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Abstract: Low-cost sensors and single circuit boards such as Arduino and Raspberry Pi have increased
the possibility of measuring biosignals by smart textiles with embedded electronics. One of the main
problems with such e-textiles is their washability. While batteries are usually removed before washing,
single-board computers and microcontrollers, as well as electronic sensors, would ideally be kept
inside a user-friendly smart garment. Here, we show results of washing tests with optical pulse
sensors, which can be used in smart gloves not only for hospitalized patients, and ATtiny85 as
an example of a single-board microcontroller, sewn onto different cotton fabrics. We report that
even without any encapsulation, all tested sensors and microcontrollers endured 10 washing cycles
at 30–60 ◦C without defects. For easier garment integration, we suggest using an ESP8266 with
integrated Wi-Fi functionality and offer a new program code to measure beats per minute (BMP) with
optimized accuracy.

Keywords: smart textiles; smart clothes; e-textiles; biosignal; vital signal; pulse sensor; microcontroller;
washability; display

1. Introduction

The increasing amount of cardiac diseases in many countries suggests the implementa-
tion of biosignal measurements in smart textiles [1,2]. Usually, the electrocardiogram (ECG)
of a person is measured as one of the most important ways to detect potential irregularities,
which is why several research groups developed single-lead or even 12-lead ECG garments
with textile electrodes [3–6]. However, such textile electrodes necessitate a sufficient skin
contact to transfer the very small ECG voltages from the skin reliably. This is normally
achieved by applying a relatively high pressure [7–10], which may result in an undesired
feeling and potentially even skin irritations.

In many cases, however, only the pulse needs to be monitored, offering not only the
pure pulse rate but also the pulse variability as a measure of the wealth of the heart and
the potential to register missing beats, if the applied software is suitable for this. While
the pulse can be measured by the aforementioned conductive textile ECG electrodes, it
can also be detected optically [11–13]. Especially when patients are examined by magnetic
resonance imaging (MRI), optical pulse measurements can avoid any potential hazard,
which may occur due to the wires of conventional ECG equipment [14].

In optical pulse measurements, the photoplethysmographic (PPG) waveform is de-
rived by the time-dependent light absorption in the local tissue [15] and is strongly corre-
lated with the ECG, if measured with high accuracy. An example of the correlation between
both measures in the case of cardiac arrhythmia is shown in Figure 1 [15]. The pulse rate is
usually measured between neighboring peaks or troughs or at the mean values [15]. In a
highly resolved signal, a small minimum between the systole part, starting from the trough,
and the subsequent diastole part can be visible [16].
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Figure 1. The effect of cardiac arrhythmia (PVCs) on the photoplethysmographic (PPG) waveform. 
From [15], copyright (2014), with permission from Elsevier. 

Pulse oximeters are used in many clinical areas, but their measurements can be neg-
atively influenced by patients’ behavior, as well as technical errors [17]. Another problem-
atic feature of common pulse oximeters is the rigid material of the clip, used to fix it on a 
finger, especially in long-term measurements [18]. On the other hand, smart watches con-
taining optical pulse sensors may work properly for healthy people [19], but are again not 
suitable for 24/7 monitoring of patients in hospitals where correct placement cannot be 
regularly checked, and data transfer cannot be fit to the respective IT infrastructure. Most 
important, however, is the finding that pulse measurements are most sensitive in the ca-
rotid region and lowest in the wrist region, where smart watches are usually worn [20]. 

While the idea to use optical pulse measurements instead of electrical ECG measure-
ments is, as discussed above, not new and has long been introduced into common medical 
technology in hospitals, the advent of steadily miniaturized microcontrollers and micro-
computers nowadays offers new possibilities to integrate optical pulse sensors and the 
equipment for their evaluation into garments, which will not damage a patient’s skin even 
during long-term measurements and allow defining the optimum position(s) of one or 
more pulse sensors [21,22]. Nevertheless, most researchers integrate only the sensors 
themselves into medical smart textiles and do not examine the integration of microcon-
trollers or microcomputers into the fabric [23–26]. One of the main reasons for this is prob-
ably the necessary washability of all electronics which are constantly embedded in textile 
fabrics. 

