
good linearity.Fig. 7illustrates that theβ angle of the scanner,
when the outer electrodes are biased at a specific voltagesvy,
is maintained regardless of theα-scan modulating driving
voltages,vx, of the inner electrodes.

F also
s

hereW is the width of the attraction plate:

3 = Vdco + vy

4 = Vdco − vy

he mechanical torque is:

m = 2
Gwt3

3l
β

[
1 − 192

π5

t

w
tanh

(πw

2t

)]
(8)

he maximum scanning angle for a specific driving voltag
etermined from the equilibrium point betweenEqs. (5) and
8). The width of the outer torsion bars is 6 um, the thickn
s 1.1 um, and the length is 200 um.
ig. 7. Linearity of theβ-scan is preserved even when the mirror is
ubject to modulatingvx for α-scan.
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5. Device implementation

It has been demonstrated that surface micromachined
polysilicon mirror exhibits significant curvature due to resid-
ual stress of the deposited thin films[19,20]. OCT is an in-
terferometry technology; therefore, the flatness and topology
of the large mirror deserve considerable attention so as to
minimize any distortions of the light wavefronts. A hybrid
bulk/surface micromachining process with dry etch release
method to fabricate the high performance micro mirror has
been developed. The single crystalline silicon serves as the
mirror’s mechanical reinforcement counteracting any resid-
ual stress of thin films deposited on it.

The fabrication process of the 2-D scanner is shown in
Fig. 8. The SEM pictures of the scanner and close-up view
of the torsion bars are shown inFig. 9. (a) 〈1 0 0〉 Silicon
substrate of 310 um thickness is deposited with 1 and 2 um
of oxide by plasma enhanced chemical vapour deposition
(PECVD) on the front and backsides of the Si substrate. The
frontside oxide acts as both an electrical insulation and etch-
stop layer for subsequent etching. The backside oxide acts as
masking layer during the deep reactive ion etching (DRIE)
of Si substrate. (b) On top of the frontside oxide, 1.1 um low
stress silicon nitride is deposited by PECVD on the frontside
as the torsion bar material. (c) Subsequently, 50Å of titanium
( ˚ il-
i ) The
T Type
A ac-
t ice
w e
a the
m xide
e d, a
l stop
l that
h mini-
m The
b se the
s struc-
t thick
p s and
m ned
b hes
a The
b ate is
e sed.
I rrow
t nged
e over
t erial
i is a
m
s 1 um
× 0 um
× sion

Fig. 8. Fabrication process of micro scanner.
Ti) and 2000A of aluminum (Al) are evaporated onto the s
con nitride to act as adhesive and reflective materials. (d
i and Al metal layers are wet etched using Transene
aluminum etch solution to define the mirror and attr

ion plates. (d′) This is the cross-sectional view of the dev
hen rotated by 90◦. The frontside silicon nitride and oxid
re etched by reactive ion etching (RIE) to further define
irror and attraction plates, and expose the underlying o
tch-stop layer. From the initial 1 um of oxide deposite

ayer of 0.5 um oxide is intentionally left to act as an etch-
ayer. The thin layer of oxide also acts as a membrane
olds the scanner structure and torsion bars intact by
izing mechanical shocks during human handling. (e)
ackside oxide is patterned and etched through to expo
ilicon substrate directly underneath the entire scanner
ure. (f) The exposed silicon substrate is patterned with
hotoresist to protect the backside of the attraction plate
irror area. (g) The attraction plates and mirror are defi
y DRIE from the backside. The depth of the DRIE trenc
round the mirror, and attraction plates is 32 um. (h)
ackside photoresist is stripped away and the Si substr
tched by DRIE until the frontside etch-stop oxide is expo

t is noticed that DRIE has a slower etch rate in the na
renches around the scanner structure. Therefore, prolo
tching is required to fully expose the etch-stop oxide

he trench. As a result, a height of about 20 um Si mat
s left as mirror flatness enforcement. The release step

ajor challenge because the mirror (1000 um× 1000 um) is
uspended by two inner torsion bars of dimensions, 1.
6 um× 100 um, and the entire scanner structure (140
1700 um)is suspended in free-space by two outer tor
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Fig. 9. SEM micrograph of the mirror and attraction plates suspended by
two pairs of torsion bars. The inner torsion bars are 100 um× 6 um× 1.1 um.
The outer torsion bars are 200 um× 6 um× 1.1 um.

bars of dimensions 1.1 um× 6 um × 200 um. (h′) This is
the cross-sectional view of the device when rotated by 90◦.
Mirror is released by RIE etching of the thin etch-stop oxide
layer from the frontside. A high-yield and reliable dry release
technique is demonstrated.

