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Figure 6 Complement-dependent cytotoxicity (CDC) of anti-FLRT2 antibody. CDC activities using two healthy control IgG and two anti-
FLRT2 positive IgG, B11-8 and X10-48, at a concentration of 1.28 mg/mi with 1:3 diluted complement (A}, 1.28 mg/ml of IgG, and 1:3 diluted
cornplement with recombinant FLRT2 at the indicated concentrations (B), and various IgG concentrations with 1:6 diluted complement (C)
against HUVECs were measured with the WST-1 assay. (D) CDC activities against mock transfected HEK293T cells (empty, left) and FLRT2-
expressing HEK293T cells (FLRT2, right) by using 1.28 mg/ml of IgG and 1:3 diluted complement were measured with the WST-1 assay. HEK293T
cells negative of positive for FLRT2 expression were stained with anti-FLRT2 antibody followed by secondary antibody against human 1gGl, 1gG2,
19G3, IgG4 (E), and IgM (F), and analyzed with flow cytometry. (G} ADCC activities using control IgG, 811-8, and X10-48, at a concentration of
1.28 mg/ml with an ET ratio of 25:7 were determined with the lactate dehydrogenase detection method. Error bars indicate SD. *P < 0.05; **P <
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Figure 7 Activation of HUVECs and induction of apoptosis. {A) E

of E-selectin, intercellular adhesion molecule 1 {ICAM-1), and

vascular cell adhesion molecule 1 (VCAM-1) was analyzed with flow cytometry against HUVECs treated with 640 pg/ml of control and two anti-
FLRT2-positive 1gGs, B11-8 and X10-48. Representative graphs (left) and summarized graph (right) are shown. (B) HUVECs treated with control
IgG and two anti-FLRT2-positive IgGs, B11-8 and X10-48, for 24 hours were stained with annexin V and 7-AAD and analyzed with flow cytometry.

007; ***P < 0.001; ****P < 0.0001.

shown. Error bars indicate SD.

(Annexin V positive/7-AAD negative) cells were measured as apoptotic cells. Representative graphs (left) and summarized graph (right) are

an important factor for its pathogenicity in vivo, in
terms of accessibility of the target molecule to AECAs.
Our strategy to identify AECA target molecules is to
use a retroviral vector system and flow cytometry. As
the localization of cellular molecules depends on their
structures, only cell-surface molecules are expressed on
the surface of YB2/0 cells transfected with the HUVEC
c¢DNA library. AECAs can bind only to cell-surface
molecules in flow cytometry. Therefore, sorting of 1gG-
binding cells can concentrate and isolate cells expressing
autoantigens (target molecules for AECAs) on the cell
surface. Although this system may present difficulties in
sorting cells at very low frequency, we isolated and
cloned autoantigen-expressing cells by repeated sorting,
and this system was shown to be useful to identify cell-
surface autoantigens. Whereas some cell-surface mole-
cules were identified with this system previously [39],
this is the first report of autoantigen identification.
With purified IgG from one SLE patient with high
AECA activity (E10-19), two distinct clones were isolated
and established, both of which were shown to have an
identical gene, FLRT2. As we confirmed that E10-19 IgG
bound specifically to cell-surface FLRT2 and FLRT2 was
expressed on the cell surface of ECs, we concluded that

FLRT?2 is a novel cell-surface autoantigen as a target
molecule for AECAs in SLE patients.

Analysis of anti-FLRT2 activity among patients with
various collagen diseases indicated that anti-FLRT2 anti-
body was specifically detected in SLE, and it accounted
for 21.4% of cell-surface target molecules of AECAs in
SLE. AECA activity of 1gG from SLE patients with anti-
FLRT2 activity was significantly inhibited by soluble
recombinant FLRT?2, indicating that FLRT2 is the major
target on ECs for AECAs in these patients. Although
heat-shock protein 60 (Hsp60) has been described as the
target antigen of AECAs in SLE and has a proapoptotic
effect {40,41], Hsp60 was not detected on freshly isolated
unstressed HUVECs {40,41]. The remaining 78.6% of
SLE patients with AECA activity in the present study
may have other as-yet-unidentified target antigens.

FLRT2 is transmembrane protein and was identified as
a novel gene family in the screening for extracellular
matrix proteins expressed in muscle [38]. Although
FLRT2 was shown to be expressed in the pancreas, skele-
tal muscle, brain, and heart with Northern blotting [38],
we confirmed the expression of FLRT2 on HUVECs and
other ECs (HAECs, HRGECs, and HMVEC-Ls), and
treatment with neither tumor necrosis factor-a. (TNF-o)
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nor lipopolysaccharide (LPS) induced the expression of
FLRT2 (data not shown), E10-19 IgG did not bind to
FLRT1 and FLRT3, and these two molecules were not
expressed on ECs. Consistent with these findings, the
major epitope for anti-FLRT2 antibody was localized in
the unique region within the extracellular domain of
FLRT2.

FLRT?2 has been reported to modulate signaling, interact
with fibroblast growth factor receptor, promote cell prolif-
eration, participate in craniofacial development, and pro-
mote heart morphogenesis [42-46]. Although we
hypothesized that anti-FLRT2 antibody may affect some
cellular behavior and induce expression of adhesion mole-
cules, cell proliferation, and apoptotic cell death without
complement in ECs, we did not find these activities in the
present study.

Among SLE patients with anti-FLRT? activity, comple-
ment levels were correlated significantly with the anti-
FLRT2 antibody titer. Moreover, anti-FLRT2 antibody
induced cell damage in a compl t-dependent
suggesting that it has pathogenic roles in immune-
mediated vascular damage. CDC activity of AECAs was
reported in patients with SLE, Takayasu arteritis, hemoly-
tic-uremic syndrome, and Kawasaki disease (2,4,35,47,48].
Although ADCC activity was not proven in our study,
similar observations of AECAs producing CDC but not
ADCC were reported previously [35,48].

As demonstrated in this study, FLRT?2 is widely distribu-
ted in various types of ECs. Therefore, it is possible that
anti-FLRT2 antibody is linked to systemic vascular injury.
These observations indicate that it is necessary to evaluate
the contributions of anti-FLRT?2 antibody to atherosclero-
tic lesions because chronic inflammation is atherogenic
in SLE [49,50]. Administration of gammaglobulin was
reported to reduce CDC of AECAs against ECs [35], and
this may apply to anti-FLRT2 antibody-induced damage.
Furthermore, incubation with soluble recombinant FLRT2
inhibited the AECA activity and CDC activity in patients
with anti-FLRT2 positivity, which suggests that neutraliz-
ing anti-FLRT2 antibodies might be the specific therapeu-
tic approach.

Conclusions

We identified the membrane protein FLRT2 as a novel
autoantigen of AECAs in SLE patients. Our retroviral
vector system is useful for identification of cell-surface
autoantigens. In addition to further investigations of the
biologic significance of anti-FLRT2 antibody and its
therapeutic applications, other cell-surface autoantigens
of AECAs should be determined to achieve a compre-
hensive understanding of AECA-mediated vascular
injury and the development of more-specific interven-
tion strategies.
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Abstract

We developed a pillar-shaped microelectrode array (MEA) with varying heights for enhancing
the spherical conformity of fully implantable epiretinal prosthesis comprising a 3D stacked
retinal chip. The fabricated MEA is composed of 100 pillar electrodes with heights ranging
from 60 to 80 yem. The Pt-coated Cu pillar electrode with a surface diameter of 70 i and a
height of 75 jem and the Pt planar clectrode with a surface diameter of 70 jom have 24.6 and

125 kQ impedances, respectively, at 1 kHz in vitro experiment. The pillar electrode shows

Jower impedance than the planar electrode because of a larger sorf;
cross-talking between pillar electrodes, we developed a sidewall pas

area. However, 10 avoid
sivation process of the

piltar electrode by using the surface tension of polyimide. The impedance of the isolated pillar
clectrode 116 k€2 at 1 kHz is similar to the impedance of the planar electrode, because they
have similar electrode surface areas. The pillar-shaped MEA shows a better spherical

conformity.

(Some figures may appear in colour only in the online journal)

1. Introduction

To date, a number of patients suffer from retinal diseases,
such as retinitis pigmentosa (RP) and age-related macular
degeneration (AMD). However, effective medical treatments
for RP and AMD have yet to be established. In addition. it also
is observed that the number of blind paticnis increascs rapidly
with the aging of society. Therefore, the alternative treatments
for these diseases are strongly required. Photoreceptor cells in
aretina play an important function in retinal cells by converting,
the visual information to neural signal.