Here, we thus investigate the washability of low-cost optical pulse sensors from dif-
ferent producers as well as ATtiny85 as one potential microcontroller small enough to be 
fully embedded into a medical textile. During our study, we recognized some unneces-
sarily complicated parts and mathematical inaccuracies of the commonly used Arduino 
code for such low-cost pulse sensors and thus developed a new code for Arduino, also 
suitable for ESP 32 which we found to be highly suitable for such measurements as well 
as for textile integration. 

2. Materials and Methods 
The following pulse sensors were purchased for the washing tests: Funduino heart 

rate sensor “R13-B-6-2”, Berrybase pulse sensor, IDUINO SE050 (purchased from Conrad 
Electronic, Hirschau, Germany), Keyestudio XD-58C pulse sensor (purchased from Eck-
stein Komponente, Clausthal-Zellerfeld, Germany), and Joy-it KY-039 (DEBO Sens Heart) 
pulse sensor (purchased from Reichelt Elektronik, Sande, Germany). Moreover, the mi-
crocontroller Digispark Rev.3 ATtiny85 (AZ Delivery, Germany) was used in the washing 
tests. 

Figure 1. The effect of cardiac arrhythmia (PVCs) on the photoplethysmographic (PPG) waveform.
From [15], copyright (2014), with permission from Elsevier.

Pulse oximeters are used in many clinical areas, but their measurements can be
negatively influenced by patients’ behavior, as well as technical errors [17]. Another
problematic feature of common pulse oximeters is the rigid material of the clip, used to fix
it on a finger, especially in long-term measurements [18]. On the other hand, smart watches
containing optical pulse sensors may work properly for healthy people [19], but are again
not suitable for 24/7 monitoring of patients in hospitals where correct placement cannot
be regularly checked, and data transfer cannot be fit to the respective IT infrastructure.
Most important, however, is the finding that pulse measurements are most sensitive in the
carotid region and lowest in the wrist region, where smart watches are usually worn [20].

While the idea to use optical pulse measurements instead of electrical ECG measure-
ments is, as discussed above, not new and has long been introduced into common medical
technology in hospitals, the advent of steadily miniaturized microcontrollers and micro-
computers nowadays offers new possibilities to integrate optical pulse sensors and the
equipment for their evaluation into garments, which will not damage a patient’s skin even
during long-term measurements and allow defining the optimum position(s) of one or
more pulse sensors [21,22]. Nevertheless, most researchers integrate only the sensors them-
selves into medical smart textiles and do not examine the integration of microcontrollers or
microcomputers into the fabric [23–26]. One of the main reasons for this is probably the
necessary washability of all electronics which are constantly embedded in textile fabrics.

Here, we thus investigate the washability of low-cost optical pulse sensors from
different producers as well as ATtiny85 as one potential microcontroller small enough to be
fully embedded into a medical textile. During our study, we recognized some unnecessarily
complicated parts and mathematical inaccuracies of the commonly used Arduino code
for such low-cost pulse sensors and thus developed a new code for Arduino, also suitable
for ESP 32 which we found to be highly suitable for such measurements as well as for
textile integration.

2. Materials and Methods

The following pulse sensors were purchased for the washing tests: Funduino heart
rate sensor “R13-B-6-2”, Berrybase pulse sensor, IDUINO SE050 (purchased from Con-
rad Electronic, Hirschau, Germany), Keyestudio XD-58C pulse sensor (purchased from
Eckstein Komponente, Clausthal-Zellerfeld, Germany), and Joy-it KY-039 (DEBO Sens
Heart) pulse sensor (purchased from Reichelt Elektronik, Sande, Germany). Moreover,
the microcontroller Digispark Rev.3 ATtiny85 (AZ Delivery, Germany) was used in the
washing tests.
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While the Funduino sensor was washed separately in pre-tests for ten washing cycles,
the other sensors and ATtiny85 were sewn on five different cotton woven fabrics, as
depicted in Figure 2 (n = 5 for all pulse sensors and the microcontroller).
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Figure 2. Samples for washing tests.

Washing was performed in a household washing machine Miele WWA028 WPS Active
White with heavy-duty detergent in liquid form (30 ◦C, 40 ◦C) or in powder form (60 ◦C).
The washing parameters for the main tests are depicted in Table 1. Washing was always
performed in a laundry bag to avoid contacting the residual laundry with the multi-pin
connectors of the sensors.

Table 1. Washing parameters.

