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An ultra-small integrated CO, infrared gas sensor
for wearable end-tidal CO, monitoring

Liyang Feng,"? Yanxiang Liu," Yi Wang,' Hong Zhou," Ming Wu," and Tie Li'-3*

SUMMARY

Human physiological metabolic status can be obtained by monitoring exhaled CO, concentration, but cur-
rent CO, sensors have disadvantages such as large size, high power consumption, and slow response time,
which limit their application in wearable devices and portable instruments. In this article, we report a small
size, good performance, and large range CO, infrared gas sensor that integrates a high emissivity MEMS
emitter chip, a high detectivity thermopile chip, and a high coupling efficiency optical chamber to achieve
high efficiency optical-thermal-electrical conversion. Compared with typical commercial sensors, the size
of the sensor can be reduced by approximately 80% to only 10 mm x 10 mm x 6.5 mm, with the advan-
tages of low power consumption and fast response speed. Further, a monitoring system for end-tidal CO,
concentration installed on a mask was developed using this sensor, and good results were achieved.

INTRODUCTION

The concentration of exhaled CO; in humans is around 3-4%. Early on, clinicians observed changes in end-tidal CO, (ETCO,) concentration to
monitor respiratory depression after anesthesia or sedation, to quickly identify spontaneous pulse recovery, and to monitor lung function in
patients with chronic obstructive pulmonary disease (COPD)."” Since then, expiratory CO, analysis has also been used to provide accurate
metabolic rate determination to help rehabilitate patients to assess their physiological metabolic status and body movement ability.* Take
COVID-19 as an example, Most patients have reduced motility for a long time after the antigen test result has turned negative, and even have
more serious cases of life-threatening persistent respiratory distress.“® Providing continuous health monitoring for rehabilitated patients dur-
ing this process can help doctors to develop a reasonable rehabilitation training plan to restore their body movement as soon as possible. In
recent years, the rapid progress in the miniaturization of exhaled CO, analyzers has made it possible to transfer end-tidal CO, analysis from
hospitals and clinics to family life,”'? but the disadvantages of large size and high power consumption of CO, sensors have limited its further
development. Since COVID-19, there has been a subtle change in the lifestyle of people who have become accustomed to using masks in
various public places to ensure personal safety. Widely used masks provide a reliable wearable operating platform for CO, sensors.'
laié integrating CO, sensors into masks to achieve more
mobile breath monitoring is feasible, and that miniaturization and low power consumption of CO, sensors are key to driving this research.

Although there are various methods to detect CO, gas, the non-dispersive infrared (NDIR) method is distinguished from others by its long

Growing research demonstrates that wearing a mask for aerobic exercise is safe,

lifetime, high sensitivity, and stability.”” NDIR system mainly consists of three parts: the optical chamber, the light source, and the infrared
detector. Since the size of the optical chamber largely determines the overall size of the sensor, initially researchers have improved the
compactness of the NDIR CO, gas sensor mainly by optimizing its chamber structure.'®'? Unfortunately, this miniaturization strategy based
on discrete component assembly has a significant limitation due to the large package size of the light source and the detector itself. The
forced reduction of the optical chamber size on this basis usually complicates the light transmission path, and the excessive number of re-
flections reduces the intensity of the IR light signal received at one end of the detector. In addition, the infrared detector used in this type
of sensor is in the form of a TO package, which can only accept transmitted parallel light signals, and the process is not optimized for opti-
cal-electrical conversion efficiency. The CO, sensors developed by this miniaturization scheme are typically larger than 5000 mm? in size and
power consumption is greater than 100 mW.*°

Recently, MEMS technology has attracted the attention of NDIR sensor researchers, they have developed silicon-based integrated
methods to reduce the size of sensors.”’** The optical chambers of such sensors are fabricated by using Deep Reactive lon Etching
(DRIE) on silicon wafers, where the thickness and cost of the optical chamber are well controlled. However, it is difficult for the current
MEMS processing technology to create an ideal reflection structure in the silicon cavity to control the infrared light transmission process, re-
sulting in the optical coupling efficiency of such sensors generally below 30%. Silicon-based integration methods increase the difficulty of
embedding optical narrowband filters, so LEDs that emit narrowband infrared light are used as light sources to detect specific gas molecules.
Despite the small size and low power consumption of LEDs, the Full Width at Half Maximum (FWHM) of their emission spectra is typically five
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Figure 1. Schematic diagram of the integrated CO, sensor and process flow diagram of its sensing chip
(A) Schematic diagram of CO; sensor cross section and infrared absorption principle.