However, in most cases, RP and AMD result from
impairment of the photoreceptor cells that convert light signal
to electrical signal in a retina. On the other hand, the other
retinal cells, such as bipolar cells, horizontal cells and ganglion
cells, remain normal [, 2]. Accordingly, it will be possible
to recover the patient’s vision by stimulating the remaining

0960-1317/12/105015+11$33.00

retinal cells. A number of research groups have reported that
Jight pereeption can be clicited by the clectrical stimulation
of the remaining retinal cells [2-6]. Recently, many studies
have been reported for retinal prostheses in blind patients
to restore visual sensation by electrical stimolation using
stimulus electrodes [7-21]. Generally, retinal prosthesis has
three indispensable components, such as a photodetector, a
signal processing circuit and a stimulus current generator
with a stimulus electrode array. The photodetector receives an
optical signal from the outside and converts it to an electrical
signal after which the processing circuits perform image
processing, such as cdge extraction and motion detection.
Then, the stimulus current generator, placed on the surface of
the retina, generates appropriate patterns of electrical cusrent.
Finally, the stimulus clectrode array stimulates the remaining
retinal cells. When the remaining retinal cells are activated
by the stimulus current, blind patients would perceive a dot
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Figure 1. Conlfiguration of Iully imy ible retinal prosthesis system comprising 3D stacked retinal chip, stimulus current generator with

stimulus electrode array and coupling coils.

ol light at cach stimulation point. In conventional retinal
prosthesis, only the stimulus current generator with a few tens
of stimulus clectrodes is implanted in the eyeball because of a
small retinal arca of approximately 3 mny, which is svitable
for retinal chip implantation. Meanwhile, other devices, such
as photodetector and processing circuits, are placed outside
the eyeball. Therefore, the conventional retinal prosthesis
is a large, heavy and complicated sysiem. Moreover, the
patients cannot use saccadic effect based on a high-speed
eye movement. These disadvantages induce a low quality-
of-life (QOL) to the patient. To resolve these issues and 1o
implement similar performance with the human eye, a high-
speed, high-performance and small-gize artilicial retina with
saccadic function is required.

To realize such an artificial retina, we have proposed a
fully implantable retinal prosthesis system comprising three-
dimensional (31) stacked retinal chip for transforming optical
signal 10 electrical signal and generating stimulus curvent,
microelectrode stimulus array for stimulating retina cells and
coupling coils for power transmission as shown in figure 1.
This retinal prosthesis can be fully implanted on the surface
of the retina, unlike the other group’s retinal prosthesis
122). For realizing a fully implantable retinal prosthesis, we
have developed some key components such as a stimulus
current generator with a stimulus electrode array and a retinal
prosthesis module [22-271.

Figure 2 shows a conceptual cross-sectional structure
of 31 stacked retinal chip and stimulus microelectrode
array (MEA). The 3D stacked retinal chip comprising
photodetectors converts the optical signal received from
outside the cycs into an clectrical signal, the signal-processing
circuits perform image processing, and the stimulus current
generator generates appropriate elecirical current pattern,
bonded on 4 thin flexible cable with stimulus MEA to stimulate
the remaining retinal cells. All component chips are vertically

[~

Optleal Slenals

Photodetector

Signal Processing
layer

Stimulus Current
Generation Layer

Figure 2. Cross-seetional structure of 3D stacked retinal chip and
MEA.

stacked onto one die and clectrically connected using high-
density, short-length through-silicon vias (TS Vs). This lcads to
a small-sized, light-weight, high fill-factor and high-resolution
prosthesis retinal chip. By implanting the 3D stacked retinal
chip into an eyeball, paticnts can employ their own lens and
cornea and can rapidly shilt a gaze point by moving the eyeball,
leading to high-speed visual information processing such as a
saccade effect, As the 3D stacked retinal chip bas a layered
structure similar to the human retina, photodetectors with more
than 1000 pixels can be formed in the retinal chip.

To achieve highly efficient stimulation to the retina, it
is necessary 10 establish unilorm contact between the retinal
cells and the stimulus microclectrodes. However, considering
the curvature of the human eyeball, it is hard to make certain
contacts (o the retinal cells by a planar MEA owing to the
distance between them, which is induced by the 3D stacked
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Figure 3. Contiguration ol fully implantable retinal prosthesis, in
which 3D stacked retinal chip was bonded on a flexible cable with
the planar-shaped stimulus MEA.

retinal chip bonded to a fexible cable with the MEA, as
shown in figure 3. We caleulated the distance changes with
the position from the cenier to the edge of the planar-shaped
stimuluy electrodes aceording to the curvature of the human
eyeball by considering that the curvature radius of the human
eyeball is 12.5 mm and the arca of a 3D stacked arlificial
retina chip is 2.4 mm? There is a maximum distance of
82 pum at the center of the retinal prosthesis chip to the
retinal cell in a curved focal plane as shown in figure 4. To
achieve a high-resolution retinal prosthesis, it is necessary
to stimulatc only a target retinal cell. However, this long
distance between the planar-shaped stimulus clectrodes and
the curved focal plane of the human eyebalt may induce the
low resolution beeause of a poor stimulation to the retinal
cells, beeause the stimulus current [rom one stimulus clectrode
is widespread and stimulates unwanted neighboring retinal
cells. This unwanted stimulation may induce tissue damage in
neighboring retinal cells. Moreover, the relative distance from
its target cell require rise in threshold, and more current will
be theoretically necessary for elficient stimulation |28, 201
It may induce a potential risk fo damage the tissue, if the
stimulation current level exceeds the level above the non-
reversible reactions. To address this problem, penctrating
clecirodes, which can provide highly specific activation of
the targeted neurons [29], bave been developed for retinal
prosthesis. However, these electrodes, mostly based on the Si
technology, have been confirmed to incur acute and chronic
damage, and even to lead 10 degeneration of both the inter{aced
tissue and the implanted device |30}, Hungar er af {311, Wang
et al 321 and Koo ef al [33] developed 3D-type flexible MEAs
based on parylene and polyimide using Si mold technology for
enhancing the spherical conformity of the retinal prosthesis in
an eyeball, However, these approaches still have limilations,
such as process difficultics and different electrode shapes.
In particular. the different arrowhead shapes ol electrodes
stimulaie retina cells differently according to the positions
in the array because of the impedance difference at each
clectrode.

To solve these problems and 1o achicve highly ellicient
stimulation to retina cells, we proposed a pillar-shaped

dectrodes and retinal cells {pm)

Distance belween planar stimulus

0 " : L x " s N N :
0 02 04 05 083 1 12 14 16 18

Distance from the center to the edge of
the retinal chip {(mm)

Figure 4, Conceptual relationship of the distance between planar
stimulus efectrodes and retinal cells in human eye.

stimulus MEA with varying heights, but same surface
arcas according to the positions in the array using Si
micromachining and peel-off processes. The height variation
of electrodes allows cach electrode to contact the spherical
eyeball conformably and approach the stimulus target retinal
cells closely. Moreover, the same surface area of clectrodes
allows stimulating target retinal cells at the same impedance.
1t can induce enhancement of the spherical conformily of
fully implantable retinal prosthesis to the retinal cells in the
human eyeball. However, by placing pillar clectrodes that
intentiopally become a flatter surface of the retina chip across
the curvature of the cyeball, it has a potential problem of
defeating one of the key features of the normal eve, that
of the curved focal plane, which does not have aberrations
in the image because ol dillering distances from the lens.
However, we assume that this is not as much of a problem,
because the distance from the flat retina cbip (o the curved
focal plane is around 80 pom, and it is too short compared with
20000 um distance between the lens and the curved focal
plane. Morcover, the depth of curvature of the human eyeball
is slight, and the retina chip has a tiny arca of 2.4 mm? and
lesser thickness of 100 jem. Therefore, the entire retina chip
can be in focus.

In this study, we fabricated the pillar-shaped stimulus
MEA with varying heights, bot the same surface arcas,
and characterized the impedance performance of the pillar
elecirode guantitatively compared with the planar electrode.

2. Design and fabrication of a pillar-shaped stimulus
microelectrode

Figure 5 shows the configuration of fully implaniable epirctinal
prosthesis, in which a 3D stacked retinal chip was bonded to
the flexible cable comprising pillar-shaped stimulus electrodes
with varying heights. By these pillar clectrodes, superior
contact can be realized despite the various distances between
the 3D stacked retinal chip and the target retinal cells in the
spherical eyeball. Therefore, it can fmprove the stimulation
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Figure 5. Configuration of fully implantable retinal prosthesis, in

which 3D stacked retival chip was bonded on a flexible cable with
the pillar-shape stimulus MEA.
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Figure 6. Layout of the pillar stimulus MEA consisting of 100
electrodes with varying heights,

elficiency to the retinal cells and induce highly qualitative
resolution of the retinal prosthesis.

