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Abstract: The motivation of our work was to analyze influence of changes in humidity
and temperature on temporal features of sensed photoplethysmography (PPG) waves.
This paper describes a special prototype of a wearable PPG multi-sensor with integrated
I2C humidity and thermo meters to carry out measurements in three skin moisture levels.
This sensor is supplemented with a force-sensitive resistor for measurement of the phys-
ical contact-pressure between the measuring probe and the skin surface next usable to
sense heart pulsation on the wrist radial artery. The realized experiments show that the
performed skin manipulation (skin drying, moistening) was always detectable; the PPG
signal range is mainly affected, while changes in signal ripple and heart rate variance are
smaller. The detailed analysis per a hand and gender type yielded differences between
male and female subjects, results of left and right hands differ less.

Keywords: contact pressure force measurement; skin humidity and temperature; weara-
ble photoplethysmography optical sensor.

1. Introduction

In the long term, our research is aimed at analysis of influence of examinations based
on magnetic resonance imaging (MRI) technique on the mental and physiological state of
a tested person [1]. For monitoring of a cardiovascular system including changes in the
arterial stiffness and the heart rate (HR) the wearable optical sensors based on the photo-
plethysmography (PPG) principle have been successfully applied [2], [3]. The current state
of the skin surface including humidity, temperature, and other factors can influenced on
the precision of PPG wave parameters determined from the sensed PPG signal [4].

Motivation of our work was to analyze the influence of humidity, temperature, and
applied contact pressure on temporal features of sensed PPG waves. This paper describes
the realization of a special prototype of a wearable PPG multi-sensor with integrated 12C
humidity and thermo meters to carry out measurement of a skin condition at the position
of an optical sensor. The developed sensor is supplemented with a force-sensitive resistor
(FSR) element enabling to measure the contact pressure between the PPG sensor probe
and the skin surface. The FSR component is also applicable to measure the heart pulsation
on the wrist radial artery and to perform comparison of HR values determined from a
PPG signal [5], [6]. Due to its planned use in experiments inside the scanning area of an
MRI tomograph [7], also the current sensor prototype consists of non-ferromagnetic ma-
terials and all parts are shielded by aluminum boxes.
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After verifying the sensor’s functionality in laboratory conditions, the stability and
quality of wireless Bluetooth (BT) connection was tested in an environment of the scan-
ning MRI device and the measurement of the received signal strength indicator (RSSI)
parameter was performed. The main measuring experiment consists of PPG signal sens-
ing on a wrist for different levels of skin moisture (by washing a hand, by drying a skin,
etc.) before each of the measuring phases. The database of sensed data records collected
in this way was next statistically analyzed with the final aim — to make some practical
recommendation from the point of view of humidity and temperature changes during
long-time experiments inside the MRI device.

2. Methods

2.1. PPG Signal Description and Features Determination

Generally, the optical PPG sensor can work on a transmittance or reflectance princi-
ple. The transmittance type of the sensor probe has usually a form of a finger ring with a
light source (one or more LED elements) and a photo detector placed on opposite sides of
the sensed human tissue — this realization is mainly applied in pulse oximeter devices. In
the case of the reflectance type, a photo detector measures the intensity of the light re-
flected from the skin and it is placed on the same side of the skin surface as a light source
transmitter. The reflectance PPG sensors are worn typically on fingers or wrists as a part
of wearable devices — fitness bracelets, smart watches, etc. [8]. In both types the picked-up
PPG signal contains two local maxima representing systolic and diastolic peaks providing
valuable information about the pumping action of the heart. Three types of sensed PPG
signals can be classified: a raw pulse wave, and its first/second derivative (FD/SD-PPG).
While the raw PPG signal does not seem suitable for local maxima determination, the first-
order and the second-order derivatives are more informative due to more pronounced
local extrema [9]. Therefore, for the purpose of the PPG pulse wave analysis, the PPG
signal derivatives are usually calculated. The amplitude of the sensed PPG signal is usu-
ally not constant but modulated and it can be often partially disturbed or degraded. For
this reason, some de-trending and filtering operations must be applied on the picked-up
PPG signal before its analysis [10].