(B) Schematic diagram of CO; sensor structure and energy conversion process.

(C and D) are MEMS emitter chip and thermopile chip respectively.

(E and F) are Fabrication process for the MEMS emitter chip and thermopile chip respectively.

times that of narrow bandpass filters,””” which weakens the selectivity of the sensor. Considering the high price of LEDs, the low-cost advan-
tage of silicon-based optical chambers is offset.

In order to overcome the current dilemma, a large-range CO; infrared gas sensor that can be applied to wearable ETCO, monitoring is
developed in this study, which also has the advantages of small size, low power consumption and fast response. A MEMS emitter chip with
improved high emissivity is used as a light source to achieve high electrical-thermal-optical conversion efficiency. An optical chamber with
high coupling efficiency achieves low-loss transmission of infrared light from the light source to the detector, maximizing the efficiency of
infrared light transmission. A thermopile chip with high detectivity is used as an infrared detector to achieve efficient optical-thermal-electrical
energy conversion by the Seebeck effect. The efficient energy conversion capability offered by this sensor allows us to use a low-power light
source to reduce power consumption and a short optical path length to reduce the size, solving the dilemma that this type of sensor has been
difficult to miniaturize. This article first describes an integrated design method for NDIR sensors and analyzes the superiority of this method
using a multi-physics field simulation method. Next, the design and simulation results are combined to fabricate a CO; infrared gas sensor
and test its performance indexes, and the experimental results show that the sensor outperforms similar sensors currently available in the
market. Finally, the fabricated CO, sensor was mounted on a mask for breath detection to verify its possibility of integration into wearable
devices and portable instruments.

Design and fabrication

The schematic diagram of the NDIR CO; gas sensor is shown in Figures 1A and 1B. The detection process of the sensor in one cycle is as
follows: the piggyback board periodically provides voltage signals to the MEMS emitter chip, which converts electrical energy into thermal
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energy and emits infrared signals into the optical chamber, the infrared signal is partially absorbed by the CO, gas molecules and then passes
through the reflective surface and filter to the detection surface of the thermopile chip where it is converted into thermal energy, and the
thermopile chip outputs an electrical signal through the thermoelectric effect to the piggyback board to complete the detection. There
are three key components of the NDIR CO, gas sensor: the light source, the optical chamber, and the infrared detector, which corresponds
to the three energy conversion processes: electrical-thermal-optical, optical transmission, and optical-thermal-electrical, respectively, within
the sensor (Figure 1B). Efficient energy conversion is the key to reducing power consumption and increasing the sensitivity of the sensor. In this
design, a MEMS emitter is used as the light source, which is an intermediate choice between tungsten lamps and LEDs for both size and power
consumption parameters, in addition, its mass-producibility and high reliability reduce production costs and maintenance costs due to drift.
Here, based on our previous work on microheaters,”® the MEMS emitter chip is fabricated by electroplating a layer of platinum black material
on the heating area surface of the microheater, which is shown in Figure 1C. The microheater is a small size and low power consumption device
with high electrical-thermal conversion efficiency, which can be heated up to 500°C with only a few volts. At the same time, fabricating plat-
inum black material on the surface of the microheater increases the infrared light emissivity of the device to over 90%. As a result, the use of the
MEMS emitter chip enables the sensor to obtain a high thermal-optical conversion efficiency. A schematic of the process flow of the MEMS
emitter chip is shown in Figure 1E, and the detailed process is as follows: (i) the dielectric film was formed by growth of 0.5 um SiO, and LPCVD
0.5 um SiNy; (i) a 0.3 pm Pt was sputtered and patterned for the resistor strips; (iii) the platinum black was grown by electroplating on the Pt
resistor strips in the film area; (iv) the dielectric film was released by backside dry etching.