To cvalnate the effcetivencss of pillar clectrodes, we
proposed a pillar stimulus MEA composcd of 100 clectrodes,
which bave different heights of 60-80 pm in accordance
with the pillar electrode position in the MEA, as shown
in figure 6. The height variation of pillar clecteodes allows
each eleetrode 1o contact target retinal cells of the spherical
eyeball conformably despite various distances between the
retina chip and the retinal cells. This pillar MEA is formed
in the polyimide-based flexible cable, the layout shown in
figure 7. The flexible cable is divided into two parts ol the
retinal prosthesis module for implantation into an eyeball and
the connection pad for a power supply. The flexible cable has
a length of 35 mm and thickness of 25 yom. An array of 100
pillar stimulus eclectrodes is formed on the backside of the
retinal prosthesis module part (front arca) in the flexible cable.
The retinal chip is mounted on the [ront side and clectrically
connected to stimulus electrodes through Cr/An wires, The
fop surface diameter of stimulus pillar electrode is 70 um,
and the pitch between stimulus electrodes is 150 pem. Four
holes, which were formed in the flexible cable, were used for

Hole for Retinal Yack

(16x10 Pt Stimudus Pilar MEA)

Figare 7. Layout of the flexible cable consisting of 100 Pr stimulus
pillar electrodes.

fixation on the retina. Two holes in the edge arca were inserted
by retinal tacks inside the cyeball, and the other two holes in
the middle arca were sewn on the sclera outside the cycball,
Figure 8 shows the fabrication process flow of the flexible cable
comprising the pillar stimulus MEA with varying heights.
First, Si deep via holes with different depths were formed
into a Si substrale by changing the cycling steps of plasma
ST etching and CyFy passivation in the BOSCH process
and using the multiple thickness of the Si0O, layer. After
removing the Si0; mask layer, sacrifice layers of sputtered-
Al with 100 nm thickness and PECVYD-8i0, with 200 nm
thickness were deposited on the Si substrate and into the holes
with the minimum sidewall step coverage of 40% and 60%,
respectively. Positive-photosensitive polyimide (CRC R600, T,
300 “C) was spin coated on the Si substrale and patterned for
the formation of a flexible cable consequently cured for 30 min
at 350 °C. The polyimide layer was photo-lithographically
patterned not 1o get down into the pillar holes. The resultant
polyimide layer, which is used as a bottom layer of the flexible
cable, has a thickness of around 3 zm. After photoresist (PR)
patterning for the formation of stimulus clectrodes, Pt layer
of 100 nm thickness was deposited on the Si surface and
info via holes with (he mintmum sidewall step coverage of
40%. Pt layer and PR layer were removed by a lift-off method
using an ultrasonic method except for Pt layer on stimulus
cleetrode arcas. However, thin Pt layer of 40 nm thickness in
the bottom area of the pillar elecirode has the risk of deforming
or fracturing during the vontact with an eyeball. Therclore, it
is necessary to enhance the strength of thin Pt pillar electrode.
We proposed to fill Cu material into the pillar holes 1o improve
the strength of the Pt piltar electrode. However, if Cu atoms
diffuse to the eyeball passing through the Ptlayer, it may induce
confamination and consequently damage the retinal cells. To
prevent the diffusion of Cu into the eyeball, a sputtered Ta layer
of 500 nm thickness was deposed in the Pt pillar holes with
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1. Formation of several via holes with different depths

2. Deposiion of A/Si02, coating of polyimide and
formation of Pt electrode

N{lﬁ& Polyinids Pt lectrode 100

7

3, Sputtering of Ti/Cu, elestroplating of Cu and
coating of thick polyimide
Ti/Cu S00m/ 5y T?lsci polyirigs 15m
/
i

4, Foymation of Cr/Au wiring and coating of polyimide

C{/}u 10%m/Ym  Polyimide Jym

5, Removal of flexible cable from Si wafer

Figure 8, The fabrication process flow of the flexible cable comprising the pillar-shaped stimulus MEA with varying heights.

the minimom sidewall step coverage of 30%. The Ta layer is
an atiractive film as a Cu barrier because Ta has a high melting
point that results in high activation energy for the diffusion
process. Then, the Cu seed layer of 500 nm thickness was
deposed in the pillar holes with the minimum sidewall siep
coverage of 40% by sputlering. After PR patterning, the Cu
layer of 15 pm thickness was partially filled into the pillar
holes using the electroplating process. Thick polyimide was
spin coated, patterned and carefully cured for 30 minat 350 °C,
with a resultant thickness of 15 jem. This polyimide layer may
act as a main frame of the flexible cable and the barrier layer o
Cu out-diffusion [rom the pillar elecirode, because it covers the
pillar electrodes. The Cr adhesion layer of 100 nm thickness
and Au layer of 1 um thickness were deposited sequentially
by the sputtering process and patterned using the wet etching
process to make metal wiring for power transmission. A thin
polyimide layer (CRC B600) was spin coated on metal wirings
and patterned to open the pads only for power supply. The
Au layer is exposed on the pad area and not the Cu layer,
beeause Au may be biocompatible. Finajly, the wafer was
immersed into the bulfered HIF solution Lo etch sacrificial Al
and $i0, layers and consequently peel-off the fexible cable
with pillar-shaped stimulus electrodes from the Si substrate.
The Au pad does not alfect the HFE solution during the pecl-oft
process.

In our process, the lormation of via holes with dillerent
depths by one-time $i etching process is the key. We utilized
the difference of etching rate of Si and Si0; in the BOSCH
elching process by using multiple thicknesses of $i0; hard
mask. At first, a 70 nm thick Si0); layer was thermally oxidized
on a Si substrate. By two-lime local paticrning and oxide dry
etching, Si0, hard mask with different thicknesses of 0, 35 and
70 nm was formed on the Si substrate. Via holes with different
depths of 60, 70 and 80 j2m were fabricated concurrently by the

one-time Si BOSCH ctching process using multiple thickness
810, hard masks of 70, 35 and G nm. respectively, as shown
in figure 9. Figure 10 shows the cross-sectional structure of
the pillar electrode (a) and the photograph of the fabricated
pillar electrode (). For enbancing the strength of the Pt pillar
clectrode, a thick Cu layer of 15 pm thickness was filled well
into the pillar holes using the electroplating process. Pigure 11
shows the photograph of the fabricated fexible cable with the
pillar MEA and the magnified picture of the pillar stimulus
electrodes, As shown in the figore, the MEA consisting of 100
stimulus pillar electrodes with different heights ranging from
60 10 80 pm was successfully fabricated.

3. Evaluation of a pillar-shaped stimulus
microelectrode

The impedance characteristics of  the pillar  stimulug
electrode~clectrolyte  interface were cvaluated using 4
Solartron1260 impedance/ gain phase analyzer. Measurements
were performed within a frequency range from 100 Hz to
100 kHz using 10 mV ac sinc signals by immersing the pillar
MEA into the 0.9% saline solution. An Ag/ApClelectrode and
the pillar electrode were used as a relerence electrode along
with a counter electrode as shown in figure 12,

To evalvate the impedance characteristics of the
pillar electrode, we compared them with the impedance
characteristics of a Pt planar electrode with a surface diameter
of 70 pm. Figure 13 shows the fabrication process () and the
photograph () of the flexible cable with the Pt planar electrode
array. Positive-photosensitive polyimide (CRC 8600) was spin
coated on the Si substrate and patterned for the formation of
a flexible cable consequently cured for 30 min at 350 "C. The
resultant polyimide layer, which is used as a botlom layer
of the fiexible cable, has a thickness of around 5 pum. After
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Figure 9. (o) The fabrication process flow and () the photograph of via holes with different heights.

Metal Wire Polyimide

PR patterning for the formation of a stimulus clectrode, the Pt
layer of 100 nm thickness was deposited as a stimulus electrode
material. The Cr adhesion layer of 100 nm thickness and Au
wire of I jum thickness were patterned using the sputtering
and wet etching processes for the power transmission. "Thick

Pillar
Electrode

Polyimide

(b)

Figure 10. (@) Cross-sectional structure of pillar electrodes and (b) the photograph of the fabricated pillar electrode.

impedance could contribute to reduce the amount of damage
from the stimulation of the retinal cells because ol lower charge
density |29).

However, the pillar electrode has the risk that it
sti

polyimide was spin coated, patterned, and carcfully cured for
30 min at 350 °C, where it has a resultant thickness of 15 jum.
It acts as the main frame of the flexible cable.

Figure 14 shows the impedance characteristics of the pillar
cleetrode and the planar clectrode depending on frequencics.
The impedances of the pillar and the planar electrodes are 24.6
and 125 k< at 1 kHz, respectively. The total surlace areas of
the pillar cleetrode (70 yom diamcter, 75 jem bheight) and the
planar clectrode (70 pm diameter) are theoretically 20332
and 3846 un?. The impedance decrement ratio (1/5.07)
of the pillar electrode to the planar electrode is similar,
with the difference ratio of the total sugface area between
them being 5.28. It indicates thal the entire surface arca
of the pillar electrode functions as the stimulus elecirode.
A large surface arca of the pillar electrode reduces the
electrode impedance. Therefore, the pillar electrode with lower

1 only a targel retinal cell, because of a cross-talking
with neighboring clectrodes and, conseqguently, unwanted
stimulation around the retinal cells, because the entire surface
of the pillar electrode would function as shown in figure 15,
To solve this potential problem, we developed a sidewall
passivation process ol the pillar clectrode by vsing the liquid
surface lension as shown in figure 16, The resist block arca was
formed surrounding the pillar MEA area by PR patterning. The
polyimide material (CRC 8600) of 3 pul. controlled volume
was pourcd carcfully into the edge area of the photoresist
mold. Then, the polyimide material was spread into the MEA
arca and coaled on the sidewalls of the pillar clectrodes by
using liquid surface tension except for the top areas of the
clecirodes to contact the target retinal cells. If the volume is
too large, it would coat the top of the pillars as well. To make
the clear surface of the pillar electrode, a plasma-cleaning
process known as descumming that vse O reactive ion etch,
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Figure 11, Photographs of the flexible cable comprising 100 stimulus pillar electrodes with different heights.

