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The chemical imaging sensor is a semiconductor-based chemical sensor that can visualize the two-
dimensional distribution of specific ions or molecules in the solution. In this study, we developed a
miniaturized chemical imaging sensor system with an OLED display panel as a light source that scans the
sensor plate. In the proposed configuration, the display panel is placed directly below the sensor plate and
illuminates the back surface. The measured area defined by illumination can be arbitrarily customized
to fit the size and the shape of the sample to be measured. The waveform of the generated photocurrent,
the current-voltage characteristics and the pH sensitivity were investigated and pH imaging with this

miniaturized system was demonstrated.

© 2012 Published by Elsevier B.V.

1. Introduction

The chemical imaging sensor [1-4] is a semiconductor sensor
which is capable of visualizing the distribution of chemical species
in electrochemical and biological samples. It is based on the prin-
ciple of the light-addressable potentiometric sensor (LAPS) [5], in
which the variation of the width of the depletion layer in Sirespond-
ing to the ion concentration on the sensing surface is read out in
the form of a photocurrent induced by illumination of the sensor
plate.

The most important advantage of the LAPS measurement is that
the measured area can be defined by the light spot, thus a spatially
resolved measurement of the ion concentration is possible by using
a local illumination. The two-dimensional distribution of chemical
species can be obtained as a chemical image by using a scanning
laser beam, where the spatial resolution can be enhanced by focus-
ing. We have developed a chemical imaging sensor system based
on LAPS, and reported several applications such as monitoring of
metabolic activities of Escherichia coli colonies [2], or visualization
of diffusing ions in an electrochemical system [6].

As described above, the chemical imaging sensor is a power-
ful tool to visualize the chemical species. Many other applications
in the fields of clinical tests or environmental monitoring are
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proposed. For instance, Stein et al. reported that the metabolic
activity of cells cultured on LAPS could be monitored by local illu-
mination [7]. Liu et al. reported on detection of toxic heavy metal
ions by monitoring the response of cultured cells by a LAPS-based
system [8]. Miniaturization of the chemical imaging sensor system
would be a great help in these applications. In conventional sys-
tems, however, the need for a focusing optics and a mechanical
scan stage hindered the miniaturization of the system.

In this study, we developed a new design of chemical imag-
ing sensor system using an organic LED (OLED) display panel as a
light source placed in the proximity of the back surface of the sen-
sor plate. In comparison to the conventional liquid crystal display
(LCD), the self-luminous capability of the OLED display is suitable
for this purpose due to its higher contrast. In the case of LCD, the
leakage of the backlight through gaps between pixels induces unde-
sired photocurrent which is not negligible in LAPS measurement.

Fig. 1 shows the measurement system of the novel OLED-LAPS.
The pixels turned on act as a light spot that defines the investi-
gated area. Since the light spot on the display panel can be moved
freely, it can replace the laser beam and the mechanical stage of
the conventional system. While it takes hundreds of milliseconds
to move a laser beam mechanically from one end to another end
of the measured area, the light spot on the OLED display can be
moved within several milliseconds just by sending a command. As
a similar approach, Filippini et al. proposed the use of a computer
screen as a light source for surface plasmon resonance imaging [9]
and visible absorption spectroscopy [10].
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Fig. 1. Schematic diagram of OLED-LAPS system.

Based on the OLED-LAPS, the chemical imaging sensor sys-
tem can be miniaturized and the cost of the measurement system
can be drastically reduced. Besides, not only the position but also
the size and the shape of the light spot on the display panel
can be changed without mechanical parts and focusing optics.
Thus, the measured area defined by illumination can be arbitrar-
ily customized to fit the size and the shape of the sample to be
investigated.

2. Experimental setup

Fig. 1 is a schematic view of the measurement system that has
beendeveloped in this study. The measurement system consists ofa
sensor plate, a sample well mounted on the sensor surface, a display
panel module to illuminate the sensor plate, and a measurement
software. The sensor plate and the sample well were essentially the
same as those we used in previous studies [11]. The sensor plate
(36 mm x 36 mm) was made of n-type silicon (10-20 2 cm) with
double layer of a 50-nm-thick thermal oxide and a 100-nm-thick
silicon nitride deposited by low-pressure chemical vapor deposi-
tion (LP-CVD). The surface of the silicon nitride layer functions as a
pH-sensitive layer.

A 0.96-inch organic LED display (nOLED-96-G1, 4D Systems
Inc.) with a resolution of 96 x 64 (width x height) pixels was used
to illuminate the sensor plate. The dimension of a single pixel on
the OLED display was 200 pwm x 200 pm.

On this OLED display, pixels on the same line flash at the same
time, and lines flash one after another with adelay of 116 ns. It takes
therefore 116 ns x 64 lines (=7.4ms) to display an image, which
corresponds to a refresh rate of 135 Hz.

The measurement software controls the position and pattern
of pixels on the display via USB interface. The measurement
software also adjusts the bias voltage applied to the sensor,
records the photocurrent while scanning the light spot, and
displays the photocurrent distribution as a chemical image.
The frequency component corresponding to the refresh rate of
the display panel was extracted by Fourier analysis. For the
characterization of the pH response of the sensor, the sample
was filled with a pH standard solution (Titrisol®, Merck KGaA,
Germany).

