N
N

N

HAL

open science

Scanning and Tunable Micro-Optics for Endoscopic
Optical Coherence Tomography
K. Aljasem, L. Froehly, A. Seifert, H. Zappe

» To cite this version:

K. Aljasem, L. Froehly, A. Seifert, H. Zappe. Scanning and Tunable Micro-Optics for Endoscopic
Optical Coherence Tomography. Journal of Microelectromechanical Systems, 2011, 20 (6), pp.1462-

1472. 10.1109/JMEMS.2011.2167656 . hal-00662984

HAL Id: hal-00662984
https://hal.science/hal-00662984

Submitted on 13 Apr 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00662984
https://hal.archives-ouvertes.fr

Scanning and Tunable Micro-Optics for Endoscopic
Optical Coherence Tomography

Khaled Aljasem, Luc Froehly, Andreas Seifert, and Hans Zappe, Member, IEEE

Abstract—The design, fabrication, and integration of micro-
optical components for beam focus and steering are demonstrated
in an endoscopic optical coherence tomography (OCT) system.
The relevant components, a membrane-based microfluidic tunable
microlens and an electrostatic 2-D scanning micromirror, are
fabricated using silicon and polymer-based microelectromechan-
ical system technologies. All components are assembled inside a
4.5 pm diameter probe. The design of the optical system, including
substantiation of the need for focal length tunability, is presented,
along with performance data of an OCT system using these
components. A lateral resolution of about 13 pm is achieved, an
improvement over fixed-focal length probes. Due to the miniatur-
ization of the measurement head achievable using this optical mi-
crosystem, use in conventional endoscopes is possible. [2011-0016]

Index Terms—Endoscopic imaging, endoscopic optical coher-
ence tomography, microlenses, micromirrors, tunable micro-
optics.

I. INTRODUCTION

PTICAL coherence tomography (OCT) is a high-

resolution optical technique for cross-sectional imaging
of semitransparent biological tissue. Due to its high-resolution
and noninvasive character, its utility has been demonstrated
in a wide range of clinical and medical applications [1]. As
an extension of this technology, endoscopic OCT is currently
under development as a primary tool for minimally invasive
optical biopsies. Three-dimensional (3-D) subsurface mapping
of biological tissue allows precise localization, and analysis of
abnormalities beneath the surface and microsystems engineer-
ing as well as microelectromechanical system (MEMS) tech-
nology has been employed for the fabrication of miniaturized
scanning micromirrors for 3-D imaging using endoscopic OCT
implementations [2]-[4].

Microsystem technology has enabled the realization of
miniaturized MEMS-based scanners [2], [5], [6], which allow
beam steering without rotation of the entire catheter, as is
the case for currently employed clinical systems [7]. MEMS
components for rapid scanning have been demonstrated in
OCT systems, but issues such as biocompatibility, linearity,
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reproducibility, and repeatability still require further develop-
ment. These currently applied endoscopic configurations use
fixed-focal length lenses and thus suffer from limitations in
performance. If the focus of the measurement beam is fixed,
the endoscope must be positioned precisely with respect to
the tissue surface, usually a difficult undertaking. In addition,
and more significantly, the image quality degrades rapidly for
structures removed from the focal point, due to the divergence
of the Gaussian measurement beam. As a result, optimal imag-
ing can only be performed for a limited range of longitudinal
scanning positions unless the focal point can be tuned with
the longitudinal scan. Several MEMS-based approaches for
the realization of dynamic focus systems have been proposed
[8], [9], albeit only in macroscopic dimensions and without
quantitative optical characterization. We demonstrate here an
endoscopic OCT system with a tunable objective lens sys-
tem and a 2-D scanning micromirror, both miniaturized and
integrated into a microsystem with a diameter of less than
4.5 mm. Both the miniaturization, leading to a system size
compatible with standard endoscopes, and the combination of
tunable membrane lenses and scanning micromirrors are shown
here for the first time.

Beginning with a brief survey of previous work in this
area, we describe the design and fabrication of the tunable
microlens system, including quantitative optical characteriza-
tion. Following a discussion of the scanning micromirror, these
structures are used in Fourier domain, time domain with axial
scan priority, and time domain with lateral scan priority (en-
face) OCT systems.

II. OCT PRINCIPLES AND IMPLEMENTATIONS

OCT is a form of white-light interferometry. The simplest
configuration of the systems is based on a Michelson inter-
ferometer, as shown schematically in Fig. 1. The interferome-
ter uses a broad-band super-luminescent SLED with a center
wavelength of 1300 nm and bandwidth of 40 nm, the light
from which is directed into a measurement and a reference
arm. In heterodyne-based time-domain OCT (TD-OCT), an
interference signal is only generated when the optical path
lengths of the two arms are equal; the reference arm is thus
scanned, resulting in interference from reflections at different
depths in a material placed in the measurement arm. As a
result, a reflection profile below the surface of a material may
be generated, allowing nondestructive imaging of subsurface
features.