Impadancs Analyzer

- E;:El.{:imide'based

Figure 12. 'the setup for the three-point impedance measurement.

was lightly applicd for 30 s, Figure 17 shows the photographs
of the pillar electrode array in which the sidewatls of the pillar
clectrodes were successfully coated by the polyimide layer
except that the top surface arca was not coated. However,
some sidewall areas near the lop surface were not covered
perfectly. Figure 18 shows the impedance characteristics of
isolated and non-isolated pillar electrodes depending on the
frequency. The impedance of the non-isolated pillar electrode
is 24.6 k2, whereas the impedance of the isolated pillar
clectrode is 116 k€2 at 1 kHz, respectively. The impedance

of the isolated pillar clectrode is similar 1o the impedance
of the planar electrode of 125 kQ at 1 kHz (as shown in
ligure 14). It indicates that the sidewall of the pillar electrode
was isolated well by the polyimide layer; therefore, the top
sutface area of the pillar electrode functioned solely as the
stimulus elecirode. Ideally, the impedances of the isolated
pillar electrode and the planar electrode should be the same.
However, the impedance of the isolated pillar electrode is a
little small, because some sidewall area near the top surface
was not covered (as shown in figure 17), The increased surlace
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Figure 16, The sidewall isolation process fow of a pillar electrode.

area (4145 pum?) induces decreased impedance than the planar
clectrode (3846 jum®). However, this resull shows a potential
issue of differing impedances of the isolated pillar electrodes
in the MEA. 1t is necessary Lo improve the sidewall passivation
process.

To characterize the spherical conformity of the pillar
electrode, the contacting behaviors of the pillar-shaped
stimulus MEA and the planar stimulus MEA were evaluated.
The fabricated MIA pricked an agar gel, which was cured into
aspherical shape. A 2.5% agar bas Young's modulus of 22 kPa
[34], which is similar to Young’s modulus of the retina (20 kPa)
[35]. An agar gel (2.5%) was composed and then cured into
an eychall shape with a spherical mold [33]. The planar and
the pillar stimulus MEAs wese attached on the inside of
the spherical-shaped agar, respectively. After detaching the
curved MEAs, the agar surfaces were measured using an
optical microscope as shown in figure 19. In the case of the
planar MEA. any shape of the electrodes was not observed

i e e i

100
{Swface Dia, 70pm, Height 75um)
., ~— isolated Pliar Elactrode
g 10 e e ot Teolasod. Billr.Eloctrod
§ 10'
H
E 10
2
107 108 104 108 106
Frequency(Hz)

Figure 1R, Impedance spectra of jsolated and non-isolated pillar
elecirodes depending on Irequencies.

from the agar surface as shown in 19(g). In the case of the pillar
MEA, meanwhile, the extruded clectrode array pattern was
observed from the agar surface as shown in 19(b). However,
the extruded array pattern is not clear and non-uniform. We
assume that the pillar MEA was contacted manually to the
agar surface, and therefore, it was not uniformly in confact
with the agar surface. Even the clectrode impression results
are not clear sulficiently, we understand the difference of the
conformity characteristics between the planar MEA and the
pillar MEA. This shows the advantage achieved by highly
cfficient stimulation to the retina cells in the spherical eyeball.

In this study, we implemented the pillar-shaped stimulus
MEA with varying heights to improve the stimulation
efficiency 1o the retina cells and, consequently, induce highly
qualitative resolution of the retinal prosthesis. However, this
cpirctinal approach, in which the device is implanted into
the vitreous cavity and attached to the inner retinal sutface,
has relevant issues such as possible difficultics in chronic
aftachment of the 3D stacked retinal prosthesis to the retina. It
requires optimization of the epiretinal design and improvement
of surgical techniques for realizing the fully implantable
epiretinal prosthesis.

Pr Electrode Surface.

Polyimide

Figare 17. Photographs of the pillar electrode array partially coated by a biocompatible polyimide layer.
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(2) After attaching the planar-shape MEA

(b) After attaching the pillar-shape MEA

Figure 19. The agar gel surfaces after attaching (a) the planar MEA and (b) the pillar MEA, respectively.

4, Conclusion

The pillar-shaped stimulus MEA with varying heights was
fabricated for cnbancing the spherical conformity of the
fully implantable epiretinal prosthesis. The fabricated MEA
is composed of 100 pillar elecirodes with heights ranging
from 60 to 80 jum: The Pt-ceated Cu pillar electrode with
a surface diameter of 70 jom and a height of 75 wm and the
Pt planar electrode with a surfuce diameter of 70 pm have
24.6 and 125 kQ impedances, respectively, at 1 kHz in vitro
experiment. The pillar electrode shows Jower impedance than
the planar electrode because of a large electrode surface area.
However, to avoid cross-talking between pillar electrodes, we
developed a sidewall passivation process of the pillar clectrode
by using the surface tension of polyimide. The impedance of
the isolated pillar electrode 116 k€2 at 1 kHz is similar to the
impedance of the planar electrode, because they have similar
electrode surface areas. The pillar-shaped MEA shows a better
spherical conformity.
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Chemical imaging systems allow the visualisation of the distribution of chemical species on the sen-
sor surface, This work represents a new flexible approach to read out light-addressable potentiometric
sensors {LAPS) with the help of a digital light processing (DLP) set-up. The DLP, known well for video

Keywords: projectors, consists of a mirror-array MEMS device, which allows fast and flexible generation of light

Digital light processing (DLP)
Light-addressable potentiometric sensor
(LAPS)

Chemical imaging

Chernical sensor

patterns. With the help of these light patterns, the sensor surface of the LAPS device can be addressed.
The DLP approach has several
the shape of the light pointer can be changed easily and no mechanical movement is necessary, which
reduces the size of the set-up and increases the stability and speed of the measurement. Jn addition,

1 to ional LAPS set-ups, e.g,, the spot size and

the modulation frequency and intensity of the light beam are important parameters of the LAPS set-up.
Within this work, the authors will discuss two different ways of light modulation by the DLP set-up,
investigate the influence of different modulation frequencies and different light intensities as well as
demonstrate the scanning capabilities of the new set-up by pH mapping on the sensor surface,

© 2010 Elsevier B.V. All rights reservec.

1. Introduction

The light-addressable potentiometric sensor (LAPS) consists of a
photosensitive semiconductor structure. The semiconductor strne-
ture shares a liguid/solid interface with the analyte solution (see
Fig. 1a). By applying a dc bias voltage across the sensor set-up, a
photocurrent will be generated. This photocurrent depends mainly
on the light stimulus, the local electrochemical parameters at the
solid/liquid interface (e.g., the concentration of a certain ion) and
the applied bias voltage. The intensity of the light source needs
to be modnlated to generate a confinuous external ac photocur-
rent. Keeping both the amplitude of the alternating light stimulus
and the bias voltage constant, the analyte concentration can be
determined by measuring the amplitude |1] or the phase (2] of the
resulting photocurrent, The photocurrent consists of the same fre~

= Corresponding author at: 6-6-05 Aza-Aoba, Aramaki, Aoba-ku, Sendai, Miyagi
9B0-8579, Japan.
E-mail J i, tohoku.ac,jp, torsten, @ih-aachen.d
(T. Wagner).
URL: hitp:fjwww.bme.eceitohoknacp (T Wagner).

0925-4005/S ~ see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/1.5nb.2010.12.003

quency as the light stimulus. Thus, for both methods, the signal
quality can be enhanced by filtering unwanted {requency compo-
nents due to external disturbances, e.g., with a FFT (fast Fourier
transformation) filter or a PLL (phase-lock loop) circuit to deter-
mine the photocurrent amplitude peak only at the modulation
frequency of the stimulus. To address different regions on the
sensor surface, the position of the light pointer can be changed
accordingly. More information about the LAPS principle can be
found elsewhere [3.4],

Chemical imaging systems scan the complete surface of a LAPS
structure in a raster-form manner. The resulting photocurrent at
each measurement spot will be mapped into a colour represen-
tation and images of the electrochemical properties at the sensor
surface can be generated. Those images were successfully created,
e.g. to depict the acidification due to the metabolic activity of cell
cultures {5), to visualise electrochemical processes [6,7] and enzy-
matic reactions {8], or to observe fluidic processes in microfluidic
devices [9].