For description of PPG signal properties, the energetic, time, and statistical parame-
ters should be determined. First, the upper and lower envelopes (Eni, ELow) are calculated
by low pass filtering of the squared input signal. In the case of the SD-PPG wave the Ent
corresponds with the systolic peaks, and the ELow with the diastolic ones. While the abso-
lute difference between Exr and Erow mean values (uEni—uErow) represents the PPG signal
range (HPrance), the heart pulses ripple in percentage is calculated as
HPrirr = ((max Eni—min Enr) /¢ HPrance) x 100 using maximum and minimum values of the
upper envelope Exr and the mean signal range. Next, the localized peak positions Psys are
applied to determine the heart cycle periods Twr (in samples) and using the sampling fre-
quency fs in Hz, the heart rate in minis evaluated as HR = 60 / (Twr x fs). For further com-
parison, the relative variance HRrvar in percentage based on the mean (¢#HR) and the
standard deviation (¢HR) values can be also calculated as HRrvar = cHR/uHR % 100.

2.2. Sensing and Analysis of Humidity and Temperature Values

Humidity sensors operate on the principle of change in the electrical impedance (ca-
pacitance) with varying moisture levels. The sensor’s active component, typically a hy-
groscopic substance (a material that absorbs water or water vapor) [11]. Changes of a di-
electric constant generated in this way are detected and expressed as a change in relative
humidity (RH in %). Some prototypes of humidity and temperature sensors were devel-
oped for special experimental purposes in the biomedical research [12], [13]. An easy way
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is to use a commercial monolithic chip with integrated humidity and temperature sensors
which include also an analog-to-digital converter (ADC) and an 12C interface. This chip
next performs signal processing, data calibration including polynomial non-linearity cor-
rection, and hysteresis effect minimization [14]. Therefore, each time of the RH measure-
ment is made, the temperature is measured too, for the purpose of temperature compen-
sation. It means, the temperature T1 values are at disposal in parallel with the RH ones.

To map relative humidity and temperature changes during the measurement with
the time duration tpur, the linear trend is calculated from the obtained RH and T1 se-
quences (RHrr and T1cr) by the linear least squares fitting technique. Next, the differences
A RH and A T1 between values taken at the start and the end of the measurement phase
can be determined. Finally, the gradient parameter defined as the ratio
RHcrap= (A RH / tour) [%/ s] and Tlcrap=(A T1 / tpur) [°C / s] can be successfully used for
evaluation and comparison. The positive linear trends RHir and T1cr as well as gradient
values represent the increasing trend; the negative ones signify the decreasing trend.

2.3. Contact Pressure Determination using an FSR Element

From a physical point of view, the FSR element is realized in the form of a flexible
thin film pressure resistive sensor. The output resistance decreases as the pressure on the
sensor surface increases [15]. There is typically a non-linear relationship between the out-
put resistance Resr in k() and the applied pressure in kg. Therefore, in praxis, the conduct-
ance Grsr=1/Resr is often used for building of the pressure characteristic. For pressure
measurement based on an FSR component, the voltage divider is usually applied. Its sup-
plementary resistor R1 is wired either as a push-up component connected to the power
supply or as the pull-down resistor connected to the ground. The output analogue signal
Vour from both types of voltage dividers depends on the actual value after A/D conversion
(Vapc), resolution ADres of the used ADC, and applied powering voltage Vcc as Vour =
Vapc x Vee /ADres. When the R1 is in the role of a push-down resistor, the resistance of the
FSR element is RO = R1 x (Vcc/ Vour - 1), otherwise RO = R1 x (1 — Vec/ Vour).

The FSR element can be also used for sensing of the blood pulsation in a vessel (on a
wrist), and it can be compared with PPG signals based on an optical principle. When the
sufficient contact pressure of the PPG sensor is applied on a vessel skin, a pulsation in the
rhythm of systolic peaks of the PPG wave is well detectable (see an example in Figure 1b).
On the other hand, too low pressure generates the PPG signal with lower range and the
diastolic pulse part is not well expressed (see the graph in Figure 1a), while too strong
pressure applied can degrade and compress the PPG signal taken from a vessel as docu-
mented by the graph in Figure 1c. In this way, HR values (HRrsr) and FSR signal parame-
ters (range — FSRrance, mean — ¢ FSR, and std — o FSR values) can be next determined. For
mapping of the correlation between heart rates determined from the PPG signal (HRrec)
and HRrsr values, the Pearson correlation coefficient Ree can be calculated, and the scatter
plot can be used for visualization.
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Figure 1. Example of a 5-k sample PPG wave with a pressure signal measured in parallel by an FSR
element: (a) with too low-pressure level, (b) with proper pressure value, (c) with too high pressure
applied; all signals taken on the left wrist, =500 Hz.

