
The safety management of university laboratories is an important prerequisite and foundation for 
achieving normal education, teaching, and scienti�c research among teachers and students in 
universities. It is necessary to always keep laboratory safety management in mind. The safety 
management of university laboratories involves di�erent majors and disciplines, with strong 
professionalism and complexity. Smart sensing is the key to achieving dynamic real-time 
visualization, transparency, and traceability of various experimental elements, such as hazardous 
reagents, experimental equipment, and experimental operators, in the safety management process 
of university laboratories. As an example, a smart sensing scheme for laboratory hazardous chemical 
reagents with capacitive liquid level has been proposed in this paper. It has combined the theoretical 
knowledge of smart sensing with practical safety practices, such as hazardous chemical reagents in 
the laboratory, to achieve the design of a complete sensing system, relying on open-source and 
easy-to-use software and hardware systems to assist in the rapid development and implementation 
of sensing system design and implementation, improve theoretical practice and application 
e�ciency, and assist in laboratory security management practice exploration. It could lay the 
foundation for the integrated application of real-time dynamic traceability and visualization of 
laboratory safety management information in the future.
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�e safety management of university laboratories is an 
important prerequisite and foundation for achieving normal 
education, teaching, and scienti�c research among teachers and 
students in universities [1-3]. It is necessary to always keep 
laboratory safety management in mind. �e safety management 
of university laboratories involves di�erent majors and 
disciplines, with strong professionalism and complexity. �ere 
are problems with the visualization, transparency, and 
traceability of laboratory management processes, such as 
incomplete coverage of management processes, di�culty in 
tracing the use of hazardous chemical reagents, experimental 
equipment, and other elements, and incorrect identi�cation of 
operators. �e information technology greatly simpli�es the 
recording and tracing of personnel, reagents, and equipment 
information in traditional laboratory management processes, 
improving operational e�ciency and facilitating experimental 
management levels [4-6].

 However, the current laboratory safety management 
information system is more limited to static information 
records of laboratory chemical reagents, experimental 
equipment, operators, and other experimental elements in the 
laboratory management process, and most of them require 
manual input. �e real-time dynamic updates and re�ection 
process data, such as personnel changes, equipment updates, 
and hazardous chemical reagent usage involved in the 
experimental process, could not be achieved. �ere are 
numerous safety hazards in laboratory safety management, 

which greatly increase the visualization, transparency, and 
traceability in the process of laboratory safety management. 
�erefore, e�ectively integrating smart sensing technology to 
achieve dynamic experimental element information in the 
laboratory management process is an important means to 
achieve full management of laboratory processes, full 
correspondence of experimental personnel, full dynamic 
visualization, transparency, and traceability of various 
elements such as experimental chemistry and equipment, and 
organic integration with national safety production 
construction.

 �e research on laboratory management in international 
universities has been ongoing, but due to the complexity, 
�uidity, and process opacity of laboratory management itself, 
the overall level and quality of management in many 
laboratories are not very high. �e laboratory management 
could generally be divided into two categories: traditional 
manual management and information system management.

 In terms of traditional laboratory management, it still 
relies more on a dedicated person-responsible model. Starting 
from the overall function of the laboratory, it is responsible for 
the systematic management of �xed or experimental assets 
such as experimental equipment, consumables, and reagents, 
as well as the daily registration and management of laboratory 
users [7-9]. �is traditional management method requires 
manual recording or registration by laboratory management 
personnel. From the perspective of management e�ectiveness, 

it could achieve a comprehensive management of the laboratory 
and achieve some detailed records. However, from the 
perspective of manpower and overall management e�ciency, its 
management level is relatively backward, and more depends on 
the diligence of the management personnel themselves, 
Moreover, manual recording methods could easily lead to issues 
such as data loss, which is not conducive to the long-term 
management needs of the laboratory.

 In terms of information laboratory management, due to the 
e�ciency and level issues of traditional manual laboratory 
management methods, the researchers have begun to focus on 
replacing traditional manual management with information 
system laboratory management [10-14]. Information system 
laboratory management refers to the use of computer 
technology, information communication, and other 
technologies to achieve electronic information recording and 
management of the laboratory management process and to 
display and record traditional paper or manually recorded 
information through database storage and other methods. �is 
information-based laboratory management greatly improves 
the e�ciency and level of traditional manual management and 
is more conducive to long-term management and traceability of 
the laboratory. It also facilitates the implementation of remote 
management and other functions.

 Current research on information laboratory management 
focuses more on how to achieve electronic ledger records, 
personnel management, and laboratory asset information 
management. Many of these information requires system 
administrators to manually input the system and manually 
update relevant data in real-time. Data management relies on 
regular updates and inputs, and more management is focused 
on static laboratory information, which has issues with 
real-time updates, and precisely because it is manually entered, 
there are inevitably issues such as human error and falsi�cation. 
On the other hand, laboratory management more involves the 
management of large laboratory equipment and laboratory 
reagents, especially hazardous chemical reagents. �e operating 
status, usage, and inventory of equipment are important for 
laboratory management, and this data management 
information could not be dynamically and transparently 
updated and traceable in existing research information 
management systems.

 Smart sensing is the key to achieving dynamic real-time 
visualization, transparency, and traceability of various 
experimental elements, such as hazardous reagents, 
experimental equipment, and experimental operators in the 
safety management process of university laboratories. Smart 
sensing refers to the use of advanced smart sensing technology, 
combined with advanced communication methods such as 
wireless technology, to achieve real-time sensor information of 
objective parameters such as physical quantities, chemical 
quantities, and biomass during human activities [15-20]. It has 
the characteristics of automation, intelligence, and 
visualization.  

 �erefore, it is more important and practical to achieve 
real-time dynamic updates, automatic storage, and more 
transparent and visualized management of various laboratory 
elements in the laboratory management process, especially in 
universities. �is will also become an advanced technology in 
the future laboratory management process that integrates 

visualization, intelligent perception, and other advanced 
technologies to achieve automation, intelligence, and 
transparency visualization and its management are important 
development trends that could be traced.

 As discussed above, as an example, the smart sensing 
scheme for laboratory hazardous chemical reagents with 
capacitive liquid level has been proposed in this paper. �e 
paper includes the scheme background, implementation 
conditions, the system design and implementation process, and 
the experimental principles of the scheme.

Scheme Background
�e smart sensing system fully utilizes sensors, analog and 
digital electronics, as well as microcontroller technology to 
solve the real-time dynamic update, automatic storage, and 
more transparent and visual management of various laboratory 
elements in the management process of real laboratories, 
especially university laboratories, in addition to basic static 
information. �e system needs to use commonly used sensor 
detection, analogy-digital conversion and other signal 
conditioning, microcontroller signal processing technical 
methods of wireless transmission and display.  It involves 
various aspects such as electronic system so�ware and hardware 
design, system integration, and testing basic concepts and 
technologies. �e system utilizes simple and easy-to-use 
Arduino open-source so�ware and hardware, based on 
capacitive liquid level sensors, to design and implement a 
capacitive liquid level smart sensing system for laboratory 
hazardous chemical reagents.

Implementation Conditions
�e implementation requires experimental resources, 
including:
1) Capacitive liquid level sensor module.
2) Arduino Bluetooth main control module.
3) Arduino integrated development environment.
4) Arduino Bluetooth demonstration mobile application.
5) Connect cables.
6) Chemical reagent bottles for liquid-level detection 
experiments.

System Design and Implementation Process
�is solution process is a relatively complete engineering testing 
case, using Arduino open-source so�ware and hardware to 
design and implement a capacitive liquid-level continuous 
sensing detection system, which speci�cally includes:
1. Connecting a capacitive liquid level sensor module with a 

capacitive analog-to-digital conversion chip as the signal 
acquisition and conversion input.

2. Connecting the Arduino Bluetooth main control module to 
the capacitive liquid level sensor module through the I2C 
bus for data acquisition and processing of liquid level 
sensing signals.

3. Writing programs for capacitive liquid level sensing data 
collection and Bluetooth wireless transmission through the  
Arduino IDE integrated development environment, and 
downloading them to the Bluetooth main control module 
for debugging.

4. Installing the Arduino Bluetooth demonstration mobile 

app onto the phone and connecting it to the Bluetooth main 
control module.

5. A�er completing hardware design, testing, and 
so�waredebugging, conduct overall functional testing of 
the detection system.

6. Placing the sensor outside the actual water cylinder or cup 
container, calibrate the initial and �nal liquid level 
positions of the capacitive liquid level sensor, and compare 
them with the actual liquid level situation to complete the 
measurement and error analysis of the liquid level.

