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Abstract

Nanometer-sized carbon particulates generated by incomplete combustion in heavy-duty vehicles are harmful
to human health. A high-resolution technique is needed to detect and measure these pollutants. This study aims to
optimize a capacitive sensor design for detecting and measuring particulates. Firstly, the effect of design parameters
on particulate detection and sensor compliance sensitivity is investigated by using the finite element method. By
comparing the simulation results with literature findings for performance validation, the sensor structure is optimized
to detect lower particulate concentrations. The simulation result shows that particulate detection sensitivity has linear
variations with changes in particulate mass. With optimum electrode spacing and top insulation layer thickness of 5
um, the sensor can detect a particulate deposition of 0.033 mg/min and generate a maximum capacitance of 581 pF.
Since the optimized design can measure particulate deposition at a lower range and with higher sensitivity, it is

suitable to be applied to detect nanometer-sized carbon particulates.
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1. Introduction

Carbon particulates are a major contributor to environmental pollution and ozone layer damage, ranging in size from 20
to 100 nanometers. These particulates may include soot particles, particulate matter, or carbon black, and pose a severe health
risk to individuals. A particulate filter is used in vehicle systems to reduce emissions of this pollutant. Exhaust systems detect
carbon particles using pressure sensors which measure pressure differences due to particle accumulation. A pressure difference
is, therefore, an indication of particulate filter failure. An alternative manual method of measuring particulate mass uses
nanometer-sized filter paper in smoke collection machines to collect particulates. This method estimates particulate mass

manually by identifying the presence of particulates on the filter paper.

The existing particulate detection method uses resistance-based sensors that serve only as a detection facility but cannot
measure the particulate mass [1]. Resistance-based sensing involves either an accumulative electrode or a charge-based
deposition method [2], with large-sized particle tracking being complex. It is, therefore, vital to consider the Lagrangian and
Eulerian modeling methods for gas particulate modeling [3]. While Eulerian modeling is less complicated, it is more time-
consuming than Lagrangian modeling [4]. The literature mainly uses electromechanical, interdigitated electrode systems for

gas sensing due to their minute dimensions, with these electrodes resembling the interlocking fingers of two clapped hands
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and having an electric field used to build capacitance [5-6]. Capacitive sensors are ideal for their low static power consumption
[7-9] and find use in various fields, such as biomedical, automotive, robotics, and gas sensing. Capacitive sensors can also
detect and measure volatile organic compounds [10-12]. Microsensors have been widely used in sensing since the 1960s [13],

indicating a need for a systematic study of sensor models, features, and design issues.

Further research needs to also explore the factors that influence sensitivity distribution and the impact of conductivity on
the performance of capacitive sensors. The electrode geometry significantly affects the sensor’s sensitivity [14]. An electronic
nasal pod (ENP) is a wearable device capable of preventing allergies and sensing air pollutants. To fabricate a 3D-printed ENP,
a high-efficiency particulate air (HEPA) filter is integrated for sieving pollutants at the first stage. The ENP uses three electrodes
to sense oxygen electrochemically using a potentiostat [15]. A novel pressure sensor has also been developed to perform sensing
based on changes in the overlapping areas of electrodes rather than their separation. This sensor, which has a square membrane

of 2.5 mm X 2.5 mm, can provide a total capacitance change of 0.365 pF for an applied pressure of 0-100 KPa [16].

Insights into the trade-off between sensor design parameters and sensor requirements were revealed in a study that focused
on optimizing capacitive sensors [17]. An innovative capacitive moisture sensor was designed for polymers to demonstrate the
relationship between the sensor’s geometrical parameters and performance [18]. Despite the limitations associated with some
commonly used microelectromechanical systems (MEMS) design methods, evolutionary computations have recently become

famous for designing and optimizing MEMS [19].

A model based on a MEMS capacitive sensor demonstrated that finite element analysis is the most accurate technique for
estimating sensor capacitance [20]. Interdigitated capacitive sensors were used in mining environments to monitor real-time
nanoscale particle concentrations, with simulations indicating that the sensor response is proportional to the number of particles
accumulated on the sensor [21]. COMSOL, a tool for modeling and simulating SnO2/rGO gas sensors, was used to detect and

characterize NO2 [22].