Key to the use of such an OCT system endoscopically is
the ability to place the measurement head, shown in Fig. 1(b),
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Fig. 1. (a) Schematic diagram of a time-domain OCT system based on a
Michelson interferometer in which the reference arm is scanned. (b) The
measurement arm presented here contains a MEMS-based tunable objective
and a scanning micromirror, miniaturized so as to fit inside an endoscope.
Endoscopic applications tend to use 1300 nm radiation with bandwidths of
20-200 nm.

inside an endoscope, which has a diameter of typically less
than 5 mm. This measurement head needs to include optics
for beam collimation, a tunable objective (a two lens system
in our case), and a 2-D scanning micromirror. It is the design,
fabrication, assembly, and characterization of this miniaturized
measurement head which form the focus of the work presented
here.

A. System Variations

The system shown in Fig. 1 represents TD-OCT, in which
a scan of the reference arm results in a depth scan into the
measurement sample, the so-called A-scan, which defines the
Z-axis in the OCT configuration of Fig. 1. Two or 3-D images
can be obtained if the measurement beam is laterally de-
flected by the micromirror after an A-scan, yielding the B- and
C-scans. The complete image is then assembled as a one or
2-D array of depth scans. A variation of this scanning approach
is en-face OCT, which yields images in time domain. In this
approach, the lateral (B and C) scans are completed and then
the A-scan increments by one small depth step [10]-[14]. The
resultant image is thus assembled as a sequence of planes, each
plane at a different depth. En-face OCT is preferable when
detailed information from a single plane is required or for a
system in which the speed of the A-scan is limited, as for our
implementation using the dynamically focusing microlens.

Finally, Fourier-domain OCT (FD-OCT) does not require a
longitudinal scan of the reference arm, but instead relies on a
grating which disperses the light reflected from the measure-
ment arm onto a linear detector array [15]; many current clinical
implementations also use tunable lasers to sweep the wave-
length, rather than using broadband emission with a dispersive
grating. Taking the spatial Fourier transform of the resultant
intensity distribution allows reconstruction of the depth infor-
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mation. In addition to improved sensitivity over time-domain
approaches, FD-OCT systems enable fast imaging such that
functional parameters have been successfully measured using
FD-OCT techniques [16]. We will look at this technique in
greater detail in Section VII-D below.

B. Advantage of Tunability

One of the key features of the OCT configuration we present
here is the incorporation of a tunable objective using a tunable
microlens. As argued in Section I, dynamically scanning the
position of the focal point with the A-scan results in improved
depth resolution and thus considerably enhanced imaging
quality.

We may see this effect explicitly by considering the most
important optical parameters of the system [17]. The lateral
resolution Az given by
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defines the smallest lateral (in the direction of the B and
C-scans) structure which may be imaged by the system; a
small value for Ax implies high resolution. Similarly, the axial
resolution Az given by
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defines the smallest longitudinal (in the direction of the A-scan)
structure which may be resolved; again, we prefer a small value
for Az for high resolution. Finally, the depth of focus DOF’,
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defines the axial extent of the beam waist; we prefer a large
value for DOF since this implies a large scannable depth
range. In the previous expressions, f and d represent the focal
length and the aperture of the imaging lens system, A is the
wavelength, A\ the SLED bandwidth, and L. its coherence
length. For a given A, (1) and (2) show that axial and lateral
resolutions are independent. In contrast, (1) and (3) reveal that
Az and DOF are directly related: a large depth of focus
(and thus depth range) implies a large Az and thus small
lateral resolution, or, inversely, high resolution leads to a limited
usable depth range. For a fixed focal length OCT measurement
head, then, the optical design must be chosen to provide a
compromise between DOF' and Azx. A tunable objective al-
lows us to circumvent this limitation: by designing the system
for small Ax (high resolution) and small DOF, the position
of the focal point is scanned concomitantly with the A-scan.
Thus, high resolution is maintained for the entire depth scan,
which is ultimately limited by absorption and scattering in the
measurement sample.

III. TUNABLE MICROLENS

To enable tunability of the focal point during the A-scan,
the endoscopic measurement head was designed with a tunable
objective, consisting of a tunable microlens combined with
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Fig. 2. (a) Schematic cross section of the tunable microlens. The microlens
is actuated by applying a pneumatic pressure to the liquid in the lens cavity,
resulting in a change of the lens curvature and thereby changing the focal
length, seen as the difference between the dashed and continuous lines.
(b) Top and bottom views of the Si substrate of the microlens; the substrate
has a diameter of 3 mm and an aperture of 1 mm.

a fixed focal length microlens. The variable microlens was
based on the membrane-based pressure-tunable lens described
previously [18].