Conventional chemical imaging systems require a mechanical
XY-stage and a single focused laser beam to address the mea-
surement spots one-by-one {see Fig. 1a). This first generation of
scanning LAPS devices had the drawback to be rather bulky in size
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Fig. 1. Schematics of different scanning LAPS set-ups. {a) Conventional set-1p with
asingle light source and an XY-stage to address different regions on the sensor chip,

(b} New ser-up with a more flexible light sonrce based on a DLP, The position and
size of the measurement spat can be modified as required.

and rather slow due to the mechanical movement of the XY-stage,
Furthermore, the shape and size of the light pointer were fixed
by the light source’s optique and hence, unchangeable during the
measurement,

Recent approaches utilise VCSEL {vertical cavity surface emis-
sion laser) diodes {10} or OLED (organic light emitting diodes)
displays {11] to miniaturise and increase the speed of the set-up.
However, both methods have the drawback of being rather lim-
ited in the amount of individually addressable light sources. As
an alternative, the authors introduced a new approach utilising a

DLP!-based set-up [12] fo generate chemical images with free def-
inition of the light pointer by means of the size and shape (see
Fig. 1b). This enables a careful adjustment of the frade-off between
the measurement speed and the resolution of the generated images.
A set-up to generate conductive electrodes on a semiconductor
structure by means of a constant light beam based on a DMD? was
suggested by Suzurikawa et al. | 13]. Ipatov et al. demonstrated pre~
liminary results of a DMD-based LAPS set-up independently from
the authors, combining a modulated laser source and a DLP-based
video projector for pattern generation {14}, More inforimation about
chemical imaging based on LAPS devices can be found elsewhere
[4.15-17}.

2, Experimental

The generation of light patterns to form sensor spots by DLP-
based projection has the advantage to provide a much bigher
contrast ratio compared to other shape-foriming methods like, e.g..
LCD-based projectors, which is essential for LAPS set-ups. Only for
a high contrast ratio, the majority of the generated photocurrent
can be assigned to the intended measurement spot. To generate
an externally detectable photocurrent, the light intensity needs
to be modulated. Thus, beside the shape of the light spots, the
modulation frequency is an important key parameter of the LAPS
set-up [18-20]. In principle, the DLP technology offers two differ-
ent methods to medulate the generated light pattesns. The DMD
chip consists of an array of micro-mirror devices which can be
flipped to only one of two distinct tilt positions. In the first method,
the mirrors of the DMD chip (see Fig. 2a) are set to a static mir-
ror pattern and the internal light source will be modulated. The
generated light will be reflected depending on the fixed pattern
of the DMD mirrors, Thus, the light will be either reflected into
an optical absorber unit, or guided towards an opening window,
from which the modulated light passes an optical set-up and finally
arrives with the desired shape at the sensor rear side. In the second
method, a light source with a constant intensity will be reflected by
a fast switching DMD mirror pattern. Thus, the light beam will be
alternately guided to the absorber and to the output window (see
Fig. 2b).

Whereas the first method is relatively easy to implement, it
has the drawback that any misguided light and any unintentional
reflections, e.g., at the DMD-chip substrate and DMD enclosure
might be finally reflected rowards the output window. Such reflec-
rions would contribute significantly to the generated photocurrent
and since they have the same modulation frequency as the desired
measurement spot, they can not be removed from the resulting
photocurrent by means of filtering, The second methoed requires a
much higher access to the DMD array to refresh the mirror pattern
at high speeds. However, only the alternating mirror pattern will
be contributing to the modulation of the light beam, unintended
reflections will remain unmodulated and thus, their contribution
to the photocurrent signal can be filtered. This promises a much
better signal-to-noise ratio. In this work, the authors applied the
second method and generated the light modulation in addition to
spot size and the spot shape by the DMD mirror pattern,

A DLP system (Pico V2 developiment kit, Texas Instruments) is
installed underneath the LAPS structure. A Ag/AgCl reference elec-
trode and a rear-side gold contact are utilised to apply the bias
voltage and to record the generated photocurrent. The measure-
ment spot is defined in size, shape and position by addressing
certain mirrors on the DMD chip to form the desired image pattern,

* Digital light processing. a trademark of Texas Instruments to describe the entire
electronic platform to process video data and to control the included DMD chip.
2 pigital mirror device,
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The image pattern is generated independent of the

PC on an ARM-based processor board (beagle-board) executing a
home-made program on a GNU/Linux-based operating system. This
guarantees accurate timing of the patterns independent of the PC
workload. The PC is capable of sending commands to the DLP con-
troller over a serial interface. No mechanical movement (except
for the tilt of the micro-mirrors) is necessary. The present set~-up
can address 480 x 320 pixels, which results in a maximum resolu-
tion of 153.600 measurement spots. The spot size and shape can
be freely defined according to the measurement task, without any
modification of mechanical parts of the set-up itseif.

The generated photocurrent is first passed through a tran-
simpedance amplifier and then sampled by an A/D converter
(DAQ-card from National Instruments). A home-made LabVIEW-
based soltware assist to generate the desired bias voltage, to record
the resulting photocurrent, to determine the frequency compo-
nents ar the modulation frequency of the light beam and to send
commands to the DLP-controller board to change the parameters
of the measurement spot. For the chemical imaging, the software
includes the translation of the detected photocurrent into a colour-
map representation.
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Table 1

Possible modulation frequencies generated by the 24 bit patterns of the Pico V2 DLP
kit.

Bit pattern Theo. frequency (Hz)
10101010.10101010.16101010 720
11001100.11001100.11601100 360
11100011.10001110.00111000 240
11110000.11110000.11110000 180
11111100.00001111,11600000 120
11111111.11110000.00000000 60

The Pico V2 development kit grants access to some of the
internal DMD-control processes and registers via an 12C (inter-
integrated circuit)-bus interface. This enables the controller
program on the beagle-board to switch the system between a stan-
dard projector mode with a fixed image refresh rate of 60 Hz and
24-bit colour (red, green and blue with 8-bit resolution) and a
monochromatic light mode (structured light mode) at an image
rate of 1440 Hz. Typically, video projectors apply different image
filters within the DLP logic fo generate a pleasant video experi-
ence, In the case of scanning LAPS, it will be necessary to bypass all
these internal filters in the internal DLP logic inside the projector to
guarantee an unmodified one-by-one mapping of the input image
and the final micro-mirror array pattern. Furthermore, the DLP-
controller board can access internal registers to adjust the currents
of the LED-based light source of the Pico-projector.

The above described structured light mode has the possibility
to use different modulation frequencies. The frequencies are gen-
erated by converting the colour of a single pixel into a 24-bit long
timing sequence for a monochromatic image, which will be dis-
played by the projector at a frequency of 1440 Hz (60 Hz x 24). Thus,
sending alternating ‘1" and "0 patterned results in a modulation
frequency of 720 Hz. To create a continuous modulation, the bit pat-
tern (duty ratio = 0.5) has to fit entirely into the 24-bit word. Table 1
shows all possible bit patterns with the corresponding modulation
frequencies. It has to be noted, that the real frequencies could be
slightly off compared to the theoretical values due to tolerances of
the 60 Hz video input sync signal.

In addition to the focusing system of the projector, a lens was
installed between the projector and the LAPS structure to generate
a measurement area of 20.8 mm x 15.6 am. The active LAPS sur-
face was defined by the opening window of the rear-side contact
to be 28 mm x 28 mm. For the IjV (photocurrent vs. voltage) curve
measurements, the bias voltage was swept between -2.5V and
0V, Keeping the bias potential constant at —1V, chemical images
were obtained for different measurement spot sizes of 10 x 10,
5x 5,3 x 3 pixels with equivalent step width, and a measurement
with 3 x 3 pixels with 1 pixel step width, respectively, Table 2 sum-
marises the parameters for the different chemical images, All scans
were obtained lor a pH 7 solution utilising the red LED of the pro-
Jjector at a modulation frequency of 713 Hz,

The frequency components of the resulting photocur-
rents were analysed for each measurement spot and stored
together with the spot coordinates. Finally, the photocurrent
was normalised and a colour representation was gener-

Table 2
Measurement parameters for the scanning LAPS images depicted in Fig. 6
Measurement spot size Step width Array dimension Number
(wm) spots of spots
Pixels nm?
10x 10 434 x 434 434 48 x 32 1,536
5x5 217x217 217 96 x 64 6,144
3x3 130 x 130 130 160 x 106 16,960
3x3 130x 130 43 478 x 319 152,482
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Fig. 3. Photocurrent vs. bias voltage (1fV) plots for different measurement spot sizes
defined by the DLP set-up for a pH-sensitive LAPS structure at pH 7.

ated. The surface of the LAPS structure (same structure
as for the I/V measurements) was modified by a polymer
resist to loecally modify the sensor impedance as a test pat-
tern,

