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In this paper, we report the design, fabrication and testing of a new miniaturized optical sensor probe
with “side viewing” capability for oblique incidence diffuse reflectance spectrometry. The sensor probe
consists of a lithographically patterned polymer waveguides chip and two micromachined positioning
substrates and source/collection fibers to achieve 45◦ light incidence and collection of spatially resolved
diffuse reflectance. Diffuse reflectance of human esophageal surface has been successfully measured for
differentiation of cancerous tissues from normal ones.
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. Introduction

Esophageal cancers are in most cases lethal malignant lesions
f the human esophagus. According to the American Cancer Soci-
ty, there were around 16,470 new cases of esophageal cancers
ith about 14,280 deaths in 2008 [1]. Some countries such as Iran,
orthern China, India, and southern Africa have occurrence rates
0–100 times higher than that of the United States [1]. Because
sophageal cancer is usually diagnosed at a late stage, most people
ith esophageal cancer eventually die of this disease. Therefore,

here is an urgent need for early diagnosis techniques, which are
ccurate, non-invasive and low-cost.

Recent study has shown that the optical properties (absorption
nd scattering) of human tissue are closely related to some of the
ey diagnostic physiological parameters, which would significantly
ary with its exact disease state [2–8].

Oblique incidence diffuse reflectance spectroscopy (OIDRS) is a
on-invasive optical method, which utilizes a special fiber optic
ensor probe to measure the diffuse reflectance of inhomoge-

eous media (e.g. biological tissues), from which the absorption
nd reduced scattering coefficients can be readily extracted [9].
apid and accurate (automated) classification of pre-cancerous and

nvasive cancerous skin abnormalities could be achieved based on
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real-time processing of OIDRS images [10]. This result indicates
that OIDRS could be a premium non-invasive imaging method for
accurate detection of human cancers, especially those occurring
on the surfaces of tissues or organs. Unfortunately, OIDRS is cur-
rently limited to only skin applications by the available sensor
probes, which have only “front viewing” capability (Fig. 1a) [11].
To significantly extend OIDRS for the detection of a much wider
variety of cancers, new sensor probes with smaller size and more
importantly “side viewing” capability are necessary for effective
OIDRS measurement even in the narrow cavities (e.g. esophagus)
inside the human body (when working with a medical endoscope)
(Fig. 1b). However, achieving probe miniaturization and “side-
viewing” capability requires dense placement and sharp bending
of optical fibers, which would cause excessive light loss, cross-talk
or even mechanical fracture of the optical fibers.

To overcome these challenges, we report the design, fabrica-
tion and testing of the first micromachined OIDRS probe with “side
viewing” capability. The precision and mass production capability
of micromachining ensures the required performance, as well as
the compact size and low-cost fabrication of the probe. Using this
probe, the optical absorption and scattering properties of human
esophageal specimen have been successfully characterized ex vivo,
which clearly differentiate cancerous tissues from benign ones.
2. Principle of OIDRS

As shown in Fig. 2, when light is incident on the surface of an
inhomogeneous medium (e.g. biological tissue), part of the incident

http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
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Fig. 1. Schematic of OIDRS probes: (a) front viewing and (b) side viewing.

ight will be directly reflected (forming the specular reflectance)
nd the remaining will transmit into and interacts with the media.
fter undergoing scattering and absorption multiples times, a por-

ion of the transmitted light will be “turned back” and escape from
he surface the medium, which forms the diffuse reflectance. Dif-
use reflectance is strongly dependent on both the absorption and
cattering properties of the inhomogeneous medium.

According to the diffusion theory, the one-dimensional spatial
istribution of steady-state diffuse reflectance at certain wave-

ength (Rd(x)) for oblique light incidence can be estimated using
modified two-source approximation with one positive source

ocated below the sample surface and one negative source located
bove the sample surface (Fig. 3) which is expressed as:

d(x) = 1
4�

[
�z(1 + �eff�1) exp(−�eff�1)

�3

+ (�z + 2zb)(1 + �eff�2) exp(−�eff�2)

�3
2

]
(1)

here �eff is the effective attenuation coefficient, �1 and �2 are the

istances between the two sources and the observation point on
he surface of the medium, respectively, �z is the distance between
he virtual boundary and the medium depth, and zb is the distance
etween the virtual boundary and the surface of the medium [12].

ig. 2. Illustration of the absorption and scattering of oblique light incidence in an
nhomogeneous medium.
Fig. 3. Schematic of the modified two-source approximation of oblique incidence
based on the diffusion theory.