For IR detectors, thermopiles are preferred for NDIR sensors due to their lower cost and power consumption.”” Given this, we used 88 pairs
of P+poly-Si/Au thermocouples to manufacture thermopile chips with high detectivity and coated a layer of carbon black in the center of the
thin film region of the thermopile to enhance infrared absorption, improving its optical-thermal-electrical conversion efficiency (Figure 1D). A
schematic of the process flow of the thermopile chip is shown in Figure 1E, and the detailed process is as follows: (i) the dielectric film was
formed by growth of 0.35 um SiO, and LPCVD 1 um SiNy, then a 0.8 pm poly-Si deposited by LPCVD was heavily doped boron with an energy
of 90 Kev and a dose of 9 x 10> cm™2; (i) the P+poly-Si was pattered for the thermocouple leg, and then, then a 0.2 um SiO, was grown as an
insulation layer, and then a 0.4 um Au was sputtered and patterned for the Au thermocouple led; (iii) the carbon black was sprayed in the
center of the film area; (iv) the dielectric film was released by backside dry etching.

In addition to the selection of the right device, another focus is the improvement of the optical transmission efficiency, so that more
infrared light from the MEMS emitter can be efficiently absorbed and converted by the thermopile after interacting with the CO, molecules.
Typically, people describe this energy transfer process using the Beer-Lambert law, which indicates that the infrared intensity arriving at the

detector will decrease in an exponential relationship, expressed as follows":

(Equation 1)

where [ is the intensity at the detector after optical filtering, Iy is the incident light intensity before interacting with CO», k is the absorption
coefficient, cisthe CO, concentration, and [ is the optical path length. Therefore, the sensitivity of the sensor is usually enhanced by increasing
the incident light intensity and the optical path length, which is obtained by increasing the size of the optical chamber or the number of re-
flections. However, this NDIR CO, gas sensor manufactured using an integrated design method pursues low power consumption and small
size, thereby reducing the intensity of incident light and the length of the optical path, making it difficult for the sensor to achieve good
sensitivity.

It is worth noting that the energy conversion principle of the thermopile is based on the Seebeck effect, which generates a voltage signal
through the temperature difference between the cold and hot junction,®’ and that the injection-molded optical chamber can accurately con-
trol the optical path, and infrared light can be focused to the maximum extent on the hot junction of the thermopile to improve the output
voltage difference.

We simulated the difference between converging and parallel light irradiation on the surface of the thermopile using optical-thermal-elec-
trical multi-physics field simulations, and the schematic of optical paths of converging light model (CLM) and parallel light model (PLM) are
shown in Figures 2A-2D. CLM represents the detection side of the sensor made by the integrated design method, where an arc surface is
used to emitinfrared light, which is collected by the center of the film region of the thermopile (the hot junction). PLM represents the detection
side of the sensor made with other design methods, where infrared light is emitted from a flat surface and radiated uniformly onto the surface
of the thermopile. The simulation results of surface irradiance, surface temperature difference, and output voltage difference for the thermo-
piles with and without absorption are obtained by setting the total optical power of the radiating surfaces in the CLM and PLM to 1 mW
Figures 2M and 20 demonstrate that the CLM can obtain a larger output voltage difference compared to the PLM, effectively improving
the output signal-noise ratio of the thermopile and compensating for the disadvantage of low optical power due to low power consumption.
After that, we set the light to be partially absorbed by CO, gas during transmission, so that the intensity of light reaching the surface of the
thermopile is only half of the original and then obtained Figures 2N and 2P, which indicate that CLM has a larger amount of voltage change
compared with PLM, and CLM can effectively improve the sensitivity of the sensor. The simulation results in Figure 2 show that the integrated
design method can well compensate for the loss of sensitivity and enable the sensor to maintain good performance even after the size
reduction.

Considering the advantages of the CLM model, we designed the reflective surface of the injection molding optical chamber using the
compound parabolic collector (CPC) technique so that most of the infrared light from the MEMS emitter is reflected only twice before reach-
ing the center of the thermopile film region. The entire sensor is modeled and then simulated in a multi-physics field, and the simulation
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Figure 2. Optical-thermal-electrical multi-physics field simulation

(A and B) show the parallel light simulation model and its optical path schematic.

(C and D) show the convergent light simulation model and its optical path schematic.

(E-H) are the irradiance of the thermopile surface.

(I-L) are the surface temperature distribution of the thermopile after irradiation.