A. Design and Fabrication

The membrane-based microlens consists of three levels: a
transparent, highly elastic membrane, a microfluidic platform
based on a silicon substrate, and a glass backing plate. As
shown schematically in Fig. 2, a 60 pym thick polydimethyl-
siloxane (PDMS) membrane is spun onto an approximately
400 pm thick Si substrate with an etched circular opening in
the center, representing the lens aperture. The PDMS membrane
consisted of a 60 pm thin Silgard 186 silicone elastomer from
Dow Corning and has previously been shown to be usable as an
etch stop for ICP etch. A microfluidic network is etched from
the back side of the Si wafer and a 2 mm thick borosilicate glass
(BK7) plate is glued to this using UV-curable adhesives to seal
the lens.

The lens cavity is filled with an optical liquid (a water/
ethanol mixture, with n = 1.3534 at the operating wavelength).
By varying the pressure on this liquid, the distension of the
membrane is varied, the latter defining the refractive lens sur-
face. As a result, the lens is tuned pneumatically; pneumatic
actuation is widely used in clinical endoscopy for diagnostics
and therapy, particularly in otology and gastroenterology [19]-
[21], such that this approach is compatible with standard en-
doscopic procedures. Changing the focal point, while keeping
the diameter of the beam constant, leads to a change of the
numerical aperture (NA), and hence a change of resolution.
Nevertheless, the tuning is accomplished without the need to
physically move optical components with respect to each other,
strongly simplifying the system and permitting miniaturization.
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Fig. 3. Fabrication steps to form the cavities on the backside of the Si
substrate. (a) Oxide mask for the lens cavity and aperture. (b) Photoresist mask
to define the aperture. (c) First 200 um deep DRIE step to half the depth
of the aperture. (d) Spin coating of PDMS onto the front side of the wafer.
(e) Second DRIE step to create the aperture and the lens cavity. The spin coating
of the PDMS is carried out before the second ICP etch process; subsequently,
the membrane functions as an etch stop layer.
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Fig. 4. Multimicrolens system: a lens with a fixed focal length is placed in
front of the tunable microlens, resulting in reduced spherical aberration and
improved MTF. An achromatic lens from Linos with 40 mm fixed focal length
is used in this configuration.

The fabrication process of the PDMS-silicon hybrid technol-
ogy has been described previously [18] and briefly summarized
in Fig. 3.

B. Multimicrolens System

As will be seen in the discussion of lens characterization
in Section IV below, the optical properties of the objective
are significantly improved by using a two-lens system, thus
combining the tunable microlens with a fixed focal length lens;
Fig. 4 shows this concept. The fixed focal length lens, with
a focal length of 40 mm, focuses the beam slightly before it
passes through the tunable lens. This configuration allows the
tunable lens to be used with a smaller portion of its aperture,
without decreasing the NA of the system, and thus minimize
the effect of spherical aberration while enhancing the system
modulation transfer function (MTF).
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Fig. 5. Variation of back-focal length with pressure for the 2 mm lens as a
single-lens and in a multilens system, for the range 1 kPa and 15 kPa. The
calibration curve of the 1 mm lens integrated in the probe design of Fig. 13 is
also shown.

IV. MICROLENS CHARACTERIZATION

For use in an endoscopic OCT system, the tunable lens and
the two-lens combination require optimized optical characteris-
tics. We therefore discuss here the focal length tuning, dynamic
response, and lateral resolution in more detail.

A. Focal Length Tuning

The change of the focal length is due to the variation of the
membrane curvature with pressure. Fig. 5 shows the variation of
back-focal length (BFL) of the lens as a function of pressure for
1 mm and 2 mm lens apertures. For the latter, the BFL curves
are given for a single lens system and a multilens system.

Whereas the tuning range of the single lens with 2 mm
aperture is about 8 mm, the multilens system shown here is
optimized for 5 mm, so that the change of the focal point
is less sensitive to the variation of the applied pressure. This
value is significantly larger than the typical depth range of an
OCT A-scan, generally 1-3 mm, such that the focal point can
track the entire scan. The endoscopic system requires only a
small change in focal length, but a fast response and repeatable
characteristics.

B. Dynamic Response

The dynamic behavior, or time response, of the lens was
characterized by measuring the change of intensity at a detector
which was placed so as to have its full aperture illuminated by
the optical field generated by the lens. When the focal length,
and thus the lateral size of this optical field, was varied by
changing the pressure using an external controller (DPI 520
from Druck Ltd.), the resulting change in detector current is
a direct function of the change in lens membrane shape.

