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Abstract 
In order to simplify the hardware design of electronic sphygmomanometer, reduce 
device hardware circuit area and improve the accuracy, this paper presents a method 
based on multiple quadratic regression model to realize uniform deflation of cuff 
pressure, and signal was processed by digital filtering to obtained pulse wave. STM32 
microcontroller and pressure sensor were used to collect data. Under the condition of 
fixed deflation rate, the function relationship between the duty ratio of the solenoid 
valve and the pressure in the cuff was analyzed. The high-frequency noise of pressure 
pulse wave was filtered by moving average filter, and the static pressure signal and pulse 
wave signal of the cuff were separated by IIR filter. After verification, Cuff pressure can 
realize uniform deflation, and the pulse wave signal can be separated from mixed signal 
by digital filtering, the device is more compact, and the accuracy of blood pressure 
measurement has been improved significantly. 
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1. Introduction 

As an important physiological parameter in human vital signs, blood pressure is an important basis 
for judging human health in clinical practice. It can predict cardiovascular and cerebrovascular 
diseases, so it is very necessary to realize a portable, miniaturized and high-precision electronic 
sphygmomanometer [1, 2]. Most electronic sphygmomanometers on the market adopt the 
measurement principle of osculation method. After rapid inflation, a small hole with a fixed aperture 
is used to deflate, during which data are collected and blood pressure is calculated [3]. Although the 
method of small-hole venting is simple, since linear venting cannot be achieved, the amplitude of the 
collected pulse wave will be affected. However, the measurement principle of oscillographic method 
has high requirements on the amplitude of pulse wave, so the data collected by small-hole venting 
will affect the accuracy of blood pressure measurement [4]. Collected the original mixed signal 
preprocessing used analog filter circuit, if need to use large amount of components such as resistor, 
capacitor, operational amplifier, not only increase the complexity of the hardware circuit design, 
difficult to debug, but also to increase the area of the whole hardware circuit, increase the weight of 
the electronic sphygmomanometer, affect the wearing comfort. As for the study of uniform venting 
of electronic sphygmomanometer, Yuan et al. studied several venting curves with fixed duty ratio, 
conducted polynomial fitting of positions with the same venting rate, and obtained PWM control 
function to realize uniform venting [5]. When the method is used to calculate the control function of 
different vent rate, the slope of each vent rate needs to be calculated separately to find the fitting point, 
and then the curve fitting needs to be carried out separately. Luo et al. proposed a blood pressure 
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signal processing method based on digital filtering, using 20Hz low-pass zero-phase filtering to 
remove high-frequency noise, and mean filtering to separate cuff static pressure signal and pulse wave 
signal [6]. The zero-phase filter has a good filtering effect, but the algorithm is too complex and 
requires time domain flip to achieve z transform, which is difficult to achieve on the MCU. 

In this paper, a multivariate quadratic regression model is proposed to predict the relationship between 
the duty ratio of the solenoid valve and the cuff pressure to achieve uniform air discharge. The pulse 
wave signals with good effect are processed by using the 9-order moving average filter and the 2-
order IIR filter to collect the mixed pressure signals. The uniform discharge of cuff pressure can 
improve the accuracy of blood pressure measurement. The signal processing method of digital 
filtering can reduce the hardware circuit and make the device more miniaturized. It is not affected by 
the external environment and has strong anti-interference ability. 

2. Principle of Oscillographic Blood Pressure Measurement 

The principle of oscillography blood pressure measurement has the advantages of no mercury risk, 
easy to use, portable and so on. It is the most commonly used non-invasive blood pressure 
measurement method. The principle of oscillographic method is to inflate the cuff first and pressurize 
the wrist. When the blood flow at the wrist is blocked, air is released at a uniform rate of 3~4mmHg/s. 
During the deflating process, the pressure signal in the cuff is collected by a pressure sensor. The 
signal is a mixed signal composed of static pressure of the cuff, oscillating pulse wave caused by 
pulse pulsation and other high-frequency interference. The cuff static pressure corresponding to the 
maximum value of pressure pulse wave AMP is the average pressure, and the pulse amplitude 
corresponding to systolic and diastolic blood pressure can be determined by the ratio of AMP, and 
the formula is as follows: 

 