(M—-P) are the voltage difference of the thermopile due to the temperature difference. (E), (I), and (L) are the simulation results of CLM when the radiated light is
not absorbed by CO; gas. (F), (J), and (N) are the simulation results of CLM when half of the radiated light is absorbed by CO, gas. (G), (K), and (O) are the
simulation results of PLM when the radiated light is not absorbed by CO, gas. (H), (L), and (P) are the simulation results of PLM when half of the radiated
light is absorbed by CO, gas.

results of the sensor are shown in Figure 3. The simulation results show that the optical path length of the sensor is about 12 mm (Figure 3A),
which is half the length of commercially available products. As shown in Figure 3B, the maximum irradiance of the thermopile surface under
this model condition is 1.39 x 10" mW/m?, and most of the infrared light is received by the center of the thermopile film region. With the
optical power of the MEMS emitter at 1 mW, the optical coupling efficiency of this model can be deduced from integrating the irradiance
of the thermopile surface to 75%, which is more than twice that of the silicon-based integrated CO, gas sensor. In addition, the high temper-
ature generated by the operation of the light source will affect the normal operation of the thermopile and circuit in such a compact package
size. This design adjusts the switching frequency and duty cycle of the light source to make the surface temperature of the sensor and the
temperature near the detector close to room temperature (Figure 3C), and the maximum temperature of the connection surface of the
PCB substrate and the piggyback board is 345K (Figure 3D), which meets the operating temperature conditions of the electronic components.
Table 1 lists the parameters used in the multi-physics field simulations for this NDIR CO, sensor, and these specific parameters can be refer-
enced and used as a basis for comparison in subsequent studies. Among them, the values of the material properties of the thermocouple
remain consistent with our previous studies.*

Based on the above designs, we fabricate this NDIR CO, sensor with the following steps: (i) Packaging a MEMS emitter chip and a ther-
mopile chip on a PCB substrate by wire bonding. (ii) Embedding the filter into the optical chamber. (iii) Packaging the PCB substrate and
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Figure 3. Results of multi-physics field simulation of the sensor
(A) Light transmission path and length by ray trace.

(B) The irradiance of detector surface by ray trace.

(C) Temperature distribution of the sensor during operation.
D)

D) Temperature distribution on the surface of the piggyback board.

optical chamber to form an NDIR system. (iv) Soldering piggyback board under the PCB substrate for modulating the light source and pro-
cessing the output signal. (v) Mounting water-proof film onto the optical chamber to keep out water vapor.

RESULT AND DISCUSSION

CO; sensor testing

Figure 4A shows the CO, sensor made by the integrated design method. The sensor size is only 10 mm X 10 mm X 6.5 mm (Width x Length x
Height), which is 80% smaller than the commercially available size. Figure 4B shows a demonstration device of the sensor, whose display value
is refreshed every second to provide a real-time value of the CO, concentration in the environment. The average power consumption of the
sensor is 30 mW at 3V supply power and 1 Hz modulation frequency. Five sensors (No.1, No.2, ...) were tested at room temperature by
altering the CO, concentration every 7 min at a flow rate of 400 mL/min (The flow rate value is used for subsequent tests). The output voltage
of the thermopiles was amplified by a factor of 2000 and presented in Figure 4C, which indicates that the sensor has a clear step response for

Table 1. Simulation parameters of integrated CO, infrared gas sensor

Parameter Value

Emission surface size ® =0.6 mm
Divergence angle 90°

Number of rays 10751

Detection surface size 1.5mm x 1.5 mm
Number of detection surface grids 342

Seebeck coefficient of P+poly-Si 150 pv K™
Electrical resistivity of P+poly-Si 20 U@ m

Seebeck coefficient of Au 1.94 uv K
Electrical resistivity of Au 0.02 pQ m
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Figure 4. Picture of the integrated CO, sensor and its test results

(A) Real size view of integrated CO; infrared gas sensor.

(B) The sensor is welded to the demonstration device to display the CO, concentration in real time.
(C) The output voltage of the five sensors is amplified at a factor of 2000.

(D) Concentration response data of the five sensors after processing by the embedding algorithm.
(E and F) are testing the responsiveness of the sensors at —20°C and 50°C.