Washing Cycle No. Temperature/◦C Softener Spin Cycle/min−1

1 60 Yes 1200
2 40 Yes 1200
3 30 No 600
4 60 Yes 1200
5 30 No 900
6 40 Yes 1200
7 40 Yes 1200
8 40 Yes 1200
9 30 No 900
10 60 Yes 1200

For the setup to be included in medical garments, the following parts were tested: A
small microcontroller ESP8266 D1 mini with Wi-Fi functionality via ESPNOW, enabling
unobtrusive integration into smart clothes and data transfer towards a receiver; a larger
microcontroller ESP 32 as receiver, and a 1.8” display to allow for showing the pulse signal
without an additional computer monitor.

3. Results

After a brief comparison of the different pulse sensors, the results of the washing tests
are depicted and discussed before improved software and hardware solutions for the future
integration of a pulse sensor into medical smart clothes are provided.

3.1. Sensor Comparison

Generally, all of the aforementioned pulse sensors allow measuring the pulse, with
more or less resolution. The first measurements were performed based on the code from
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Pulsesensor.com [27], allowing the pulse signal in the serial plotter of the Arduino IDE to
be depicted. The signal of the 10-bit Arduino input is given in the value range of 0–1023,
corresponding to the voltage range of 0–5 V. The base line of the signal is usually found in
the middle of this value range, i.e., around 511. Figure 3 depicts measurements of different
fingers from two probands, taken by the Funduino heart rate sensor, indicating the high
dependence of these measurements on positioning and pressure on the skin.
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Figure 3. Pulse measurements of (a) proband A, left little finger (y-scale 200–1000); (b) proband A,
left little finger, measured on the next day (400–720); (c) proband B, left little finger (450–650).

Generally, for a single sensor, signal heights between approx. 100 and 500 were found,
depending on the pressure between the sensor and skin, the sensor position, the blood
pressure, etc. In most cases, only digital noise was observed, no power grid noise or the like
which may occur due to the USB connection to the laptop [28]. For signal heights of around
100, the digital noise of ±1 corresponds to a signal variation of ±1%, which is negligible
for data evaluation. Although being low-cost, this sensor apparently enables sufficiently
resolved pulse measurements.

The other pulse sensors showed strongly varying signals, partly with additional noise,
partly with much smaller signal heights than in the pretest with the Funduino sensor.
Figure 4 depicts exemplary measurements taken on proband B’s left little finger with
different sensors. While there is again a large variability of the signal height upon changes
in the measurement conditions, it was also found that the maximum signal height is not
identical for all sensors, i.e., with some sets of sensors from the same producer, only signal
heights much smaller than 100 could be reached (e.g., Figure 4a).
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501–513); (b) Iduino (490–540); (c) Iduino (508–520); (d) Keyestudio (500–560); (e) Joy-it (505–525);
(f) Joy-it (420–660).

3.2. Washing Tests

For a future integration of sensors and microcontrollers into smart clothes, it can
be expected that microcontrollers and soldering points will be carefully encapsulated.
However, it is not fully clear whether this is also possible for the optical pulse sensor,
without disturbing its function. Here, washing tests were thus performed for the worst
possible case, i.e., without any encapsulation.

In the pre-tests, one ATtiny85 was programmed to blink when inserted into a USB port
and washed 10 times, without any reduction of this function. In the main test series, five
microcontrollers sewn on textile fabrics (cf. Figure 2) were washed 10 times (cf. Table 1),
again showing no inhibition of their function. Apparently, these microcontrollers are
washable even without encapsulation.

The results of the sensor washing tests are given in Table 2.

Table 2. Sensor washing tests. “-” indicates detached connector cables, “ok” means that a pulse
signal could be measured. Connector cables were originally attached at Keyestudio, Joy-it and Iduino
sensors, while multi-pin connectors were soldered to Berrybase sensors.

Washing
Cycle No. Sensor

Sample Number
1 2 3 4 5 6 7 8 9 10

1 Keyestudio ok ok - - -
1 Joy-it ok ok ok ok ok
1 Iduino ok - ok ok ok
1 Berrybase ok ok ok ok ok

2 Keyestudio ok - - - -
2 Joy-it - ok ok - ok
2 Iduino ok - ok ok ok
2 Berrybase ok ok ok ok ok

3 Keyestudio ok - - - -
3 Joy-it - ok ok - ok
3 Iduino - - ok ok ok
3 Berrybase ok ok ok ok ok

4 Keyestudio ok - - - -
4 Joy-it - ok - - -
4 Iduino - - ok - -
4 Berrybase ok ok ok ok ok

5 Keyestudio ok - - - -
5 Joy-it - ok - - -
5 Iduino - - - - -
5 Berrybase ok ok ok ok ok
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Table 2. Cont.