SP DP
SP DP

MP MP

A A
K K

A A
 、                              (1) 

 

In the formula, ASP is the amplitude of the characteristic point of systolic pressure, ADP is the 
amplitude of the characteristic point of systolic pulse wave tension, KSP ranges from 0.30 to 0.75, 
and KDP ranges from 0.45 to 0.90. Blood pressure can be measured by matching the cuff static 
pressure corresponding to the characteristic point [7]. The principle of oscillographic method requires 
the separation of oscillating pulse wave signals to provide a data basis for the subsequent positioning 
of blood pressure characteristic points, which can directly affect the results of blood pressure 
measurement, so it is very important to collect and separate good pulse wave. 

3. Overall System Design 

3.1 The Hardware Design 

The hardware part of the system is mainly composed of STM32 single chip microcomputer, pressure 
sensor, motor, solenoid valve, OLED LCD screen, lithium battery(3.7V), triode and other 
components. The model of MCU is STM32F103RCT6. The main control chip has its own 12-bit 
analog digital converter, Inter-Integrated Circuit and Universal Asynchronous Receiver/Transmitter. 
The highest frequency can reach 72MHz, and it has 64Kb RAM and 512Kb Flash memory space. It 
can fully meet the experimental requirements of the system [8]. The physical hardware is shown in 
Figure 1(a), in which the size of PCB board is 69.5mm×45.7mm. The hardware design framework is 
shown in Figure 1(b). 
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(a) Physical hardware draw        (b) Hardware design block diagram 

Figure 1. Hardware design schematic diagram 

 

The model of the pressure sensor is MP3V5050GP designed by Freescale Company. The sensor is A 
pressure sensor using the piezoresistive effect of monocrystalline silicon, especially suitable for 
application in the internal microprocessor with A/D conversion function. Using the ADC of STM32 
MCU to collect the analog voltage signal output by the pressure sensor, the pressure value in the cuff 
can be measured. Through consulting the data manual and experimental verification, the analog 
voltage signal U(V) output by the pressure sensor has a linear relationship with the pressure value 
P(mmHg): 

 
125.2 15P U                                  (2) 

3.2 The Software Design 
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Figure 2. programming flowchart 
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In the principle of blood pressure measurement by osculation method, the cuff should be quickly 
inflated at a rate of about 30mmHg/s, and the cuff should be pressurized to block blood flow in the 
wrist artery. When the cuff pressure is 20~30mmHg higher than the systolic pressure, the wrist blood 
will be blocked, and then slowly decompression [9]. In this experiment, the maximum inflating 
pressure is set at 180mmHg to ensure that the cuff can block blood flow at the wrist. The software 
design process is shown in Figure 2. 

When the pressure is inflated to 180mmHg, PWM control function is used to adjust the duty ratio of 
the solenoid valve to achieve uniform air discharge. When the pressure is less than 40mmHg, the 
solenoid valve is completely opened to achieve rapid air discharge. The signal collected at uniform 
rate of air release and the signal processed will be sent to the serial debugging assistant on the 
computer side through serial communication protocol for further observation and processing.  

4. Study on Uniform Air - Out of Cuff Pressure 

4.1 Small Hole Vent Signal Acquisition 

The traditional charging and deflating electronic sphygmomanometer uses the small hole in the device 
to deflate. When the small hole with a fixed aperture is used to deflate, the deflating rate will be 
slower and slower with the decrease of the pressure value in the cuff, and the linear deflating rate 
cannot be achieved, which will bring errors to the blood pressure measurement. For comparison, the 
original signal in the cuff of traditional electronic sphygmomanometer was collected to observe the 
change trend of cuff pressure. As the amplitude of pulse wave can be neglected compared with the 
amplitude of static pressure of cuff, the variation trend of mixed signal can be approximated as that 
of static pressure of cuff. The collected mixed signal is shown in Figure 3. 
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Figure 3. Raw mixed signals deflated through the holes 

 

It can be seen from the results that the vent rate of the small hole is nonlinear, and the vent rate will 
slow down with the decrease of the pressure, and the effect of uniform vent can not be achieved. 