In the resolution measurement, a test pattern was scanned with
different sizes of light spots from 8 x 8 to 1 x 1 pixels. The test pat-
tern (alphabetical letter ‘LAPS’) was directly drawn on the sensing
surface with nail manicure (Kanebo Cosmetics Inc., Japan), a resin
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Fig. 2. Waveforms of photocurrent generated by various sizes of light spots on the
display panel.

that changes the impedance on the sensing surface. To enhance the
spatial resolution, scanning with a sub-pixel step was also tested.
Each pixel on the OLED display consists of three sub-pixels of red
(R), green (G), and blue (B), which are arranged horizontally in a
sequence of RGBRGB. . . A light spot of 1 x 1 pixel can be moved ata
step size of 1/3 pixel by turning on combinations of three sub-pixels
in a sequence of (1) RGBRGB. . ., (2) RGBRGB. . ., (3) RGBRGB. . ., and
(4) RGBRGB. . ..

3. Results and discussion
3.1. Generation of photocurrent signal

To begin with, the waveform of the photocurrent signal induced
by a light spot on the OLED display was examined. The upper panel
of Fig. 2 shows a typical photocurrent induced by a light spot of 8 x 8
pixels in size. A waveform with a periodicity of about 7.4 ms was
observed, which corresponded to the refresh rate of the display,
135 Hz. Within a light spot, pixels on the same line flash simulta-
neously and then pixels on the next line flash, and therefore, the
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waveform is a superposition of the pulsed photocurrent from all
pixels turned on.

The waveforms of the photocurrent induced by different sizes of
light spots were compared. The middle and bottom panels of Fig. 2
show the waveforms of photocurrent induced by a light spot of
8 x 16 and 16 x 8 pixels, respectively. In the case of 8 x 16 pixels, the
light spotislonger in the vertical direction (the direction of refresh),
and the duty cycle of the waveform becomes larger due to the time
delay between lines. In the case of 16 x 8 pixels, the number of
pixels simultaneously turned on is increased, and therefore, the
amplitude of the photocurrent becomes larger while the duty cycle
does not change.

3.2. pH response

In a LAPS measurement, the amplitude of the photocurrent is
used as a sensor signal dependent on the width of. the deple-
tion layer, which responds to the potential of the sensor surface
through the field effect. In Fig. 3(a), the amplitude of the pho-
tocurrent measured with a light spot of 9 x 9 pixels is plotted as
a function of the bias voltage for various pH values. The ampli-
tude of 135 Hz component in the photocurrent was calculated in
the method described in our previous paper [12]. The shift of the
current-voltage curve is observed, which is essentially the same
as that of the conventional LAPS. In Fig. 3(b), this shift was plot-
ted as a function of pH, and the sensitivity of the measurement
was calculated to be 53.7 mV/pH, which was close to the Nernstian
shift.

3.3. Chemical imaging

Fig. 4 shows an example of chemical images for different pH
values. The resolution of the chemical image can be chosen by
changing the size and the step of movement of the moving light
spot. Images in Fig. 4 were obtained with a light spot of 4 x 4 pixels
moved at a step size of 2 pixels. Thus, the resolution of the chemi-
calimage was 48 x 32 pixels. During the scan, the photocurrent was
collected under a fixed bias voltage of —0.5V, and the spatial dis-
tribution of the photocurrent value was represented as a chemical
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Fig. 3. (a) I-V curves and (b) the plot of their shift for various pH buffer solutions.

Fig. 4. Chemical images corresponding to different pH values. The sensing area was 20 mm x 14 mm, defined by the display size.
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image. The pH dependence of the photocurrent in Fig. 4 is consis-
tent with Fig. 3(a), where the photocurrent decreases for lower pH
values and increases for higher pH values under a fixed bias voltage.

Fig. 5 shows a variation of photocurrent-bias voltage character-
istics obtained with different sizes of light spots with 8 x8to 1 x 1
pixels. The actual areas of the light spots were 1.6 mm x 1.6 mm
to 200 wm x 200 pm. As can be seen in Fig. 5, the amplitude of
the photocurrent increases with the size of the light spot. The
photocurrent depends on the size of the illuminated area, and a
better S/N ratio is expected for a higher photocurrent. As we used
only square light spots, not only the amplitude but also the duty
ratio of the photocurrent became larger for a larger size of light
spot.

Fig. 6 compares the spatial resolution of chemical images of a
test pattern scanned with different sizes of light spots. The size of
the light spot was changed from 8 x 8 to 1 x 1 pixels and the step
of movement was changed from 8 to 1 pixels, respectively. From
the comparison of chemical images and the scales of the photocur-
rent in Fig. 6(b), the pixel-size dependence of the spatial resolution
and the amplitude of the photocurrent is clearly observed. In the
case of a light spot of 8 x 8 pixels moved at a step size of 8 pix-
els, the observed pattern was not clear, but the amplitude of the
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Fig. 5. Photocurrent characteristics obtained with different sizes of light spots.
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Fig. 6. (a) The alphabetic test pattern on the sensor surface. (b) Chemical images obtained with different sizes of light spots. (c) Chemical image with enhanced resolution

obtained by scanning with a sub-pixel step size.
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Fig. 7. Comparison of chemical images obtained by a light spot of 1 x 1 pixel moved at a step size of 1 pixel (left) and at a step size of 1/3 pixel (right).
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Fig. 8. Cross-sectional plot of photocurrent for various step sizes. The position cor-
responds to the dashed line on Fig. 7 right.

photocurrent was larger compared to others. On the other hand, in
the case of a light spot of 1 x 1 pixel moved at a step size of 1 pixel,
the alphabetic pattern is clearly resolved. In the chemical imaging
based on OLED-LAPS, the spatial resolution depends both on the
size of the light spot and the step size of movement.