A complete mass sensing module was achieved by integrating a TPoS MEMS oscillator, MEMS, circuit, and air flow
technologies to develop a PM2.5 sensor [23]. A thin film circular diaphragm was developed for MEMS resonant mass sensors
that detect airborne particles, demonstrating real-time detection of standard silica microspheres [24]. To measure PM2.5 and
PM10, an air pollution monitoring device with a particle matter sensor was used [25]. A study which investigated low-cost
PM sensors proposed methods to correct the error factors caused by the optical scattering method [26]. A piezoelectric
resonating membrane operates the gravimetric-based particulate matter sensor for portable applications, and future work
includes implementing a thermophoresis mechanism to remove residual particles deposited on the sensor during
measurements [27]. While few modeling and simulation reports exist on sensors designed for detecting and measuring carbon

particulates, there is ample scope for developing micro-level devices to accomplish this.

This study shows the result of the design optimization of the proposed particulate sensor and evaluates its effectiveness by
interpreting the results. The study focuses on predicting particle deposition and the corresponding electric field strength of
particulate sensors through computational fluid dynamics (CFD) and electric field simulations. The work is novel because it

optimizes sensor design parameters and measures the particulate mass with high precision to a minimum value.

However, there were several challenges, such as determining the period of particulate deposition and integrating the
deposited mass with electrical simulations. Much of the effort was devoted to the mathematical modeling of CFD and the
execution of electric field simulations. Modeling the nanoparticle sensor in both the electrical and mechanical domains was
challenging, especially due to the fragile top insulation layer, which had a thickness of 5 um. However, this layer is crucial for
achieving high sensitivity. The results of the sensor model development, simulation method, simulation cases, and particulate

detection are presented in detail.



Proceedings of Engineering and Technology Innovation, vol. 24, 2023, pp. 53-62 55

2. An Optimized Sensor Design Dimensions

Fig. 1 presents the sensor layout with dimensions, cross-section, and materials. The dimensions are optimized through
iterations to obtain capacitance with good resolution. The sensor substrate size is mm x 10 mm, while the sensor structure is
an interdigitated electrode with an electrode length of 4300 pm, spacing of Sum, and width of 100 um. The sensor uses 38

electrodes. Fig.1 (b) shows a cross-section of the optimized sensor with a substrate and top insulation layer of Si3Nj
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Fig. 1 The layout of interdigitated electrode capacitor (IDC) [2]

2.1. Methodology, material properties, and boundary definitions

Fig. 2 shows a two-dimensional (2D) model of a single-unit cell. Physical materials and boundaries used for simulations
are defined as shown in Fig. 3. For the design requirements and a temperature of 473°C, the relative permittivity values are
3.6 for silicon dioxide, 9.5 for silicon nitride, and 1 for air. The analysis considers deposition in accumulative mode with the
particulate diameters ranging from 0.01 mm to 100 mm. The simulations use a gas flow velocity of 38 m/s to 47 m/s and a
particulate density of 1150 kg/m?. According to the calculations, the estimated density of the mixture (air plus soot) is 0.48109

kg/m?. The soot concentrations in terms of volume and mass are 8.0 x 10-% and 0.019123, respectively.

Air
Particulate
<[[Particulates layer
—
| E—
Alumina
-[IElectrodes
Fig. 2 2D model of one unit cell for analysis and Fig. 3 Model of a sensor unit cell with a particulate
simulation of electrostatic fields layer for analysis with defined boundaries

The static analysis applies a boundary condition of zero charges to all external edges of the sensor. The voltages at sensor
terminals 1 and 2 are 0 V and 12 V, respectively. The parametric sweep function in COMSOL allows the particulate layer to
gradually increase from 0.1 um to 2 um with a step size of 0.1 pm and particulate diameters between 10 um and 100 pm. As

a result, the electric field and capacitance values are subject to variation.
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2.2. Design requirements

(1) Optimize the sensor design dimensions to extract the maximum capacitance value.
(2) Obtain high sensitivity to low particulate deposits.

(3) Detect and estimate time intervals of particulate deposition.

(4) Withstand temperatures up to 400°C.

(5) Optimize the design of experiments (DOE) study to predict change in the capacitance for particulate disposition.

3. Equations Governing Physics

The two components of the analysis are the CFD and the electrical. The CFD component analyzes the flow characteristics
to predict the mass of particulates at the sensor surface. The electrical component evaluates the sensor’s effectiveness to predict

its electrical properties. The electrostatics domain and CFD model are closely coupled due to the influence of particulate mass.
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p = Density (kg/m?*), T = Absolute temperature (K), p = Pressure (Pa), u = Velocity vector (m/s), 4 = Dynamic viscosity (Pa.s),
F = Volume force vector (N/m?), V = Velocity (m/s), ep = Turbulent dissipation rate, q = Heat flux by conduction (W/m?), k
= Thermal conductivity (W/m.K) (heat transfer), k = Turbulent kinetic energy (Turbulent flow), Cp = Specific heat (J/kg.K).

