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Relationship between AC/DC Ratio and Light-blocking Structure
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Photoplethysmographic (PPG) sensors are suitable for wearable devices, and they can
provide a wide range of information such as stress level (calculated from the heart rate
interval), respiration rate, heart rate, and blood vessel stiffness. Of particular importance is that
reflective PPG sensors can be easily attached anywhere on the body with low wearer constraint.
However, PPG sensors are susceptible to body motion artifacts. The output signal of PPG
sensors is composed of alternating current (AC), originating from the heart cycle, and direct
current (DC), originating from veins and stationary tissue. Motion artifacts affect DC signals,
making it difficult to detect AC signals. Thus, it is important to reduce DC signals and increase
the AC/DC ratio. In this study, we investigated the effect of a light-blocking structure on the
AC/DC ratio. In addition, the AC/DC ratio was estimated when the gap between the light
source (LED) and the photodetector was small (3.2 mm) and large (8.0 mm). In this experiment,
the measurement part was a fingertip, and the AC/DC ratio was estimated when AC had the
highest output with the force from step-by-step contact. As a result, the AC/DC ratio of the
light-blocking structure was 2.4%, and the AC/DC of the non-light-blocking type was 0.9%.
Also, the AC/DC of the small-gap PPG sensor was 2.4%, and the AC/DC of the large-gap sensor
was 7.5%. Thus, the light-blocking structure was effective in increasing the AC/DC ratio, and a
larger distance between the LED and photodetector was useful.

1. Introduction

For increased safety and security, wireless sensor network systems are being increasingly
used in monitoring structural health, human health, agricultural field, and animal health.(-®)
Structural health monitoring can improve the safety and reliability of buildings, bridges,
tunnels, and express highways by detecting damage before it reaches a critical state. Damage is
sensed by wireless sensor nodes installed on the structure.l» Human health monitoring detects
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sleep disorders, Parkinson’s disease, and other ailments by logging a person’s daily walking
movements and posture using Global Positioning System (GPS) devices, triaxial accelerometers,
and angular velocity sensors.’) These technologies have also been introduced in agricultural
field monitoring, including animal health monitoring.*”” It is believed that wireless sensor
nodes attached to animals, in conjunction with wireless health-monitoring systems, can achieve
early detection and prevention of diseases, and thus reduce economic loss.

In previous studies, wireless sensor nodes were attached to a chicken’s wing to measure and
transmit body temperature and activity data.” The collected data was compared with previous
avian-influenza epidemic data and used to monitor the health of an individual chicken. In order
to construct this system, we developed several low-power technologies for the wireless sensor
node, including a custom-built LSI for an event-driven system, a bimetal MEMS temperature
switch, a miniaturized 300-MHz-band loop antenna, and polyvinylidene difluoride (PVDF)
switches for activity sensors.®') The calculated average power consumption of the sensor
nodes was less than 1 pyW. Other groups have developed wearable wireless estrus detection
sensors''? and portable estrus intensity detection sensors.') In this study, we focused on a
photoplethysmographic (PPG) sensor.

Photoplethysmography has been widely and commonly used in a pulse monitor since it was
developed by Hertzman in the 1930s.19 A particularly important feature of a reflective PPG
sensor is that it can be easily attached with low wearer constraint, and it can detect a pulse wave
from a body surface. It can provide a wide range of information, such as stress level calculated
from the heart rate interval, respiration rate, heart rate, and blood vessel stiffness.(!

The signal of a PPG sensor is composed of alternating current (AC) originating from the
heart cycle and direct current (DC) originating from signals from veins and stationary tissue (see
Fig. 1).19) The ratio of AC to DC signals is small, and this can be an issue when motion artifacts
are superimposed on signals measured with a PPG sensor. When body movements occur,
DC signals change because of changes in vascular volume or incident light.(16) Furthermore,
for measurements during exercise, AC can be unclear owing to body movement, because the
acceleration of movement can overlap with the AC originating from the heat cycle. To calculate
the pulse rate from the AC at the time of body movement, signal processing is performed on
the basis of frequency or by using an acceleration sensor. However, there are many issues to be
resolved in removing motion artifacts that are synchronized with the pulse rate.