4.2 Solenoid Valve Vent Signal Collection 

In order to measure the rate of discharge when the solenoid valve is used, hot melt glue is used to 
plug the hole, and the solenoid valve is frequently opened and closed by PWM wave to control the 
rate of discharge. Only when the PWM frequency is set to 20Hz (arr is 999, psc is 719), the air 
discharge rate be controlled effectively. During data collection, the duty cycle of PWM wave was 
fixed every time. After the collection, the duty cycle was changed from 32% to 41%, respectively, to 
study the deflating curves of 10 groups of fixed duty cycle. The 10 groups of original mixed signals 
obtained are shown in Figure 4. 
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Figure 4. Deflating waveform under different solenoid valve duty ratio control 

 

The experimental results show that the deflating trend of each fixed duty cycle is similar to that of 
small-hole deflating, presenting a nonlinear deflating trend, and the deflating rate decreases with the 
decrease of pressure. When the duty cycle increases, the deflating rate also accelerates. 

4.3 Multiple Quadratic Regression Analysis to Calculate PWM Control Function 

Regression analysis refers to a statistical analysis method to determine the interdependent quantitative 
relationship between two or more variables. It can be divided into unary regression analysis and 
multiple regression analysis according to the number of independent variables. According to the 
relationship between independent variables and dependent variables, it can be divided into linear 
regression analysis and nonlinear regression analysis [10]. 

Through the experiment, it is found that the vent rate is determined by the current cuff pressure and 
duty ratio, and there is a nonlinear relationship among the cuff pressure, solenoid valve duty ratio and 
vent rate in the process of vent. In Figure 4, the change curves of cuff pressure under different vent 
duty ratios were polynomial fitted. The slope was vent rate, and the vent rates at different positions 
were recorded. In the process of venting, the key data useful for regression analysis are all in the first 
10 seconds, so a point on 10 different venting curves in the first 10 seconds is taken as the sampling 
point, so that the relationship between dependent variable and independent variable can be predicted 
to the maximum extent. 

The purpose of this section is to determine the relationship between the duty ratio and cuff pressure 
at a fixed vent rate and calculate the PWM control function to achieve linear vent of cuff. For the 
convenience of calculation, the duty cycle comparison value CCRx can be directly determined as the 
dependent variable Y, as the result of the predicted output, and the independent variable X1 is the 
cuff static pressure, and X2 is the vent rate. The relationship between them is shown in Table 1 
according to the positions of the 10 sampling points. 

 

Table 1. The relationship between pressure, vent rate and CCRx 

Number X1 X2 Y Number X1 X2 Y 

1 112.9 42.9 410 6 114.8 3.2 360 

2 91.1 17.5 400 7 120 2.4 350 

3 87.3 8.2 390 8 151 1.7 340 

4 91.8 4.6 380 9 156 1.1 330 

5 102.9 4.1 370 10 157.5 0.9 320 
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Using multivariate binomial regression command Rstool (X, Y, 'model', alpha) provided by Matlab 
statistical toolbox, x is the 10*2 matrix composed of independent variables X1 and X2, y is the 10*1 
matrix composed of dependent variables, Model is regression model, alpha is significance level. The 
default value is 0.05. According to the analysis, there is no linear relationship between dependent 
variable Y and independent variables X1 and X2, so the model selected in this paper is pure quadratic 
model, and the pure quadratic model is as follows: 

 

2
0 1 1

1

n

m m jj j
j

y x x x   


                               (3) 

 

x is the independent variable, y is the dependent variable, β is the regression coefficient, and n is the 
number of independent variables. Since there are only two independent variables in this experiment, 
the pure quadratic model after simplification is: 

 
2 2

0 1 1 2 2 11 1 22 xy x x x x                                  (4) 

 

Through Matlab simulation, an interactive interface can be obtained to directly export the regression 
coefficient: β0=458.1723, β1= -1.1166, β2=2.0201, β11=0.0017, β22=-0.0168. To verify whether the 
model meets the requirements, residual error and residual standard deviation are used to test the model. 
Residual error is the difference between the actual measured value in mathematical statistics and the 
predicted value of the regression equation, which is an important information to judge whether the 
regression model is correct. The calculation formula is as follows: 

 

ˆi ie y y                                         (5) 

 

The remaining standard deviation is used to reflect the degree of discretization of data, and the 
calculation formula is as follows: 
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                                    (6) 

 

After calculation, residuals=[0.1317-1.0281 0.6656 0.7899 0.3756 0.8811-3.8879 7.5338 1.6405-
7.1023]. Except for the eighth and tenth data, residuals of other data are close to zero. This indicates 
that the regression model is in good agreement with the original data. The 8th and 10th data can be 
regarded as outliers, and the remaining standard deviation is 4.001.It shows that the regression model 
has a good effect. 