In this experiment, we recorded the photocurrent for 1s at each
pixel. The long recording time of the photocurrent was due to the
low refresh rate of the display. The total measurement time to
obtain a single chemical image was 96, 384s, and 1536 s for the
spot sizes of 8, 4, and 2 pixels, respectively.

The resolution of chemical images in OLED-LAPS can be further
enhanced by using sub-pixels. Fig. 6(c) shows a chemical image
obtained by moving a light spot of 1 x 1 pixel at a step of 1/3 pixel
in the horizontal direction. Fig. 7 compares the details of chemical
images obtained with a light spot of 1 x 1 pixel moved at a step
size of 1 pixel and at a step size of 1/3 pixel. Fig. 8 shows cross-
sectional plots of the photocurrent values on the dashed line in
Fig. 7 with various step sizes. It is clearly seen that the resolution
in the horizontal direction is enhanced by using sub-pixels.

4. Conclusion

The novel OLED-LAPS measurement system was developed
using a light spot on the OLED display as a light source. A periodic

waveform of photocurrent was induced by the light from the OLED
display with a refresh rate of 135 Hz. The amplitude and the duty
cycle of the photocurrent changed depending on the horizontal and
vertical dimension of the light spot on the display.

Measurement and visualization of pH by the OLED-LAPS system
were demonstrated. The photocurrent-bias voltage characteris-
tics shifted depending on the pH value of the sample. By moving
the light spot on the display, chemical imaging was successfully
achieved. The resolution and the S/N ratio of the chemical image
were dependent on the pixel size of the light spot. An enhanced
resolution was realized by using sub-pixels.

Since the new system based on OLED-LAPS does not require any
complicated mechanism and optics, the measurement system is
distinctly reduced in size in comparison to the conventional chem-
ical imaging sensor systems [1,3]. In addition, the measured area
defined by illumination can be arbitrarily customized to fit the
size and shape of the sample to be investigated. A study on the
application of the miniaturized OLED-LAPS system is in progress.
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Abstract In this paper, a tactile sensor system for eval-
uation of human hair under dry and wet conditions is
developed. The polyvinylidene fluoride (PVDF) film is
used as the sensory material. The sensor consists of an
acrylic base, a silicone rubber, a PVDF film. A surface
projection is put on the PVDF film as the contacting part.
The sensor output is obtained by contacting and scanning
objects. Panels imitating the physical and chemical prop-
erties of human hair surface are fabricated and used as
measuring objects for stable measurement. Panels cleaned
down with several kinds of hair-care products are measured
by the sensor. By comparison between the sensor output
and human sensory evaluation, it was confirmed that
the sensor outputs have a good correlation with human
sensory evaluation. It was found that the sensor system is
available for monitoring hair conditions in both dry and
wet conditions.

1 Introduction

Hair conditions are evaluated through the senses of sight
and touch. For instance, touch feelings such as “rough-
ness” and “smoothness” are perceived by the sense of
touch. However, evaluations by the five human senses are
highly dependent on subjectivity and experiences of peo-
ple, so that it is difficult to express feelings quantitatively.
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Thus it has been expected to establish objective methods
for evaluating touch feelings of human hair.

Currently research and development on devices and
methods in order to evaluate physical properties of human
hair have been conducted in various ways. With these
devices and methods, it is possible to measure physical
properties of human hair, such as surface friction (Bhushan
et al. 2005), cross-section shapes (Wei et al. 2005), and
bending stiffness (Baltenneck et al. 2001). However the
results of the measurements do not necessarily correspond
with the results of evaluation by human senses. Therefore,
the evaluation of the touch feelings has been found to be
difficult.

It is well-known that the human sense of touch recog-
nizes about a few micrometers asperities owing to pacinian
corpuscles, which is a sensory receptor in the dermis of
skin (Shepherd 1994). Polyvinylidene fluoride (PVDF)
film, which is a kind of piezoelectric material, has similar
characteristics to those of pacinian corpuscles. Therefore,
the film is useful for evaluating surface condition of soft
objects (Tanaka and Numazawa 2004; Tanaka and Sugiura
2005; Dargahi et al. 2000). Tanaka et al. have developed a
tactile sensor system for evaluations of human hair using
the PVDF film as a sensory material (Tanaka et al. 2007).
However, it was found that there is a problem that mea-
surement values are not stable because human hair tends to
be uneven and it is difficult to even out the overlaps of hair.
Furthermore, evaluations of hair under wet conditions have
not been conducted yet. Therefore, in order to reduce the
individual variation in experiment, Kawasoe et al. have
used the panels imitating the properties of hair surface,
such as cuticle, in place of human hair for human sensory
evaluation (Kawasoe et al. 2008). They have evaluated the
influence of cuticle on the touch feelings of hair. It was
found the hair damage feeling is obtained from the panel
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with a wider cuticle and an irregular order of cuticle
structure. It was confirmed that the panels are available at
evaluating touch feeling of hair. However, objective eval-
uation with sensor system was not enough and touch
feeling of panel treated hair-care products was not
performed.

With these in mind, in this study, a PVDF sensor system
for evaluating the touch feelings of hair is developed and
touch feeling effect of hair-care products is evaluated by
the sensor. The sensor consists of an acrylic plate, a sili-
cone rubber sheet, and PVDF film. A projection is put on
PVDF film. Firstly, panels that imitate aspects and prop-
erties of human hair surface are fabricated as measuring
objects for stable measurement under dry and wet condi-
tions. And two type sensors with different projection are
fabricated. Next, the panels under dry and wet condition
are evaluated by the developed sensors and human tactile
sensation. And the performance of the sensors is investi-
gated. Finally, the hair surface imitation panels treated with
four pairs of hair-care products are evaluated by the sensor,
and the capability of the sensor to evaluate the effect of
hair-care products is investigated.