The absorption coefficient (�a) and reduced scattering coefficient
(�s’) can be determined as:

�a = �2
eff�x

3 sin(˛t)
(2)

�′
s = sin(˛t)

�x
− 0.35�a (3)

where �x is the shift of the point sources in the x direction for the
modified dipole source diffusion theory model, ˛t is the angle of
light transmission into the medium. By capturing the spatial distri-
bution of diffuse reflectance (Rd(x)) the optical properties �a and �′

s
can thus be calculated by solving the inverse problem [13]. It should
be noted that the diffusion-theory-based model is only valid if the
reduced scattering coefficient is much larger than the absorption
coefficient [14] (which is the case for biological tissues). Also, the
source and detector must be separated such that the light consists
of diffuse reflectance when it reaches the detector.

3. Probe design

To conduct OIDRS measurement of biological tissues, it is neces-
sary to deliver light of particular wavelength at a desirable oblique
incidence angle on the tissue surface and also collect the one-
dimensional spatial distribution of the diffuse reflectance (Rd(x)).
While this can be achieved by placing the biological tissue under a
delicate imaging setup, it will not be convenient and feasible to con-
duct in vivo OIDRS measurements (especially inside human body)
under typical clinical settings. To address this issue, we have inves-
tigated the idea of building a stand-alone fiber optic sensor probe
for skin applications [11]. The sensor probe consists of three source
fibers (200 �m in diameter) and two linear arrays of twelve col-
lection fibers (100 �m in diameter and with a pitch of 300 �m)
for capturing the spatial distribution of Rd(x) (Fig. 4a). The effective
probe testing area is limited to 2 mm × 2 mm to ensure its capability
to measure the diffuse reflectance of even the smallest skin lesions
(usually around 3 mm × 3 mm). Among the three source fibers, two
are used for oblique incidence, delivering light onto the skin sur-
face at an oblique angle (˛) of 45◦. Since the OIDRS measurement is
usually performed in a dark environment to reduce the effect of the
background light, the center normal incidence source fiber is used
to illuminate area of interest on the skin to ensure the accurate
placement of the sensor probe. Although only one oblique inci-

dence fiber and one linear array of collection fibers are necessary
for an OIDRS measurement, two oblique incidence fibers and two
arrays of collection fibers are used for higher efficiency and effec-
tiveness of data collection. To achieve accurate alignment of the
source and collection fibers necessary for robust clinical applica-
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be for in vivo skin testing; (b) The complete probe assembly.
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ratio microstructures (100–1000 �m). Second, although it is not one
of the most optically transparent polymer materials, SU-8 can still
provide acceptable optical transmittance over the visible light spec-
trum for conducting OIDRS (Fig. 6). The use of SU-8 microstructures
Fig. 4. (a) Schematic of the front view of the OIDRS pro

ion, four micromachined positioning devices (two for source fibers
nd two for collection fibers) were fabricated. Each positioning
evice consists of a silicon substrate with either photolithogra-
hy patterned SU-8 guiding structures for the source fibers or bulk
tched V-grooves for aligning the collection fibers. After assem-
ling the source and collection fibers, all the positioning devices
re stacked and glued together with epoxy. Finally, the assembled
robe is mounted into an aluminum probe holder to facilitate the
esting (Fig. 4b).