The dynamic response of the lens itself was determined
by comparing the pressure response of the system (pressure
controller (PC), connecting tubes, and lens), once including
the lens and once with the lens replaced by a pressure sensor
(Motorola MPX5050). Fig. 6 compares the time response of
the two cases, once for the PC with tubing plus microlens
(PC+ML), measured using the photodetector, and once for just
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Fig. 6. Time response of the tunable system with and without the microlens.
The time constants (¢t pc and t pc ar1,) correspond to the pressure controller
(PC) alone and the PC including the tunable microlens (PC+ML), respectively.
The experiment was done by decreasing the pressure from 10 kPa to 6 kPa.

the PC with tubing, measured using the pressure sensor; the
former case yields a 10%—90% response time of 250 ms, and
the latter a response time of 200 ms. We see thus that the lens
adds about 50 ms to the response time and that the entire system
may be operated at an actuation frequency of not more than
about 4 Hz (1/250 ms).

Since the A-scan is performed at kilohertz rates in advanced
OCT systems, the limited dynamic response of the tunable mi-
crolens implies that the focal length cannot be tuned concomi-
tantly with a standard depth scan, as we will discuss further in
Section VII-B below. En-face OCT systems, on the other hand,
perform lateral scans at a fixed depth before incrementing the
A-scan, such that the tunable lens is optimal for this type of
OCT implementation.

C. Lateral Resolution

The diffraction-limited lateral resolution of the objective lens
system, Az as given in (1), is an important optical parameter
since this ultimately defines the smallest features visible in an
OCT image. The characteristic resolution of an objective lens
is best characterized by the MTF, which relates image contrast
to feature size.

MTF is determined through a measurement of the lens profile
and a subsequent fit of this profile by an eight order polynomial
[22]; these coefficients are used as input to ray-tracing software
(Zemax) which is used to calculate the MTF value. Performed
at a variety of pressure values, this approach allows determina-
tion of MTF as a function of focal length for the tunable lens as
well as the two-lens combination.

Based on this approach, each graph in Fig. 7 shows the MTF
curves of the tunable single-lens system and the combined two-
lens system, for four applied pressure values and thus focal
lengths. Using the criterion that the resolution limit is derived
as when MTF decreases to 0.5, the lateral resolution of the
tunable single lens is about 30 pm. The lateral resolution of
the two-lens system is significantly improved and is between
15 pm and 20 pm for all focal lengths examined. As a result,
the two lens system provides considerably improved MTF when
compared with a single tunable lens, such that the endoscopic
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Fig. 7. Modulation transfer function of the single tunable lens with 2 mm
aperture and the two-lens system at four pressures (1, 7, 10, and 15 kPa).
The incident beam diameter is 1.4 mm. A fixed-focal length objective lens of
40 mm focal length was used for the simulation at a wavelength of 1300 nm.
The slope of the MTF curves changes when varying the wavelength, but the
improvement of the lateral resolution of the two-lens system is still seen. The
above parameters are used for the simulations below.

system will employ the dual-lens variant to assure maximum
resolution performance.

V. SCANNING MICROMIRROR

The second microsystem component included in the endo-
scopic system is the scanning micromirror, used for lateral
scanning and thus generation of 2-D and 3-D images. The mir-
ror is electrostatically actuated and designed as a parallel-plate
system, which leads to a high fill factor. Electrostatic actuation
allows fast scanning rates with very low power consumption.

A. Design and Dimensions

The scanning micromirror consists of a square torsional
mirror plate, monolithically integrated into a single crystal
Si substrate. The two inner meander-shaped torsional beams
suspend the mirror from the gimbal, and the orthogonal outer
beams suspend the gimbal from the Si substrate, as seen in
Fig. 8. The electrodes are positioned below the mirror. The
mirror, the gimbal, and the torsional beams are between 5 pum
and 10 pm thick; the Si frame is of standard wafer thickness,
about 280 pm.

As can be seen in Fig. 9, the fabrication of the mirror
uses standard bulk micromachining technology, employing an
anisotropic etch of Si from both sides of the Si wafer [23].
The wafer is thinned to 170 pm to reduce the spacing between
the electrodes and the mirror, thereby minimizing the voltage
required for tilting the mirror. The electrodes are fabricated by
standard lithography of a metal layer deposited on the silicon.
The mirror and electrode substrates are bonded using high

precision flip-chip bonder with an alignment tolerance of less
than 10 pm.

To combine the mirror with the tunable microlens for high
lateral-resolution imaging, the mirror has to be as large as possi-
ble to yield a high NA. Therefore, the size of the chip represents
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Fig. 8. (a) Schematic view of the scanning mirror, including the Si substrate
and the electrodes; the mirror is tilted around the torsional beams when a
voltage is applied to one of the four electrodes. b) Top view of the fabricated
mirror, in which the support beams are clearly seen.
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Fig. 9. Fabrication process chain for the tilt mirror. Process description.
(a) Defining the mirror structures on the passivation layer on both sides of the
substrate. (b) KOH etch from the backside of the Si substrate. (c) Wafer thinning
(optional) and chip separation. (e) ICP etch from the front side of the mirror.
(f) Deposition of a gold layer to improve the reflectivity of the mirror.

a tradeoff between the achievable lateral resolution and the
size of the measurement head. For endoscopic integration, a
2.5 mm x 3 mm chip size with a 1 mm x 1 mm active mirror

surface is an optimal size. For simplicity, we refer to the areas
of the mirrors by their widths.