2 Hair surface imitation panels

Stable evaluation of human hair is difficult because of its
unevenness and difficulty of putting it uniformly without
overlaps. In addition, the touch feelings of hair remarkably
change depending on the surrounding conditions such as
temperature and humidity. Therefore, for stable evalua-
tions, panels that imitate aspects and properties of the hair
surface are used as measurement objects in this study.

Cuticles are the outermost layer of human hair surface
(Robbins 2002). When people touch and feel hair, their
hands directly contact the cuticles. However, the cuticles
are easily striped off by brushing or by being exposed to
ultraviolet rays. The damaged cuticles deteriorate hair
gloss and touch feelings.

The surface shape of the cuticles, which affect the touch
feelings of hair, is modeled as shown in Fig. 1 (Kawasoe
et al. 2008). The widths and the heights of the surface
shapes of the panels are listed in Table 1. Four kinds of
panels are fabricated by Excimer laser. The panel is made
of polyimide resin. Panel 1 imitates healthy hair, and Panel
2, 3, and 4 imitate damaged hairs. The surface shape of
Panel 4 is designed by random combinations of the width

Width

Root of hair Height Tip of hair

Fig. 1 Cross-section of surface pattern of hair surface imitation panel

@ Springer

Table 1 Properties of panels

Panel no. 1 2 3 4
Width (pum) 10 30 30 10-30
Height (um) 1 1 5 1-3

Surface chemical activity Hydrophobic Hydrophilic

(a) Photograph of Panel 3

(b) Surface pattern on Panel 3 to imitate a damaged hair

Fig. 2 Panel 3 imitating surface of damaged hair

and the height within the ranges shown in Table 1. The
difference in surface chemical activity of hair surface
brings change of touch feeling according to the presence of
water on hair. Therefore the panels imitate the surface
chemical activity of hair too. Surface of Panel 1 is covered
with hydrophobic layer to imitate healthy hair, and surfaces
of the others are covered with hydrophilic layer. Figure 2
shows a photograph of Panel 3 and a close up picture of its
processed part to imitate cuticles.

3 Sensor system for evaluation of touch feeling
3.1 Sensor structure and sensor system

Figure 3 shows the basic structure of the sensor. The sensor
has a layered structure and consists of an acrylic plate, a
silicone rubber sheet, and PVDF film whose surface is
protectively coated with an acetate film. A projection is
placed on the PVDF film. The projection contacts hair

Acrylic plate
Silicone rubber

NW\Z\/\ZW\W
PVDF film

Acetate film

\}%Semlcmular column projection

Panel

Fig. 3 Structure of the sensor
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Sensor \Panel

Fig. 4 Measurement system

surface imitation panels and transmits the panel surface
conditions to the PVDF film. And then output voltages are
obtained.

Figure 4 shows the developed measurement system. The
PVDF sensor is mounted on the linear stage that is driven
by a stepping motor, and the sensor is contacted to the
processed part of the hair surface imitation panel. The
sensor scans on the panel from hair root side to hair tip
side, and outputs are obtained from the PVDF film. The
obtained sensor outputs are put into a personal computer by
an A/D card. Sampling frequency is 25 kHz, scanning
begins 0.5 s after the beginning of a measurement, and the
scanning speed is 50 mm/s. The scanning speed is decided
with considering the human touch motion during feeling
touch sensation.

3.2 Signal processing

According to previous studies (Tanaka and Numazawa
2004; Tanaka and Sugiura 2005), it was found that power
spectrum density (PSD) of range from 100 to 500 Hz,
which is corresponding to sensitive frequency range of
pacinian corpuscles, and the variance of PVDF outputs are
effective as a measuring parameter of human tactile sense.
In this study, the unbiased variance of PVDF outputs (VAR)
and the summation of PSD from 100 to 500 Hz
(FFT_AREA) are used as evaluation parameters. The data
of the section where the linear stage velocity changed is
removed from the whole data, and evaluation parameters
are calculated from only the data of the section where the
device scans the processed part of panels at a constant

speed.
The output VAR is calculated by the Eq. 1.
1 2
=— Vo(k) — Vo 1
VAR N—lg(o() 0) (1)

Here, N is the number of sensor output data using the
calculation, Vo(k) is kth PVDF output data, and Vo is the
average of output Vo(k).

The output FFT_AREA is obtained by the Eq. 2 with
respect to calculated PSD by Fast Fourier Transform of
PVDF outputs.

Here, PSD(f}) is power spectrum density at the
frequency of f; Hz.

4 Evaluation of hair surface imitation panels
4.1 Sensory evaluation

Human sensory evaluations of Panels under dry condition,
called “Dry”, and wet condition, called “Wet”, are carried
out. “Wet” is a condition that three drops of water are put
on the panel from a dropper.

Touch feeling is evaluated on a scale of 1-5. The
evaluation value of Panel 3 is defined as the standard
(value: “3”). If a panel has better touch feeling than Panel
3, the evaluation value is lower than “3”, and if it feels
worse, it is higher than “3”. The subjects are 13 volunteers
(four males and nine females). Four of them are evaluation
experts.