According to Fig. 1a, the skin probe assumes a “front view-
ng” configuration, in which the sensor head is in line with the
irection of the source/collection fiber bundles. All the collection
bers remain straight and thus can be arranged in a dense man-
er with suitable spacing for capturing the spatial distribution of
he diffuse reflectance. To accommodate the 45◦ bending of the
wo source fibers for oblique incidence, an outer dimension of the
robe (15 mm × 10 mm) is used to prevent sharp bending of the
ource fibers. For in vivo skin testing, the “front viewing” con-
guration and the relatively large size of the probe are desirable

or hand-held applications. However, for inner-body applications
e.g. esophagus), this configuration and dimension of sensor probe
ecomes an issue. First, to conduct effective and efficient in vivo
easurement inside the human body, the OIDRS probe has to be
ounted onto a medical endoscope for manipulation and target-

ng. Current medical endoscopes can only accept tool attachments
ith diameters ranging from 2 to 5 mm. The current OIDRS probe is

oo bulky for this purpose. Second, while the “front viewing” con-
guration is ideal for skin applications, it will be difficult to use

t to conduct in vivo measurements in the tight inner-body cavi-
ies. A “side viewing” configuration will be preferable, in which the
ensor head is oriented in a perpendicular position with respect to
he axis of the fiber bundles (see Fig. 1b). However, this inevitably
equires a sharp 90◦ turn for all the collection fibers within a very
ight space, which would cause very high light loss and leakage
with cross-talk between adjacent collection channels) and also
ossible mechanical fracture of the collection fibers. To address this

ssue, we have come up with a new 3-chip probe design with litho-
raphically patterned polymer waveguides (Fig. 5). This new probe
esign consists of three substrates. The first substrate serves as the
ositioning device to guide the source fiber for a 45◦ oblique inci-
ence. To reduce the probe size, only one source fiber is used for
blique incidence. Since the endoscope already has built-in light
ource for illumination, the normal incidence fiber which was used
n the skin probe will not be necessary. To avoid the detrimental
ffects of direct sharp bending of the collection fiber array, a sec-
nd substrate with microfabricated polymer waveguides is used for

ollecting the diffuse reflectance. The four side walls of curved poly-
er waveguides are coated with highly reflective layers to prevent

ossible light leakage and cross-talk of the waveguides. To inter-
ace the waveguides to OIDRS image capture and processing setup,

third substrate with bulk-etched V-groves is used to align the
Fig. 5. Schematic design of the “side-viewing” OIDRS probe.

straight interconnection fiber bundles with exactly same pitch as
that of the polymer waveguides.

4. Fabrication and assembly

The OIDRS probe fabrication and assembly process consists of
two steps: (1) fabrication of the three positioning substrates and
(2) assembly of the source/collection fibers and device substrates.
We chose SU-8 resist (MicroChem, MA) as structural materials for
both the guiding structures of source fiber and also the curved
waveguides for collecting the diffuse reflectance. First, SU-8 can be
directly lithographically patterned to form thick and high-aspect-
Fig. 6. Optical transmittance of a cured SU-8 film (100 �m thick) from 450 nm to
800 nm, which is characterized using a white light source and a single channel
spectrometer.
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ig. 7. Micromachined silicon positioning substrates for the OIDRS probe: (a) Sourc

liminates the need of expensive microfabrication equipment and
omplex process steps (e.g. deposition and etching), which results
n a straightforward and low-cost fabrication process. This is impor-
ant for future clinical application of OIDRS since the probe will be
he only consumable part of the entire OIDRS system and it will
e highly desirable to make it low-cost and thus disposable after a
ertain amount of use.

To align the source fiber (200 �m in diameter) to the 45◦ oblique
ncidence angle, the first micro positioning substrate chip with 100-
m-thick SU-8 guide structures was fabricated. SU-8 100 resist
as spun on a pre-cleaned silicon wafer (500 �m thick) at cali-
rated spinning rate to reach a final thickness of about 100 �m.
fter the spin-coating of SU-8, a process recipe recommended by

he manufacturer was followed to make the guide structure with
200-�m-wide curved trench (Fig. 7a) [15]. During the SU-8 pro-

essing, a slow temperature ramping was maintained to minimize
he internal stress build-up and also the resulting crack formation
ithin the SU-8 film, which would significantly reduce the mechan-

cal strength and stability of the guiding structures. Next, the above
U-8 process was repeated on another silicon wafer to make the 90◦