CO;, concentrations in the range of 0-10%. The algorithm embedded in the CO, sensor processed the output voltage displayed in Figure 4C
to produce the concentration data shown in Figure 4D and Table 2 corresponds to Figure 4D by labeling the concentration of the standard
CO,, gas that was fed to each step and counting the maximum reading error at that concentration value. At CO, concentrations in the range of
0.04-10%, the accuracy of five sensors involved in the test is better than + (50 ppm +5% of reading), which is close to commercially available
products, indicating that the CLM in the integrated design method can effectively compensate for the loss of optical power and optical path
length. To make the sensor work well from —20°C to 50°C, an implanted thermistor is used for temperature calibration. Figures 4E and 4F
show the operation of the five sensors at —20°C and 50°C. The value of the sensor varies with the concentration of the injected CO; gas,
and the worst value of the five sensors involved in the test was 2.121% of the reading at —20°C and 1.883% of the reading at 50°C. The above
test results show that using the integrated design method can reduce the sensor’s size and power consumption while maintaining good ac-
curacy, and the improved optical coupling efficiency compensates for the loss of the detector’s output signal due to the reduced power of the
light source.

Table 2. Annotation of each standard concentration point marked in D and its corresponding accuracy

Mark A B C D E F G H | J K L M

CO; standard value (ppm) 0 5000 10000 20000 28000 36000 44000 52000 60000 68000 76000 84000 100000
Maximum reading error / 4.26% 1.80% 0.84% 0.60% 0.72% 0.67% 0.69% 0.57% 0.91% 0.80% 0.55% 0.65%
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Figure 5. Test results of the integrated CO, sensor

(A) Testing the response time of the sensor when the CO, concentration varies periodically from 20000 ppm to 60000 ppm.

(B) The results of the variable humidity test of the sensor. The sensor was tested continuously for 1 h under each humidity condition and its average reading
fluctuated by about 110 ppm.

(C) The drift was estimated to be about 5.4 ppm/day by recording the data of the sensor for one week of continuous operation.

(D) Repeatability test results for CO, sensor.

Figure 5A shows the response time test results of the CO, sensor. The CO, concentration is switched between 2% and 6% every 10 min.
The response time when the reading value reaches 90% of the injected gas concentration is approximately 14 s which includes the digital
filtering delay and the time for CO;, diffusion in the test chamber to stabilize. Due to the overlap of partial absorption peaks of water and
CO, molecules, the accuracy of NDIR gas sensors is susceptible to interference from ambient relative humidity (RH) of the environment,**
the humidity resistance of the sensor was tested by converting the humidity level from 0% to 98% in a room air environment where the tem-
perature was controlled at 25°C and the CO, concentration was about 400 ppm during the test. The fluctuation of the sensor’s readings is
about 110 ppm from 0% RH to 98% RH (Figure 5B). In addition, we tested the long-time stability of the sensor. The participating sensor
was placed in a constant temperature and humidity environment and continuously supplied with a constant flow rate of CO, at a concentra-
tion of 500 ppm. The sensor was calibrated only once at the beginning of operation, and then the results of its readings were recorded for one
week at an operating frequency of 1 Hz. The original voltage value and the CO, concentration value of the sensor output are plotted simul-
taneously in Figure 5C, which proves the ability of the sensor to work stably for a long period of time. The results show that the sensor aver-
aged 502 ppm on the first day and 540 ppm on the seventh day with a slow drift of only 5.4 ppm/day. Finally, the repeatability of the sensor was
tested and the results are shown in Figure 5D. Like the stability test, the sensor used for the repeatability test was placed in a stable temper-
ature and humidity environment, and the sensor was tested daily for a concentration gradient response with the ventilation concentration
shown as the X axis coordinates in Figure 5D, and the sensor’s output voltage and CO, concentration values were recorded simultaneously
over the seven days of the response test and then the standard deviation was used to calculate and express its repeatability. The percent error
on the histogram in Figure 5D represents the maximum error resulting from the repetitive response at that concentration over a one-week

iScience 26, 108293, November 17, 2023 7
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Table 3. Performances of cost-effective NDIR CO, gas sensors