Washing
Cycle No. Sensor

Sample Number
1 2 3 4 5 6 7 8 9 10

6 Keyestudio ok - - - -
6 Joy-it - ok - - -
6 Iduino - - - - -
6 Berrybase ok ok ok ok ok

7 Keyestudio ok - - - -
7 Joy-it - - - - -
7 Iduino - - - - -
7 Berrybase ok ok ok ok ok

8 Keyestudio - - - - -
8 Joy-it - - - - -
8 Iduino - - - - -
8 Berrybase ok ok ok ok ok

9 Keyestudio - - - - -
9 Joy-it - - - - -
9 Iduino - - - - -
9 Berrybase ok ok ok ok ok

10 Keyestudio - - - - -
10 Joy-it - - - - -
10 Iduino - - - - -
10 Berrybase ok ok ok ok ok

While the connector cables were mostly detached after a few washing cycles, mea-
suring pulse signals in a similar quality as before washing (cf. Figure 3) was possible for
all 40 sensors after re-establishing a connection at the sensors that had connector cables
attached in their original state. The self-soldered multi-pin connectors of the Berrybase
sensors were not impacted by washing.

These results are promising for the planned integration of such low-cost sensors and
microcontrollers into smart clothes, even if it turns out that the optical sensor unit cannot
be encapsulated. However, ATtiny85 may not be the ideal choice of a small microcontroller
since programming is unnecessarily complicated due to pins with double functions, and
no Wi-Fi functionality is embedded. This is why the next sub-section describes a more
sophisticated hardware setup, including ESP8266 D1 mini as a sender and ESP 32 as a
receiver, as well as a new lean code usable on Arduino, ESP, and other microcontrollers.

3.3. Hard- and Software Development

The hardware suggested for textile integration consists of the four parts depicted in
Figure 5. The heart rate sensor (upper part in Figure 5a) emits green light and measures
the reflection from the skin by a photodiode, which is transferred into an analog voltage
signal. The pulse signal (as visible in Figure 5b) thus shows the blood circulation since
reflection is reduced with a higher amount of red hemoglobin, which absorbs the green
light. The ESP8266 D1 mini (lower part of Figure 5a) reads the analog signal and transmits
it by ESPNOW (without the necessity of a local Wi-Fi network) to a receiver. Another
reason for using the ESP8266 D1 mini is its very low energy consumption. In the c state of
the project, the signal is sent in defined time intervals together with the heart frequency
measured from the raw pulse signal, as described below.

ESP32 serving as the receiver (Figure 5b, right part) first saves the transmitted sensor
value in an array, sets the display to fully white, and then plots the graph together with the
average heart frequency (Figure 5b, left part).
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The code that was developed within the current project is based on mathematical
criteria which must be fast, reliable, and repeatable. In order to determine the time between
two heartbeats as accurately as possible, the time window in which these criteria are
fulfilled must be very small. Currently, two criteria are used to detect a main chamber
contraction. One is whether the analog signal S(t) exceeds a certain threshold α, which is
further referred to as criterion C1. However, this condition can be fulfilled over a certain
period of time, which makes it difficult to determine the heart rate accurately.

C1(S) =
{

true i f S(t) > α
f alse i f S(t) ≤ α

(1)

Another criterion would be the rate of change over time. By numerically deriving the
signal value using a backward differencing scheme (BDS), it can be determined whether a
rising edge is currently being measured. Currently, the BDS is first order, so only the signal
value one time step before is needed. Similar to the first criterion, it is also checked whether
the derivative exceeds a certain value β. The disadvantage of this criterion is that it may be
fulfilled several times in the cycle of a heartbeat.

∂tS(t) =
S(tn)− S(tn−1)

∆t
(2)

C2(S) =
{

true i f ∂tS(t) > β
f alse i f ∂tS(t) ≤ β

(3)

By combining the two criteria, the described disadvantages can be completely cir-
cumvented. If suitable values for α and β are selected, a reliable criterion is formulated.
Equation (4) shows the combination of the presented criteria in the form as it is imple-
mented in the code.