In order to meet the requirement of linear vent rate, the vent rate is fixed at 3mmHg/s, and then the 
regression coefficient is inserted into Equation (4) to obtain the PWM control function: 

 
20.0017 1.1166 464.0814y x x                            (7) 
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x is sleeve pressure, and y is the comparison value of PWM wave of solenoid valve. The duty cycle 
of PWM wave can be changed in real time according to the pressure in sleeve to realize uniform air 
discharge. 

5. Blood Pressure Signal Processing 

5.1 Filter High Frequency Noise 

In the process of charging and deflating the cuff, the vibration caused by the charging of the motor 
and the deflating of the solenoid valve, as well as the friction between the cuff and the skin, will 
produce a lot of high-frequency noise. Pulse wave signals are mainly concentrated in 0.5~7Hz, and 
appropriate digital filters are selected to filter out high-frequency noises above 7Hz. Moving average 
filter has the advantages of simple algorithm and small amount of calculation, which is especially 
suitable for the realization of single-chip microcomputer with low power consumption and small 
memory. Therefore, the 9-order moving average filter is selected to remove high-frequency noise, 
and the calculation formula is as follows: 

 

1 2 1
1

1 1
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m
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                        (8) 

 

n≥m, xn-m+1~xn are the data samples successively collected by the current sliding window, yn is the 
output, m is the width of the window function, and continuous sampling data can be regarded as a 
queue with a fixed length of m [11]. In this paper,the width of the window function is 9, which can 
basically filter the high-frequency noise above 7Hz in the mixed signal. 

5.2 Pulse Wave Signal Separation 

The mixed signal after filtering out the high frequency noise mainly includes the cuff static pressure 
signal below 0.5Hz and the pulse wave signal between 0.5 and 7Hz. The IIR filter has a simple 
structure and has a good frequency selectivity when using a smaller order. Moreover, the number of 
operations and the required storage unit are less. In this paper, second-order IIR digital filter is 
selected to separate the cuff static pressure signal and pulse wave signal. IIR filter is a digital filter of 
infinite length unit impulse response, and its corresponding system function is: 
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a and b represent the filter coefficient matrix of the denominator polynomial and molecular 
polynomial of the system function H(z), X(z) represents the input sequence, Y(z) represents the 
output sequence[12]. 

In this paper, the direct structure of IIR filter is selected to transform the system function into the N-
order difference equation: 
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Since the filter order selected in this paper is two-order, N=2, M=2, the difference equation can be 
deduced as follows: 

 

0 1 2 1 2( ) ( ) ( 1) ( 2) ( 1) ( 2)y i b x i b x i b x i a y i a y i                      (11) 

 

x(i) is the input signal sequence, x(i-1) is the previous input signal, y(i) is the output signal sequence, 
and y(i-1) is the previous output signal. 

Matlab filter design tool was used to calculate the filter coefficients, IIR filter (Chebyshev I) was 
selected, the order was set to 2, the sampling rate was 125Hz, the passband frequency was 0.5Hz, and 
the maximum passband attenuation was 0.1dB. Because IIR filter contains internal feedback, 
feedback may cause system instability, in order to reduce the calculation error, the accuracy of the 
filter coefficient should be higher, but at the same time, considering the weak computing ability of 
MCU, especially for floating point data calculation. After the experiment, the filter coefficient is 
reserved to six decimal places to ensure the performance of the digital filter, the molecular filter 
coefficient matrix is B =[0.000502 0.001004 0.000502], the denominator filter coefficient matrix is 
a=[1-1.940096 0.942128]. 

6. Experimental Results and Validation 

6.1 Verification of Uniform Rate of Air Release 

In order to verify whether the PWM control function can adjust the solenoid valve duty ratio in real 
time according to the pressure in the sleeve, so as to achieve uniform air discharge. Before the blood 
pressure signal was collected, the subjects did not drink alcohol within 24 hours and had no adverse 
physical reactions. Before the test, the tester was required to sit quietly for 10 minutes, fix the cuff 
with the wrist, and adjust the sitting position so that the arm was horizontally placed on the table and 
as far as possible flush with the heart. The experimental device was a wrist blood pressure signal 
acquisition device, as shown in Figure 5. 