Experimental Principle
Overall system architecture
�e overall diagram of the liquid-level sensing system is shown 
in Figure 1. �e overall system includes liquid-level sensor 
modules, sensing signal conditioning, processing, wireless 
transmission, and data display modules. Each module is 
connected and communicates with each other, ultimately 
completing the collection, conditioning, processing, 
transmission, and display of capacitive liquid level sensor data 
information.

Principle of liquid level sensor
�e liquid level sensor module is based on the principle of 
capacitive sensing measurement, and the sensor uses a 
TM601AWLCOR multi-channel capacitive sensing chip, which 
can serve as a controller for continuous liquid level detection. 
Calculate the corresponding liquid level height by detecting the 
changes in sampling values of di�erent channels when the 
liquid level is at di�erent heights.

 �e liquid-level sensor module needs to be tightly attached 
to the outer wall of the non-conductive container. When the 
liquid passes through the capacitor plate, it will cause a change 

in the dielectric constant of the capacitor, causing a change in 
the capacitance and detecting the position of the liquid. �e 
capacitance (C) detection is shown in the following formula.

 where A is the area (m2), ε0 = 8.85×10-12 (F/m) is the vacuum 
dielectric constant, ε is the dielectric constant of the medium 
between the electrodes, when the medium is air ε = 1, σ is the 
distance between two plates (m).
 �e physical implementation and hardware circuits of the 
sensor module are shown in Figures 2 and 3.

Liquid level sensing
�e liquid level sensor needs to be calibrated before use, and the calibration is carried out through a speci�c calibration board (as 
shown in Figures 4 and 5). �e sensor calibration is carried out as follows.

1. Firstly, the sensor module is tightly attached to the outer 
surface of the tested container or chemical reagent bottle.

2. Connecting the calibration board to the sensor module. 
Empty the water in the container and press the KEY1 button 
once to set and record the empty water status. At this time, 
the control board reads the threshold and writes it into the 
chip. At the same time, perform liquid-level detection 
calculations according to the new threshold. A�er pressing 
the button, the digital tube displays the number 1. If the 
above operation is successful, the digital tube will �ash 3 
times, and if the operation fails, the digital tube will �ash 6 
times.

3. Adding a small amount of water, raise the liquid level to the 
0 mark, and continuously press the KEY2 button twice. At 
this time, the control board reads the threshold and writes it 
into the chip. At the same time, the liquid level is detected 
and calculated according to the new threshold. A�er 
pressing the button, the digital tube displays the number 2. 
If the above operation is successful, the digital tube will �ash 
3 times, and if it fails, the digital tube will �ash 6 times.

4. Adding water, raise the liquid level to the full scale, and 
continuously press the KEY1 button 3 times. At this time, 
the control board reads the threshold and writes it into the 
chip. At the same time, press the new threshold for liquid 
level detection and calculation. A�er pressing the button, 
the digital tube displays the number 3. If the above 
operation is successful, the digital tube will �ash 3 times, 
and if the operation fails, the digital tube will �ash 6 times.

 A�er calibration, the liquid level sensor is connected to the 
Arduino main control microcontroller (MCU) for data 
collection and transmission. �e sensor module communicates 
with the microcontroller through the inter-integrated circuit 
(I2C) bus (as shown in Figures 6 and 7). During the period 
when SCL is high, SDA must maintain a stable level. �e high 
and low-level changes of SDA can only occur during the 
low-level period of SCL. �e sensing data consists of 8 bits of 
data and 1 response signal. �e speci�c programming can refer 
to the Arduino IDE open-source so�ware and programming 
implementation to complete the design and implementation of 
the detection system. �e programming interface is shown in 
Figure 8.

Conclusion 
�is paper has proposed a smart sensing scheme for laboratory 
hazardous chemical reagents with capacitive liquid level as an 
example of laboratory management. �e scheme has the 
features and innovations below.
1. Combining the theoretical knowledge of smart sensing with 

practical safety practices, such as hazardous chemical 
reagents in the laboratory, to achieve the design of a 
complete sensing system.

2. Relying on open-source and easy-to-use so�ware and 
hardware systems, assisting in rapid development and 
implementation of sensing system design and 
implementation, improving theoretical practice and 
application e�ciency, and assisting in laboratory security 
management practice exploration.

3. To present the integration process of the sensing system in 
an intuitive and immersive visual manner, laying the 
foundation for the integrated application of real-time 
dynamic traceability and visualization of laboratory safety 
management information in the future.

 �e smart sensing system has combined the theoretical 
knowledge of smart sensing with practical safety practices, such 
as hazardous chemical reagents in the laboratory to achieve the 
design of a complete sensing system, relying on open-source 
and easy-to-use so�ware and hardware systems to assist in rapid 
development and implementation of sensing system design and 
implementation, improve theoretical practice and application 
e�ciency, and assist in laboratory security management 
practice exploration. It could lay the foundation for the 
integrated application of real-time dynamic traceability and 
visualization of laboratory safety management information in 
the future.
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�e safety management of university laboratories is an 
important prerequisite and foundation for achieving normal 
education, teaching, and scienti�c research among teachers and 
students in universities [1-3]. It is necessary to always keep 
laboratory safety management in mind. �e safety management 
of university laboratories involves di�erent majors and 
disciplines, with strong professionalism and complexity. �ere 
are problems with the visualization, transparency, and 
traceability of laboratory management processes, such as 
incomplete coverage of management processes, di�culty in 
tracing the use of hazardous chemical reagents, experimental 
equipment, and other elements, and incorrect identi�cation of 
operators. �e information technology greatly simpli�es the 
recording and tracing of personnel, reagents, and equipment 
information in traditional laboratory management processes, 
improving operational e�ciency and facilitating experimental 
management levels [4-6].

 However, the current laboratory safety management 
information system is more limited to static information 
records of laboratory chemical reagents, experimental 
equipment, operators, and other experimental elements in the 
laboratory management process, and most of them require 
manual input. �e real-time dynamic updates and re�ection 
process data, such as personnel changes, equipment updates, 
and hazardous chemical reagent usage involved in the 
experimental process, could not be achieved. �ere are 
numerous safety hazards in laboratory safety management, 

which greatly increase the visualization, transparency, and 
traceability in the process of laboratory safety management. 
�erefore, e�ectively integrating smart sensing technology to 
achieve dynamic experimental element information in the 
laboratory management process is an important means to 
achieve full management of laboratory processes, full 
correspondence of experimental personnel, full dynamic 
visualization, transparency, and traceability of various 
elements such as experimental chemistry and equipment, and 
organic integration with national safety production 
construction.

 �e research on laboratory management in international 
universities has been ongoing, but due to the complexity, 
�uidity, and process opacity of laboratory management itself, 
the overall level and quality of management in many 
laboratories are not very high. �e laboratory management 
could generally be divided into two categories: traditional 
manual management and information system management.

 In terms of traditional laboratory management, it still 
relies more on a dedicated person-responsible model. Starting 
from the overall function of the laboratory, it is responsible for 
the systematic management of �xed or experimental assets 
such as experimental equipment, consumables, and reagents, 
as well as the daily registration and management of laboratory 
users [7-9]. �is traditional management method requires 
manual recording or registration by laboratory management 
personnel. From the perspective of management e�ectiveness, 

it could achieve a comprehensive management of the laboratory 
and achieve some detailed records. However, from the 
perspective of manpower and overall management e�ciency, its 
management level is relatively backward, and more depends on 
the diligence of the management personnel themselves, 
Moreover, manual recording methods could easily lead to issues 
such as data loss, which is not conducive to the long-term 
management needs of the laboratory.

 In terms of information laboratory management, due to the 
e�ciency and level issues of traditional manual laboratory 
management methods, the researchers have begun to focus on 
replacing traditional manual management with information 
system laboratory management [10-14]. Information system 
laboratory management refers to the use of computer 
technology, information communication, and other 
technologies to achieve electronic information recording and 
management of the laboratory management process and to 
display and record traditional paper or manually recorded 
information through database storage and other methods. �is 
information-based laboratory management greatly improves 
the e�ciency and level of traditional manual management and 
is more conducive to long-term management and traceability of 
the laboratory. It also facilitates the implementation of remote 
management and other functions.

 Current research on information laboratory management 
focuses more on how to achieve electronic ledger records, 
personnel management, and laboratory asset information 
management. Many of these information requires system 
administrators to manually input the system and manually 
update relevant data in real-time. Data management relies on 
regular updates and inputs, and more management is focused 
on static laboratory information, which has issues with 
real-time updates, and precisely because it is manually entered, 
there are inevitably issues such as human error and falsi�cation. 
On the other hand, laboratory management more involves the 
management of large laboratory equipment and laboratory 
reagents, especially hazardous chemical reagents. �e operating 
status, usage, and inventory of equipment are important for 
laboratory management, and this data management 
information could not be dynamically and transparently 
updated and traceable in existing research information 
management systems.