3. Objects, Experiments, and Results

3.1. Structure and Realization of a Wearable PPG Multi-Sensor

The currently realized prototype of a wearable PPG multi-sensor (further call as
“PPGs-HTF”) consists of two basic parts: the measuring probe and the sensor’s body with
a battery cell for powering. The measuring probe contains the following components:

e thereflectance optical PPG sensor with fully integrated analogue interface — the Pulse
Sensor Amped (Adafruit 1093) [16] by Adafruit Industries, NY, USA;

e  the Adafruit Si7021 Temperature & Humidity I2C Sensor (Adafruit 3251 — STEMA
QT) [14] by Adafruit Industries, NY, USA;

e the Force Sensitive Resistor — sensor Whadda WPSE477 [17] product by Velleman
Group NV, Gavere, Belgium.

e AsanFSR single point sensor was used the WPSE477 type with a 7.62 mm diameter
sensing area, 0.2 mm thickness, measure range up to 0.5 kg (lower pressure threshold
<20 g), and a declared accuracy of +2.5 % (in the 85% range interval) [17]. The Si7021
chip can measure the relative humidity in the range of 0-80% RH with an accuracy of
+3% and the temperature from -10°C to +85°C with a typical accuracy of +0.4°C [14].

e  The sensor’s body is based on the Arduino compatible micro-controller board Ada-
fruit Feather 328P by Adafruit Industries, NY, USA, using the processor AT-
mega328P by Atmel Company, running at 3.3V logic and 8 MHz, with eight 10-bit
ADCs, including also hardware 12C, and SPI support, hardware USART to USB
(CP2104) converter, and 100 mA charger for Lithium polymer (Li-Po) batteries [18].
Here is also located the bi-directional communication BT module MLT-BT05 by
Techonics Ltd, Shenzhen, China, working in the BT4.0 BLE standard at 2.4 GHz. The
whole sensor is normally powered by a 3.7 V Li-Po battery, but it is also possible to
use the 5V USB port for the purpose of micro-controller programming or debugging,
and first of all for charging of a battery cell. To enable measurements in a scanning
area of a running MRI device, both parts of this wearable PPG multi-sensor consist
of non-ferromagnetic components, and it is shielded by aluminum boxes — see as-
sembling photos in Figure 2.
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Figure 2. Construction of the PPGs-HTF sensor assembling: (a) photo of a measuring sensor part,
(b) photo of a sensor’s body including a Li-Po battery.

3.2. Auxiliary Experiments and Investigations

After verifying the sensor’s basic functionality in the normal laboratory conditions,
was performed testing the stability of wireless communication and quality of BT connec-
tion between the sensor and the control laptop in three conditions:

e MRI device is ready to scan, but no MR sequence is running — open shielding cage
door (Cond1);

e closed cage door without MR scanning (Cond?2);
e the MR scan sequence is executed — the door must be closed (Cond3).

The quality of wireless communication was evaluated in a low magnetic field envi-
ronment of the open-air MRI device E-scan Opera by Esaote S.p.A., Genoa, Italy, based on
a low static magnetic field of 0.178 T located at our Institute [19]. The tested multi-sensor
was present inside the scanning area of the MRI device; the control laptop was situated
outside the shielding metal cage — see the overall photo in Figure 3. During this measure-
ment a testing spherical water phantom was placed in the RF receiving/transmitting coil,
no person was really investigated. To obtain also a signal from the FSR component, the
measuring probe was fixed on a plastic cube (simulating of a human wrist) by a polyamide
ribbon — see the detail in Figure 3. The distance between the sensor and the control device
was approx. 2.5 m, the bi-directional BT communication was operated at a rate of 57600
bps. In the frame of the third testing condition, the MR scan 3D-CE sequence was running
[19]. The quality of the BT connection can be evaluated by the received RSSI parameter
representing an estimated measure of the power level received by a radiofrequency (RF)
client device from an access point [20]. In our case, the RSSI values in dBm were obtained
in the frame of the BT BLE connection establishment. The mean and std RSSI values cal-
culated from five measurements per each testing condition are shown in Table 1.
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Figure 3. Arrangement of RSSI measurement inside the MRI device E-Scan Opera located in the

metal shielding cage and a control laptop in front of the open cage door.

