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PM2.5 and PM10 measurement technique based on light scattering usually exhibit inaccurate 
measurement results in their applications. For improving the reliability of this method for PM2.5 and PM10 
measurement, systematic research on the structure optimization of single particle light scattering sensors 
(SPLSS), calibration of SPLSS, and PM2.5/PM10 monitor development are carried out. Frist, by simulating 
and optimizing light scattering parameters, light scattering signals varied monotonically with particle 
size could be obtained, and thereby capability of accurate size-identifying can be established. Then, by 
developing threshold comparison circuit and calibration device, particle size channel of SPLSS or 
monitor could be divided, and particle counting efficiency could be corrected. Finally, by obtaining 
empirical values of parameters, i.e., heating temperature, particle density, involved in the developed 
dynamic heating system and PN-PM algorithm, interference of humidity and particle characteristics can 
be effectively eliminated, thus particle mass concentration (PM) could be calculated according to particle 
number concentration (PN) in each channel. The results show that the developed monitor has good 
accuracy by comparing it in atmospheric air with reference methods of PM2.5/PM10. 
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 Introduction 

The rapid industrialization and urbanization 
process has greatly improved our life level, while also 
bringing serious air pollution, such as inhalable 
particulate matter (PM10) and fine particulate matter 
(PM2.5). The air pollution caused by PM2.5/PM10 not 
only greatly harm to human health, but also seriously 
hinders economic development [1-3]. Faced with the 
severe environmental pollution and governance 
needs, PM2.5/PM10 daily monitoring have been carried 
out in many countries, e.g., in China, not only a huge 
monitoring network been established, but also 
systematic technical regulations for measurement 
methods or monitors have been completed [4,5]. 

Currently, four kinds of PM2.5/PM10 measurement 
methods are available [6-11], i.e., tapered element 
oscillating microbalance (TEOM), Beta gauge, 
gravimetric method, and light scattering. The 
gravimetric method is based on filter membrane 
weighing, which can make mass concentration of 
particulate matter trace to SI unit, therefore, it has 
already been considered as a reference method for 
PM2.5/PM10 [7]. However, to make electronic balance 
employed in method can output accurate results, it is 

necessary to load enough particulate matter on the 
filter membrane, so it is actually a time-consumed 
method and cannot output real-time results. As 
continuous automatic methods for PM2.5 and PM10, 
TEOM method and Beta gauge method can output 
measurement results per less than 1hour with high 
accuracy and sensitivity [7], but both methods are 
relatively expensive and impactors with nominal 50% 
cut-points of 2.5µm and 10µm are required to obtain 
aerosol samples meet the definition according to 
aerodynamic principle. 

Compared with the above methods, light scattering 
method for PM2.5/PM10 has the advantages of low-
cost, outputting real-time results with interval of 
seconds-level, etc. By using monitors or sensors based 
on this low-cost technology, high-density monitoring 
network in specific areas, such as industrial zone or 
residential community, could be established, and real-
time PM2.5/PM10 monitoring date and emission 
behavior within regions can be detected in time 
[10,11]. However, in light scattering measurement 
technology, due to significant effect of particle 
characteristics (density, refractive index, shape factor, 
particle size distribution, etc.) and instrument  
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characteristics (scattering angle, scattering solid angle, 
etc.), measurement results by light scattering method 
are unsatisfactory in many cases [12-21]. For 
effectively improve the accuracy and reliability of 
PM2.5/PM10 monitor based on this method, in this 
paper, a PM2.5/PM10 monitor based on the single 
particle light scattering was developed, where, the 
sensor’s structure was optimized to ensure well-
correspondence between output signal and particle 
size, sensor’s particle size channels and count 
efficiency were calibrated to make the output signal 
(particle number concentration, PN) in each channel 
more reliable, the empirical values of parameters, i.e., 
heating temperature, particle density, involved in the 
developed dynamic heating system and PN-PM 
algorithm, were achieved. 

 Materials and Methods 

 Design of PM2.5/PM10 monitor 

2.1.1 Simulation and theoretical analysis of light 
scattering 

Mie scattering is the theoretical basis of light 
scattering method for airborne particle size and 
further concentration measurement [2], where light 
scattering flux (F), derived from single equivalent 
spherical particle in the light scattering zone, is an 
important output signal that reflects the characteristics 
of particles. The F can be represented by equation 1, 
which is closely relate to such parameters as F, _, °±, λ and > . Among those parameters, λ , _ 
and  °± are associated with sensors’ structure. 