The equations presented in this section describe the physics underlying the computational models. The equations solved
are the Reynolds-averaged Navier-Stokes (RANS) equations for the conservation of momentum and the continuity equation

for the conservation of mass [23].

The solver calculated that a single particulate would take 5.7 ms to reach the sensor. Therefore, the transient solver’s
period is set to 0-15 ms, with a time step of 0.5 ms. The modeling uses an electrostatic (es) interface to calculate the electric
field, displacement field, and distribution of the dielectric potential. For in-plane 2D modeling, the electrostatic interface

assumes symmetry, and the electric field, E, is tangential to the XY plane.

E=-VV (8)

The electric field, V, is defined by Eq. (8) in static conditions. Adding Eq. (8) to the constitutive relationship D = £yE + P.
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—Vx(&VV-P)=p ©)

The modeling presents Gauss’ law as a relationship between the electric displacement, D, and the electric field, E, given by
Eq. (9). The permittivity of vacuum is o with SI units of F/m, the vector of electric field polarization is P, with SI units of
C/m?, and the density of space charges is p, with SI units of C/m?. The equation describes the electrostatic field of a dielectric
material. For in-plane 2D modeling, the electrostatic interface assumes symmetry, and the electric field, E, is tangential to the
XY plane.

-Vxd(gVV-P)=p (10)

The thickness of the Z-direction given by d and the physics interface solves this Eq. (10).

4. Particulate Mass Estimation
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Fig. 4 The deposited mass on the sensor face (0 to 15 ms)
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Fig. 5 Results of DOE - S-Curve behavior
A steady-state analysis is performed on the sensor model to determine its electric potential field and capacitance. An
electrostatic node is added to the model to solve electrical field and capacitance physics. Fig. 4 shows a plot of the particulate
mass and derived mass values from 0 to 15 ms. The highest gas velocity reaches 48.5 m/s between 0 and 15 ms, propagating
from the sensor surface. The fluid pressure gradually increases to 1.02 x 10 at 6.5 ms and remains constant until 15 ms. The

correlation between the deposited mass and sensor capacitance results in a total deposition of 0.033 mg over 60 seconds. A
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maximum mass of 24.8 mg/s can be calculated based on the mass volume fraction of the 8.0 x 10-% sensor location, with gases
flowing at 24.8 mg/s to the sensor surface and exiting at the outlet into the atmosphere. The finite element analysis reveals a
particulate deposition rate of 0.0005 g/s on the sensor surface between 0 and 15 ms, which remains constant for one second.
Thus, it is possible to estimate the deposition rate over an extended period. The analysis also proves that the deposited mass

on the sensor face (0 to 15 ms) is proportional to the gas flow.

Fig. 5 shows that particulate mass accumulation is crucial to the outcome. Designed experiments to broaden the scope of
work for flow rate/velocity and particulate concentration. The flow velocity, v1, ranges from 35 m/s to 41 m/s, and the
particulate concentration from 6.4 x 10% to 1.0 x 10%. A DOE study indicates that the total mass deposited ranges from
0.000069 mg at vl =41 m/s and C = 1 x 10"% to 0.0044 mg at vl = 35 m/s and C = 6.4 x 10°% during the 15 ms period. As

noted in the sensor’s response time and sensitivity, the sensor shows a fast response time of 4.8 milliseconds to low-mass

depositions.

5. Modeling of Incremental Particulate Layer Capacitance

The incremental particulate layer sensor models the electric potential distribution and the resulting capacitance. Fig. 6
presents the capacitance values as extracted from COMSOL contour plots. The magnitudes of electric potential at various layer
thicknesses (0.1 uym to 2 um in 0.5 pm steps) in the sensor domain are extracted and plotted in Fig. 7. As the results show, the
capacitance of the sensor increases from 566 pF to 568 pF, revealing a linear relationship between the detection time and the
deposited particulates on the sensor surface.