Table 1. Mean and std RSSI values measured in three conditions inside the E-Scan Opera device.

BT module / condition Cond1 Cond2 Cond3
MLT-BTO054) —862+03dBm -923+05dBm —-93.7+0.8dBm

A the BT BLE module working in BT 4.1 standard, serial communication operated at 57600 bps.

3.3. The Main Measurement Experiment

The main measurement experiment consists of real-time sensing of PPG waves, hu-
midity and temperature values together with the information about the current contact
pressure applied on the skin surface by a measuring probe. The tested person was sitting
with a hand laid on a table in a normal office room. The measuring probe was worn on
the wrist artery of the left or right hand, while the sensor’s body was fixed on the upper
part of the arm (see the arrangement photo in Figure 4). The measurements were realized
for three skin moisture levels:

e the sensor’s probe was worn without any adjustment of the skin surface of the

bottom wrist area (Normal);

e the skin surface is dried by a handkerchief (Dry);

e the skin is partially moistened by a wet cloth before the probe wearing (Wet).

The real-time measurements were performed in the following phases:

1. Preparation phase (M0) without any practical measurement, when the body of the
PPG multi-sensor is mounted on the tested person’s arm, BT connection with the con-
trol device is established, and the quality of the sensed PPG and pressure (FSR) signals
is verified. Next, some adjustment of the skin surface is performed depending on the
required skin moisture level.

2. The initial 90-sec measurement phase M1, when the RH and T1 values are taken in
the intervals of Tint= 1 s. In the first 30 seconds of this duration, the measuring probe
is freely laid on the desk (current air conditions are measured) and then the probe is
put on the left/right wrist of the tested person. At this moment, the offset of RH and
T1 sequences (RHors and T1ors) are determined.

3. Inphase M2 with the time duration of 256 sec, the PPG and FSR analog signals (sensed
using the sampling frequency fs=125 Hz) together with RH and T1 values (with
Tint= 0.2 s intervals) are recorded in parallel.
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4. The final 90-sec measurement phase M3 starts in the moment when the measuring
probe is put off from a wrist. In this case the RH and T1 values are again recorded
using Tinr=1s.

The total time duration of the whole measurement is approx. 8+10 minutes — depend-
ing on the length of the preparation part. The total number of the detected heart periods
Nrp usable for calculation of HR values (HRrrc and HRrsr) depends on the actual state of
a tested person during the measurement phase M2. The span changes of RH and T1 se-
quences during the measuring experiment with the sensor’s probe put on the skin is cal-
culated as the difference Y (RH or T1): AYron = Ymze — Yors. Here Ymze represents the last
value received from the S5i7021 chip in the phase M2 (RHwmze and T1mze) and Yors is the
offset value taken in about the 30t second of the M1 phase.

Measuring
probe

Sensor’s
body

Figure 4. Principal arrangement photo of the main measurement experiment.

During our experiments a small database of real-time signal records was collected. It
originated from seven non-smoker right-hand dominated volunteers (four males P1m-P4wm
and three females P1r-P3r) with a mean age of 52 + 18 years. The collected data records
consist of 6 files per a person in total — two from M1 and M3 phases and one from the
phase M2, picked-up on the left and right hands. They were subsequently processed off-
line to determine PPG and FSR signal properties and changes in RH and T1 sequences
within all measuring phases M1-3.

The following example describes determination of PPG signal properties together
with parameters of RH and T1 sequences taken from the right hand of a male testing sub-
ject P1m with the wet skin moisture level. Concatenated RH and T1 sequences for the
measuring phases M1-3 with denoted time stamps of the measuring probe putting on and
off, determined offset levels RHors and T71ors and final span changes ARHron and ATIron
can be seen in Figure 5. Comparison of sequences of HR values determined from PPG and
FSR signals is shown in Figure 6a, the scatter-plot in Figure 6b together with the calculated
Ree coefficient describing correlation between HRrec and HRrsr sequences. Table 2 enu-
merates partial results for all three tested skin moisture levels. Box-plots in Figure 7 com-
pare differences in statistical properties of ARHron, and ATIron parameters for three skin
moisture levels, categorized by the type of the used hand and the gender of the tested
person separately. Figure 8 presents summary mean results for all tested subjects visual-
ized as bar-graphs for tracking changes in five most important PPG signal properties —
HPrance, HPrirr, HR relative variance (HR1 from HRerc , HR2 from HRrsr values), and Rcc.
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Figure 5. Concatenated RH (upper graph) and T1 (lower graph) sequences for measuring phases
M1-3 taken in the wet skin moisture level with denoted time stamps of the measuring probe putting

on and off, determined offset levels, and final span changes; right hand of the subject P1m.
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Figure 6. Comparison of HRrrc and HResr values: (a) visualization of HRerc and HResr sequences,

(b) box-plot of basic statistical parameters, (c) the scatter-plot together with the calculated Pearson

correlation coefficient Rec.

