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INTRODUCTION

Capacitive fingerprint sensors, originally designed for biometric applications, have demonstrated capabilities for skin
hydration imaging, skin surface analysis, 3D skin surface profiles, skin micro-relief as well as solvent penetration measurements
in previous studies . Comparing with other existing measurement technologies, capacitive contact imaging has a number of
novelties, it is imaging based, it works on skin, hair and nail, and through proper calibration you can make accurate, absolute
water content measurements. This paper presents a short review of the research work carried out in our research group on
capacitive contact imaging based on capacitive fingerprint sensors for skin measurements.

Measurement Apparatus

The capacitive contact imaging technology developed by our research group is based on Fujistu fingerprint sensor (Fujistu
Ltd, Japan), which has a matrix of 256 x 300 pixels, with 50 um spatial resolution per pixel 5, The sensor has a measurement
area of 12.8 mm x 15 mm, it basically generates capacitance images of the skin surface. In each image, each pixel is represented
by an 8 bit grayscale value, 0~255. In the skin, water has a high dielectric constant (80) and dry skin has a very low dielectric
constant (~1-5). As a result, the higher water content will generate higher capacitance readings, and therefore darker images. The
lower water content will generate lower capacitance readings, and therefore lighter images. The fingerprint sensor has a detection
depth of ~50 pym, which makes it ideal to measure the water in stratum corneum. Our capacitive contact imaging technology
has evolved a few times over the years. Figures 1-3 shows the current version of the technology-commercialized as Epsilon
permittivity imaging system through Biox Systems Ltd, UK, and its measurement principle 2.,
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(2). Epsilon and the in-vitro stand.

(3). Capacitive fingerprint sensor measurement principle.
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Figure 1-3. The Epsilon permittivity imaging system.
Applications
Skin hydration measurements

The most important application for the capacitive contact imaging is skin hydration imaging. Figure 4 shows the typical
capacitive images of two skin sites, palm and volar forearm, before and after a 5 minute hydration by applying a soaking wet
tissue on skin "8, The skin sites were carefully patted dry after soaking. The results show that skin images were getting darker
immediately after the wet tissue application, indicating a higher water content, and then as skin gradually recovered under the
ambient condition, the images became lighter and lighter. It is interesting to see that even after 20 minutes' recovery, the skin
images still did not recover to exactly the same grayscale as before. The slightly lighter colour might indicate there is a drying effect
caused by the wet tissue application &,
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Figure 4. Capacitive images of two different skin sites, palm and volar forearm, before and after a 5 min wet tissue patch hydration.

By plotting the capacitive skin contact image in 3D, we can also study the skin surface profiles and skin texture, such as
micro-relief lines, as illustrated ®' in Figure 5.

Figure 5. The 3D surface profiles of a typical capacitive skin image.
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Skin Damage Assessments

As a form of contact technology, the sensor reading increases as the contact time increases. Figure 6 shows a typical set of
images at different contact times. The results show that as the contact time increases, the skin images are getting darker, this is
because the sensor blocked trans-epidermal water loss (TEWL) and caused water to accumulate on the skin surface. The black
spots are the areas where water was actively coming out. One interesting application of this occlusion effect is to create a TEWL
map, by calculating the differences of the first image and the last image of the contact period. TEWL map shows us where the
water loss is actively happening on the skin surface .

Os 20s TEWL Map

Capacitive skin images on a wrist skin site during a 1-minute occlusion measurements and the corresponding TEWL maps.
Figure 6. Capacitive skin images.

Another application of this occlusion effect is skin damage assessments. By comparing the time dependent grayscale
occlusion curves, we can get the information about skin damages. Graph 1-3 shows the time dependent grayscale occlusion curves
of different types of skin damages, i.e. (a) intensive washing; (b) tape stripping; and (c) SLS (Sodium Lauryl Sulfate) irritation. The
results show that the shapes of the capacitive contacting imaging occlusion curves can be related to skin conditions, and different
types of skin damages have different shapes of occlusion curves. The study also showed that the combination of skin occlusions
using capacitive contact imaging and TEWL measurements can provide useful, complementary information about skin damage,
and have potential as a new methodology for in-vivo skin damage assessments 1131,
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Graph 1. The time-dependent skin capacitive contact imaging occlusion curves of intensive washing.
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Graph 2. The time dependent skin capacitive contact imaging occlusion curves of tape stripping.
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Graph 3. The time dependent skin capacitive contact imaging occlusion curves of SLS irritation.
Skin Solvent Penetration

Because capacitive contact imaging is based on dielectric constant measurements, apart from water, it is also sensitive
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to many solvents that have relative high dielectric constant, such as dimethyl sulfoxide (DMSO), ethylene glycol, propylene
glycol, propanol, glycerol, and alcohol etc. This makes it a potentially a very useful tool for studying solvent penetrations through
membranes or the skin, and trans-dermal drug delivery 6:14.15],

Figure 7 shows an example of DMSO penetration through the skin. In this measurement, a small amount of DMSO solvent
is applied to the volar forearm for a few minutes 4. After the skin surface is wiped dry, tape stripping is then performed in order
to understand the DMSO penetration. The measurements are performed both before and after the solvent applications, and after
each tape stripping. The images can clearly show the DMSO penetration through the skin at different skin depth. By using the
thickness information of each tape strip, we can also re-construct the above images into 3D solvent depth profiles as shown in
Figure 8.
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Figure 7. Fingerprint sensor images before and after DMSO application and subsequently during tape stripping.