I�F, _, °±, λ, m� � µ0 λ�
4Z� · H� _, ¸, ^, m�]HA_._.¸  

¹º
 (1) 

Where: 
 i…The particle’s scattering function in the space,  
D…The particle size,  _…The scattering angle,  °±…Solid angle of collected scattering light,  µ0 , λ  and ¸ …The intensity, wavelength and 

polarization angle of laser,  
m…The relative refractive index of particles,  ^ …Parameter related to particle size, which is 

equal to �ZD�/λ.  
Making light scattering signals varied 

monotonically with particle size is critical to effectively 
identify and measure airborne particles with different 
sizes according to F. For a sensor configured with a 
certain laser source, F is mainly dependent on _ and  °± if the measurand is not considered. Here, F~D 
relationship with different _  and °±  values was 
simulated using MTALAB software by assuming the 
particle’s relative refractive index (m=1.688), laser 
wavelength (¼=650 nm). In the condition of setting 
solid angle of collected scattering light (°±� to 30 °, 
the simulated F~D characteristic curves at different 
scattering angle (_=30 °, 45 °, 60 °, 75 °, and 90 ° 
respectively) could be obtained as shown in Fig. 1, 
where, when the scattering angle are equal to30 °and 
45 °, the curves exhibit obvious oscillation, but when 
scattering angle was setting to 60 °, 75 °and 90 °, F~D 
curves become smooth, and the larger the scattering 
angle, the smoother, which indicates that in this 
situation there are significant monotonic relationships 
between F and D. 

 

Fig. 1 Simulation curve of light extraction direction angle and 
F~D characteristics 

 

Fig. 2 Simulation curve of light-harvesting stereo angle and 
F~D characteristics 
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Similarly, by setting scattering angle (_� at 90 °, the 
F~D curves at different solid angle (°±=15°, 25°, 
35°, 45°, 55°, 65°, 75° and 85 respectively) could be 
obtained as shown in Fig. 2, where, no matter the 
values of °± , there always present fine coherence 
between F and D. But further information can also be 
drawn from Fig.2 that when °± is in 55°~65° range, 
F is approximately linearly related to the square of the 
particle size (D2) within several specific particle size 
ranges (will discuss it detailly in 3.1 section). As it is 
well known that for a photodetector, there 
is linear correlation between the input signals (light 
intensity of flux) and output signals (voltage) within its 
measurement range. So according to simulation results 
that in the condition of by setting _ =90 ° and °± =60° respectively, the output voltage (u) of 
photodetector will be proportional to the square of the 
spherical particle size (D2), which can be expressed by 
equation 2.  

½ � %F� � ¾ (2) 

\ � �� � � ¿ >� � Z6 ⋅ �� ⋅ � ⋅ F~ (3) 

Where: 
 u…The output voltage for the photodetector [V];  
D…The particle size [m];  
a and b…Constants;  
m…The mass of the single particle [µg];  �…The density of spheric particle [µg·m-3].  
For the aerosol sample composed of spherical 

particles with the same density and size, if PN is 
known, then its mass concentration can be calculated 
by equation 3, i.e., mass concentration (C) of the 
sample is directly proportional to the number of 
particles per unit volume (�/��, particle density (��, 
and particle size (D) which could be calculated from 
equation 2. 

Therefore, as long as the relationship between D 
and u, particles number per unit volume and the 
particle density can be measured or accurately 

obtained, the particle mass concentration in each 
particle size channel can be calculated. And then, by 
accumulate the mass concentrations of each channel 
in less than 2.5µm or 10µm, PM2.5 and PM10 could 
finally be obtained.  
 