Power Response
Manufacturer Model Principle® Range Accuracy consumption  time Dimensions
TelAire®* T6713 1A 0-0.5% + (30 ppm +3% rdg) 100 mMW@1/5Hz <180 s (tgo) 30 mm X 15.6 mm X 8.6 mm
E+E® EE895 IA 0-1% + (100 ppm +5% MV) 8 mW@1/15Hz  <140's 35mm X 15 mm X 7 mm
Senseair’® S8 IA 0.04-5% + (200 ppm +10% rdg) 150 mMW@1/2Hz 120's (tso)  33.9 mm X 19.8 mm X 8.7 mm
Alphasense®  IRC-A1 1A 0-5% 1.5% FS ~170 MW@2Hz <40's (tog) 20 mm X 16.5 mm
n.e.t® IRNEX-P 20mm |A 0-5% +5% FS 135 mW <30 (tog) 20 mm X 16.8 mm
NiCeRa™ CO2-4K-3M-P 1A 0.04-0.4% + (200 ppm +5% FS) 125 mW@1Hz  <180's (tyg) 65 mm X 20 mm X 10.6 mm
ELT sensor?® T-110 1A 0.04-10% =+ (300 ppm +3% rdg) 100 mMW@1/2Hz 90 s (te3) 19 mm X 29.3 mm X 8.5 mm
ZyAura®’ ZG09 IA 0-1% + (50 ppm +3% rdg) <170 mW ~60's 32.2mm x 20.2 mm x 13.7 mm
Winsen*” MH-Z198 IA 0.04-1% =+ (50 ppm +5% rdg) 100 MW@1Hz 120 (tsg)  32.5mm x 19.5 mm x 8.6 mm
cuBIC*? CM1107H IA 0-5% 10% rdg <250 mW@1Hz / 33 mm X 22 mm X 13.1 mm
SENSIRION*  SCD41 PA 0.04-4%  + (40 ppm +5%rdg)  49.5 mW 60 s (ts3) 10.1 mm X 10.1 mm X 6.5 mm
This work SIMIT-DT-S 1A 0.04-10% =+ (50 ppm + 5% rdg) 30 mW@1Hz 14 s (tgo) 10 mm X 10 mm X 6.5 mm

®The principle here refers to the principle of optical-electrical conversion within the sensor, including infrared absorption (IA) and photoacoustic (PA) types.

period, where the error is less than 0.04% for the output voltage value and less than 0.5% for the output CO, concentration value. Table 3
compares the performance of the proposed integrated CO, infrared gas sensor with some typical commercial sensors. The proposed sensor
features obvious advantages in power consumption, response time, and size. Considering the high cost-effectiveness of the sensor using the
MEMS process to prepare the light source and infrared detector, we reasonably expect that the NDIR gas sensor fabricated based on the
integrated design method will be widely used in various portable gas analysis instruments.

Wearable end-tidal CO, monitoring system

Based on the above experimental results, we designed a wearable ETCO, monitoring system (Figure 6), which consists of an ultra-small in-
tegrated CO; sensor, a test board, a Bluetooth module, a battery, and a mask. The CO; sensor is mounted on the inner wall of the mask and
connected to the test board, and a piece of medical surgical mask trim is used as a protective film to cover them. The use of medical surgical
mask trim as a protective film has good breathability and moisture resistance, which helps avoid direct contact between the CO, sensor and
the face and improves the accuracy of CO, concentration monitoring inside the mask (Figure 6A). Figure 6B shows the effect of wearing the
ETCO, monitoring system, where the Bluetooth module and the battery are placed on the outside of the mask for safety reasons, and then
connected to the test board via a lead through the mask. The CO, concentration data is sent to the computer via the Bluetooth module for
real-time display. We selected an adult healthy male for the ETCO, monitoring experiment and obtained the ETCO, waveform data shown in
Figure 6C. The subject sat quietly for 10 min before the test and then performed deep inspiration, breath holding, and rapid breathing
(adjusted breathing) state monitoring after the continuous acquisition of the normal ETCO, waveform. The test results of the wearable
ETCO, monitoring system showed a clear and steep ascending branch of exhalation in the ETCO, waveform during a normal single breath
state, followed by an expiratory plateau with a slowing down of the CO, concentration increase, and finally a fall back after a peak CO, con-
centration. During the deep inspiration and breath-holding process, the CO, sensor responds to the CO, concentration value inside the mask
falling back rapidly as the outside air enters the mask, and continues to approach the indoor CO, concentration value (about 700 ppm) during
the breath-holding process. At the end of the breath-holding process, the subject rapidly breathes and returns to normal breathing. The test
results of the wearable ETCO, monitoring system demonstrate the practical value of this ultra-small NDIR CO; infrared gas sensor, developed
using an integrated design method, for wearable devices.