B. Characterization

Fig. 10 shows the relationship between applied voltage and
tilt angle as a function of several parameters. Fig. 10(a) shows
this relation for the mirror (X) and gimbal (Y), Fig. 10(b) this
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Fig. 10. Tilt angle as a function of actuation voltage for different conditions.
(a) Actuation in static mode for the gimbal (Y) and the mirror (X). (b) X-axis
actuation for different mirror areas. ¢) X-axis actuation in static and resonance
modes. d) 2-D actuation for a single mirror with different electrode spacings.

TABLE 1
CHARACTERISTICS OF A 1-mm SCANNING MIRROR

Parameter Value

2.5mmx3 mm
1 mmx1 mm

Chip dimensions
Active mirror dimensions

Resonance frequency (X) 636 Hz

Resonance frequency (Y) 278Hz

Maximum voltage ~100 V for +4° tilt

Roughness ~3nm

Radius of curvature >5cm

Cross-talk 0.14° in Y-axis for +4° in X-axis

relation for several widths of the mirror, Fig. 10(c) the relation
in static and resonance modes, and Fig. 10(d) for different
spacings between the mirror and the electrodes. Based on these
characteristics, we chose the 1 mm mirror with a spacing of
170 pm as an optimal design, for which the mirror can be
tilted at +4° for an actuation voltage around 100 V. Table I
summarizes the characteristics of this mirror.

VI. ASSEMBLY AND INTEGRATION

A major challenge in the realization of a miniaturized OCT
measurement head using the micro-optical devices just de-
scribed is the integration into a functional microsystem with
optimized performance. We discuss optimal placement of the
mirror with respect to the microlenses and assembly into a
complete system.

A. Optical Optimization

The optical quality of the 3-D scanner is strongly influenced
by the placement of the scanning mirror and the microlenses
with respect to the incoming collimated beam. As shown in
Fig. 11, two basic arrangements are possible: the microlens
before the micromirror, or vice-versa. We can characterize the
efficacy of these arrangements by modeling the MTF as a
function of mirror tilt as it varies from the 45° position.

lateral scanner

lateral scanner

microle n

microlens
collimated beam

(a)

Fig. 11. Two possible arrangements of the 3-D scanner in the sample arm of
OCT, the lens-mirror (LM) sequence left and mirror-lens (ML) right. In both
cases, illumination is from the left and image planes at the bottom.
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Fig. 12. Calculated MTF for the mirror/lens arrangements shown in Fig. 11.
(a) The mirror-lens (ML) sequence with the mirror positioned at exactly 45°.
(b) The ML sequence with a mirror tilt of 2° with respect to 45°. (c) The
lens-mirror (LM) sequence with the mirror positioned at 45°. (d) The LM
arrangement with a mirror tilt of 2° with respect to 45°.

The MTF simulations consider a tunable (single) lens with a
2 mm aperture and a focal length of 11 mm, given by an applied
pressure of 2 kPa. Fig. 12 shows the MTF of the optical system
for different arrangements: 1) the mirror-lens (ML) sequence
with the mirror positioned at exactly 45°; 2) the ML sequence
with a mirror tilt of 2° with respect to 45°; 3) the lens-mirror
(LM) sequence with the mirror positioned at 45°; and 4) the
LM arrangement with a mirror tilt of 2° with respect to 45°.

We see from these results that the MTF of the LM sequence
does not change significantly when the mirror tilts by 2°, a
typical value during an OCT lateral scan. On the other hand,
the MTF of the ML sequence significantly drops when the
mirror tilts by this amount, due primarily to the fact that, due
to the scan, significantly different portions of the microlens are
traversed by the beam, as seen in Fig. 11, such that the effect of
aberrations vary strongly with mirror position. As a result, an
optimal imaging resolution implies that an optical arrangement
involving placement of the microlenses (tunable and fixed-
focus lenses) before the micromirror in the measurement head
is to be preferred.