3. Results and discussion

Fig. 3a and b depict typical IfV curves of a pH-sensitive LAPS
structure (n-SifSi0;/Si3Ng) for a pH 7 buffer solution (Titrisol) mea-
sured with different square-shaped measurement spots between
1 x 1pixel and 30 x 30 pixels in size, Thus, the measurement spot
area varied between 1.88 x 10~ mm? and 1.69 mm?. The figures
show a clear IjV curve behaviour for spot sizes down to 4 x 4 pixels,
corresponding to 174 x 174 wm?. It was noticed that the total
amount of photocurrent was smaller compared to set-ups based
on focused laser sources [10]. Although the theoretical optical res-
olution of the present system could be calculated to be as small as
43 um? for a single pixel, at the present system, measurement spots
smaller than 3 x 3 pixels did not provide sufficient light to distin-
guish between light spots and background illumination. However,
tlie present measurement spot size limit of about 130 x 130 pun? is
already in the range of the spatial resolution of conventional LAPS
sensors [21~-24]. The use of resolution-optimised LAPS structures
together with an infrared light source [21] and a specially designed
DMD system with a tailored optique might allow the use of even
smaller measurenient spots,

As discussed in Section 2, the DMD technalogy provides a high
contrast ratio between active and dark regions. The contrast ratio
for the pico V2 kit is according to the data sheet 1:1000. Fig. 4a
depicts I}V curves for different LED brightnesses (adjusted by the
LED current for a spot size of 0.87 mm x 0.87 mm (20 x 20 pixels),
modulated at 713 Hz, Fig. 4b illustrates the same measurements
with all pixels set to "off". Since the light source is still turned on, a
certain background illumination occurs,

=05 0.

photocurrent / nA

ol

A
25 20 ~15 =10 ~05 0.0
bias voltage / V

Fig. 4. {a) I}V curves at pH 7 for a spot size of 0.87 mm x 0.87 mm (20 x 20 pixels)
for different light intensities of the DMD light source. (b) IjV curve measurements
ar different light intensities with all pixels set to "off” to determine the effect of the
background illumination.

The photocurrent can be adjusted and possibly furtherincreased
by increasing the light intensity of the DLP light source, as shown
in Fig. 4a. For higher light intensities an optimised optical set-up
would be required in addition to reduction of background light
effects which occur as shown in Fig. 4b. An improvement of the
light intensity and reducing of light scattering would result in a
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Flg. 5. JIV ciive characteristic (bottom) of the new DLP-based set-up for different

modulation frequencies, The upper plor indicates the bandpass characteristics of
the LAPS structure,
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Fig. 6. Chemical imaging at pH 7 for different measurement spot sizes and step
widths according to Table 2. (a) 10 x 10 pixels, (b} 5 » 5 pixels, {¢} 3 x 3 pixels and
{d} 3 » 3 pixels with a step width of 1 pixel; total image size is 20.8 mm x 15.6 mm.

better signal-to-noise ratio, which would allow even smaller mea-
surernent spot sizes.

Fig. 5 shows the resulting I/V curves at pH 7 for modula-
tion frequencies between 59Hz and 713 Hz generated by the
DMBD. The spot size was set to be 20 x 20pixels equivalent to
0.87 mm x 0.87 mm, The DLP kit in its present form does only allow
to set-up medulation frequencies of certain values as depicted in
Table 2 and Fig. 5. Due to the bandpass characteristic of the LAPS
structure, the choice of the correct modulation frequency is essen-
tial to obtain the best signal-to-neise ratio [25-27]. Thus, a more
direct control of the DLP system in terms of light source intensity
as well as modulation frequency would be beneficial,

The scanning images in Fig. 6 demonstrate the possibility to
generate images of chemical reactions that occur at the sensor sur-
face. Starting from Fig. 6a each successive image depicts a higher
grade of detail due to the definition of a higher density of measure-
ment spots. The scanning parameters for the individual images can
be found in Table 2. The length of the “LAPS” lettering was about
15.8 mm. A single scanning line of this lettering consist of 36 up to
364 measurement spots, respectively. The dots in the lower left cor-
ner have an average diameter of 1.3 mm and their area is scanned by
a maximum of about 600 measurement spots each for the highest
resolution scan.

4. Summary and conclusions

These first characteristics prove the good performance of the
new DLP-based LAPS set-up for chemical imaging. In addition to
the achieved reduction of the set-up size and the increase of mea-
surement speed, the flexible generation of the light patterns to
define different shapes and sizes of measurement spots are advan-
tageous compared to former set-ups, The home-made software
will take advantage of the flexible light set-up by enabling the
operator to overlay different chemical images. The authors inves-

tigate a method, where a first quick scan with a low resolution
can be performed within seconds for the complete sensor sur-
face. After that, smaller regions of interest could be scanned with
a higher resolution, which offers the possibility to obtain more
detailed information, just where needed, For example, a scan of
the complete scanning region of 20.8 mm x 15.6 mm with a mea-
surement spot size of 2.6 min x 2.6 mm takes only two seconds. A
scan of a smaller subset of the scanning area like 5mm x 5mm
with a measurement spot size of 0.87 mm = 0.87 mm would take
approximately 5s. A final “zoom" down to an area of interest of
the size of t mm x 1 mm, with a measurement spot size of only
130 um x 130 m would take about one minute. Thus, this “zoom-
in” method is promising to combine the benefits of a fast chemical
imaging and high resolution scans. Furthermore, ongoing research
is dealing how to utilise generated chemical images for a fast clas:
fication of multicomponent analytes. One possibility would be the
combination of an array of measurement spots with virtually, arbi-
trary different sensor characteristics on a single LAPS structure and
the application of well-studied image recognition algorithms. This
method could compare images of known analyte composition to
an unknown analyte composition and determine similarities and
differences for a final classification.
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A spectral imaging system consisting of a Fourier transform-infrared spectrometer, a high-speed infrared
camera, and a bundle of hollow-optical fibers transmmmg mfrared radwt\on images was constructed,

Infrared transmission spectra were obtained by

1

pr iple inter taken by

hlgh—speed phntngraphy Infmred spectml images of a variety of samples captured by the system were
d. We

maps of the oil and fat of biological samples by mapping the

transmission of specific wavelengths in the spectrum, © 2012 Optical Society of America

OCIS codes:  060.2350, 170.3880.

1. Introduction

Many reports have revealed that malignant tissue
can be detected by analyzing absorption spectra
because of differences in the protein structures be-
tween malignant and normal tissue [1~4]. Fourier
transform-infrared (FT-IR) imaging systems with a
multichannel detector have been developed to ra-
pidly collect spectra from multiple points on a sample
(8]. In addition, infrared spectral imaging systems
based on two-dimensional mapping of spectra [6,7]
has resulted in highly reliable detection of early tu-
mors [8] and other diseases, and quantitative patho-
logical diagnoses [9] are expected in the future.
Living tissue must be placed inside spectrometers
in common measurements with infrared spectral
imaging, and only limited parts of the surface of body
can be observed in vive [10]. An imaging probe that
can be inserted into an endoscope is essential to mea-
sure inner organs such as circulatory and digestive
systems in vivo. However, a common silica-core opti-
cal fiber cannot be used due to its extremely strong
material absorption in the infrared region. Many

1559-128X/12/296913-04$15.00/0
© 2012 Optical Society of America

types of infrared optical fibers such as chalcogenide
glass-core fibers [11] and silver-halide crystalline fi-
bers [12,13] have thus far been developed instead of
silica r. However, because of the toxicity of the
materials or chemical instability, fiber probes made
of these materials are not suitable for medical appli-
cations. Therefore, we developed a special optical
fiber called a hollow-optical fiber [14] for infrared
transmission. The structure of the hollow-optlcal fi-
ber is outlined in Fig. 1. A thin metal film is coated on
the inner wall of a polymer or glass capillary. Light is
transmitted in the fiber being reflected from the me-
tal film surface, and since the core of the fiber is air,
infrared light can be transmitted at low loss without
absorption by the material. Furthermore, the hollow-
optical fiber is an ideal candidate for application to
endoscopes due to its high flexibility and nontoxicity.

To date, we have succeeded in analyzing biomedi-
cal samples with single-point measurements using a
fiber probe with an optimized attenuated total reflec-
tion (ATR) prism [15). We propose a spectral imaging
system based on a hollow-optical fiber bundle [16]
that transmits an infrared radiation image to expand
the use of the fiber probe to multipoint measure-
ments. We constructed a system consisting of an
FT-IR spectrometer, a high-speed infrared camera,

10 October 2012 / Vol. 61, No. 28 / APPLIED OPTICS 6913

Polymer or
glass

Fig. 1. (Color online) Structure of hollow optical fiber.

and a fiber bundle, so that two-dimensional informa-
tion from samples could be obtained.

2. Spectral Imaging System

There is a schematic of the measuring system in
Fig. 2. The infrared light emitted from the FT-IR
spectrometer (Bruker Vertex 70) is focused onto
the input end of a hollow-optical fiber bundle by
an off-axis parabolic mirror (f = 50 mm). The bundle
is composed of 19 hollow optical fibers that are
320 pm in inner diameter and 42 c¢m in length, and
the diameter of the bundle is 2.4 mm. The hollow-
optical fibers are glass capillaries whose inner walls
are coated with a thin silver film and an overcoat of
polymer [17] that is transparent in the infrared re-
gion. The polymer film is 0.75 ym thick and the fiber
has a broad spectrum in the midinfrared range at a
low loss level at this thickness. Infrared light emitted
from the bundle passes through the sample and is
detected by a high-speed infrared camera (FLIR
SC-4000) that is composed of a focal plane array
(FPA) of InSb. It has 320 x 256 pixels and the detec-
tion wavelength ranges from 3 to 5 pm.