2.1.2 Development of PM2.5/PM10 monitors 

The schematic diagram of designed PM2.5/PM10 
monitor is shown in Fig. 3, where sampling module, 
optical module (sensor based on light scattering), 
circuit module and software module are mainly 
involved. Sampling module should pump aerosol 
samples into the optical module of the monitor at a 
constant flow rate and minimize humidity interference 
on light scattering signals as much as possible. In view 
of this, a Dynamic Heating System (DAS) with 1m 
effective heating length was first designed. By 
continuously heating the pumped aerosol sample, the 
moisture attached on particles could be removed, 
thereby ensuring the reliability of particle sizing 
derived from light scattering flux. In DAS there 
mainly are humidity sensor for ambient aerosol, 
sampling inner tube with heating resistance wire 
wrapped externally and temperature sensor, 
temperature & humidity dynamic control circuit, and 
temperature insulation layer with outer-shell, etc. Base 
on the obtained humidity results obtained by the in-
build sensor, on-off of heating resistance wire, 
temperature inside the sampling inner tube could be 
controlled automatically. Here, the heating function 
will not be activated in humidity less than 30%, while 
when humidity is in 30% -88%, and larger than 88%, 
the heating temperature are set at 40 °C and 60 °C 
separately. 

A gas pump (Thomas G3/04) was used as the 
drawing source to let the aerosol sample into the mon-
itor at nominal flow volume of 1L/min. More than 
that, a flow monitoring unit is built in flow circuit, by 
using it and PID algorithm, constant flow output of 
the gas pump can be achieved.

 

Fig. 3 Schematic diagram of the structure of PM2.5/PM10 monitor 
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Fig. 4 Schematic diagram (a) and mechanical structure 
diagram (b) of the SPLSS 

 
Where: 
1…Light trap， 
2…Outlet， 
3…Spherical mirror， 
4…Cylindrical lens， 
5…Laser source， 
6…Collimating lens， 
7…Inlet， 
8…Photodetector. 
As the key component of monitor and for 

achieving accurate results of PM2.5/PM10 
concentration, optical module (sensor) should be of 
the measurement capability with upper limit not less 
than 10µm. Although the number concentration of 
particulate matter in the atmospheric air tends to 
increase with the decrease of particle size, particles less 
than 0.3µm have an ignored influence on PM2.5/PM10. 
So, considering of R&D costs, the particle size lower 
limit for monitor as low as 0.3µm is sufficient. Based 
on the simulation results described in 2.1 section, a 
kind of single particle light scattering sensors (SPLSS) 
with (0.3~10) µm measurement capability was 

designed as shown in Fig. 4 (a), where, point C, O, and 
F are the vertices, curvature centers, and focal points 
of the spherical mirror, respectively, and point G is the 
particle position, also known as the photosensitive 
zone position. 

This sensor is mainly composed of a laser source 
(with 650nm wavelength, 10mW power), collimating 
lens (with outer diameter Φ 6mm, radius of curvature 
R 4.15mm, focal length f 8mm), cylindrical lens (with 
radius of curvature R 10mm, focal length f 20mm), 
spherical mirror (with outer diameter Φ 25 mm, focal 
length f 10mm, radius of curvature R 20 mm), 
photodetector (with 6mm×6mm photosensitive area 
and 0.38 A·W-1 photoelectric conversion efficiency), 
aerosol inlet/outlet and light trap, etc. The distances 
of the vertices of the spherical mirror to the center of 
the photosensitive region and to the photodiode are 
11.6 mm and 34.4mm. The mechanical and physical 
diagram of the sensor are shown in Fig. 4 (b). 

As it is well known, sensor’s physical resolution for 
particle size is dependent on its structure and 
employed optical components, etc. But in addition to 
this, if increasing the number of particle size channels 
appropriately, the ability for recognizing particles can 
also be increased, and accordingly, the measurement 
accuracy for particle mass concentration could be 
improved. Therefore, in this paper, a circuit module 
based on threshold comparison was developed to 
divide sensor’s particle size channels into 16 channels, 
which are 0.3µm, 0.4µm, 0.5µm, 0.6µm, 0.7µm, 
0.8µm, 0.9µm, 1µm, 1.5µm, 2µm, 2.5µm, 3µm, 4µm, 
5µm, 7µm and 10µm. Meanwhile, for observing the 
original pulse signal from photodetector and further 
calibrating voltage corresponding to particle size, a 
BNC interface for outputting original signal is 
reserved. For the software module, there are three 
parts according to its function, MCU main program, 
flow monitoring & adjustment program, and data 
collection & processing program. And among them, 
data collection & processing program can process data 
according to the PN-PM algorithm, simultaneously 
output and store PN concentration of each particle 
size channel, PM2.5/PM10 results. 