B. Packaging and Assembly

For the final assembly of the measurement head, the tunable
microlens system and the mirror are fixed onto a mechanical
body. The tunable microlens portion consists of the microlens
bonded onto an aluminum cylinder with three holes, as seen
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Fig. 13.  Schematic design (a) and photograph (b) of the tunable lens arrange-

ment for the measurement head. In (b), the cylinder is held by tweezers, and
the arrows at the lower right indicate the hoses for application of pressure to the
optical liquid inside the lens.

in Figs. 2(b) and 13(a); one hole is for the optical path and
the other two are the pressure inlet and outlet. The two holes
of the lens substrate are aligned to the corresponding holes
of the cylinder so that the lens aperture is aligned onto the
optical axis of the beam exiting the GRIN-lens. The Si/PMMA
substrate is fixed to one side of the cylinder, and two pressure
tubes are inserted into the other side. To achieve the required
miniaturization, a GRIN lens was used as the fixed-focal length
lens of the two-lens tunable objective, also inserted into the
center of the cylinder, in the optical axis.

Fig. 13(b) shows a photograph of the assembled tunable lens
under pressure. Although the tolerance of the alignment was not
measured, it is estimated to be less than 20 pm. Based on our
simulation results of the single lens and the two-lens systems,
this level of uncertainty causes less than 5% degradation of the
lateral resolution.

The scanning part of the measurement head consists of
the mechanical aluminum body on which the mirror and the
electrodes are mounted. The 2.5 mm X 3 mm mirror chip with
a 1 mm x 1 mm reflecting area is designed for a beam waist
of the collimated light beam of 0.7 mm in diameter. Since the
mirror chip is initially placed at 45° to the illuminating beam,
the projection size of the mirror is reduced by v/2, still sufficient
to reflect the entire beam. The electrical connections to the
contact pads are formed using wedge-wedge bonding, where
the free ends of the wires are attached to connectors of the
driving voltage source. This assembly technique was sufficient
to test the probe on the optical measurement bench. Finally,
we used UV-curable adhesives to fix the components onto the
mechanical body.

The assembly of the entire system, including the GRIN
collimator, tunable lens, scanning micromirror, as well as the
optical fiber input and pressure connections, is seen in Fig. 14.
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Fig. 14. Schematic design (a) and photograph (b) of the completed measure-
ment head, including the tunable lens arrangement and the scanning micromir-
ror. The relative positions of the GRIN collimator, the tunable lens, the scanning
micromirror as well as the optical fiber input and pressure hoses are seen. The
outer diameter of the measurement head is 4 mm.

The measurement head is connected to the sample arm of the
OCT system by an optical fiber which is connected to
the far side of the GRIN collimator. Since this fiber increases
the optical path length of the sample arm, the reference arm is
extended by another fiber of same length, to compensate the
ensuing optical path difference.

VII. MEASUREMENT RESULTS

To demonstrate the utility of the assembly, particularly with
respect to the optical performance, we have employed several
variations of the system in time domain, en-face, and FD-OCT
setups. The measurement results show the utility of the tunable
objective as well as the integrated scanning micromirror.

A. Time-Domain OCT—Resolution

In the discussion of Section II-B, we argued that a tunable
objective would lead to enhanced lateral resolution of the OCT
image, if the focal point of the measurement beam were to
coincide with the momentary measurement depth within the
coherence gate. We can demonstrate quantitatively that this is
so by using a TD-OCT setup to measure the MTF of the entire
system while varying the spacing between the measurement
head and a sample.

Al stripes were microfabricated on a glass with 4 pym to
30 pm lines and spacings, We first used the tunable microlens
without the micromirror, instead scanning the target mechani-
cally to realize the B-scan. The image generated by scanning
the measurement beam of the TD-OCT setup across a set of
10 pm wide stripes at various sample distances (3.5 to 6 mm)
is seen in Fig. 15; the focal length of the tunable objective was
adapted (by changing the lens pressure) so that the sample was
in focus for each sample distance. We see from the figure that
the 10 pm wide stripes are resolved equally well at all sample
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Fig. 15. Four separate TD-OCT images (B-scan) of a linear aluminum-glass
grating at various sample distances (6 mm-3.5 mm) showing that the 10 um
stripes are equally resolved as the focal length of the tunable dual objective is
varied to adapt to the different sample distances.
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Fig. 16. Modulation of the grating using the single lens and the multilens
system. The modulation is obtained from the OCT images of the grating with
different periods. The x-axis is reciprocally related to the period of the grating.

distances, which would not be the case if the measurement head
were to have a fixed focal length.

The lateral resolution may be quantitatively specified using
a measurement of the MTF using this target. MTF is measured
in this case by a measurement of the contrast between the glass
and aluminum stripes for the different spacings (4 to 30 pm).
Contrast ( is found from

T T
(7= )
1T+ Iﬁ

where 1 ;"2 and I} are the measured intensities of the OCT image
for glass and aluminum, respectively, at a given grating period
T. The contrast values are normalized to the result obtained
for a 500 ym wide grating, a width much larger than the
minimum lateral resolution of the OCT system. From these
measurements, the MTF is then the plot of normalized contrast
as a function of the spatial frequency.