Tc (1)=0.1 pm, Tc (20) =2 pm
Surface: Electric potential (V), Contour: Electric field, X component (V/m)
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Fig. 6 Electrical potential (V) versus (Tc-soot layer thickness) at 0.1 pm and 2 pm
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Fig. 7 Sensor capacitance (soot layer thickness Tc = 0.1 um to 2 um)
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An electrical capacitance in pF is measured through electrical simulations to determine the particulate deposition in mg.
The sensor showed a linear response within the low particulate deposition ranges. Fig. 8 illustrates the capacitance extracted
for the corresponding thicknesses of the deposited particulate layer. Accordingly, in Fig. 9, the masses are plotted on the X-
axis against the corresponding extracted capacitance on the Y-axis, with the maximum capacitance of 581 pF corresponding

to a mass of 0.05 mg.
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Fig. 10 The effect of increasing the thickness of the top insulation layer

The analysis and simulation results indicate that the sensor operates linearly as the particulate layer thickness increases
from 0.1 ym to 2 pm. Fig. 8 illustrates the corresponding increase in capacitance. There is a micro-level increment in

capacitance as the thickness of the deposited mass increases, the formation of agglomerates being responsible for this micro-
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level increment. Also, the mass plot (Tc = 1 to 1000 pm) exhibits saturated behavior after 0.05 mg, as shown in Fig. 8. By
using capacitance values derived from CFD simulations, the incremental layer thickness values are converted to particulate

masses, measured in mg.

Modeling incremental particulate layer capacitance with an increased thickness of the top insulation layer. The sensor’s
dimensions are optimized to reflect linear capacitance variations with a top insulation thickness of 5 pm. The sensor
capacitance measurement has a mass detection limit of 0.05 mg. Results show that the thickness of the insulation layer on the
top of electrodes directly affects the sensor’s sensitivity. Fig. 10 illustrates the effect of increasing the thickness of the insulation
layer to 0.5 mm. As the thickness of the top insulation layer increases, the sensor's sensitivity decreases, resulting in a constant

capacitance and no significant change in the sensor's output capacitance.

6. Comparison of Sensor Performance with Literature-Based Benchmarks

Hagen et al. [2] highlighted the experimental dimensions and developed a 2D CAD model of the sensor with electrodes
using COMSOL. The dimensions of the device measure equal electrode width and spacing of 100 um, an electrode thickness
of 4 um, and an electrode length of 48 pm. The reference device has a substrate thickness of 635 meters and an insulation layer

of 8 meters, with 29 electrodes.

The predicted capacitance values in the reference sensor agree with the experimental data, with an error margin of +5%.
However, the measured capacitance values (ranging from a minimum of 8.40 pF to a maximum of 50.49 pF) are too small to
be used for mass measurement. As a result, it is necessary to estimate the maximum electrostatic field by optimizing the design

dimensions.

A subsequent study provided insights that enabled the optimization of the sensor’s design. This optimization enhanced
the sensor’s selectivity and sensitivity for detecting and measuring particulates, as presented in this paper. A 2D model of the
sensor was developed in COMSOL, which reduced both computational time and costs. The software module developed for
the sensor analysis can serve as a proven design tool for screening various IDC layouts. Furthermore, this simulation module

could be applied to estimate the expected sensor’s sensitivity.

Hagen et al. [2] also discussed how the findings of an experiment with a sensor that could not measure mass contributed
to the development of an improved sensor. The optimized sensor proves its superiority to the experimental one in [2], as it can

measure particulate deposition at a lower range and with higher sensitivity.

7. Conclusions

This study presented an electrostatic simulation of an optimized capacitive sensor design that can detect nanometer-sized
carbon particulates at the lowest possible level. CFD simulations were conducted to model the deposition of particulate mass
on the sensor surface. The amount of particulate mass based on time and mixture flow was predicted, and the contour plots of
electric potential distribution and sensor capacitance values for the optimized capacitive sensor design were illustrated. The
predicted sensor capacitance increases with the rising of the particulate deposition. The study also compared the optimized

sensor with the benchmark design [2] and illustrated the performance improvements achieved with the optimized design.

Given the forthcoming emission norms worldwide, it is imperative to address mass estimation promptly. A threshold-
based corrective action approach based on the results can significantly reduce environmental emissions. It would be helpful to
assess the performance of the sensor before prototyping begins. The results indicate that particulate detection sensitivity
increases with decreasing insulating layer thickness, and the optimized sensor produces ten times more output than the
benchmark sensor. In addition, the presented sensor design incorporates interdigitated electrodes, making it convenient,

durable, and reliable to operate at room temperature.
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However, due to high levels of deposition, the sensor becomes saturated, requiring regeneration and calibration to

accommodate dynamic conditions. Accordingly, future work should focus on optimizing sensor location, designing sensor

mounts that minimize back pressure, and optimizing electromagnetic parameters for optimum sensing performance.
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