PN-PM algorithm mentioned here is a calculate 
method to obtain the corresponding mass 
concentration from the PN concentration in each 
channel. For light scattering sensors, D in equation 3 
should be the equivalent particle size of the channel. 
Due to light scattering is more sensitive to particle’s 
volume and surface area, the particle size base on 
volume surface area ( F~� ), can be obtained by 
equation 4, is selected as the equivalent particle size of 
the channel. 

F~� � 34 F�S�À G F�À
F�S�~ G F�~ (4) 
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Where: FÁ  and FÁS�  respectively are lower and upper 
particle size limits of the channel n. 

Density is critical to obtain believable mass results 
according to PN-PM algorithm. Research shows that 
the effective density of particles in ambient is not only 
regions and time dependent [22, 23], but also it is size 
dependent. Generally, by using high resolution online 
and in situ measurement techniques, effective density 
of particles could be measured [22]. In this paper, 
empirical data of effective density drawn by 
summarizing literature were adopted [22-26], that is, 
within the range of (0.3-1.0) µm, (1.0-2.0) µm, (2.0-
5.0) µm and (5.0-10.0) µm, the effective density values 
were set to 1.60 g·cm-3, 1.90 g·cm-3, 2.10 g·cm-3, and 
2.26 g·cm-3. 

 Discussion of results 

 SPLSS calibration and monitor’s 
performance verification 

3.1.1 Calibration of SPLSS 
According to the analysis mentioned before, for 

accurately measuring the PM2.5 and PM10, it is 
necessary to establish a relationship of particle size and 
voltage (D~u) of SPLSS, as well as the particle 
counting efficiency within each particle size channel. 
In this paper, a calibration device based on 
monodisperse sample generation and static mixing 
was developed, as shown in Fig. 5, where aerosol 
generation system, calibration chamber, and standard 
measurement equipment are involved. 

 

Fig. 5 Schematic diagram of sensor calibration system 
 

Where: 
MFC…Mass Flow Controller,  
ADD…Aerosol Diffusion Drier,  
PHA…Pulse Height Analyzer,  
DEMC…Differential Electrical Mobility 

Classifier,  
HEPA…High Efficiency Particulate air filter. 
An atomizer and a dust generator available 

commercially are the main components of our aerosol 
generation system. Wherein, TOPAS ATM220 
atomizer was used to atomize suspensions of 
polystyrene particle size reference material with 
different particle sizes, and after the droplets were 
passed through aerosol diffusion dryer, solid particles 
could be formed, and then after though aerosol 
neutralizer and Differential Mobility Classifier (TSI 
3086), monodisperse aerosol sample with nominal size 
of (0.3~1.0) µm could be obtained. PALAS RPG1000 
dust generator was used to generate monodisperse 

powder polystyrene particles surface modified with 
sulfonic acid groups, and after this formed original 
aerosol sample passing though corona discharge 
neutralizer, monodisperse aerosol samples with 
nominal size of (1.0~10) µm, which are electrically 
neutral in total, could be obtained.  

The design idea of the calibration chamber is as 
follows: 1) A rectangular cubic chamber with length, 
width and height of 75 cm, 75 cm and 100 cm 
respectively, where its internal volume is about 
0.056m3; 2) Two fans with adjustable rotate speed 
were installed at the top and bottom of chamber, 
which can quickly improve the uniformity of aerosol 
samples inside the chamber; 3) A stainless steel 
support mesh was installed at its half height for 
placing calibrated sensors and reference instruments; 
4) In the location of approximately 5cm above of the 
stainless steel support mesh, four aerosol inlets , with 
entrance section vertically upwards and 10cm away  
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from the edge of the chamber, were installed on both 
sides; 5) A draw outlet and an inlet were equipped on 
the top and bottom of the chamber for internal 
cleaning.  