Maeda’s group have developed not only signal processing techniques but also approaches
for improving hardware (sensor device).!”!® They reduced artificial noise of a PPG sensor
attached to the upper arm by setting the attachment pressure to 30 mmHg using a cuff during
exercise. It is important to reduce the DC noise caused by body movement.!™ Thus, we
investigated the design structure of a reflective PPG sensor in which body motion artifacts
would be suppressed.

In this study, we investigated a sensor light-blocking structure that increased the AC/DC
ratio. We compared an unframed PPG sensor with a framed (light-blocking structure) sensor.
In addition, the AC/DC ratio was estimated when the gap between the light source [a light-
emitting diode (LED)] and the photodetector was small (3.2 mm) and large (8.0 mm). In this
experiment, the measurement part was a fingertip, and the AC/DC and AC/LED incident light
ratios were estimated when AC had the highest output with the force from step-by-step contact.
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Fig. 1. (Color online) Measurement principle of PPG sensor.

2. Device Structure and Its Working Principle

This section concerns the device structure and working principle. First, the working
principle of reflective PPG is indicated. Next, the device structure of a reflective PPG sensor is
explained and then the fabricated PPG sensor is shown.

2.1 Working principle of reflective PPG sensor

Figure 2 shows the working principle of the reflective PPG sensor. The light from a LED
is emitted into the skin tissue and scattered by it. The backscattered light from the body tissue
is detected on a photodetector. When a blood vessel is dilated [see Fig. 2(a)], the incident light
is absorbed partially by red blood cells, and the scattered light detected by the photodetector is
small. When the blood vessel contracts [see Fig. 2(b)], the incident light is absorbed less by red
blood cells, and the scattered light detected by the photodetector is large. Pulse waves can be

detected by observing light intensity changes.
2.2 Device structure and fabricated PPG sensor

Figure 3 shows the device structure of the reflective PPG sensor. The device was composed
of the light source, the photodetector, and the frame. The light source was an LED (peak
wavelength, 940 nm; 50% power angle, 120°), and the photodetector was a surface-mounted
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Fig. 2. (Color online) Working principle of the reflective PPG sensor. (a) Dilation and (b) coarctation.
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Fig. 3. (Color online) Device structure of a reflective PPG sensor.

phototransistor (peak wavelength, 880 nm; directive property of half-value angle, 130°). The
frame was made of aluminum, which prevented infrared light from passing through it, and it
had 2.0-mm-diameter holes.

Three PPG sensors were used in the experiment, as shown in Fig. 4. The unframed one had
a 3.2 mm gap between the LED and the photodetector without the frame [see Fig. 4(a)]. The
small-gap one had a 3.2 mm gap between the LED and the photodetector with the frame [see
Fig. 4(b)]. The large-gap one had a 8.0 mm gap between the LED and the photodetector with
the frame [see Fig. 4(c)].
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3. Experiment

Two kinds of experiments were conducted. In the first, we compared the AC/DC ratio of
the unframed PPG sensor [see Fig. 4(a)] with that of the small-gap PPG sensor [see Fig. 4(b)] to
evaluate the light-blocking structure. Next, we compared the small- and large-gap PPG sensors
to explore the effect of the distance between the light source and the photodetector.

As the Beer—Lambert Law is applied to human tissue with strong light scattering, the
measurement depth increases as the distance between the light source and the detector
increases. When measurement depth increases, a PPG sensor can prevent unwanted light from
reaching the skin surface or the epidermis. However, as the amount of light received decreases,
the distance between the LED and the photodetector increases. This causes increased power
consumption by a PPG sensor, which conflicts with the low-power-consumption requirement
for wearable sensors. Thus, we estimated the AC/DC and AC/LED ratios in the second set of
experiments.