Conclusions

In conclusion, this article presents an integrated design approach and design advantages of the CO, gas sensor, and the developed CO,
sensor is tested and wearable for applications. With the help of optical-thermal-electrical multi-physics field simulation, it is clarified that
the integrated design approach can compensate for the negative problems due to the reduced optical power and shortened optical
path, and the operating state of the sensor is analyzed by overall modeling simulation, which achieves 75% optical coupling efficiency
with an optical path length of about 12 mm. The ultra-small CO, sensor is then obtained by directly packaging a high emissivity MEMS emitter
chip and a high detectivity thermopile chip together with a high coupling efficiency optical chamber. The CO, sensor has an extremely
compact size, low power consumption, fast response time, large range, and good accuracy compared to existing NDIR CO, gas sensors.
Finally, a wearable ETCO, monitoring system was developed and real-time ETCO, waveform monitoring was realized, which proved the pros-
pect of this ultra-small integrated CO, sensor in wearable applications.
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Figure 6. A wearable ETCO, monitoring system made on a mask and its test results
(A) Miniaturized CO; sensor is mounted inside the mask and covered with a protective film.

(B) Bluetooth module and battery installed on the outside of the mask.
(D) ETCO, waveform in normal breathing state.

Limitations of the study

In this study, the NDIR CO, sensor was designed as a single-channel structure to achieve a small size, and its moisture resistance and stability
over time could be further improved by combining advanced algorithms. The experimental data prove the value of the CO; sensor for ETCO,
monitoring, but the detection end of the wearable ETCO; system is made inside a KN90 mask, which is highly airtight and makes the respi-
ratory rate slow and the CO, concentration value slow to recover when the person is relaxed. Therefore, the location of the CO; sensor and the
ventilation process of the mask could be better designed.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, Peptides, and Recombinant Proteins

N> Shanghai Weichuang Standard Gas Analytical Technology Co., Ltd. CAS 7727-37-9
CO, Shanghai Weichuang Standard Gas Analytical Technology Co., Ltd. CAS 124-38-9

Software and algorithms

COMSOL Multiphysics COMSOL Co., Ltd. https://cn.comsol.com

RESOURCE AVAILABILITY
Lead contact

The lead contact for this paper is Professor Tie Li (tli@mail.sim.ac.cn), who is the arbiter of decisions and disputes and is responsible for re-
sponding to reagent and resource requests.

Materials availability

This study did not generate new datasets.

Data and code availability
e Original data reported in this paper will be shared by the lead contact upon request.
e This paper does not report the original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request

METHODS DETAILS

Gas chamber design

The gas chamber is designed using the CPC technique, and the reflective surface above the MEMS emitter is symmetrical with the reflective
surface above the thermopile. For the simulation design, the center of the film area of the MEMS emitter and the thermopile is the focal point

of the reflective surface. Due to the high efficiency of gold in reflecting infrared light, the surface of the gas chamber is coated with a layer of
gold with a thickness of 200 nm.

Calibration method

The sensor was calibrated before the test as follows: the sensor was first placed in a semi-sealed test box containing only the inlet and outlet
holes, and the temperature inside the box was kept constant by a humidity and temperature controllable oven (LINPIN, LRHS-101-LH), and
then a standard gas from a gas cylinder was connected to the test box through a gas flow meter (SEVENSTAR, CS300), and the output voltages
of the sensor’s thermopile and thermistor were recorded by a computer at different temperatures and CO, concentrations, and finally, the
output voltages were fitted into a curve of voltage versus CO, concentration and written to the sensor’s internal MCU.

Test method

The calibrated CO; sensors were able to simultaneously output voltage and CO;, concentration values. The sensor test setup was the same as
the calibration process, a humidity and temperature controllable oven (LINPIN, LRHS-101-LH) was used for all experiments involving temper-
ature and humidity control, and a gas flow meter (SEVENSTAR, CS300) was used to control all venting experiments. All experimental data
acquired by the CO, sensor is sent via USART (Universal Synchronous/Asynchronous Receiver/Transmitter) to the serial debugging assistant
on the PC for real-time display and storage.

ETCO, monitoring system

The CO; sensor, Bluetooth module, and battery were fabricated on a mask (3M, 9041V) to be worn by the volunteer at rest. The output of the
CO; sensor was automatically recorded by a computer connected via Bluetooth. Informed consent was obtained from the volunteer for the
recording and use of all data.

QUANTIFICATION AND STATISTICAL ANALYSIS

Our study does not include statistical analysis or quantification.
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