 Smart sensing is the key to achieving dynamic real-time 
visualization, transparency, and traceability of various 
experimental elements, such as hazardous reagents, 
experimental equipment, and experimental operators in the 
safety management process of university laboratories. Smart 
sensing refers to the use of advanced smart sensing technology, 
combined with advanced communication methods such as 
wireless technology, to achieve real-time sensor information of 
objective parameters such as physical quantities, chemical 
quantities, and biomass during human activities [15-20]. It has 
the characteristics of automation, intelligence, and 
visualization.  

 �erefore, it is more important and practical to achieve 
real-time dynamic updates, automatic storage, and more 
transparent and visualized management of various laboratory 
elements in the laboratory management process, especially in 
universities. �is will also become an advanced technology in 
the future laboratory management process that integrates 

visualization, intelligent perception, and other advanced 
technologies to achieve automation, intelligence, and 
transparency visualization and its management are important 
development trends that could be traced.

 As discussed above, as an example, the smart sensing 
scheme for laboratory hazardous chemical reagents with 
capacitive liquid level has been proposed in this paper. �e 
paper includes the scheme background, implementation 
conditions, the system design and implementation process, and 
the experimental principles of the scheme.

Scheme Background
�e smart sensing system fully utilizes sensors, analog and 
digital electronics, as well as microcontroller technology to 
solve the real-time dynamic update, automatic storage, and 
more transparent and visual management of various laboratory 
elements in the management process of real laboratories, 
especially university laboratories, in addition to basic static 
information. �e system needs to use commonly used sensor 
detection, analogy-digital conversion and other signal 
conditioning, microcontroller signal processing technical 
methods of wireless transmission and display.  It involves 
various aspects such as electronic system so�ware and hardware 
design, system integration, and testing basic concepts and 
technologies. �e system utilizes simple and easy-to-use 
Arduino open-source so�ware and hardware, based on 
capacitive liquid level sensors, to design and implement a 
capacitive liquid level smart sensing system for laboratory 
hazardous chemical reagents.

Implementation Conditions
�e implementation requires experimental resources, 
including:
1) Capacitive liquid level sensor module.
2) Arduino Bluetooth main control module.
3) Arduino integrated development environment.
4) Arduino Bluetooth demonstration mobile application.
5) Connect cables.
6) Chemical reagent bottles for liquid-level detection 
experiments.

System Design and Implementation Process
�is solution process is a relatively complete engineering testing 
case, using Arduino open-source so�ware and hardware to 
design and implement a capacitive liquid-level continuous 
sensing detection system, which speci�cally includes:
1. Connecting a capacitive liquid level sensor module with a 

capacitive analog-to-digital conversion chip as the signal 
acquisition and conversion input.

2. Connecting the Arduino Bluetooth main control module to 
the capacitive liquid level sensor module through the I2C 
bus for data acquisition and processing of liquid level 
sensing signals.

3. Writing programs for capacitive liquid level sensing data 
collection and Bluetooth wireless transmission through the  
Arduino IDE integrated development environment, and 
downloading them to the Bluetooth main control module 
for debugging.

4. Installing the Arduino Bluetooth demonstration mobile 

app onto the phone and connecting it to the Bluetooth main 
control module.

5. A�er completing hardware design, testing, and 
so�waredebugging, conduct overall functional testing of 
the detection system.

6. Placing the sensor outside the actual water cylinder or cup 
container, calibrate the initial and �nal liquid level 
positions of the capacitive liquid level sensor, and compare 
them with the actual liquid level situation to complete the 
measurement and error analysis of the liquid level.

Experimental Principle
Overall system architecture
�e overall diagram of the liquid-level sensing system is shown 
in Figure 1. �e overall system includes liquid-level sensor 
modules, sensing signal conditioning, processing, wireless 
transmission, and data display modules. Each module is 
connected and communicates with each other, ultimately 
completing the collection, conditioning, processing, 
transmission, and display of capacitive liquid level sensor data 
information.

Principle of liquid level sensor
�e liquid level sensor module is based on the principle of 
capacitive sensing measurement, and the sensor uses a 
TM601AWLCOR multi-channel capacitive sensing chip, which 
can serve as a controller for continuous liquid level detection. 
Calculate the corresponding liquid level height by detecting the 
changes in sampling values of di�erent channels when the 
liquid level is at di�erent heights.

 �e liquid-level sensor module needs to be tightly attached 
to the outer wall of the non-conductive container. When the 
liquid passes through the capacitor plate, it will cause a change 

in the dielectric constant of the capacitor, causing a change in 
the capacitance and detecting the position of the liquid. �e 
capacitance (C) detection is shown in the following formula.

 where A is the area (m2), ε0 = 8.85×10-12 (F/m) is the vacuum 
dielectric constant, ε is the dielectric constant of the medium 
between the electrodes, when the medium is air ε = 1, σ is the 
distance between two plates (m).
 �e physical implementation and hardware circuits of the 
sensor module are shown in Figures 2 and 3.

Liquid level sensing
�e liquid level sensor needs to be calibrated before use, and the calibration is carried out through a speci�c calibration board (as 
shown in Figures 4 and 5). �e sensor calibration is carried out as follows.

1. Firstly, the sensor module is tightly attached to the outer 
surface of the tested container or chemical reagent bottle.

2. Connecting the calibration board to the sensor module. 
Empty the water in the container and press the KEY1 button 
once to set and record the empty water status. At this time, 
the control board reads the threshold and writes it into the 
chip. At the same time, perform liquid-level detection 
calculations according to the new threshold. A�er pressing 
the button, the digital tube displays the number 1. If the 
above operation is successful, the digital tube will �ash 3 
times, and if the operation fails, the digital tube will �ash 6 
times.

3. Adding a small amount of water, raise the liquid level to the 
0 mark, and continuously press the KEY2 button twice. At 
this time, the control board reads the threshold and writes it 
into the chip. At the same time, the liquid level is detected 
and calculated according to the new threshold. A�er 
pressing the button, the digital tube displays the number 2. 
If the above operation is successful, the digital tube will �ash 
3 times, and if it fails, the digital tube will �ash 6 times.

4. Adding water, raise the liquid level to the full scale, and 
continuously press the KEY1 button 3 times. At this time, 
the control board reads the threshold and writes it into the 
chip. At the same time, press the new threshold for liquid 
level detection and calculation. A�er pressing the button, 
the digital tube displays the number 3. If the above 
operation is successful, the digital tube will �ash 3 times, 
and if the operation fails, the digital tube will �ash 6 times.

 A�er calibration, the liquid level sensor is connected to the 
Arduino main control microcontroller (MCU) for data 
collection and transmission. �e sensor module communicates 
with the microcontroller through the inter-integrated circuit 
(I2C) bus (as shown in Figures 6 and 7). During the period 
when SCL is high, SDA must maintain a stable level. �e high 
and low-level changes of SDA can only occur during the 
low-level period of SCL. �e sensing data consists of 8 bits of 
data and 1 response signal. �e speci�c programming can refer 
to the Arduino IDE open-source so�ware and programming 
implementation to complete the design and implementation of 
the detection system. �e programming interface is shown in 
Figure 8.

Conclusion 
�is paper has proposed a smart sensing scheme for laboratory 
hazardous chemical reagents with capacitive liquid level as an 
example of laboratory management. �e scheme has the 
features and innovations below.
1. Combining the theoretical knowledge of smart sensing with 

practical safety practices, such as hazardous chemical 
reagents in the laboratory, to achieve the design of a 
complete sensing system.

2. Relying on open-source and easy-to-use so�ware and 
hardware systems, assisting in rapid development and 
implementation of sensing system design and 
implementation, improving theoretical practice and 
application e�ciency, and assisting in laboratory security 
management practice exploration.

3. To present the integration process of the sensing system in 
an intuitive and immersive visual manner, laying the 
foundation for the integrated application of real-time 
dynamic traceability and visualization of laboratory safety 
management information in the future.

 �e smart sensing system has combined the theoretical 
knowledge of smart sensing with practical safety practices, such 
as hazardous chemical reagents in the laboratory to achieve the 
design of a complete sensing system, relying on open-source 
and easy-to-use so�ware and hardware systems to assist in rapid 
development and implementation of sensing system design and 
implementation, improve theoretical practice and application 
e�ciency, and assist in laboratory security management 
practice exploration. It could lay the foundation for the 
integrated application of real-time dynamic traceability and 
visualization of laboratory safety management information in 
the future.

Acknowledgement
�is research is supported by the Research Project from the 
Technical Materials Research Branch of Beijing Higher 
Education Society (JSWZ202210) and the 2115 talent 
development program of China Agricultural University.

Disclosure statement 
No potential con�ict of interest was reported by the authors.