 

 
Figure 5. Blood pressure signal acquisition device 

 

Open the serial port debugging assistant at the computer end and connect it with the equipment, start 
the experimental equipment and start collecting data. The original data obtained by using PWM 
control function to control the discharge of solenoid valve is shown in Figure 6. 
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Figure 6. Original mixed signal of solenoid valve vent 

 

The experimental results show that the PWM control function obtained through multiple quadratic 
regression analysis can realize uniform air discharge in the cuff. The pressure value basically shows 
a linear change, and the air discharge rate is about 3mmHg/s, which is in line with the expected set 
value. 

6.2 Verification of Signal Processing Results 

The pulse wave signal can be separated from the collected original mixed signal by signal processing. 
The original mixed signal is shown in Figure 7(a), and the high-frequency noise above 7Hz is filtered 
out by using the 9th order moving average filter of Equation (7). The filtered result is shown in Figure 
7(b). The second-order IIR filter of Equation (10) is used to separate the cuff static pressure signal 
below 0.5Hz and the oscillating pulse wave signal between 0.5 and 7Hz. The cuff static pressure 
signal is shown in Figure 7(c). Since the pressure value of the pulse wave signal is very small, both 
are represented by amplitude, which is the AD sampling value, and oscillating pulse wave signal is 
shown in Figure 7(d). 

 

(a)Raw mixed signal (b) the signal after filtering out the high-frequency noise

(c)Cuff static pressure signal (d) pulse wave signal
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Figure 7. The result of signal processing 

 

It can be seen from the results that the signal after moving average filtering can filter out most of the 
high-frequency noise, and the signal is more smooth. After IIR filter to get the cuff of static pressure 
basic does not contain pulse wave signal, separating the pulse wave signal of high frequency noise, 
no other no interference peak point, peak point outline of the present standard of downward trend 
after rising first, and no obvious baseline drift, able to separate out the effect is good cuff static 
pressure signal and the pulse wave signal. 
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6.3 Single-chip Microcomputer Implementation 

In order to verify the final effect of moving average filter and IIR digital filter on STM32 MCU, the 
original signal collected was output through serial port communication, and the pulse wave signal 
separated by IIR filter was output after the HIGH frequency noise was filtered out by THE MCU. 
The above two signals were compared with the results after simulation processing in Matlab. The 
results of signal after filtering out high-frequency noise were compared as shown in Figure 8(a) and 
(b), and the results of pulse wave signal were compared as shown in Figure 8(c) and (d). 

 

(b)Simulation output signal after filtering out 
high-frequency noise

(c)Pulse wave signal output by MCU (d)Simulation output pulse wave signal

(a)The signal output by the single chip microcomputer 
after filtering the high frequency noise

 
Figure 8. Comparison between MCU calculation results and Matlab simulation results 

 

After verification, the single chip microcomputer processing output filter high frequency noise signal, 
the pulse wave signal and after Matlab simulation output signals after filtering, proved that the 9 order 
moving average filter and IIR digital filter can be implemented on the single chip microcomputer, 
and has better filtering effect, can isolate oscillation pulse wave signal. 

7. Conclusion 

This paper presents a study on uniform degaging of wrist electronic sphygmomanometer based on 
multiple quadratic regression analysis and a method of blood pressure signal processing based on 
digital filtering. The relationship of cuff pressure, bleed rate and PWM wave duty ratio is analyzed, 
and the PWM control function is calculated to realize uniform bleed. The 9-order moving average 
filter is used to filter out high-frequency noise, and the 2-order IIR filter is used to separate the static 
pressure signal and pulse wave signal of the cuff. The experimental results are compared with the 
Matlab simulation. The PWM control function and signal processing method can realize uniform 
pressure vent in the cuff, and can also separate the oscillating pulse wave signal with good effect. It 
lays a foundation for the subsequent calculation of blood pressure and provides a guarantee for the 
accuracy of blood pressure measurement. It has high realizable and engineering value. 
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