Fig. 16 shows the measured MTF for two measurement
head configurations: a single tunable lens and a fixed focal
length/tunable lens pair, as discussed in Section IV. As can
be seen in the figure, the MTF curves of the single lens drop
faster than the curves for the multilens system, consistent with
the MTF measurements of these lenses as standalone systems,
shown in Fig. 7.

The extrapolated frequency at which the MTF drops to the
half of its maximum value is 60 lines/mm for the single lens and
75 lines/mm for the multilens system. The lateral resolution,
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Fig. 17. Six cross-sectional images of an onion skin taken by B-scans using
the same configuration as used for imaging the grating target. Each B-scan is
done on the same slice with a new axial position of the focal point: the arrows
indicate the approximate position of the focal point. Each B-scan comprises
200 A-scan.

defined as the reciprocal of the full width at half maximum
(FWHM)), is thus ~17 pm for the OCT system with the tunable
single microlens and ~13 pm for the case of the tunable
multilens system. However, the MTF multilens system drops
more slowly than that of the single lens, indicating a high image
contrast at high spatial frequencies.

B. Time-Domain OCT—Imaging

The same OCT configuration used in the previous section
with the dual tunable lens system was used to obtain cross-
sectional images of an onion skin. Since, as discussed in
Section IV-B, the dynamic response of the tunable lens is
insufficient to allow tuning concomitant with an A-scan in the
kHz regime, the measurements were done at six distinct focal
lengths to show the improvement in resolution for the depth
region in the sample close to the focal point.

Fig. 17 shows the resultant six images; the arrows at the
left of each image indicate the approximate position of the
focal point. As can be seen in the leftmost image of the onion
skin, the structures near the onion surface are poorly resolved,
because they are far from the focus position. By moving from
left to right in the figure, the focal point moves closer to the
surface, and, therefore, more structures near the surface are
resolved, whereas structures near the bottom start to disappear.
An improved image quality is found at depths near the focal
point.

Therefore, synchronizing the axial position of the beam
waist concomitantly with the axial scan of the OCT results in
improved image quality at all depths, demonstrating the benefit
of a tunable objective in the measurement head.

C. En-Face OCT

In en-face OCT, the B- and C-scans are performed at high
rates and the A-scan stepped layer-by-layer into the sample;
for that reason, the A-scan is considerably slower than the B-
and C-scans, allowing the tunable objective to shift the focal
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Fig. 18. Four en-face OCT images of a stack of 140 pm thick cover slides.
The arrows on the right side (a)—(c) indicate the position of the fixed focal point.
The last image (d) was obtained with focal point moving synchronously with
the A-scan.

length concomitantly with the A-scan. The functionality of
the tunable objective was thus evaluated in an en-face OCT
setup by imaging a stack of 140 um thick cover slides, where
reflection from each interface provides a distinct OCT signal.
The 2-D en-face images were obtained by taking a B-scan with
a fixed position of the reference mirror, and thus measurement
depth. After each B-scan, the reference arm was incremented in
a 5 pm step, and the system takes the next B-scan.

Fig. 18 shows the resulting cross-sectional images of the
cover slides using a B-scan of about 2 mm. As indicated by
the arrows on the right side of the first three images (a—c), the
measurement was performed with the focal point set at a fixed
position. The last image (d) was then obtained with focal point
moving synchronously with the slow axial scan.

As can be seen in the first three plots of the figure, the
interfaces between the cover slides are only resolved in the
depth near the position of focal point, corroborating the results
of Fig. 17. Only in the last image, Fig. 18(d), are all the slides
seen, since the focal point is scanned axially during the mea-
surement. We see thus that in an en-face OCT system, the
tunable objective may be may be synchronized with the A-scan
and thus yield high-resolution images for a large depth range.
The miniaturized scanning micromirror and the tunable mi-
crolens were also combined for use in the en-face configuration.
The scanning mirror replaces the function of the translation
stage in the previous experiment, and the tunable microlens is
again used for the focal point tunability, synchronously with
the slow A-scan. The top side of the cover slide stack used in
the previous experiment was covered with an adhesive tape to
realize a surface with higher scattering than is the case for bare
glass. Fig. 19 shows the image of seven slides with a nearly
constant contrast at all depths. The image demonstrates the
ability of adapting the focal tuning with the axial scan, with an
incorporation with the scanning micromirror. The image shows
an extended axial resolution to 40 pm due to the dispersion in-
volved by inserting the acousto-optic modulator in the reference
arm.