References
1. Yang J, Xuan S, Hu Y, Liu X, Bian M, Chen L, et al. �e 

framework of safety management on university laboratory. J 
Loss Prev Process Ind. 2022;80:104871.               . 
https://doi.org/10.1016/j.jlp.2022.104871

2. Peng T, Li C, Zhou X. Application of machine learning to 
laboratory safety management assessment. Saf Sci. 
2019;120:263-267.                                                                      . 
https://doi.org/10.1016/j.ssci.2019.07.007 

3. Bai M, Liu Y, Qi M, Roy N, Shu CM, Khan F, et al. Current 
status, challenges, and future directions of university 
laboratory safety in China. J Loss Prev Process Ind. 
2022;74:104671. https://doi.org/10.1016/j.jlp.2021.104671 

4. Ding J. Construction of a safety management system for 
university laboratories based on arti�cial intelligence and 
IoT technology. Int Trans Electr Energy Syst. 2022;2022. 
https://doi.org/10.1155/2022/7914454 

5. Olewski T, Snakard M. Challenges in applying process safety 
management at university laboratories. J Loss Prev Process 
Ind. 2017;49:209-214.                                         .  
https://doi.org/10.1016/j.jlp.2017.06.013 

6. Xu C, Guo L, Wang K, Yang T, Feng Y, Wang H, et al. 
Current challenges of university laboratory: characteristics 
of human factors and safety management system 
de�ciencies based on accident statistics. J Safety Res. 
2023;86:318-335. https://doi.org/10.1016/j.jsr.2023.07.010 

7. Bhute VJ, Inguva P, Shah U, Brechtelsbauer C. Transforming 
traditional teaching laboratories for e�ective remote 
delivery—a review. Educ Chem Eng. 2021;35:96-104. 
https://doi.org/10.1016/j.ece.2021.01.008 

8. Cantwell B. Laboratory management, academic production, 
and the building blocks of academic capitalism. High Educ. 
2015;70:487-502.              .  
https://doi.org/10.1007/s10734-014-9851-9 

9. Misganaw A, Seyoum F. Assessment of manual 
perioperative anesthesia record-keeping practice: a 
multicenter; descriptive cross-sectional study, Ethiopia, 
2022. Int J Surg Open. 2022;46:100526.              .  
https://doi.org/10.1016/j.ijso.2022.100526 

10.Caminero AC, Ros S, Hernández R, Robles-Gómez A, 
Tobarra L, Granjo PJ. Virtual remote laboratories 
management system (tutores): using cloud computing to 
acquire university practical skills. IEEE Trans Learn 
Technol. 2015;9(2):133-145.                                 .  
https://doi.org/10.1109/TLT.2015.2470683 

11.Prasad PJ, Bodhe GL. Trends in laboratory information 
management system. Chemometr Intell Lab Syst. 
2012;118:187-192.              .  
https://doi.org/10.1016/j.chemolab.2012.07.001 

12.Kammergruber R, Robold S, Karliç J, Durner J. �e future of 
the laboratory information system–what are the 
requirements for a powerful system for a laboratory data 
management?. Clin Chem Lab Med. 2014;52(11):e225-e230. 
https://doi.org/10.1515/cclm-2014-0276 

13.Hao C, Zheng A, Wang Y, Jiang B. Experiment information 
system based on an online virtual laboratory. Future 
Internet. 2021;13(2):27.                                           .               
https://www.mdpi.com/1999-5903/13/2/27

14.Constantinescu G, Schulze M, Peitzsch M, Hofmockel T, 
Scholl UI, Williams TA, et al. Integration of arti�cial 
intelligence and plasma steroidomics with laboratory 
information management systems: application to primary 
aldosteronism. Clin Chem Lab Med. 
2022;60(12):1929-1937.              .  
https://doi.org/10.1515/cclm-2022-0470 

15.Song D, Chen X, Wang M, Xiao X. Flexible sensors for 
mechatronic engineering education. Sens Int.              .  
2023;4:100236. https://doi.org/10.1016/j.sintl.2023.100236 

16.Meng W, Yang Y, Zhang R, Wu Z, Xiao X. 
Triboelectric-electromagnetic hybrid generator based 
self-powered �exible wireless sensing for food monitoring. 
Chem Eng J. 2023;473:145465.                           .  
https://doi.org/10.1016/j.cej.2023.145465 

17.Song D, Chen X, Wang M, Wu Z, Xiao X. 3D-printed �exible 
sensors for food monitoring. Chem Eng J. 2023;474:146011. 
https://doi.org/10.1016/j.cej.2023.146011 

18.Xiao X, Mu B, Cao G, Yang Y, Wang M. Flexible battery-free 
wireless electronic system for food monitoring. J Sci-Adv 
Mater Dev. 2022;7(2):100430.              .  
https://doi.org/10.1016/j.jsamd.2022.100430 

19.Liu W. Smart sensors, sensing mechanisms and platforms of 
sustainable smart agriculture realized through the big data 
analysis. Cluster Comput. 2023,26(5):2503-2517. 
https://doi.org/10.1007/s10586-021-03295-3 

20.Xiao X, Fu Y, Yang Y, Zhang X. Sustainable solar powered 
battery-free wireless sensing for food cold chain 
management. Sens Int. 2022;3:100157.              .  
https://doi.org/10.1016/j.sintl.2022.100157

J. Artif. Intell. Robot., 2024, 1, 11-16 © Reseapro Journals 2024
https://doi.org/10.61577/jaiar.2024.100003

JOURNAL OF ARTIFICIAL INTELLIGENCE AND ROBOTICS                              
2024, VOL. 1, ISSUE 1

12



�e safety management of university laboratories is an 
important prerequisite and foundation for achieving normal 
education, teaching, and scienti�c research among teachers and 
students in universities [1-3]. It is necessary to always keep 
laboratory safety management in mind. �e safety management 
of university laboratories involves di�erent majors and 
disciplines, with strong professionalism and complexity. �ere 
are problems with the visualization, transparency, and 
traceability of laboratory management processes, such as 
incomplete coverage of management processes, di�culty in 
tracing the use of hazardous chemical reagents, experimental 
equipment, and other elements, and incorrect identi�cation of 
operators. �e information technology greatly simpli�es the 
recording and tracing of personnel, reagents, and equipment 
information in traditional laboratory management processes, 
improving operational e�ciency and facilitating experimental 
management levels [4-6].

 However, the current laboratory safety management 
information system is more limited to static information 
records of laboratory chemical reagents, experimental 
equipment, operators, and other experimental elements in the 
laboratory management process, and most of them require 
manual input. �e real-time dynamic updates and re�ection 
process data, such as personnel changes, equipment updates, 
and hazardous chemical reagent usage involved in the 
experimental process, could not be achieved. �ere are 
numerous safety hazards in laboratory safety management, 

which greatly increase the visualization, transparency, and 
traceability in the process of laboratory safety management. 
�erefore, e�ectively integrating smart sensing technology to 
achieve dynamic experimental element information in the 
laboratory management process is an important means to 
achieve full management of laboratory processes, full 
correspondence of experimental personnel, full dynamic 
visualization, transparency, and traceability of various 
elements such as experimental chemistry and equipment, and 
organic integration with national safety production 
construction.

 �e research on laboratory management in international 
universities has been ongoing, but due to the complexity, 
�uidity, and process opacity of laboratory management itself, 
the overall level and quality of management in many 
laboratories are not very high. �e laboratory management 
could generally be divided into two categories: traditional 
manual management and information system management.

 In terms of traditional laboratory management, it still 
relies more on a dedicated person-responsible model. Starting 
from the overall function of the laboratory, it is responsible for 
the systematic management of �xed or experimental assets 
such as experimental equipment, consumables, and reagents, 
as well as the daily registration and management of laboratory 
users [7-9]. �is traditional management method requires 
manual recording or registration by laboratory management 
personnel. From the perspective of management e�ectiveness, 

it could achieve a comprehensive management of the laboratory 
and achieve some detailed records. However, from the 
perspective of manpower and overall management e�ciency, its 
management level is relatively backward, and more depends on 
the diligence of the management personnel themselves, 
Moreover, manual recording methods could easily lead to issues 
such as data loss, which is not conducive to the long-term 
management needs of the laboratory.

 In terms of information laboratory management, due to the 
e�ciency and level issues of traditional manual laboratory 
management methods, the researchers have begun to focus on 
replacing traditional manual management with information 
system laboratory management [10-14]. Information system 
laboratory management refers to the use of computer 
technology, information communication, and other 
technologies to achieve electronic information recording and 
management of the laboratory management process and to 
display and record traditional paper or manually recorded 
information through database storage and other methods. �is 
information-based laboratory management greatly improves 
the e�ciency and level of traditional manual management and 
is more conducive to long-term management and traceability of 
the laboratory. It also facilitates the implementation of remote 
management and other functions.