There is an example of an interferogram obtained
from a single fiber in Fig. 3. The average intensity
values of 16 pixels in the fiber core area were com-
puted for all measurements to suppress random
noise for a better SN ratio. The interferogram was
captured at a frame rate of 1000 fps, and the whole
scan took 5.3 5. This means that the frame rate and
the processing speed of the camera were high enough
to capture a precise interferogram.

The apodization function of A(x) should be applied
as indicated in Eq. (1) in Fourier-transform calcula-
tions because the working range of the movable mir-
ror in Michelson’s interferometer is not infinity:

Sw) = / LA(x)I (%) cos 2rvxdx. (63}
o
This is where S(v) is the frequency spectrum of

light power, I(x) is light intensity at the optical path

Fiat Mirror

I

Sample
{ Hollow Fiber Bund le
Lens Mirror
( t=50mm ) Holder

Fig. 2. (Color online) Measurement setup.
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Fig. 8. Interferogram captured with IR camera.

difference of x, and L is the total difference in the op-
tical path. We applied the Happ-Genzel function [18]
shown in Eq. (2) by placing emphasis on spectrum
resolution:

A(x) = 0.54 + 0.46 cos (’2-’5) @

The Fourier-transformed spectra of multiple scans
were separately calculated and then averaged to
further improve the SN ratio. The infrared camera
was synchronized with the FT-IR interferometer by
taking a trigger signal from the mirror actuator.
The absolute time axis of the interferograms could
be obtained due to synchronization and this allowed
accurate averaging of multiple interferograms.

Figure 4 shows the power spectra measured at the
output end of the fiber. The spectra were Fourier
transformations of the interferograms and a spec-
trum captured by a single-element HgCdTe detector
has also been given in the figure for comparison. The
absorption peaks in all the spectra at the wavelength
of 4.2 pm are of CO; in air. Noise and unwanted peak
shifts that were seen in the spectrum taken without
synchronization are effectively suppressed in_the
spectrum acquired from the average of 10 interfero-
grams, which were measured by an infrared camera
synchronized with FT-IR.

3. Infrared Spectral imaging

First, the transmission spectra of a polyethylene film
were measured to test the capabilities of the system

g
R
z
0
]
£
Before Sync.
3.0 35 4.0 4.5 5.0

Wavelength (um)

Fig. 4. (Color online) Power spectra measured at output end
of fiber.
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for infrared spectral imaging. Figure & has a trans-
mission spectrum of polyethylene film with a thick-
ness of 35 pm that was measured by using a single
hollow-optical fiber and the infrared camera. The ab-
sorption peak of a C-H stretched band was confirmed
at a wavelength of 3.4 pm.

Second, infrared spectral images were taken while
half the output end of the bundle was covered with
polyethylene film. The averaged interferogram of
nine pixels in the fiber core area of each fiber element
was taken in the measurements, and the transmis-
sion spectra of all fiber elements were calculated
with Fourier transformation. Figure ¢ shows the
transmittance mapping of 19 fiber elements at the
wavelength of 3.4 pm. One can clearly see the border
between air and polyethylene film in the image.

We measured transmission images of a mixture of
gelatin and oil spread on a glass plate to obtain simu-
lated measurements of biological components. There
is a transmission spectrum of the mixture measured
with a single hollow fiber in Fig. 7 together with a
sample with only gelatin, Strong absorption peaks
of C-H stretching in the fatty acid at the wavelength
of 3.5 pm were confirmed in the mixture.

Figure § shows a transmission spectral image of a
sample. Average transmittance in a wavelength
range from 3.4 to 3.7 pm is shown in the image
and a linear filtering function was applied to smooth
the image. This demonstrates the capabilities of the

Transmissicn

0 n . X
3.0 35 4.0 45 5.0

Wavelength (um)

Fig. 5. Transmission spectrum of polyethylene film measured by
using single hollow-optical fiber probe.

Polyethyiene

Transmission
Film Hi

(a) (b} Lo
Fig. 6. (Color online) (a) Output end of fiber bundle half covered
with polyethyl film. (b Tr i ing of film at

wavelength of 3.4 pm.

system to obtain absorption mapping of fat and other
biological components.

Finally, we tried to obtain a transmission spectral
image of a biological sample. We choose a slice of pork
as a sample and it was processed into a thin slice
with the thickness of 40 pm by using a freezing mi-
crotome. The slice was placed on a thin glass plate
(150 pm thickness) to obtain infrared transmission
images.

Figure § shows the transmission spectra of the
sliced pork measured in lean and adipose parts.
We can see strong absorption peaks of C-H stretching
at wavelength of 3.5 ym in the adipose part.

Figure 10 shows a transmission spectral image of a
biological sample. The average transmittance in the

1.0
elatin

§
2
E 05+ Gelatin & Oil
&

0 ' L L

3.0 3.5 4.0 4.5 5.0

Wavelength (uim)

Fig. 7. (Color online) Transmission spectra of mixture of gelatin
and oil.

Absorption
High
a6}

Gelatin Gelatin - Low
e g o

Gel: Gelatin
elatin ppas
(a) b

Fig, 8. (Color online) (a) Visible images and (b) transmission
spectral images of mixture of gelatin and oil.

10 Adipose
s
K]
2
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£
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Fig. 9. (Color online) Transmission spectra of lean and adipose
pork.
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extensive structural changes during carcinogenesis,” Proc.
Natl. Acad. Sci. USA 88, 10988-10992 (1991).

. L. McIntosh, M. Jackson, H. Mantsch, M. Stranc, D. Pilavazic,

and A. Crowson, “Infrared spectra of basal cell carcinomas are
distinct from nen-tumor-bearing skin components,” J. Invest.
Dermatol. 112, 951-956 (1999).

Y. Xu, L. Yang, Z. Xu, Y. Zhao, X. Ling, Q. Li, J. Wang, N.
Zhang, Y. Zhang, and J. Wu, “Distinguishing malignant from
normal stomach tissues and its in vivo, in situ measurement in
operating process using FTIR fiber-optic techniques,”
Sci. China Ser. B 48, 167-175 (2005),

D. Maziak, M. Do, F. Shamji, S. Sundaresan, D. Perkins, and
P Wong, “Fourxer~transfurm infrared spectroscopw study of

spectral images of sliced pork sample.

wavelength range from 3.4 to 3.7 pm is also shown in
the image and a linear filtering function was applied
to smooth the image. This indicates that the lean and
adipose parts in the pork slice could be distinguished
by the system and the fiber probe could be applied to
the biological tissues.

4. Conclusion

A spectral imaging system based on a bundle of
hollow-optical fibers transmitting an infrared radia-
tion image was constructed in this research. The
system consisted of an FT-IR spectrometer and a
high-speed infrared camera, and infrared transmis-
sion spectra were obtained by carefully processing
multiple interferograms. We found that infrared spec~
tral images of a variety of samples could be measured
with the system. We obtained existence mapping of oil
and fat in biological samples by mapping the trans-
mission of specific wavelengths in the spectrum.
The number of elements in the bundle in present sys-
tem is limited because of the diameter of the fiber.
Fibers with much smaller diameters are necessary
to improve this, although thinner fibers would incur
higher losses. We need to discuss other types of fibers
that have lower transmission loss even when the
core is very small, e.g., hollow-core photonic bandgap
fibers [19].

Although transmission images were taken with a
fiber bundle in this research, reflection or absorption
images are necessary when applying the system to
endoscopic diagnosis. However, the reflectance of bio-
medical tissue is so low that it is difficult to gain suf-
ficient detected power in reflectance measurements.
We are therefore developing a microstructured ATR
prism that is attached to the distal end of a fiber bun-
dle to measure sample absorption to overcome this
difficulty. The details will be reported elsewhere.
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Haptic perception mechanism of softness
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Abstract. A palpation is convenient and it is a useful method to detect a cancer and to evaluate softness of skin. However, the
palpation is skillful method, and the mental/physical conditions of the experts affect the result of the palpation easily. The result
of palpation is subjective and it is hard to share the result with the othcr penple ‘Therefore, the development of the sensor that
can measire the softness of the body is demanded. In this paper, a rel hip between physical properties of d objects
and the softness that human feel are mvestxgated fora de»elupment ofu mcule sensor system. At first, the relationship between
tactile softness and stiffs of the d objects is igated. As a result, tactile softness decreases with the increase of
stiffness of the objects. Next, the relationship between tactile softness and size of contact area of human finger are investigated.
These results lead to the conclusion that these is a possibility that tactile softness of the objects are not only telated to the contact
force or displacement of a finger and the objects but also to the contact arca of the finger and the measured objects.