D. Fourier-Domain OCT

In a FD-OCT system, the reflected signal from the measure-
ment head interferes with the light reflected back from the refer-
ence arm. The resulting interferogram is incident onto a grating
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Fig. 19. En-face OCT image of a stack of 0.14 mm thick cover slides. The
B-scan was carried out by the scanning micromirror, while the focal point was
shifted synchronously with the slow A-scan.
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Fig. 20. OCT images of a varnish layer deposited on a wood substrate taken
with a FD-OCT setup. A single 2 mm B-scan was performed and the focal point
fixed at two positions, above the surface (f1, in (a)) and on the surface (f2, in
(b)). Resolution of surface features is higher for the second case.

and the dispersed spectrum imaged by a 1-D photodetector
array. The spatial Fourier transform of this signal then yields
the depth-dependent reflection profile, such that no scan of the
optical path length of the reference arm of the Michelson inter-
ferometer is necessary. The head was tested using a free-space
implementation, and the measurements were with actuation of
both micro-optical components, but not incorporated inside the
miniaturized probe.

The 3-D scanning system based on the configuration of
Fig. 11(a) was thus integrated into the sample arm of an FD-
OCT setup. A slide of wood with a surface layer of varnish was
used as a test sample. The advantage of the using the tunable
objective in FD-OCT arrangement is the ability to tune the focal
point to the desired depth in the sample before acquiring the
image, thus allowing an improvement of the image at the depth
corresponding to the position of the focal point.

The 2-D images obtained using a single B-scan by actuating
the micromirror of the measurement head are shown in Fig. 20;
the focus was fixed at two positions, above the surface (a) and
at the level of the varnish layer (b). The axial position of
the focus affects the detail resolved, as we have seen in the
measurements of Figs. 17 and 18 using the other OCT systems:
image quality is highest in the region near the focal point.

The generation of a complete 3-D OCT image is demon-
strated in Fig. 21, in which the scanning mirror of the mea-
surement head was used to generate the B- and C-scans; a
biological sample, a leek skin, was used as a target. The tunable
objective was used to position the focal point, once on the top
of the sample (a) and once above the surface (b). The former
case yields a more detailed view of the subsurface structures,
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Fig. 21. 3-D FD-OCT images of a biological sample obtained using the
scanning mirror of the measurement head. The focal point, indicated by
the arrow in the figure, was placed (a) slightly below the target and (b) above
the target, such that the latter is out of focus. Each image contains 13 B-scans
and the imaging depth is approximately 300 pm. The lateral resolution of the
complete system is ~ 16 um.

whereas for the second, corresponding to an ‘“out-of-focus”
situation, the resolution is, as expected, considerably poorer.
The results of Fig. 21 show the performance advantages
of the scanning measurement head with the tunable objective,
particularly when used in an endoscopic implementation. Even
though a FD-OCT setup generates an effective A-scan by means
of the Fourier transform, proper positioning of the focal point
on the axial axis is essential for enhanced lateral resolution
and the image quality in general. The lateral resolution of the
complete system is ~ 16 pm, based on the FWHM criterion.
The tunable objective permits accurate placement of the oper-
ating focal point in situ, so that the imaging may be optimized
independent of endoscopic measurement head position.

VIII. CURRENT LIMITATIONS AND FUTURE POTENTIAL

There are a number of limitations of the current system
which require further work to allow the system to be practically
employed in endoscopic applications. For example, despite the
successful reduction of the driving voltage below 100 pym for
+4°, the voltage is still too high for in vivo use. One approach
is to reduce the stiffness of the torsional mirror mounts, which
can be accomplished through the use of softer materials, such
as nickel. Alternatively, we are currently developing purely
pneumatically actuated mirrors, which do not require high
voltages at the distal end of the probe.

In addition, the tuning speed of the microlens is limited.
Due to the high required lateral resolution, the microlens has
a small depth-of-focus (DOF), which, however, requires a long
tuning range, typically between 2 mm and 6 mm, for most
applications. Finally, the assembly of the entire optical micro-
optical system still uses conventional fine mechanics technol-
ogy, which is still dominant in commercial endoscopic manu-
facturing and assembly. An improved assembly method based
on silicon-on-bench technology is currently in development,
with which the probe diameter can be reduced and the optical
alignment of the entire optical system improved.

IX. OUTLOOK

The application of MEMS technology has allowed the real-
ization of a miniaturized measurement head for OCT systems,
incorporating a tunable objective and a two-dimensionally
scanning micromirror. This system allows dynamic variation of
the focal point and scanning of the measurement beam, in a
system whose diameter of less than 4.5 mm permits integration
into a standard rigid endoscope. Demonstration of its utility
in TD, FD, and en-face OCT systems has shown that the
optical performance of this measurement head, in particular
the achievable lateral resolution, is promising for biological
diagnostics.

Further developments in microsystems integration tech-
niques will allow continued improvement in functionality with
concomitant further reduction in size. Ongoing work will
demonstrate an all-silicon system with only half of the currently
demonstrated diameter and include the ability to generate 360°
images about the circumference of the measurement head.
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