Uniformity of particle in the chamber, which is 
critical for obtaining reliable calibration data, is 
simulated by using Ansys Fluent software. As whole, 
the space of the chamber was firstly divided into 
50mm grids. While in the region of aerosol inlets and 
fan blades, grids were subdivided into 1mm and 5mm. 
The solving model was set to Realizable k-e viscous 
model with an extensible Scalable Wall Function 
(SWF) and a discrete phase model, where, particles 
were set to spray along the normal direction for 10 
seconds. The fan’s blades were set to rotate around the 
Y-axis, with no translation speed in the 3-D directions. 
The boundary conditions were set as follows: the 
velocity of inlets was 0.5m·s-1, the turbulence intensity 
and viscosity ratio were 5% and 10 respectively, and 
the wall surface outside the inlet were a standard 
roughness and non-slip stationary walls. during 
solving, mixed initialization was selected, time steps 
and time step size were 1000 and 1s, and the maximum 
number of iterations was 20. 

 

Fig. 6 Mixing simulation diagram of calibration chamber 
 
Where: 
a, b and c…Simulation results in the condition of 

using fans with different blade lengths (12cm, 20cm, 
and 30cm) and setting rotation speed to 50 r·min-1.  

d, e and f…Simulation results in the condition of 
using fans with blade lengths (12cm, 20cm, and 30cm) 
and setting rotation speed to 100 r·min-1. 

The simulation results were obtained as shown in 
Fig.6. By using fans with different blade lengths 
(12cm, 20cm, and 30cm) and setting rotation speed to 
50 r·min-1, the particles in the chamber exhibit 
disordered and non-uniformity states, as shown in Fig. 

6 (a), (b), and (c). While in the condition of using fan 
with 20cm blade lengths and with 100 r·min-1 rotation 
speed, the particles are evenly distributed in the 
chamber space, as shown in Fig. 6(e). Furthermore, 
under this operation condition, the uniformity of 
particle concentration in a square area with a side 
length of about 50cm (the shaded area in Fig. 7) above 
the support mesh section were tested. In this 
experiment, 0.5µm and 10µm polystyrene particles 
were generated successively, and particle number 
concentration larger than 0.3µm and larger than 5µm 
were measured respectively by using an optical particle 
counter (TSI 9306) at 9 different points in the area (as 
shown in Fig. 8). The final results are exhibited Fig.8, 
that the PN average values of ≥0.3µm and ≥5µm 
measured at 9 points in the concerned area are 23049 
particles·L-1 and 14894 particles·L-1 respectively, with 
relative standard deviations of 2.2% and 3.3%.  

 

Fig. 7 Schematic diagram of sampling location 

 

Fig. 8 PN concentration in different sampling location 
 

When a kind of monodisperse aerosol sample was 
generated by using the calibration device and drawn 
into sensor, the mean pulse voltage derived from the 
particles passing through light scattering zone could 
be obtained by connecting pulse height analyzer 
(MCA-8000A) with signal output of sensor, which was 
the respondent voltage (u) to this particle size (D). So, 
in this way, the u~D2 calibration curves in different 
particle size ranges could be finally established, As  
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shown in Fig. 9, the linearities (R2) are 0.9724, 0.9974, 
and 0.9990 respectively in the range of (0.3-1) µm, (1-
2.5) µm and (2.5-10) µm, which indicate the good 
linearity between u and D2 for our designed SPLSS.  

 

Fig. 9 Linear fit of u and D2 in particle size range 

During particle counting efficiency calibration for 
SPLSS, the aerosol samples with nominal values of 
0.3µm, 0.4µm, 0.5µm, 0.6µm, 0.7µm, 0.8µm, 0.9µm, 
1.0µm, 1.5µm, 2µm, 2.5 µm, 3µm, 4µm, 5µm, 7µm 
and10µm were generated in order by using the above 
calibration system. By directly compared with 
reference particle counter (TSI9306), which have 
already been calibrated with condensation particle 
counter, particle counting efficiency in each channel 
of the sensor could finally be obtained. All calibrated 
results were exhibited in Fig. 10, where, within (0.3-
10) µm range the particle counting efficiency of the 
sensor is in 93%~106%, error bars represent the 
calibration expanded uncertainty (k=2). Then those 
calibrated results were written into the software 
system of the monitor for correcting the particle 
counting value (N). 