The results of human sensory evaluations are shown in
Table 2. From the results of “Dry”, by comparison
between Panel 2 and Panel 3, it was found that there is little
difference in tactile feeling due to height differences. By
comparison between Panel 1 and Panel 2, it was found that
the touch feelings of panels get better with a decrease in the
width of the imitation cuticle shape. Panel 4, which has a
non-uniform height and width, is evaluated as the worst
feeling. On the other hand, from the results of “Wet”,
Panel 1 is evaluated as the worst feeling although the panel
is evaluated as the best feeling under “Dry”. The change of
touch feeling due to water is caused by the chemical
activity of panel surface. It was confirmed that the panels
can be used as alternative measuring objects for human
hair.

4.2 Measurement by sensor

Hair surface imitation panels under “Dry” and “Wet” are
measured by sensor. Two kinds of sensors with different
projection are prepared (Table 3). As the semicircular

column projection, Sensor 1 uses an acrylic column
(radius: 1.5 mm) and Sensor 2 uses a vulcanized rubber

Table 2 Human sensory evaluation of panels

Panel no. 1 2 3 4

Dry 2.0 34 3.0 4.6

Wet 4.1 2.2 3.0 3.8
@ Springer
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Table 3 Sensor projection type

Sensor 1 Sensor 2
Material Acrylic Vulcanized rubber
Shape Column Column
Diameter 3 (mm) 3.5 (mm)

column (radius: 1.75 mm). Dimension of Sensor 2 is the
same as that of Sensor 1, except for the projection part. The
measurements are conducted five times for each condition.
Figure 5 shows representative PVDF output waveforms
and their PSD analysis for Panel 1 using sensor 2 under
“Dry” and “Wet”.

VAR and FFT _AREA are calculated from the PVDF
outputs of measurement time from 0.6 to 1.3 s when the
sensor scans stably on the processed part of hair sutface
imitation panel. Table 4 shows correlation coefficients
between each parameter, VAR and FFT_ARFA, and eval-
uation values by human sensory evaluation shown in
Table 2. High correlations (0.9 or more) are indicated in
boldface.

Focusing on Sensor 1, strong correlations of FFT_AREA
were obtained under “Dry” and “Wet”. However, Sensor 1
damaged the panel surface, because the projection of
Sensor 1 is made of a relatively hard material. And it is not
appropriate to repeated measurements.

Concerning with Sensor 2, strong correlations of VAR
and FFT_AREA were obtained under “Dry”. The sensor
does not damage the panel. However, there are little cor-
relations under “Wet”. It is considered that the projection
removes water drops from the panel like windshield wip-
ers, because the projection is elastic cylindrical rubber.
Furthermore, errors of sensor outputs on the same panel are
small, and it is possible to easily distinguish each panel.

From the results, experiments in the next section are car-
ried out by Sensor 2.

5 Evaluation of effect of hair-care products
5.1 Treatment of hair surface imitation panel

Panel 4 is used for evaluating changes of the touch feeling
of hair caused by hair-care products, because the panel is
highly similar to damaged human hair. The panel is sub-
jected to treatments shown in Table 5. In the experiments,
four pairs of hair-care products (shampoos and conditioners
A, B, C and D) are prepared. The panels subjected to
Treatment S and SC are measured under wet conditions in
order to estimate the sense of use. And dried panels
(Treatment SCD) subjected to Treatment SC are evaluated,
because the touch feeling of hair after drying is also
important for hair-care products in order to estimate the
sense of finish.

5.2 Sensory evaluation of hair surface imitation panels

The sensory evaluation is carried out on the panels treated
with hair-care products by five female experts. Tables 6
and 7 show the results. Treatment S and Treatment SC are
evaluated by five feelings: “Rough,” “Slippery-smooth,”
“Smooth,” “Squeak,” and “Total feeling”(Table 6).
Treatment SCD is evaluated by six feelings: “Rough,”
“Slippery-smooth,” “Smooth,” “Silky,” “Moist,” and
“Total feeling.” (Table 7) “Total feeling” asks whether
the measuring object has a good touch feeling. Each feeling
words is evaluated on a scale of 1-5. Higher evaluation
value means that subjects obtain more of touch feeling
expressed by the feeling word.

Fig. 5 Outputs of Sensor 2 for 2
Panel 1 < 0.01 B 15
E I 2
B o x 1
] L Q
7]
© -0.01F q 05
0
0 1
Frequency(Hz)
(a) Under “Dry”
2
< & 15+
g o
g x 1r
=3 Q
» 05}
© Q
0
100 300 500
Time(s) Frequency(Hz)
(b) Under “Wet”
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Table 4 Correlations between sensor outputs and human sensory < odf 3
evaluation <
g_ 0 J" A‘F
Signal processing Dry Wet g 04k ]
Sensor 1 VAR 0.712 0.165 0 L 2 8
FFT_AREA 0.915 0.946 ;‘mi(s) s
Sensor 2 VAR 0.983 0.081 (a) Treatmen
FFT AREA 0.947 0.194
< 01F 3
B O
Table 5 Methods of treatments 3 .01k ]
o -0.
Treatment 0 1 2 3
Time(s)
S Three drops of water were dropped after (b) Treatment SC
the panel was washed with a shampoo
SC Three drops of water were dropped after the panel < oaf ]
was washed with a shampoo and conditioner >>_,— :
=35
SCD After “SC”, the panel was dried .g.— 0 !
O-0.1F ]
o] 1 2 3
Table 6 Human sensory evaluations of panel with treatment “S” and Time(s)
“sC” (¢) Treatment SCD