urved collection waveguides (10 channels) with a cross-section
rea of 100 �m × 100 �m each (Fig. 7b). To minimize light leak-
ge and cross-talk between adjacent collection channels, the top,
ottom and two side surfaces of the rectangular SU-8 waveguides
ere coated with thermally-evaporated aluminum (300 nm thick)

n three consecutive steps. Before the SU-8 waveguide structures
ere formed, the bottom aluminum layer was deposited on the

ubstrate. After the SU-8 step, two more aluminum depositions
ere conducted with the substrate placed at an oblique ±20◦ with

espect to the evaporation source to ensure a good coverage of
he two side walls and the top surface. Finally, to accurately align
he interconnection optical fibers (100 �m in diameter), the third

icro positioning substrate was fabricated, which consists of a sil-
con substrate with a linear array of V-grooves created with silicon
ulk etching (Fig. 7c). When an optical fiber (with cylindrical cross-
ection) is placed in a V-groove, the center axis of the optical fiber
an “automatically” align with the symmetric plane of the V-groove.
hus, the accurate positioning of the intercollection fibers can be

eadily achieved to ensure reliable and uniform performance of the
ensor probe. To fabricate the positioning chip, silicon nitride was
eposited on a {1 0 0} silicon wafer. Photolithography and reactive

on etching was conducted to pattern the silicon nitride layer, which
erves as a hard mask for silicon bulk etching. Silicon bulking etch-
r guide; (b) Collection waveguide substrate; and (c) Interconnection fiber guide.

ing was performed in potassium hydroxide solution to form the
V-grooves (230 �m wide and 300 �m pitch).

After the fabrication, the probe assembly process was con-
ducted. The source incidence fiber was carefully placed into the
SU-8 alignment structure on the micro positioning substrate. A slow
drying black epoxy was used to fix it in place (Fig. 8a). The same pro-
cedure was repeated for assembling the interconnection fibers. To
improve the efficiency of light incidence and collection of the opti-
cal fibers and SU-8 waveguides, the edge of the silicon chips with
either input/output end of the fibers or waveguides were polished
first with 2 �m and then 0.3 �m sand paper. After the polishing, the
SU-8 collection waveguides were aligned with the interconnection
fibers. The position of the SU-8 waveguide chip was adjusted to
couple the maximum amount of light coming out from the distal
end of SU-8 waveguides. Once this was achieved, black epoxy was
applied to bond the two chips together. The assembly of this probe
is completed by stacking and gluing the source fiber substrate with
the SU-8 waveguide substrate. The tip of the incidence fiber was
visually aligned to the center location of SU-8 waveguide array. The
assembled probe was then placed in an aluminum holder to facili-
tate the probe testing (Fig. 8b). The overall dimension of the sensor
probe is 5 mm × 5 mm × 12 mm, which should be small enough and
suitable for ex vivo esophagus measurements (Fig. 8c).

5. OIDRS system

To conduct OIDRS measurement, we have built a complete
experimental setup to interface with the developed sensor probe
to achieve automated optical incidence control, data collection and
analysis (Fig. 9). It consists of a white light source (halogen lamp) for
multiple-wavelength measurement, multiplexer, imaging spectro-
graph, CCD camera, and personal computer. The 16-bit CCD camera
(Andor Technology 412DV) has a 512 pixel × 512 pixel CCD chip
with dimensions of 12.6 mm × 12.6 mm. The imaging spectrograph
(Oriel MS257) has a 150-lines/mm grating. With this combination of
chip size and grating we are able to image a wavelength in the range
of 310 nm onto the CCD matrix. Before an OIDRS measurement is
conducted, the source fiber of the sensor probe is connected to the

output of the light source via an SMA connector. The proximal end of
each of the intercollection fibers is also fitted with SMA 905 connec-
tors and then connected to the input of the spectrograph through a
custom-made multitrack bundle. The optical multiplexer allows the
light delivery, to the area of interest, through only one source fiber
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Fig. 8. OIDRS probe assembly: (a) Source fiber; (b) Assembled

t a time. After the sensor probe gets into contact with the sample
urface, white light is delivered through the source fiber and the dif-
use reflectance is then captured by the collection waveguides and
oupled through the interconnection optical fibers to the imaging
pectrograph that generates an optical spectrum for each collec-
ion channel. The CCD camera collects the spectral-images from the
avelength range of 455 to 765 nm. The spectral images represent

he steady-state diffuse reflectance spectra from each collection
hannel, which are stored in the computer for further analysis. This
ntire OIDRS system is capable of capturing one frame of spectral
mage in a fraction of a second.