C1∧2(S) =
{

true i f S(t) > α ∧ ∂tS(t) > β
f alse i f S(t) ≤ α ∨ ∂tS(t) ≤ β

(4)

Figure 6 illustrates schematically the previously described properties and problems of
the individual criteria and time windows. When looking at Cycle1, one can see the large
time window in which the criterion C1 would have detected a heartbeat. This is sufficient
for pure pulse detection, but too inaccurate for the determination of the time between
subsequent heartbeats. In Cycle2, the criterion C2 was applied. As can be seen, the rate of
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change within a cycle is very high in the three areas. That is, it is difficult to distinguish
between the contraction of the atrium [·], the contraction of the main chamber [:], or the

relaxation of the entire myocardium [
...]. Cycle3 finally shows the combination of the two

criteria and that both criteria complement each other well for their strengths. The time
window was significantly reduced, and multiple detection was also excluded.
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Now that a reliable method for detecting a heartbeat has been implemented, the time
between two beats must be determined. For this, two more variables are needed first.
One is the time ∆tloop which determines the delay between the individual measurements.
In addition, a counter nloop is needed, which counts the number of loops between two
heartbeats. The time between the heartbeats ∆tHB and the beats per minute (BPM) can now
be calculated:

∆tHB = nloop ·∆tloop (5)

BPM =
60

∆tHB
(6)

The following flowchart (Figure 7) simplifies the basic idea of calculating beats per
minute. If no heartbeat is detected, the counter is increased by one in each loop. When a
heartbeat is detected, the quantities are calculated based on the counter and the counter
is set back to zero. To the original condition C1∧2, the condition for the counter nloop was
added additionally.

The resulting BPM signal is not forwarded to the receiver unit unfiltered, but averaged
for the time being. The goal is an average value over a series of measurement data. Espe-
cially in this case, one would like to calculate BPMmean. To avoid unnecessary operations
inside loop conditions, instead of the BPM value, the average ∆tHB will be calculated first.
If the mean value of the time between two heartbeats is determined, the corresponding
BPMmean can be calculated once before sending the information to the receiver unit. The
span over which the average is taken is nsamples. So, a list of ∆tHB values containing nsamples
elements is needed. This list is created as an array ∆tHB,Arr where the individual elements of
the array can be addressed and used with the help of their indices. In this case, we decided
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to add the new elements at the end of the list. So, when adding a new element at the end,
the first element is “pushed out” by the second one. For example, if ∆tHB,Arr[nsamples] is
selected, the most recent value is always returned. If ∆tHB,Arr [1] is selected, this returns the
oldest value.

∆tHB,Arr =
(

∆tHB,1, . . . , ∆tHB, nsamples

)
(7)
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As mentioned before, when adding a new ∆tHB value, the oldest one at the beginning
of the list falls out. This gives the mean value the characteristic of a running mean over the
measured values. The calculation can now be carried out using the following expression:

BPMmean = 60·
(

1
nsamples

nsamples

∑
i=1

∆tHB,Arr[i]

)−1

(8)

This procedure is illustrated by an extended flowchart (Figure 8), which was supple-
mented by the averaging and the construction and sending of the data package. In the first
loop after the ∆tHB calculation, the populating of the array can be observed. The first value
in the array takes the value of the second one, the second one takes the value of the third
one, etc., until the penultimate element. Then, the last element is assigned the currently
calculated ∆tHB value. If the list is completely populated, the sum is calculated over this
array and within the calculation of BPMmean it is divided by the number of samples.

This code version was tested and found to work well for healthy probands, while the
detection of cardiac arrhythmia necessitates further development, as described in Section 4.

The full code for the sensor unit is given in Appendix A, while the code for the receiver
unit is provided in Appendix B.
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4. Future Developments

In the next development stages, the operation of the sensor unit with battery is to be
prepared. On the hardware side, this will be achieved by an even more compact ESP and a
suitable battery for the sensor unit, and on the software side by restructuring the program
flow chart. As described above, all data are currently sent continuously to the receiver unit.
This would mean unnecessarily high energy consumption in battery mode.