Hair-care Rough Slippery- Smooth Squeak Total

material smooth feeling
S A 3.1 2.7 2.7 3.6 23

B 2.7 3.7 3.6 31 34

C 2.5 4.0 38 2.5 3.9

D 2.8 32 32 3.2 3.9
SC A 33 2.5 2.4 3.7 2.5

B 25 42 42 2.2 3.8

C 2.6 38 3.7 2.7 3.8

D 2.6 4.0 3.7 2.9 2.6

Table 7 Human sensory evaluations of panel with treatment SCD

Hair-care Rough Slippery- Smooth Silky Moist Total
material smooth feeling
A 37 2.4 2.2 2.6 29 2.1

B 33 29 2.8 34 2.8 2.5

C 23 37 37 37 3.1 4.1

D 3.0 3.1 34 35 25 35

5.3 Measurement by sensor 2

Panels treated with hair-care products are measured using
Sensor 2. Figure 6 shows representative output waveforms
of panels with Treatment S, Treatment SC, and Treatment
SCD using hair-care product A. Compared with sensor
outputs of Treatment S, amplitudes of Treatment SC and
Treatment SCD are small, so that it is inferred from the
sensor outputs that changes in the surface conditions are
affected by conditioner ingredients. By comparison

Fig. 6 Outputs of Sensor 2 for hair-care product A

between Treatment SC and Treatment SCD, differences in
magnitude of amplitude were observed. Therefore, it is
inferred that there are also changes in surface conditions
under dry and wet conditions.

Next, VAR and FFT _AREA are obtained from PVDF
output waveforms related to panels subjected to each
treatment. And they are shown in Fig. 7. Differences of the
effects due to each treatment can be seen more clearly in
the figures, and these parameters are useful to distinguish
differences in the sense of use and finish. The sensor can
distinguish differences in touch feelings due to each
shampoo and conditioner. It is considered that evaluation
of hair-care products is possible to use the sensor system,
because differences in parameter values are recognized.

5.4 Comparison between sensory evaluation and sensor
measurement

Tables 8 and 9 summarize correlation coefficients between
each parameter (VAR and FFT_ARFEA) calculated from
sensor outputs and the results of human sensory evaluation
shown in Tables 6 and 7. Table 8 shows correlation coef-
ficients of panels subjected to Treatment S and Treatment
SC. Table 9 shows correlation coefficients of panels sub-
jected to Treatment SCD. High correlations (more than 0.7
or less than —0.7) are indicated in boldface.

VAR has no correlation with feelings of Treatment S and
SC. However, FFT_AREA has a correlation only with
“Rough” of Treatment S. At the same time, VAR and
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Fig. 7 The calculated

; 0.5 T

parameter for treatment with
each hair-care products using

0.4

Sensor 2

Hair care product index
(a) VAR

Table 8 Correlations between human sensory evaluation and sensor
output of Sensor 2 using panel with “S” and “SC”

Signal Rough  Slippery- Smooth Squeak Total
processing smooth feeling
S VAR 0.627 —0459 0481  0.646 -—0.512
FFT AREA  0.730 —0.597 —-0.639  0.659 —0.623
SC VAR 0.586 —0.543 —0430 0.265 -—0.124
FFT_AREA —0.165 0.0558  0.151 -0.262 0.743

Table 9 Correlations between human sensory evaluation and sensor
output of Sensor 2 using panel with “SCD”

Signal Rough Slippery- Smooth Silky Moist Total

processing smooth feeling
VAR 0.625 —0660 —0.810 —0.883 0493 —0.652
FFT AREA 0594 —0.639 —0.777 —0.885 0.482 —0.604

FFT_ARFA are highly correlated with “Silky” and
“Smooth” of the panel was subjected to Treatment SCD.
The results show that hair surface imitation panels and
the measuring system using a PVDF sensor are useful for
evaluating hair-care products under “Dry” conditions.
However, it was found that evaluation under “Wet” is
difficult. As mentioned in the previous section, it is inferred
that measurements under “Wet” are difficult because the
projection removes water drops from the panel like wind-
shield wipers during the measurements. Therefore, the
projection and structure of the sensor are improved for
measurement under “Wet” in the next section.

6 Evaluation by an advanced sensor
6.1 Sensor improvement
For successful evaluation of panels under “Wet”, the sur-

face projection shape of the sensor and the sensor structure
are improved. The same experiment as the previous section
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Fig. 8 Structure of sensor 3

is conducted by using the improved sensor and the validity
of the sensor is investigated.

Figure 8 shows the structure of the improved sensor. A
new shape of the projection is required not to wipe out
water drops on the panels. Therefore, a surface projection
that seven hemispherical convex are placed on an acetate
film is developed. The sensor is called Sensor 3. The
hemispherical convex are placed on each vertex and the
center of a regular hexagon with a side length of 3 cm. Due
to space between each convex, measurements can be per-
formed under “Wet” without wiping out drops of water.

The sensor surface projection, made of UV curable
resin, is fabricated directly on the acetate film. Material of
the projection is urethane acrylate resin. They are 0.25 mm
in height and 1.0 mm in diameter. Because the height of
the improved surface projection is less than one-tenth of
that of Sensor 2, the sensor structure is improved so that the
measurement can be made under the condition that only
surface projection contacts panels. A silicon rubber and a
PVDF film are set on an acrylic half-cylinder and a pro-
jection is mounted on the surface.