6. Experiments

An experimental facility is set up to characterize the 2-D
micromachined scanner. A 543.5 nm green HeNe laser, which
provides the light source, is coupled into a single-mode fiber.
A terminal GRIN lens is used to collimate the laser beam. A
position sensitive detector (PSD OT-301) is used to determine
the position of the reflected laser spot. The data from PSD
is digitized by a National Instruments (NI-6711) analog I/O
card and analyzed on a personal computer. The analog I/O
card outputs user defined waveforms to act as driving volt-
ages for the micromachined scanner. However, the maximum
output voltages of±10 V from the I/O card are insufficient
to generate the required electrostatic field strength. A total
of four high voltage operational amplifiers are used to am-
plify the output voltages from the I/O card. The two pairs
of complementary driving voltages (V1, V2, andV3, V4) are
connected to the inner and outer electrodes via the bonding
p 00 V
d the
p char-
a
a d to
c

trate
t nant
f at of
t

Fig. 10. Optical setup to characterize the micromachined scanner.

Fig. 11. Flexibility of the 2-D scanner is demonstrated by its scan patterns.

The 2-D scanner is integrated with an OCT system[23],
as shown inFig. 12 . The system uses a broadband light
source centred at 1300 nm with 63 nm (FWHM) bandwidth,
providing a coherence length of∼13�m in air. The total
output power is∼16 mW. The reference arm of the OCT
system provides thez-axis scanning at 8 kHz. The sample

Fig. 12. Schematics of the 2-D micromachined scanner integrated with a
high speed OCT system. LS: light source, PC: polarization controller, OC:
optical circulator, BPD: balanced photo-detector, 3dB: fiber coupler, PM:
phase modulator, RSOD: rapid scanning optical delay, PMD: phase modu-
lator driver, I&Q: in-phase and quadrature demodulator, COMP: computer,
SD-1,2: scan drivers for synchronizing thex–y andzscans.
ads of the scanner. The maximum amplified voltage is 1
ue to the limitation of the railing voltages provided by
ower supplies. The open loop control system used to
cterize the micromachined scanner is shown inFig. 10. The
mplitude and frequency of the driving voltages are varie
hange theα- andβ-scan patterns.

Fig. 11illustrates the various scan patterns to demons
he flexibility of the micromachined scanner. The reso
requency of the outer attraction plates is 181 Hz and th
he mirror is 45 Hz.
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Fig. 13. (a) Anatomy of aDrosophila melanogaster; (b) OCT 3-D image of a fruit fly (Drosophila melanogaster) based on a 2-D micromachined scanner; (c)
oblique view of the 3-D image.

Fig. 14. (a) Image of a larva; (b) OCT 3-D image of a larva based on a 2-D micromachined scanner; (c) oblique view of the 3-D image.

arm consists of a 1 mm diameter GRIN lens positioned at
45◦ to the micromachined mirror, with a working distance
of ∼4 mm and spot size of∼35�m. The 3-D volume scans
are achieved by a combination of axial (z) scans at 8 kHz
by the OCT system, the transverse (x) scans at 56 Hz and
longitudinal (y) scans at 0.5 Hz by the micromachined 2-D
scanner.

Experiments were conducted to characterize the
micromachined-based OCT imaging performance. 3-D
images were reconstructed from successive planar images
(axial and transverse scans) during a single longitudinal
scan of the micromachined scanner. An imaging volume of
0.7 mm× 0.2 mm× 1 mm with 112× 143 × 512 pixels
is acquired within 2 s.Fig. 13(a) shows the imaged volume
of interest on a fruit fly (Drosophila melanogaster). The
micromachined scanner provides the 2-D scan on thex–y
plane, simultaneously with the OCT system scans in the
axial direction (z-axis).Fig. 13(b) shows a 3-D image of the
internal organs of the sample. Wings structures of the fruit
fly are clearly visible on the top left and right hand corner
of the image.Fig. 13(c) illustrates the 3-D OCT image of
the fruit fly from a different angle.Fig. 14(a) and (b) shows
the microstructural features in the head of the larva and its
internal organs.Fig. 14(c) shows the 3-D image from an
oblique angle.

7. Conclusions

We have presented the mathematical models, fabrication
process and integration of the 2-D micromachined scanner
with the OCT imaging system. 3-D OCT images of fruit fly
(Drosophila melanogaster) and its larva are demonstrated
using the micromachined-based OCT system. There is ongo-
ing research on the packaging and integration of the micro
scanner device within an endoscope for clinical studies.
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