Nevertheless, the balance between detecting emergency events and low energy con-
sumption must be defined, possibly in different ways for different patients. Especially, the
definition of “sleep” for the sensor unit must be defined. If sleep means the D1 mini is still
analyzing and recording the signal from the sensor itself, it is easy to code a criterion for the
special disease, which can be detected from the signal of an optical pulse-sensor and trigger
a “SendAlarm” function to alert the medical staff. Energy saving is achieved by not sending
the data to the receiver unit via ESP-Now continuously, only when a specific irregularity
is detected. Additionally, the D1 mini has a large onboard storage, which is unused for
now. For example, this storage can be used to save signal history and timestamps until
they are retrieved.

While all sensors and microcontrollers were undamaged by different temperatures
and detergents during the first ten washing cycles, and only mechanical damage of the
connection lines occurred, which must be avoided in future developments, it is nevertheless
necessary to develop a suitable encapsulation so that especially no heavy damages occur in
case of a battery forgotten to be taken out of the equipment before washing.

When measuring and sending continuously in the moment, in the case of an arrhyth-
mia, the algorithm would filter out the measured value, because it would be classified as
implausible. Extending the algorithm with the ability to distill medical information from
the signal is another point for future development. Especially cardiac arrhythmia can be
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detected by the time between two heartbeats, and if the time is greater than a defined vari-
able, it can trigger an alarm, for example. The greatest advantage of the newly developed
algorithm is the precise detection of heartbeats and, consequently, the time between two
heartbeats, without skipping a single one. This is the reason why very precise timing is so
important and why this was one of the first steps in the project.

On the programming side, the following sequence is intended:

• Put the sensor it into an energy saving mode;
• Wake up the receiver unit wirelessly;
• Acquire data over a certain period of time;
• Send data to the receiver unit;
• Return to the energy saving mode.

Another advantage is that multiple sensor units can thus be managed and queried via
a central station.

One criticism of the current method would be the accuracy of calculating the time
between two heartbeats. If the tasks in the loop in which the counter is counted between
two heartbeats take too much time, this distorts the calculated time between two heartbeats,
which in the recent tests provided a negligible error of less than 0.1%. Essentially, the clock
frequency of the chip or on-board timers in general should be used.

The aspect of data protection and security should also be mentioned. Compliance with
security standards when sending and receiving sensitive data still has to be implemented.

In the future, the individual functionalities are to be made available in the form of
a library and further functions, such as heart rate variability and maxima/minima, are
to be added.

5. Conclusions

A recent project showed that washing optical pulse sensors from different companies
as well as microcontroller ATtiny85 in a common household washing machine for ten
cycles did not damage any of them, suggesting their integration into smart clothes for pulse
monitoring. Using an ESP8266 D1 mini as a transmitter and an ESP32 with 1.8′′ display
as a receiver, a stand-alone pulse measuring system was set up and equipped with an
improved code for Arduino and ESP. These tests and developments serve as the base for a
fully textile-integrated pulse measurement with mobile data storage and depiction.
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/* Sensor-Unit */ 
  
#include <Arduino.h> 
#include <ESP8266WiFi.h> 
#include <espnow.h> 
 
#define analogPin A0                            // Pin for reading sensor signal S(t) 
 
int     PS_value       =0;                 // PulseSensor-Value from analogPin 
const int diffOrder          =1;                 // Order of discretization for further developments 
int        PS_signal[diffOrder+1];              // Array for calculating the derivative 
int        delta_t_loop     =20;                // Loop-delay in ms 
int        millimin         =60000;             // Milliseconds per minute 
double    alpha           =570.0;             // Threshold for C_1, alpha 
double   beta            =0.2;               // Threshold for C_2, beta 
double   dt_PS_signal;                        // Rate of change for Criteria C_2 
int        n_loop          =0;                 // Loops between two heartbeats 
int        delta_t_HB      =1000;              // Time between two heartbeats 
double    avgBPM        =0.0;              // Average beats per minute 
const int n_samples        =5;                 // Number of samples for calculating average BPM 
double    delta_t_HB_Arr[n_samples];         // Storage for calculating average BPM  
double    sum;                                  // Summed up timeBetweenHeartbeats for averaging 
 
uint8_t peer1[] = {0x24, 0x0A, 0xC4, 0x5A, 0x05, 0x74};   // Define the Receiver-Unit via MAC-address 
 
typedef struct message { 
  int PS_value; 
  double avgBPM; 
}; 
struct message DataPkg; 
  