6.2 Measurement of effects of hair-care products

The same experiment as that using Sensor 2 is carried out
by using Sensor 3. The results of measurements using
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Fig. 9 The calculated T
parameter for treatment with 0.2 :
each hair-care products using
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Table 10 Correlations between human sensory evaluation and sensor
output of Sensor 3 using panel with “S” and “SC”

Signal Rough Slippery- Smooth Squeak Total
processing smooth feeling
S VAR 0416 —0243 —-0.235 0546 —0.320
FFT AREA 0974 —0918 —0914 0987 —0.946
SC VAR 0.218 -—0.165 —-0.318 0499 -0.839
FFT AREA 0305 —0.225 -0357 0507 —0.895

Table 11 Correlations between human sensory evaluation and sensor
output of Sensor 3 using panel with “SCD”

Signal Rough Slippery- Smooth Silky  Moist Total

processing smooth feeling
VAR 0745 —0.811 —0.809 —0.965 0.028 —0.660
FFT_ARFEA 0.839 —0.888 —0.749 —0.840 —0.495 -0.704

Sensor 3 are compared with the results of sensory evalu-
ation obtained in the previous chapter and correlations
between them are calculated.

Figure 9 shows the results of VAR and FFT_AREA.
From the results, it was found that changing tendencies of
VAR and FFT _AREA for each product are different from
those using sensor 2.

Tables 10 and 11 show correlations between the results
of human sensory evaluation shown in Tables 6 and 7 and
the results of measurement by Sensor 3 shown in Fig. 9.
Table 10 is the results for Treatment S and Treatment SC
and Table 11 is the results for Treatment SCD. High cor-
relations (more than 0.7 or less than —0.7) are indicated in
boldface.

Table 10 shows FFT_ARFA of Treatment S is highly
correlated to all feelings. In terms of Treatment SC, it was
confirmed that both of VAR and FFT_AREA have strong
correlations with “Total feeling”. These results show that
due to the improvement of the shape of a sensor surface
projection, panel surfaces under wet conditions can be
evaluated better than Sensor 2. At the same time, Table 11

I
o

FFT_AREA
4

Hair care product index
(b) FFT_AREA

shows evaluation by Sensor 3 has higher correlations with
most feelings than that by Sensor 2 and it also shows the
shape of Sensor 3 is more useful under dry conditions.

In consequence, it was found that the measurement
results by using Sensor 3 and the results of human sensory
evaluation have strong correlations with some of feelings
regardless of conditions of panel surfaces. The developed
sensor system is available for measurement of touch feel-
ings of hair and for evaluation of the effects of hair-care
products.

7 Conclusions

In this study, we developed a sensor system for evaluating
the touch feelings of hair that is capable to make a stable
evaluation under dry and wet conditions. And the results of
the measurement of hair surface imitation panels treated
with hair-care products showed strong correlations with
sensory evaluation under dry and wet conditions. It was
found that the sensor can evaluate the difference of touch
feeling due to hair-care products. The developed sensor
system was proved to be useful for measuring the touch
feelings under dry and wet conditions.
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Abstract A preparation method for multilayered quan-
tum dot/silica/gadolinium compound/silica (QD/Si/Gd/Si)
core—shell particles is proposed. Silica (Si)-coated quantum
dot (QD/Si) core—shell particles were prepared by a Stober
method at room temperature in water/ethanol solution with
TEOS and NaOH in the presence of QD nanoparticles.
Succeeding gadolinium compound (Gd)-coating of the QD/
Si core-shell particles was performed by a homogeneous
precipitation method using Gd(NO3)s, urea, and polyvi-
nylpyrrolidone in the presence of the QD/Si particles,
which resulted in production of multilayered QD/silica/
gadolinium compound (QD/Si/Gd) core-shell particles. For
Si-coating of the QD/Si/Gd particles, the Stober method
was performed at room temperature in water/ethanol
solution with TEOS and NaOH in the presence of the QD/
Si/Gd particles. Consequently, Si-coated QD/Si/Gd, i.e.,
multilayered QD/Si/Gd/Si, core-shell particles were
obtained. The QD/Si/Gd/Si particles revealed strong fluo-
rescence, which was almost comparable to the QD particles
with no shells. These particles are expected to be harmless
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to living bodies, and have dual functions of magnetic
resonance imaging and fluorescence.

Introduction

Imaging by using magnetic resonance (MR) is focused as
an advanced technique for medical diagnosis [1-3]. Tissues
in living bodies can be imaged with high contrast using
gadolinium compounds (Gd) in MR imaging (MRI)
because of their paramagnetism. Some gadolinium com-
plexes are commercially available as MRI contrast agents.
The MRI contrast agents are liquid solutions dissolving the
gadolinium complexes. The gadolinium complexes face at
a problem for difficulty in obtaining clear images for a long
period because of their short residence time in living
bodies. Formation of Gd nanoparticles can solve the
problem. Nanoparticles have a projected area larger than
molecules, so that flow of nanoparticles will be more
controlled, i.e., their residence time will be prolonged.