 Current research on information laboratory management 
focuses more on how to achieve electronic ledger records, 
personnel management, and laboratory asset information 
management. Many of these information requires system 
administrators to manually input the system and manually 
update relevant data in real-time. Data management relies on 
regular updates and inputs, and more management is focused 
on static laboratory information, which has issues with 
real-time updates, and precisely because it is manually entered, 
there are inevitably issues such as human error and falsi�cation. 
On the other hand, laboratory management more involves the 
management of large laboratory equipment and laboratory 
reagents, especially hazardous chemical reagents. �e operating 
status, usage, and inventory of equipment are important for 
laboratory management, and this data management 
information could not be dynamically and transparently 
updated and traceable in existing research information 
management systems.

 Smart sensing is the key to achieving dynamic real-time 
visualization, transparency, and traceability of various 
experimental elements, such as hazardous reagents, 
experimental equipment, and experimental operators in the 
safety management process of university laboratories. Smart 
sensing refers to the use of advanced smart sensing technology, 
combined with advanced communication methods such as 
wireless technology, to achieve real-time sensor information of 
objective parameters such as physical quantities, chemical 
quantities, and biomass during human activities [15-20]. It has 
the characteristics of automation, intelligence, and 
visualization.  

 �erefore, it is more important and practical to achieve 
real-time dynamic updates, automatic storage, and more 
transparent and visualized management of various laboratory 
elements in the laboratory management process, especially in 
universities. �is will also become an advanced technology in 
the future laboratory management process that integrates 

visualization, intelligent perception, and other advanced 
technologies to achieve automation, intelligence, and 
transparency visualization and its management are important 
development trends that could be traced.

 As discussed above, as an example, the smart sensing 
scheme for laboratory hazardous chemical reagents with 
capacitive liquid level has been proposed in this paper. �e 
paper includes the scheme background, implementation 
conditions, the system design and implementation process, and 
the experimental principles of the scheme.

Scheme Background
�e smart sensing system fully utilizes sensors, analog and 
digital electronics, as well as microcontroller technology to 
solve the real-time dynamic update, automatic storage, and 
more transparent and visual management of various laboratory 
elements in the management process of real laboratories, 
especially university laboratories, in addition to basic static 
information. �e system needs to use commonly used sensor 
detection, analogy-digital conversion and other signal 
conditioning, microcontroller signal processing technical 
methods of wireless transmission and display.  It involves 
various aspects such as electronic system so�ware and hardware 
design, system integration, and testing basic concepts and 
technologies. �e system utilizes simple and easy-to-use 
Arduino open-source so�ware and hardware, based on 
capacitive liquid level sensors, to design and implement a 
capacitive liquid level smart sensing system for laboratory 
hazardous chemical reagents.

Implementation Conditions
�e implementation requires experimental resources, 
including:
1) Capacitive liquid level sensor module.
2) Arduino Bluetooth main control module.
3) Arduino integrated development environment.
4) Arduino Bluetooth demonstration mobile application.
5) Connect cables.
6) Chemical reagent bottles for liquid-level detection 
experiments.

System Design and Implementation Process
�is solution process is a relatively complete engineering testing 
case, using Arduino open-source so�ware and hardware to 
design and implement a capacitive liquid-level continuous 
sensing detection system, which speci�cally includes:
1. Connecting a capacitive liquid level sensor module with a 

capacitive analog-to-digital conversion chip as the signal 
acquisition and conversion input.

2. Connecting the Arduino Bluetooth main control module to 
the capacitive liquid level sensor module through the I2C 
bus for data acquisition and processing of liquid level 
sensing signals.

3. Writing programs for capacitive liquid level sensing data 
collection and Bluetooth wireless transmission through the  
Arduino IDE integrated development environment, and 
downloading them to the Bluetooth main control module 
for debugging.

4. Installing the Arduino Bluetooth demonstration mobile 

app onto the phone and connecting it to the Bluetooth main 
control module.

5. A�er completing hardware design, testing, and 
so�waredebugging, conduct overall functional testing of 
the detection system.

6. Placing the sensor outside the actual water cylinder or cup 
container, calibrate the initial and �nal liquid level 
positions of the capacitive liquid level sensor, and compare 
them with the actual liquid level situation to complete the 
measurement and error analysis of the liquid level.

Figure 1. System architecture.

Experimental Principle
Overall system architecture
�e overall diagram of the liquid-level sensing system is shown 
in Figure 1. �e overall system includes liquid-level sensor 
modules, sensing signal conditioning, processing, wireless 
transmission, and data display modules. Each module is 
connected and communicates with each other, ultimately 
completing the collection, conditioning, processing, 
transmission, and display of capacitive liquid level sensor data 
information.

Principle of liquid level sensor
�e liquid level sensor module is based on the principle of 
capacitive sensing measurement, and the sensor uses a 
TM601AWLCOR multi-channel capacitive sensing chip, which 
can serve as a controller for continuous liquid level detection. 
Calculate the corresponding liquid level height by detecting the 
changes in sampling values of di�erent channels when the 
liquid level is at di�erent heights.

 �e liquid-level sensor module needs to be tightly attached 
to the outer wall of the non-conductive container. When the 
liquid passes through the capacitor plate, it will cause a change 

in the dielectric constant of the capacitor, causing a change in 
the capacitance and detecting the position of the liquid. �e 
capacitance (C) detection is shown in the following formula.

 where A is the area (m2), ε0 = 8.85×10-12 (F/m) is the vacuum 
dielectric constant, ε is the dielectric constant of the medium 
between the electrodes, when the medium is air ε = 1, σ is the 
distance between two plates (m).
 �e physical implementation and hardware circuits of the 
sensor module are shown in Figures 2 and 3.

Figure 2. Physical implementation of the liquid-level sensor.

Liquid level sensing
�e liquid level sensor needs to be calibrated before use, and the calibration is carried out through a speci�c calibration board (as 
shown in Figures 4 and 5). �e sensor calibration is carried out as follows.

1. Firstly, the sensor module is tightly attached to the outer 
surface of the tested container or chemical reagent bottle.

2. Connecting the calibration board to the sensor module. 
Empty the water in the container and press the KEY1 button 
once to set and record the empty water status. At this time, 
the control board reads the threshold and writes it into the 
chip. At the same time, perform liquid-level detection 
calculations according to the new threshold. A�er pressing 
the button, the digital tube displays the number 1. If the 
above operation is successful, the digital tube will �ash 3 
times, and if the operation fails, the digital tube will �ash 6 
times.

3. Adding a small amount of water, raise the liquid level to the 
0 mark, and continuously press the KEY2 button twice. At 
this time, the control board reads the threshold and writes it 
into the chip. At the same time, the liquid level is detected 
and calculated according to the new threshold. A�er 
pressing the button, the digital tube displays the number 2. 
If the above operation is successful, the digital tube will �ash 
3 times, and if it fails, the digital tube will �ash 6 times.

4. Adding water, raise the liquid level to the full scale, and 
continuously press the KEY1 button 3 times. At this time, 
the control board reads the threshold and writes it into the 
chip. At the same time, press the new threshold for liquid 
level detection and calculation. A�er pressing the button, 
the digital tube displays the number 3. If the above 
operation is successful, the digital tube will �ash 3 times, 
and if the operation fails, the digital tube will �ash 6 times.

 A�er calibration, the liquid level sensor is connected to the 
Arduino main control microcontroller (MCU) for data 
collection and transmission. �e sensor module communicates 
with the microcontroller through the inter-integrated circuit 
(I2C) bus (as shown in Figures 6 and 7). During the period 
when SCL is high, SDA must maintain a stable level. �e high 
and low-level changes of SDA can only occur during the 
low-level period of SCL. �e sensing data consists of 8 bits of 
data and 1 response signal. �e speci�c programming can refer 
to the Arduino IDE open-source so�ware and programming 
implementation to complete the design and implementation of 
the detection system. �e programming interface is shown in 
Figure 8.

Conclusion 
�is paper has proposed a smart sensing scheme for laboratory 
hazardous chemical reagents with capacitive liquid level as an 
example of laboratory management. �e scheme has the 
features and innovations below.
1. Combining the theoretical knowledge of smart sensing with 

practical safety practices, such as hazardous chemical 
reagents in the laboratory, to achieve the design of a 
complete sensing system.

2. Relying on open-source and easy-to-use so�ware and 
hardware systems, assisting in rapid development and 
implementation of sensing system design and 
implementation, improving theoretical practice and 
application e�ciency, and assisting in laboratory security 
management practice exploration.

3. To present the integration process of the sensing system in 
an intuitive and immersive visual manner, laying the 
foundation for the integrated application of real-time 
dynamic traceability and visualization of laboratory safety 
management information in the future.