Before the actual OIDRS measurement was conducted, the
xperimental setup was calibrated and validated using a liquid ref-

rence solution (phantom) consisting of polystyrene micro-spheres
s scattering elements and trypan blue as absorber [11]. The absorp-
ion coefficient spectra of trypan blue were measured by collimated
ransmission before mixing it with the polystyrene micro-spheres.

Fig. 9. Experimental setup for OIDRS probe testing.
r probe; and (c) Complete sensor probe with optical adapter.

The reduced scattering coefficient of the microspheres was calcu-
lated using Mie theory [16]. The “expected values” of the absorption
and reduced scattering coefficients of the liquid reference solution
can be varied by controlling the concentration of absorbing and
scattering chemicals.

To conduct the calibration, the sensor probe was placed on
the surface of the reference solution. The probe was rotated to
four different angles with respect to an arbitrary reference point,
and the diffuse reflectance was recorded each time. The absorp-
tion and reduced scattering spectra were extracted for each diffuse
reflectance measurement and averaged to obtain the “estimated
values”. The system was calibrated by measuring several optical
reference phantoms. The reading from each collection fiber chan-

nel is compensated by a factor that matches the measured diffuse
reflectance to their expected values. After the calibration, the probe
was tested with different reference solution. The Fig. 10 shows the
average measured optical properties and the standard deviation for
those measurements.

Fig. 10. Expected and measured absorption and reduced scattering spectra of a
liquid reference solution.
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ig. 11. A human esophagus specimen with cancerous tissue (adenocarcinoma).

. Testing and results

After the calibration, the entire OIDRS system was used to con-
uct ex vivo measurement of human esophagus specimens with
ancerous tissues (adenocarcinoma) for the first time (one speci-
en shown as an example) (Fig. 11). Only the center eight collection

hannels are used in order to reduce the effective probe contact
rea to 1.6 mm × 1 mm for more accurate measurements. The mea-

urement results clearly show different diffuse reflectance spectra
or the normal and cancerous tissues (Fig. 12). The general lower
iffuse reflectance of the cancerous tissue is caused by its darker
olor (causing more light absorption). Cancerous tissue is believed

ig. 12. Ex vivo diffuse-reflectance spectra of the human esophagus specimen
hown in Fig. 11: (a) Normal tissue; and (b) Cancerous tissue.
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to have relatively larger nuclei causing stronger optical scattering
serving as a good indicator for distinguishing it from benign cells
[17].

7. Conclusions and discussion

A new miniaturized OIDRS sensor probe has been successfully
developed and used for ex vivo testing of esophageal cancer for the
first time. The further miniaturization of the probe will allow its
operation with medical endoscopes, to enable in vivo non-invasive
detection of esophageal cancer and possibly many other epithelial
types of cancers inside human body.

In OIDRS, the use of multiple collection channels allows cap-
turing the 1D spatial distribution of the diffuse reflectance. This
approach partly overcomes one of the greatest perceived weak-
nesses of single-channel elastic scattering spectroscopy, and thus
enables fundamental optical properties of absorption and scatter-
ing to be individually resolved. Since the optical absorption and
scattering of human tissues are closely related to some of the key
diagnostic physiological parameters of malignancy, OIDRS is capa-
ble of classifying cancerous tissues from benign ones with high
sensitivity and accuracy, which would excel other competing opti-
cal spectroscopic methods, such as fluorescence spectroscopy. This
result is backed by our clinical study on the classification of the skin
lesion. Using the developed OIDRS probes, we plan to conduct an
extensive study on the classification of different types of esophageal
lesions to further verify its sensitivity and reliability. Once available,
the results of this study will be presented in future publications.
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