The gadolinium complexes have another problem. They
may release free gadolinium ions through dissociation of
the complexes, and then the gadolinium ions may provoke
adverse reactions in some patients [4, 5], so that the gad-
olinium complexes cannot be administered to such people.
Among various methods for reducing adverse reactions
derived from gadolinium complexes, coating of Gd nano-
particles (core) with materials inert to living bodies (shell)
is a good candidate, because the shell materials prevent the
Gd from contacting living bodies. Studies on coating of
nanoparticles with silica (Si), which is inert to living
bodies, have been extensively conducted [6-14]. They are
techniques based on a sol-gel reaction of silicon alkoxide.
We have also proposed methods for Si-coating of various
materials [15-31].
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Fluorescence imaging has been also performed in the field
of medical diagnosis [32-34]. Cadmium compound (Cd)
semiconductors have been widely used as a fluorescent
marker, i.e., an imaging agent for the medical examination,
because of their size-tunable photoluminescence, high
brightness, and exceptional photostability [34, 35]. Colloid
solutions of Cd nanoparticles are commercially available as
the fluorescent marker by the name of “quantum dots (QD).”
It is well known that Cd is harmful to living bodies. Its harm
may also be reduced with the Si-coating.

Materials composed of components that have different
properties should have multiple functions. Composite
particles with magnetism and fluorescence have been of
great interest in applications such as cell labeling [36-39],
biosensing [40], and diagnostic medical devices [41, 42].
Based on the viewpoint for multi-functionalization of
materials, particles containing QD and Gd will act as both
the fluorescent marker and the MRI contrast agent.

This study proposes a method for preparing multilayered
core—shell particles composed of core of QD, the first shell
of silica, the second shell of Gd, and the third shell of Si.
QD nanoparticles were Si-coated with a modified Stober
method (QD/Si particles), the QD/Si particles were coated
with Gd using a homogeneous precipitation method (QD/
Si/Gd particles), and then the QD/Si/Gd particles were
Si-coated with a modified Stober method (QD/Si/Gd/Si
particles). In this study, their fluorescence property was
also studied toward materials with dual functions.

Materials and methods
Materials

Quantum dot nanoparticles used were Qdot® (Invitrogen
Co.) with a catalog number of Q21371MP. The QD nano-
particles are CdSe, Te;_, nanoparticles coated with ZnS and
successively surface-modified with carboxyl groups, and
their concentration is 8 x 107® M. Figure 1a shows a
transmission electron microscope (TEM) image of the QD
nanoparticles. The QD nanoparticles had an average size of
10.3 £ 2.2 nm. Tetraethylorthosilicate (TEOS) (95%),
sodium hydroxide (NaOH) solution (5 M), and ethanol
(99.5%) were used as a Si source, a catalyst and a solvent in
Si-coating by a sol-gel reaction of TEOS, respectively.
Gadolinium nitrate hexahydrate (Gd(NOs3);-6H,0) (99.5%)
and urea (99.0%) were used as chemicals for Gd com-
pound shell and a precipitation-inducer for Gd-coating,
respectively. Stabilizers used in the Gd-coating were
n-hexadecyltrimethylammoniumbromide (CTAB) (96%),
polyvinylpyrrolidinone (PVP) (M,,: 40,000), and sodium
n-dodecyl sulfate (SDS). Except for the QD nanoparticles,
all the other chemicals were purchased from Kanto Chemical

Co., Inc., and were used as received. Water that was ion-
exchanged and distilled with Shimadzu SWAC-500 was
used in all the preparations.

Synthesis of particles
QD/Si particles

According to our previous study [28], QD/Si particles were
prepared in a 10-mL glass vessel under vigorous stirring with
a modified Stober method. The Stober method is based on
hydrolysis and condensation of TEOS in the presence of
ammonia as a catalyst in ethanol [43-45]. Since, amines such
as ammonia are harmful to the human body [46, 47], NaOH
was used as a catalyst for the hydrolysis and condensation of
TEOS instead of ammonia in the modified Stéber method.
To the colloid of QD nanoparticles were added water/ethanol
solution and successively TEOS/ethanol solution. Then, the
Si-coating was initiated by rapidly injecting 0.1 M NaOH
aqueous solution into the QD/TEOS colloid solution. The
Si-coating was performed for 24 h at room temperature. A
total volume of the solution was 5 mL, and initial concen-
trations of QDs, H,O, NaOH, and TEOS were 6.4 X 107°, 5,
4 x 107, and 5 x 10™* M, respectively. Figure 1b shows
a TEM image of the QD/Si particles. The QD/Si particles
had an average size of 20.1 & 2.4 nm.

QD/Si/Gd particles

Gd-coating of the QD/Si particles was performed by a
NaOH-addition method and a homogeneous precipitation
method in the presence of the QD/Si particles, in a 10-mL
glass vessel under active stirring.

In the NaOH-addition method, the Gd-coating was
performed in 1:1 (v/v) water/ethanol solution. To water
were added the as-prepared QD/Si particle colloid solution
and ethanol. After 15 min, to the mixture successively
added were the Gd(NOs); aqueous solution and 0.1 M
NaOH aqueous solution (for adjusting initial pH to ca.
10.5). The reaction was carried out at room temperature for
24 h. A total volume of the solution was 5 mL, and initial
concentrations of QD and Gd(NO3); were 3.2 x 107° and
3 x 107* M, respectively.

In the homogeneous precipitation, the Gd-coating was
performed in 1:1 (v/v) water/ethanol solution at initial
concentrations of 3.2 x 107° M QD, 1 g/L. stabilizer,
0.5M urea, and 3 x 107°-3 x 107> M Gd(NOs);. To
water successively added were the as-prepared QD/Si
particle colloid solution, ethanol, and stabilizer aqueous
solution. After 15 min, to the mixture successively added
were urea aqueous solution, nitric acid (for adjusting pH to
5), and aqueous Gd(NO;3);. The mixture was stirred at
300 rpm and 60 °C for 6 h.
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