Keywords: Tactile, stiffness, softness

1. Introduction

Human skin, which mainly consists of epidermis, dermis and hypodermis, is the largest organ of a
human body. It has a lot of roles, for example, protection function, moisture maintenance function
and sensory function. Moreover, it becomes a parameter that shows the health and beauty conditions,
because the skin is the outermost layer of a human body.

A palpation is convenient and it is a useful method to detect a canter and to evaluate softness of skin.
However, the palpation is skillful method. The mental/physical conditions of the experts affect the result
of the palpation easily. The result of palpation is subjective and it is hard to be shared with other people.
Therefore, the development of the sensor that can measure the tactile softness of the body is demanded [1,
2]. Some sensors for measuring prostate cancer [3] or hardness of human skin [4] are developed, but no
sensor meets the requirements.

In this paper, the relationships between physical properties of soft objects and the tactile softness are
investigated in order to develop a tactile sensor system. After this, the tactile softness means touch
feeling of softness which when human touches an object. First, the relationship between stiffness of
measured objects and the tactile softness is investigated using silicone blocks with different Young’s
modulus. Next, the influence of contact area between the objects and human finger for evaluation of
tactile softness are investigated using silicone blocks with different Young’s modulus.
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Fig. 1. Dimension of the silicone object.
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Fig. 2. The result of Scheffé's paired comparison (Nakaya variation).
2. Relationship between stiffness and tactile softness

To investigate the mechanism of evaluating tactile softness of human, the relationship between stiffness
of evaluated objects and tactile softness when human touch to the object and feel is investigated. In
experiments, six kinds of silicone block objects with different Young’s modulus are prepared. Figure 1
shows the prepared measuring objects. The dimensions of these objects are 30 mm width, 30 mm length,
and 20 mm thickness. Young’s modulus of them are 0.37, 0.82, 0.94, 1.01, 1.47, and 2.86x10~! MPa.
Young’s modulus of the objects are determined by reference to Young’s modulus of epidermis, dermis
and hypodermis of skin [5-8].

Using these silicone objects, a sensory test of tactile softness is conducted. In an experiment, two
objects are picked out of the six objects, and those are placed on the force sensor. Six subjects touch
the objects using their forefinger alternately, and compared tactile softness of two objects. The subjects
are 20 to 32 years old men. The force sensor measure the contact force applied on the objects vertically
when a subject touch the object. The sensory (ests are conducted in total 15 combinations of the six
objects. The results of sensory test were evaluated using Scheffé paired comparison method [9].

Figure 2 shows the result of sensory test. Each value in the figure shows difference of factile softness
of subject’s score with reference to the object of Young’s modulus 0.37x 10~ MPa. The higher value
indicate that the subjects evaluate the object harder. As the result, the subjects answered the object with
high young’s modulus is harder in 97% of all trial, and it found that the tactile softness of the objects
decrease with increase of Young’s modulus of the objects. Young’s modulus and stiffness of the objects
mean the same tendency, because thickness of all objects are the same. It can be said that tactile softness
of the objects are decrease with increase of stiffness of the objects.
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Fig. 3. Contact force applied fo each object. Fig. 4. Differences of the contact force.

Figure 3 shows the contact force applied to the objects by the subjects using their forefinger in the
sensory test. The horizontal axis values are Young’s modulus of the objects. The contact force is almost
5to 15 N. And the contact force seem to increases with increase of Young’s modulus, but there is no
significant difference.

Figure 4 shows the differences of the contact force between the compared two objects. The horizontal
axis values are differences of Young’s modulus between compared two objects. The vertical axis values
are differences of the contact force between compared two objects, and these values calculated to take
contact force value with softer object from harder object. Therefore the negative difference values in the
figure mean that the subjects touch softer object with higher contact force. This figure shows that the
differences of the contact force tend to increase with increase of the differences of Young’s modulus.
But the differences of the contact force vary widely, and there are some negative value. Therefore, it is
difficult to evaluate the tactile softness of the objects with only contact force information.

3. Influence of contact area upon tactile softness evaluation

According to the result of Chapter 2, it is difficult for the subjects (o evaluate the tactile softness of the
objects with only contact force information. Therefore, the influence of contact area upon perception of
tactile softness evaluation is investigated. We consider that the perception of tactile softness is affected
by the contact area information in two ways. One is a size of contact area between subjects’ finger
and evaluated objects. Another is variation of the contact area size in touch motion. And the latter is
investigated in this paper.

At first, the relationship between contact force and contact area is investigated. Four panelists push
their forefinger into three silicone blocks with ink, in such a way as to evaluate tactile softness of the
blocks. The contact force is measured using a pressure sensor, and the size of contact area between the
forefinger and the blocks are calculated using ink blot on the blocks. Figure 5 shows the results of the
experiment. The size of contact area are normalized using the softest silicone block. As the results, the
size of contact area decrease with increase in Young's modulus of the blocks. Thus, the influence of
contact area between the finger and an object upon evaluation of tactile softness is investigated through
the two kinds of sensory tests with four silicone objects.
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Fig. 5. The relationship between contact area and Young's modulus.

Second, four kinds of silicone softness objects are prepared for the sensory tests. Dimensions of these
objects are 30 mm width, 30 mm length, and 20 mm thickness. Young’s modulus of the objects in the
sensory tests are 0.37, 0.83, 1.01, and 1.47x 10~} MPa. There were six kinds of Young’s modufus in the
previous experiment. But, in a preliminary experiment, it was found that it is impossible for the subjects
to discriminate the objects that have quite similar Young’s modulus using piston device described below.
And tactile softness of the object with 2.86x 10~ MPa Young’s modulus is quite far from the others.
Therefore, we have excluded the objects with 0.94x 10~! MPa and 2.86x 10~! MPa Young’s modulus
to reduce the subjects’ burden.

In the sensory tests, two objects are picked out of the four objects, and named object A and object B.
Six subjects touch the objects using their forefinger, and compare tactile softness of the objects. The
subjects are 20 to 32 years old men. The sensory tests are conducted in total 6 combinations of the four
objects. Table 1 shows the result of the first sensory test. In the table, “s1” to “s6” mean the subjects,
and the item of “A” or “B” in “Evaluation of subjects” means the object that the subject evaluated harder.
Almost all subjects evaluate that the object with higher Young’s modulus is harder.

Next, the subjects evaluate the tactile softness of the objects through the cylinder piston device as
shown in Fig. 6.

The cylinder piston device consists a of piston, and a stage. Shapes of the contact 1 is 5 mm square.
And that of the contact 2 is 10 mm square. The size of contact 1 is sufficiently-small as compared with the
contact area between their forefinger and the objects in the first sensory test. The piston moves vertically
in accordance with the motion of a subject’s forefinger. The subject pushed the objects using the device
to evaluate the tactile softness of the objects. The size of contact area between their forefinger and
contact ] is constant, and the subjects forced to evaluate tactile softness of the object without influence of
contact area information. The results of the experiments are evaluated using Scheff8 paired comparison
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Table 1
The result of the first sensory test of tactile softness
Young's modulus [MPa] Evaluation of subjects

Object A Object B sl s2 s3 s4 s5 s6

0.147 0.101 A A A A A A

0.147 0.083 A A A A A A

0.147 0.037 A A A A A A

0.101 0.083 A A A A A A

0.101 0.037 A A A A A A

0.083 0.037 B A A A A A

Table 2
The result of the second sensory test of tactile softness using cylinder piston device
Young’s modulus [MPa] Evaluation of subjects
Object A Object B sl 52 s3 s4 s5 s6
0.147 0.101 A A A A A B
0.147 0.083 A A A A A A
0.147 0.037 A A A A A A
0.101 0.083 A A B A A A
0.101 0.037 A B A A A A
0.083 0.037 B A A A A B
finper
contact |

Fig. 6. A cylinder piston device for sensory test.

method. After that, the subjects are asked about the difficulty of the evaluation in the first sensory lest
and the second sensory test.

Table 2 shows the result in the second sensory test. “Evaluation of subjects” means the object that the
subject evaluated harder. Some subjects tend to evaluate that the object with lower Young’s modulus
is harder. The percentage of the subjects that evaluated the object with higher Young’s modulus as
harder in all trials is 97.2% in the first sensory test, but that is 86.1% in the second sensory test. It was
confirmed that all subjects feel it difficult to evaluate tactile softness of the objects in the second sensory
test than that in the first sensory test. These results show that the contact area information can be needed
to compare tactile softness difference between slight different objects.

4. Conclusions

In this paper, the relationship between the stiffness and the tactile softness of a soft objects was
confirmed through the sensory test. The result of the sensory test showed that the tactile softness of the
objects decrease with increase of stiffness of the objects. The influence of contact area information upon
tactile softness evaluation was also investigated through two sensory tests. In the first test, the subjects
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evaluated tactile softness of objects using their forefinger. The subjects evaluated tactile softness of the
objects through a cylinder piston device in the second test. It was found that the percentage of correctly

evaluation decline in the second sensory test. And the contact area information can be needed to evaluate
slight difference of tactile softness between the similar objects.
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