 �e smart sensing system has combined the theoretical 
knowledge of smart sensing with practical safety practices, such 
as hazardous chemical reagents in the laboratory to achieve the 
design of a complete sensing system, relying on open-source 
and easy-to-use so�ware and hardware systems to assist in rapid 
development and implementation of sensing system design and 
implementation, improve theoretical practice and application 
e�ciency, and assist in laboratory security management 
practice exploration. It could lay the foundation for the 
integrated application of real-time dynamic traceability and 
visualization of laboratory safety management information in 
the future.
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�e safety management of university laboratories is an 
important prerequisite and foundation for achieving normal 
education, teaching, and scienti�c research among teachers and 
students in universities [1-3]. It is necessary to always keep 
laboratory safety management in mind. �e safety management 
of university laboratories involves di�erent majors and 
disciplines, with strong professionalism and complexity. �ere 
are problems with the visualization, transparency, and 
traceability of laboratory management processes, such as 
incomplete coverage of management processes, di�culty in 
tracing the use of hazardous chemical reagents, experimental 
equipment, and other elements, and incorrect identi�cation of 
operators. �e information technology greatly simpli�es the 
recording and tracing of personnel, reagents, and equipment 
information in traditional laboratory management processes, 
improving operational e�ciency and facilitating experimental 
management levels [4-6].

 However, the current laboratory safety management 
information system is more limited to static information 
records of laboratory chemical reagents, experimental 
equipment, operators, and other experimental elements in the 
laboratory management process, and most of them require 
manual input. �e real-time dynamic updates and re�ection 
process data, such as personnel changes, equipment updates, 
and hazardous chemical reagent usage involved in the 
experimental process, could not be achieved. �ere are 
numerous safety hazards in laboratory safety management, 

which greatly increase the visualization, transparency, and 
traceability in the process of laboratory safety management. 
�erefore, e�ectively integrating smart sensing technology to 
achieve dynamic experimental element information in the 
laboratory management process is an important means to 
achieve full management of laboratory processes, full 
correspondence of experimental personnel, full dynamic 
visualization, transparency, and traceability of various 
elements such as experimental chemistry and equipment, and 
organic integration with national safety production 
construction.

 �e research on laboratory management in international 
universities has been ongoing, but due to the complexity, 
�uidity, and process opacity of laboratory management itself, 
the overall level and quality of management in many 
laboratories are not very high. �e laboratory management 
could generally be divided into two categories: traditional 
manual management and information system management.

 In terms of traditional laboratory management, it still 
relies more on a dedicated person-responsible model. Starting 
from the overall function of the laboratory, it is responsible for 
the systematic management of �xed or experimental assets 
such as experimental equipment, consumables, and reagents, 
as well as the daily registration and management of laboratory 
users [7-9]. �is traditional management method requires 
manual recording or registration by laboratory management 
personnel. From the perspective of management e�ectiveness, 

it could achieve a comprehensive management of the laboratory 
and achieve some detailed records. However, from the 
perspective of manpower and overall management e�ciency, its 
management level is relatively backward, and more depends on 
the diligence of the management personnel themselves, 
Moreover, manual recording methods could easily lead to issues 
such as data loss, which is not conducive to the long-term 
management needs of the laboratory.

 In terms of information laboratory management, due to the 
e�ciency and level issues of traditional manual laboratory 
management methods, the researchers have begun to focus on 
replacing traditional manual management with information 
system laboratory management [10-14]. Information system 
laboratory management refers to the use of computer 
technology, information communication, and other 
technologies to achieve electronic information recording and 
management of the laboratory management process and to 
display and record traditional paper or manually recorded 
information through database storage and other methods. �is 
information-based laboratory management greatly improves 
the e�ciency and level of traditional manual management and 
is more conducive to long-term management and traceability of 
the laboratory. It also facilitates the implementation of remote 
management and other functions.

 Current research on information laboratory management 
focuses more on how to achieve electronic ledger records, 
personnel management, and laboratory asset information 
management. Many of these information requires system 
administrators to manually input the system and manually 
update relevant data in real-time. Data management relies on 
regular updates and inputs, and more management is focused 
on static laboratory information, which has issues with 
real-time updates, and precisely because it is manually entered, 
there are inevitably issues such as human error and falsi�cation. 
On the other hand, laboratory management more involves the 
management of large laboratory equipment and laboratory 
reagents, especially hazardous chemical reagents. �e operating 
status, usage, and inventory of equipment are important for 
laboratory management, and this data management 
information could not be dynamically and transparently 
updated and traceable in existing research information 
management systems.

 Smart sensing is the key to achieving dynamic real-time 
visualization, transparency, and traceability of various 
experimental elements, such as hazardous reagents, 
experimental equipment, and experimental operators in the 
safety management process of university laboratories. Smart 
sensing refers to the use of advanced smart sensing technology, 
combined with advanced communication methods such as 
wireless technology, to achieve real-time sensor information of 
objective parameters such as physical quantities, chemical 
quantities, and biomass during human activities [15-20]. It has 
the characteristics of automation, intelligence, and 
visualization.  

 �erefore, it is more important and practical to achieve 
real-time dynamic updates, automatic storage, and more 
transparent and visualized management of various laboratory 
elements in the laboratory management process, especially in 
universities. �is will also become an advanced technology in 
the future laboratory management process that integrates 

visualization, intelligent perception, and other advanced 
technologies to achieve automation, intelligence, and 
transparency visualization and its management are important 
development trends that could be traced.

 As discussed above, as an example, the smart sensing 
scheme for laboratory hazardous chemical reagents with 
capacitive liquid level has been proposed in this paper. �e 
paper includes the scheme background, implementation 
conditions, the system design and implementation process, and 
the experimental principles of the scheme.

Scheme Background
�e smart sensing system fully utilizes sensors, analog and 
digital electronics, as well as microcontroller technology to 
solve the real-time dynamic update, automatic storage, and 
more transparent and visual management of various laboratory 
elements in the management process of real laboratories, 
especially university laboratories, in addition to basic static 
information. �e system needs to use commonly used sensor 
detection, analogy-digital conversion and other signal 
conditioning, microcontroller signal processing technical 
methods of wireless transmission and display.  It involves 
various aspects such as electronic system so�ware and hardware 
design, system integration, and testing basic concepts and 
technologies. �e system utilizes simple and easy-to-use 
Arduino open-source so�ware and hardware, based on 
capacitive liquid level sensors, to design and implement a 
capacitive liquid level smart sensing system for laboratory 
hazardous chemical reagents.

Implementation Conditions
�e implementation requires experimental resources, 
including:
1) Capacitive liquid level sensor module.
2) Arduino Bluetooth main control module.
3) Arduino integrated development environment.
4) Arduino Bluetooth demonstration mobile application.
5) Connect cables.
6) Chemical reagent bottles for liquid-level detection 
experiments.

System Design and Implementation Process
�is solution process is a relatively complete engineering testing 
case, using Arduino open-source so�ware and hardware to 
design and implement a capacitive liquid-level continuous 
sensing detection system, which speci�cally includes:
1. Connecting a capacitive liquid level sensor module with a 

capacitive analog-to-digital conversion chip as the signal 
acquisition and conversion input.

2. Connecting the Arduino Bluetooth main control module to 
the capacitive liquid level sensor module through the I2C 
bus for data acquisition and processing of liquid level 
sensing signals.

3. Writing programs for capacitive liquid level sensing data 
collection and Bluetooth wireless transmission through the  
Arduino IDE integrated development environment, and 
downloading them to the Bluetooth main control module 
for debugging.

4. Installing the Arduino Bluetooth demonstration mobile 

app onto the phone and connecting it to the Bluetooth main 
control module.

5. A�er completing hardware design, testing, and 
so�waredebugging, conduct overall functional testing of 
the detection system.

6. Placing the sensor outside the actual water cylinder or cup 
container, calibrate the initial and �nal liquid level 
positions of the capacitive liquid level sensor, and compare 
them with the actual liquid level situation to complete the 
measurement and error analysis of the liquid level.

Experimental Principle
Overall system architecture
�e overall diagram of the liquid-level sensing system is shown 
in Figure 1. �e overall system includes liquid-level sensor 
modules, sensing signal conditioning, processing, wireless 
transmission, and data display modules. Each module is 
connected and communicates with each other, ultimately 
completing the collection, conditioning, processing, 
transmission, and display of capacitive liquid level sensor data 
information.

Principle of liquid level sensor
�e liquid level sensor module is based on the principle of 
capacitive sensing measurement, and the sensor uses a 
TM601AWLCOR multi-channel capacitive sensing chip, which 
can serve as a controller for continuous liquid level detection. 
Calculate the corresponding liquid level height by detecting the 
changes in sampling values of di�erent channels when the 
liquid level is at di�erent heights.