 

Fig. 10 Calibration results of particle counting efficiency 
 

 Performance verification of monitor 

To verify the reliability of monitor for measuring 
PM2.5 and PM10 in real environment, comparative tests 
were conducted with PM2.5/PM10 samplers based on 
filter membrane weighing method in Chaoyang 
District, Beijing from April to May 2022. In this 
comparison period, the daily average of PM2.5 and 
PM10 were in range of (5-130) µg·m-3 and (50-500) 
µg·m-3. In comparison, for PM2.5/PM10 samplers, 
sampling flow volumes are controlled within ± 3% of 
nominal flow volume (16.7L·min-1). Fiberglass filter 
membranes was used to deposit atmospheric 
particulate matter. Before and after sampling, the 
blank and particle-deposited membranes were 
balanced for 24 hours in a constant Temperature & 
Humidity chamber, where T&H were controlled 
within (20 ± 0.2) ℃ and (50 ± 2) %RH, to eliminate 
the impact of moisture. And in the same T &H 
situation, masses of those membranes were weighted 
by using balance with resolution of 1µg. Finally, 
according to the mass difference of membrane 
deposited with particles after 24-hour-sampling and 
blank membrane and the sampling volume in standard  
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condition, the PM2.5 or PM10 concentration could be 
calculated as standard values. For the monitor, the 
PM2.5 or PM10 average values within 24 hours can be 
obtained by software. In this way, 15 pairs of PM2.5 
valid data pairs, and 16 pairs PM10 valid data pairs were 
obtained. 

Fitting through linear regression of those data 
pairs, both PM2.5/PM10 results of developed monitor 
have good consistency with the filter membrane 
weighing method, as shown in Fig. 11. The 
parameters, i.e., slopes, intercepts, and correlation 
coefficients, in linear regression equation of PM2.5 and 
PM10 results, meet the technical requirements of of 
Chinese standard (HJ653-2021), where, the 
specification of PM10 and PM2.5 continuous automatic 
monitoring system including light scattering method 
are proposed. 

 

Fig. 11 Comparison results of PM2.5 (a) and PM10 (b) of 
monitor 

 Conclusion 

Low-cost PM2.5 and PM10 monitoring instruments 
based on single particle light scattering was developed, 
which could measure PM2.5 and PM10 in atmospheric 
air accurately. In this research, for precisely identifying 
the particle size, establish the quantitative relationship 
between the light scattering flux and the particle size 
is essential. While the simulation results show that in 

the condition of scattering angle and the scattering 
solid angle are 90 ° and 60 ° respectively, within 
several specific particle size ranges the voltage signal 
of the photodetector has a good linear relationship 
with the square of the particle size. Based on this 
optimization result, the monitor’s particle size range 
was divided into 16 channels using a threshold voltage 
comparison circuit. The calibration results indicate 
that the threshold voltage is linearly proportional to 
the square of particle size (D2) within different particle 
size ranges, which is consistent with expectations. 

For calibration and correction of the counting 
efficiency and particle size channel of SPLSS or 
monitor, a calibration device was developed, where, by 
using atomizer connected with differential mobility 
classifier and dust generator, monodisperse aerosol 
samples with peak value in (0.3~10) µm could be 
obtained. The simulation and experimental results 
indicate that the uniformity of particulate matter in the 
calibration chamber was fan blade length and rotate 
speed depend, and when the rotate speed was 
100r·min-1 and the length of the fan blade was 20cm, 
the uniformity of the working section was better than 
3.3%. 

In the PN-PM algorithm, density is an important 
factor affecting the accuracy of calculated PM2.5 and 
PM10 results. Although diversity of particle sources in 
aerosols, there is a certain correlation between particle 
composition and particle size. Therefore, the particle 
composition varies among different particle size 
segments, i.e., the density of particles within different 
particle size segments can be obtained from the 
density of their dominant particles. Bason on this 
consideration and referring to relevant research 
conclusions, in this paper, density values of particulate 
matter were set 1.60 g·cm-3, 1.90 g·cm-3, 2.10 g·cm-3, 
and 2.26 g·cm-3 within the range of of (0.3-1.0) µm, 
(1.0-2.0) µm, (2.0-5.0) µm and (5.0-10.0) µm. The 
feasibility of this kind of density-assignment method 
was verified through comparison with standard 
instruments. Certainly, due to the time limitations of 
the comparative experiment, the assigned density 
values in this paper still have the possibility of 
optimization. 
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