Table 2. Partial results of PPG signal properties and HR statistical features for three skin moisture

levels; right hand of the subject P1wm.

Condition HPrance®[-] HPrwrie[%] HRIrvar® [%] HR2rvar© [%]  Rec [-]
Normal 35.2 29.1 2.09 2.21 0.968
Wet 20.4 26.6 1.65 1.79 0.941
Dry 25.7 26.6 1.29 1.58 0.894
A)

Measuring probe put on with the applied mean CP = 100 grams.

B)  Calculated from HRppg. © Calculated from HREsr.
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Figure 8. Bar-graphs of summary mean results for both hands and all tested subjects (from left to
right): values of HPrance, HPrirr , HR relative variance (HR1 from HRrrc , HR2 from HREsr).

4. Discussion and Conclusions

The performed measurement confirms functionality of the developed special proto-
type of a wearable multi-sensor enabling measurement of PPG signals, relative humidity,
temperature values, and contact pressure by an FSR element. Auxiliary experiments check
the practical possibility of wireless BT connection and data transfer through the shielding
cage of the open-air MRI device, but with lower signal intensity (compare values in Ta-
ble 1). The minimum RSSI of 94 dBm was reached when the cage door was closed and
an MR scan sequence was running, but the BT connection was always stable, the real-time
data transfer was still functional, and the received data of analogues signals were usable
for further processing and analysis.

Principally, there exist differences between skin properties of male and female sub-
jects. Female skin has generally slightly thinner capillaries, so lower contact pressure must
be applied to obtain a proper signal from the FSR sensor — suitable for HR values detection
and comparison with values obtained from the PPG signal. Therefore we finally tried to
apply the mean contact pressure of xCP=100 gram for the male tested persons and
4 CP=75 gram for the female ones.

The obtained results of realized main measuring experiments show that the per-
formed skin manipulation (skin drying and/or moistening) was well detectable in all cases
— see changes of ARHron parameter in Figure 7. As it can be seen here, when the moisten-
ing was applied, the highest ARHron values were achieved. From the point of view of
ATIron parameters the situation is opposite — skin moistening produces the smallest val-
ues. The detailed statistical analysis performed separately per hand and gender types (see
box-plots in Figure 7) documents that there exist differences in ARHron values between
results of male and female tested subjects, but results of measurements on the left and
right hands differ less(not much significantly). In the case of ATIron parameter, obtained
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values differs significantly for gender as well as the hand type. These conclusions must be
confirmed by further experiments — at present a small number of measurements on sub-
jects was realized (four males and three females only).

As it is confirmed by visualization of concatenated RH and T1 sequences for meas-
uring phases M1 and M3, the 90-sec time duration of F1 and F3 measuring phases was
chosen properly — during the main measuring phase M2 the changes of RH are minimal
(see upper graph in Figure 7). In the case of temperature skin changes which are affected
for a longer time, small increase of T1 values can be observed within the M2 phase. The
proposed return of T1 values to the offset level during the M3 phase was not practically
fulfilled as shown in the lower graph in Figure 5. For this reason, about one minute time
delay was finally applied before next measurement with different skin moisture level to
minimize this undesirable effect.

Different skin moisture levels are mainly expressed by changes in HPraNGE parameter
(see the left bar-graph in Figure 8). Skin drying affects decrease of heart pulse range, while
moistening brings increase of PPG signal ripple. Skin manipulation has not directly influ-
ence on the variance of the calculated HR values (obtained mean HR variance values are
comparable/similar), but in all cases the HRs determined from the FSR signal have higher
HR2rvar. The smallest Recc values (HRrrc and HResr differing mostly) were obtained after
skin moistening operation, as documented by the right bar-graph in Figure 8. So far we
cannot find any explanation for this effect; the planned more measuring experiments in
the near future could also cover this phenomenon.
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