 �e liquid-level sensor module needs to be tightly attached 
to the outer wall of the non-conductive container. When the 
liquid passes through the capacitor plate, it will cause a change 

in the dielectric constant of the capacitor, causing a change in 
the capacitance and detecting the position of the liquid. �e 
capacitance (C) detection is shown in the following formula.

 where A is the area (m2), ε0 = 8.85×10-12 (F/m) is the vacuum 
dielectric constant, ε is the dielectric constant of the medium 
between the electrodes, when the medium is air ε = 1, σ is the 
distance between two plates (m).
 �e physical implementation and hardware circuits of the 
sensor module are shown in Figures 2 and 3.

Figure 3. Hardware circuits of the sensor module.

Figure 5. Calibration of the liquid level sensor.

Liquid level sensing
�e liquid level sensor needs to be calibrated before use, and the calibration is carried out through a speci�c calibration board (as 
shown in Figures 4 and 5). �e sensor calibration is carried out as follows.

Figure 4. Calibration board.

1. Firstly, the sensor module is tightly attached to the outer 
surface of the tested container or chemical reagent bottle.

2. Connecting the calibration board to the sensor module. 
Empty the water in the container and press the KEY1 button 
once to set and record the empty water status. At this time, 
the control board reads the threshold and writes it into the 
chip. At the same time, perform liquid-level detection 
calculations according to the new threshold. A�er pressing 
the button, the digital tube displays the number 1. If the 
above operation is successful, the digital tube will �ash 3 
times, and if the operation fails, the digital tube will �ash 6 
times.

3. Adding a small amount of water, raise the liquid level to the 
0 mark, and continuously press the KEY2 button twice. At 
this time, the control board reads the threshold and writes it 
into the chip. At the same time, the liquid level is detected 
and calculated according to the new threshold. A�er 
pressing the button, the digital tube displays the number 2. 
If the above operation is successful, the digital tube will �ash 
3 times, and if it fails, the digital tube will �ash 6 times.

4. Adding water, raise the liquid level to the full scale, and 
continuously press the KEY1 button 3 times. At this time, 
the control board reads the threshold and writes it into the 
chip. At the same time, press the new threshold for liquid 
level detection and calculation. A�er pressing the button, 
the digital tube displays the number 3. If the above 
operation is successful, the digital tube will �ash 3 times, 
and if the operation fails, the digital tube will �ash 6 times.

 A�er calibration, the liquid level sensor is connected to the 
Arduino main control microcontroller (MCU) for data 
collection and transmission. �e sensor module communicates 
with the microcontroller through the inter-integrated circuit 
(I2C) bus (as shown in Figures 6 and 7). During the period 
when SCL is high, SDA must maintain a stable level. �e high 
and low-level changes of SDA can only occur during the 
low-level period of SCL. �e sensing data consists of 8 bits of 
data and 1 response signal. �e speci�c programming can refer 
to the Arduino IDE open-source so�ware and programming 
implementation to complete the design and implementation of 
the detection system. �e programming interface is shown in 
Figure 8.

Conclusion 
�is paper has proposed a smart sensing scheme for laboratory 
hazardous chemical reagents with capacitive liquid level as an 
example of laboratory management. �e scheme has the 
features and innovations below.
1. Combining the theoretical knowledge of smart sensing with 

practical safety practices, such as hazardous chemical 
reagents in the laboratory, to achieve the design of a 
complete sensing system.

2. Relying on open-source and easy-to-use so�ware and 
hardware systems, assisting in rapid development and 
implementation of sensing system design and 
implementation, improving theoretical practice and 
application e�ciency, and assisting in laboratory security 
management practice exploration.

3. To present the integration process of the sensing system in 
an intuitive and immersive visual manner, laying the 
foundation for the integrated application of real-time 
dynamic traceability and visualization of laboratory safety 
management information in the future.

 �e smart sensing system has combined the theoretical 
knowledge of smart sensing with practical safety practices, such 
as hazardous chemical reagents in the laboratory to achieve the 
design of a complete sensing system, relying on open-source 
and easy-to-use so�ware and hardware systems to assist in rapid 
development and implementation of sensing system design and 
implementation, improve theoretical practice and application 
e�ciency, and assist in laboratory security management 
practice exploration. It could lay the foundation for the 
integrated application of real-time dynamic traceability and 
visualization of laboratory safety management information in 
the future.
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�e safety management of university laboratories is an 
important prerequisite and foundation for achieving normal 
education, teaching, and scienti�c research among teachers and 
students in universities [1-3]. It is necessary to always keep 
laboratory safety management in mind. �e safety management 
of university laboratories involves di�erent majors and 
disciplines, with strong professionalism and complexity. �ere 
are problems with the visualization, transparency, and 
traceability of laboratory management processes, such as 
incomplete coverage of management processes, di�culty in 
tracing the use of hazardous chemical reagents, experimental 
equipment, and other elements, and incorrect identi�cation of 
operators. �e information technology greatly simpli�es the 
recording and tracing of personnel, reagents, and equipment 
information in traditional laboratory management processes, 
improving operational e�ciency and facilitating experimental 
management levels [4-6].

 However, the current laboratory safety management 
information system is more limited to static information 
records of laboratory chemical reagents, experimental 
equipment, operators, and other experimental elements in the 
laboratory management process, and most of them require 
manual input. �e real-time dynamic updates and re�ection 
process data, such as personnel changes, equipment updates, 
and hazardous chemical reagent usage involved in the 
experimental process, could not be achieved. �ere are 
numerous safety hazards in laboratory safety management, 

which greatly increase the visualization, transparency, and 
traceability in the process of laboratory safety management. 
�erefore, e�ectively integrating smart sensing technology to 
achieve dynamic experimental element information in the 
laboratory management process is an important means to 
achieve full management of laboratory processes, full 
correspondence of experimental personnel, full dynamic 
visualization, transparency, and traceability of various 
elements such as experimental chemistry and equipment, and 
organic integration with national safety production 
construction.

 �e research on laboratory management in international 
universities has been ongoing, but due to the complexity, 
�uidity, and process opacity of laboratory management itself, 
the overall level and quality of management in many 
laboratories are not very high. �e laboratory management 
could generally be divided into two categories: traditional 
manual management and information system management.

 In terms of traditional laboratory management, it still 
relies more on a dedicated person-responsible model. Starting 
from the overall function of the laboratory, it is responsible for 
the systematic management of �xed or experimental assets 
such as experimental equipment, consumables, and reagents, 
as well as the daily registration and management of laboratory 
users [7-9]. �is traditional management method requires 
manual recording or registration by laboratory management 
personnel. From the perspective of management e�ectiveness, 

it could achieve a comprehensive management of the laboratory 
and achieve some detailed records. However, from the 
perspective of manpower and overall management e�ciency, its 
management level is relatively backward, and more depends on 
the diligence of the management personnel themselves, 
Moreover, manual recording methods could easily lead to issues 
such as data loss, which is not conducive to the long-term 
management needs of the laboratory.

 In terms of information laboratory management, due to the 
e�ciency and level issues of traditional manual laboratory 
management methods, the researchers have begun to focus on 
replacing traditional manual management with information 
system laboratory management [10-14]. Information system 
laboratory management refers to the use of computer 
technology, information communication, and other 
technologies to achieve electronic information recording and 
management of the laboratory management process and to 
display and record traditional paper or manually recorded 
information through database storage and other methods. �is 
information-based laboratory management greatly improves 
the e�ciency and level of traditional manual management and 
is more conducive to long-term management and traceability of 
the laboratory. It also facilitates the implementation of remote 
management and other functions.

 Current research on information laboratory management 
focuses more on how to achieve electronic ledger records, 
personnel management, and laboratory asset information 
management. Many of these information requires system 
administrators to manually input the system and manually 
update relevant data in real-time. Data management relies on 
regular updates and inputs, and more management is focused 
on static laboratory information, which has issues with 
real-time updates, and precisely because it is manually entered, 
there are inevitably issues such as human error and falsi�cation. 
On the other hand, laboratory management more involves the 
management of large laboratory equipment and laboratory 
reagents, especially hazardous chemical reagents. �e operating 
status, usage, and inventory of equipment are important for 
laboratory management, and this data management 
information could not be dynamically and transparently 
updated and traceable in existing research information 
management systems.

 Smart sensing is the key to achieving dynamic real-time 
visualization, transparency, and traceability of various 
experimental elements, such as hazardous reagents, 
experimental equipment, and experimental operators in the 
safety management process of university laboratories. Smart 
sensing refers to the use of advanced smart sensing technology, 
combined with advanced communication methods such as 
wireless technology, to achieve real-time sensor information of 
objective parameters such as physical quantities, chemical 
quantities, and biomass during human activities [15-20]. It has 
the characteristics of automation, intelligence, and 
visualization.  