Figure 8. The corresponding 3D DMSO solvent concentration depth profiles through skin surface.
Membrane and in-vitro skin solvent penetration

Apart from in-vivo skin, capacitive compact imaging can also be used for membranes and in-vitro skin samples 1617, In this
case, a small piece of membrane or tissue was cut and placed on the sensor surface. A droplet of solvent was placed on the top
of the sample. The sensor then recorded images continuously over a defined period of time. The time-dependent grayscale values
of the images were then used for subsequent permeability analysis.

Graph 4 shows the time-dependent grayscale curves of solvent penetration through a silicone membrane (thickness ~80
pum). Three solvents were used, water, undiluted alcohol (EtOH) and undiluted dimethyl sulfoxide (DMSO), which have dielectric
constants of 80, 24.3 and 46.7, respectively. The results showed that water penetrated through the membrane faster than EtOH
and DMSO. EtOH is also expected to evaporate from the surface of the membrane and this may explain the lower profile for this
solvent compared with the other solvents examined.

Figure 9 shows the capacitive images of outside and inside surface of porcine tissue, as well as the images at different
times during water penetration. The outside porcine tissue image clearly shows the porcine skin surface texture and hairs. Graph
5 shows the corresponding time-dependent grayscale value curves for the images shown above. It is interesting to see there is a
dog-leg effect at approximately 20 minutes (ca. 1200 seconds). This is likely due to the change of states of the water in porcine
tissue, i.e. bound water to free water.
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Graph 4. The time dependent grayscale curves of water, EtOH and DMSO images.
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Capacitive contact images of the outside surface (top left), and the inside surface (top right) of in-vitro porcine tissue, and images of water
penetration through the in-vitro porcine tissue (bottom) at different times (0-2,000 s)

Figure 9. Capacitive images of outside and inside surface of porcine tissue.
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Graph 5. The corresponding time dependent grayscale value curves for the water penetration images.
Calibrations and comparison with other devices

By calibrating the capacitive sensor, we can get linear response to near-surface dielectric permittivity . Calibration is done
by measuring a number of chemical solvents with known dielectric constants, including air and water. By plotting the measured
grayscale values against corresponding dielectric constants, we can get a capacitive sensor calibration curve, as shown in Graph
6. Because each capacitive sensor has slightly different electronic responses, each capacitive sensor will have slightly different
calibration curves; therefore each capacitive sensor needs to be calibrated individually. Whence calibrated, the measurement
results should be linearly dependent on dielectric constants, and should be independent of instruments. The calibration ensures
consistency from instrument to instrument, and from time to time.

From the measured absolute dielectric constants of the skin, we can also work out the absolute water content in the skin by
using following expression 9],

x H (1)

water

Em =y X(1-H)+e&

Where g_ is the measured dielectric constant, €4ry is the dielectric constant of the dry skin, and € ___ is the dielectric constant

water

of water, H is skin's water content in fractional percentage. Then we can work out the skin's water content using the measured
dielectric constants, from Eq (1) we have,
E —&
H=—2" "0 2)
& —&,

water ry
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Eq (2) can also be used for hair and nail measurements.
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Graph 6. The calibration curve and linear response to dielectric permittivity.

Our study also compared the capacitive contact imaging with other skin measurement technologies, such as Moisture
Checker, Hydrotest, Corneometer, as well as UPEK fingerprint sensor. As shown in Graphs 7 and 8. The results show that there is
a general good correlation with other technologies, and particularly with Corneometer (R2=0.79).
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Graph 7. The comparison results of Epsilon and Moisture Checker, Hydrotest and Corneometer.
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Graph 8. The correlations between Corneometer and Epsilon as well as UPEK fingerprint sensor.

CONCLUSIONS

This paper presents a short review of skin capacitive contact imaging research work carried out in our research group. Our
studies show that capacitive contact imaging based capacitive fingerprint sensors can be used for skin hydration imaging, skin
surface analysis, 3D skin surface profiles, skin micro-relief as well as solvent penetration measurements in previous studies. It
can work both on in-vivo skin and in-vitro skin samples, as well as membranes. Through calibration we can measure the absolute
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dielectric permittivity of the samples, and through dielectric constants we can calculate the absolute water content (or solvent
content) in the samples. Capacitive contact imaging can be used for skin, hair and nail measurements.
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