3.1 Experimental task 1: Evaluating the light-blocking structure

To evaluate the light-blocking structure, we compared the unframed PPG sensor [see Fig.
4(a)] with the small-gap (light-blocking structure) sensor [see Fig. 4(b)]. Figure 5 shows the
experimental setup for evaluating AC/DC signals with measuring load. The PPG sensor was
fixed on the force sensor (USL06-HS, Tec Gihan Co., Ltd.)). The force sensor was set on the
moving stage, and the moving stage was used to adjust it to the position where the finger was
straight.

When the finger was placed on the PPG sensor, both the PPG sensor signal and the contact
force between the finger and the PPG sensor could be recorded. We used the AC/DC ratio to
measure the maximum AC signal, because AC is greatly affected by contact force (see Fig. 6).
The measured AC/DC ratio is shown in Fig. 7.
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Fig. 4.  (Color online) Photographs of the PPG sensors. (a) The unframed PPG sensor has a 3.2 mm gap between
the LED and the photodetector without the frame. (b) The small-gap PPG sensor has a 3.2 mm gap between the
LED and the photodetector with the frame. (c) The large-gap PPG sensor has an 8.0 mm gap with the frame.
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Fig. 5. (Color online) Experimental setup for evaluating AC/DC signals by measuring load.
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Fig. 6. (Color online) Relationship between AC Fig. 7. (Color online) AC/DC ratio of PPG sensor.

signal and contact force.

3.2 Experimental task 2: Evaluating the effect of the distance between the light source
and the photodetector

To evaluate the effect of the distance between the light source and the photodetector, we
compared small-gap and large-gap PPG sensors (see Fig. 4). Using these sensors and the
experimental setup (Fig. 5), both the pulse wave and contact force on the finger was measured.

The AC/DC ratio is shown in Fig. 7. We used the AC/DC ratio to measure the maximum
AC, as the AC signal was greatly affected by contact force (as shown in Fig. 6). Also, the AC/
LED power was estimated.

4. Results and Discussion

Figure 8 shows the AC/DC ratios of the three PPG sensors. The AC/DC ratio of the
unframed PPG sensor was 0.9%, that of the small-gap sensor was 2.4%, and that of the large-
gap sensor was 7.5%.
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Fig. 8. AC/DC ratios of the unframed, small-gap, Fig. 9. AC/LED power ratios of both the small-gap
and large-gap sensors. and large-gap sensors.

To identify the effect of the light-blocking structure, we compared the unframed PPG sensor [see
Fig. 2(a)] with the small-gap PPG senor [see Fig. 2(b)]. These sensors have the same distance
between the light source and the photodetector. The frame (light-blocking structure) prevents
unwanted light from reaching the skin surface or the epidermis, thereby increasing the AC/DC
ratio. This result shows the effectiveness of the light-blocking structure.

To identify the effect of the distance between the LED and the photodetector, we compared
the large- and small-gap PPG sensors [see Fig 2(c)]. As a result, we found that a larger distance
between the light source and the photodetector increases the AC/DC ratio. It is a concern
that the light intensity from the artery relatively increases whereas that from the epidermis
decreases, as the depth of measurement is a function of the distance between the light source
and the photodetector.(l9) On the other hand, when comparing the light power, the AC/LED
power for the small-gap sensor was 0.025% and that for the large-gap sensor was 0.013% (see
Fig. 9). The large-gap sensor needs twice the LED power of the small-gap type.

5. Conclusions

We confirmed that reflective PPG sensors need a light-blocking structure to increase the AC/
DC ratio. Also, increasing the distance between the light source (LED) and the photodetector
was effective in increasing the AC/DC ratio. However, this method increased LED power
consumption, because the intensity of light received decreased. Thus, it is necessary to set the
optimum distance considering both power consumption and the AC/DC ratio.
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