void setup() { 
  Serial.begin(115200); 
  WiFi.mode(WIFI_STA); 
  // Get Mac Add 
  Serial.print("Mac Address: "); 
  Serial.print(WiFi.macAddress()); 
  Serial.println("ESP-Now Sender"); 
 
  if (esp_now_init() != 0){ 
    Serial.println("Problem during ESP-NOW init"); 
    return; 
  } 
  esp_now_set_self_role(ESP_NOW_ROLE_CONTROLLER); 
  esp_now_add_peer(peer1, ESP_NOW_ROLE_SLAVE, 1, NULL, 0); 
} 
 
void loop() { 
 
PS_value = analogRead(analogPin);                 // Read analog value from Sensor and store it in S(t) 
PS_signal[0]=PS_signal[1];                                 // Push data through array with 2 elements 
PS_signal[1]=PS_value;          // -> 2, because order of differencing scheme is one 
dt_PS_signal=1.0*(PS_signal[1]-PS_signal[0])/delta_t_loop;    // Backward differencing scheme first order 
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  n_loop++; 
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DataPkg.PS_value = PS_value;                             // Construct DataPkg  
DataPkg.avgBPM = avgBPM; 
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Appendix B. Code for the Receiver Unit
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/* Receiver-Unit */ 
#include <Arduino.h> 
#include <WiFi.h> 
#include <esp_now.h> 
#include <TFT_eSPI.h>                    
#include <SPI.h> 
TFT_eSPI tft = TFT_eSPI(); 
 
typedef struct message  
{ 
  int PS_Value;            // S(t) 
  double avgBPM;           // BPM_mean 
}; 
struct message DataPkg;      
 
int PS_Value;  
double avgBPM;                           
         
const int displayLength = 160;             // Length of Display in Pixel 
const int displayHeight = 128;              // Height of Display in Pixel 
int graph[displayLength];                  // Storage for Plotting S(t) 
 
void onDataReceiver(const uint8_t * mac, const uint8_t *incomingData, int len) // Do this {...}, when receiving DataPkg 
{ 
 memcpy(&DataPkg, incomingData, sizeof(DataPkg)); 
 
 PS_Value=( DataPkg.PS_Value);          // Assign the Elements of the package to the variables 
 avgBPM=(DataPkg.avgBPM);  
 
for(int i=0;i<displayLength-1;i++){                        // "Push the Data through the Array" 
   graph[i]=graph[i+1];                                  // First element gets value from second, second from third, ... 
}                                                         // until second last element,  
graph[displayLength-1]=map(PS_Value,500,650,128,0);   // because last one gets the value mapped from DataPkg / S(t) 
 
tft.fillScreen(TFT_WHITE);                            // Reset screen to white 
tft.drawString("avgBPM:", 5, 5, 2);                     // Draw BPM_mean string on display 
tft.drawNumber(avgBPM, 70, 5, 2);                     // Draw BPM_mean value on display 
 
for(int i=0;i<displayLength-1;i++){                     // Draw black line from one coordinate to another            
   tft.drawLine(i,graph[i],i+1,graph[i+1], TFT_BLACK);  // Coordinates are the single S(t)-values which are mapped to 
  }                                                     // the pixel range of the Display and stored in graph[i] 
} 
 
void setup() { 
Serial.begin(115200); 
WiFi.mode(WIFI_STA); 
// Get Mac Add 
Serial.print("Mac Address: "); 
Serial.print(WiFi.macAddress()); 
Serial.println("\nESP-Now Receiver"); 
 
if (esp_now_init() != 0) {                              // Initializing ESP-NOW 
  Serial.println("Problem during ESP-NOW init"); 
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  return; 
  } 
 
tft.setTextColor(TFT_BLACK, TFT_WHITE); 
tft.init(); 
tft.setRotation(1); 
tft.fillScreen(TFT_WHITE); 
 
for(int i=0;i<displayLength;i++){                      // Initialize graph[i] as a straight line in the display middle 
   graph[i]=64; 
  } 
 
for(int i=0;i<displayLength;i++){                      // Draw line  
   tft.drawPixel(i,graph[i], TFT_BLACK); 
  } 
tft.drawString("avgBPM: No Signal!", 5, 5, 2); 
esp_now_register_recv_cb(onDataReceiver); 
} 
  
void loop() { 
} 
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