 �erefore, it is more important and practical to achieve 
real-time dynamic updates, automatic storage, and more 
transparent and visualized management of various laboratory 
elements in the laboratory management process, especially in 
universities. �is will also become an advanced technology in 
the future laboratory management process that integrates 

visualization, intelligent perception, and other advanced 
technologies to achieve automation, intelligence, and 
transparency visualization and its management are important 
development trends that could be traced.

 As discussed above, as an example, the smart sensing 
scheme for laboratory hazardous chemical reagents with 
capacitive liquid level has been proposed in this paper. �e 
paper includes the scheme background, implementation 
conditions, the system design and implementation process, and 
the experimental principles of the scheme.

Scheme Background
�e smart sensing system fully utilizes sensors, analog and 
digital electronics, as well as microcontroller technology to 
solve the real-time dynamic update, automatic storage, and 
more transparent and visual management of various laboratory 
elements in the management process of real laboratories, 
especially university laboratories, in addition to basic static 
information. �e system needs to use commonly used sensor 
detection, analogy-digital conversion and other signal 
conditioning, microcontroller signal processing technical 
methods of wireless transmission and display.  It involves 
various aspects such as electronic system so�ware and hardware 
design, system integration, and testing basic concepts and 
technologies. �e system utilizes simple and easy-to-use 
Arduino open-source so�ware and hardware, based on 
capacitive liquid level sensors, to design and implement a 
capacitive liquid level smart sensing system for laboratory 
hazardous chemical reagents.

Implementation Conditions
�e implementation requires experimental resources, 
including:
1) Capacitive liquid level sensor module.
2) Arduino Bluetooth main control module.
3) Arduino integrated development environment.
4) Arduino Bluetooth demonstration mobile application.
5) Connect cables.
6) Chemical reagent bottles for liquid-level detection 
experiments.

System Design and Implementation Process
�is solution process is a relatively complete engineering testing 
case, using Arduino open-source so�ware and hardware to 
design and implement a capacitive liquid-level continuous 
sensing detection system, which speci�cally includes:
1. Connecting a capacitive liquid level sensor module with a 

capacitive analog-to-digital conversion chip as the signal 
acquisition and conversion input.

2. Connecting the Arduino Bluetooth main control module to 
the capacitive liquid level sensor module through the I2C 
bus for data acquisition and processing of liquid level 
sensing signals.

3. Writing programs for capacitive liquid level sensing data 
collection and Bluetooth wireless transmission through the  
Arduino IDE integrated development environment, and 
downloading them to the Bluetooth main control module 
for debugging.

4. Installing the Arduino Bluetooth demonstration mobile 

app onto the phone and connecting it to the Bluetooth main 
control module.

5. A�er completing hardware design, testing, and 
so�waredebugging, conduct overall functional testing of 
the detection system.

6. Placing the sensor outside the actual water cylinder or cup 
container, calibrate the initial and �nal liquid level 
positions of the capacitive liquid level sensor, and compare 
them with the actual liquid level situation to complete the 
measurement and error analysis of the liquid level.

Experimental Principle
Overall system architecture
�e overall diagram of the liquid-level sensing system is shown 
in Figure 1. �e overall system includes liquid-level sensor 
modules, sensing signal conditioning, processing, wireless 
transmission, and data display modules. Each module is 
connected and communicates with each other, ultimately 
completing the collection, conditioning, processing, 
transmission, and display of capacitive liquid level sensor data 
information.

Principle of liquid level sensor
�e liquid level sensor module is based on the principle of 
capacitive sensing measurement, and the sensor uses a 
TM601AWLCOR multi-channel capacitive sensing chip, which 
can serve as a controller for continuous liquid level detection. 
Calculate the corresponding liquid level height by detecting the 
changes in sampling values of di�erent channels when the 
liquid level is at di�erent heights.

 �e liquid-level sensor module needs to be tightly attached 
to the outer wall of the non-conductive container. When the 
liquid passes through the capacitor plate, it will cause a change 

in the dielectric constant of the capacitor, causing a change in 
the capacitance and detecting the position of the liquid. �e 
capacitance (C) detection is shown in the following formula.

 where A is the area (m2), ε0 = 8.85×10-12 (F/m) is the vacuum 
dielectric constant, ε is the dielectric constant of the medium 
between the electrodes, when the medium is air ε = 1, σ is the 
distance between two plates (m).
 �e physical implementation and hardware circuits of the 
sensor module are shown in Figures 2 and 3.

Liquid level sensing
�e liquid level sensor needs to be calibrated before use, and the calibration is carried out through a speci�c calibration board (as 
shown in Figures 4 and 5). �e sensor calibration is carried out as follows.

Figure 6. Sensor module communicates with the MCU.

Figure 7. I2C timing diagram.

Figure 8. Arduino programming interface.

1. Firstly, the sensor module is tightly attached to the outer 
surface of the tested container or chemical reagent bottle.

2. Connecting the calibration board to the sensor module. 
Empty the water in the container and press the KEY1 button 
once to set and record the empty water status. At this time, 
the control board reads the threshold and writes it into the 
chip. At the same time, perform liquid-level detection 
calculations according to the new threshold. A�er pressing 
the button, the digital tube displays the number 1. If the 
above operation is successful, the digital tube will �ash 3 
times, and if the operation fails, the digital tube will �ash 6 
times.

3. Adding a small amount of water, raise the liquid level to the 
0 mark, and continuously press the KEY2 button twice. At 
this time, the control board reads the threshold and writes it 
into the chip. At the same time, the liquid level is detected 
and calculated according to the new threshold. A�er 
pressing the button, the digital tube displays the number 2. 
If the above operation is successful, the digital tube will �ash 
3 times, and if it fails, the digital tube will �ash 6 times.

4. Adding water, raise the liquid level to the full scale, and 
continuously press the KEY1 button 3 times. At this time, 
the control board reads the threshold and writes it into the 
chip. At the same time, press the new threshold for liquid 
level detection and calculation. A�er pressing the button, 
the digital tube displays the number 3. If the above 
operation is successful, the digital tube will �ash 3 times, 
and if the operation fails, the digital tube will �ash 6 times.

 A�er calibration, the liquid level sensor is connected to the 
Arduino main control microcontroller (MCU) for data 
collection and transmission. �e sensor module communicates 
with the microcontroller through the inter-integrated circuit 
(I2C) bus (as shown in Figures 6 and 7). During the period 
when SCL is high, SDA must maintain a stable level. �e high 
and low-level changes of SDA can only occur during the 
low-level period of SCL. �e sensing data consists of 8 bits of 
data and 1 response signal. �e speci�c programming can refer 
to the Arduino IDE open-source so�ware and programming 
implementation to complete the design and implementation of 
the detection system. �e programming interface is shown in 
Figure 8.

Conclusion 
�is paper has proposed a smart sensing scheme for laboratory 
hazardous chemical reagents with capacitive liquid level as an 
example of laboratory management. �e scheme has the 
features and innovations below.
1. Combining the theoretical knowledge of smart sensing with 

practical safety practices, such as hazardous chemical 
reagents in the laboratory, to achieve the design of a 
complete sensing system.

2. Relying on open-source and easy-to-use so�ware and 
hardware systems, assisting in rapid development and 
implementation of sensing system design and 
implementation, improving theoretical practice and 
application e�ciency, and assisting in laboratory security 
management practice exploration.

3. To present the integration process of the sensing system in 
an intuitive and immersive visual manner, laying the 
foundation for the integrated application of real-time 
dynamic traceability and visualization of laboratory safety 
management information in the future.

 �e smart sensing system has combined the theoretical 
knowledge of smart sensing with practical safety practices, such 
as hazardous chemical reagents in the laboratory to achieve the 
design of a complete sensing system, relying on open-source 
and easy-to-use so�ware and hardware systems to assist in rapid 
development and implementation of sensing system design and 
implementation, improve theoretical practice and application 
e�ciency, and assist in laboratory security management 
practice exploration. It could lay the foundation for the 
integrated application of real-time dynamic traceability and 
visualization of laboratory safety management information in 
the future.
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�e safety management of university laboratories is an 
important prerequisite and foundation for achieving normal 
education, teaching, and scienti�c research among teachers and 
students in universities [1-3]. It is necessary to always keep 
laboratory safety management in mind. �e safety management 
of university laboratories involves di�erent majors and 
disciplines, with strong professionalism and complexity. �ere 
are problems with the visualization, transparency, and 
traceability of laboratory management processes, such as 
incomplete coverage of management processes, di�culty in 
tracing the use of hazardous chemical reagents, experimental 
equipment, and other elements, and incorrect identi�cation of 
operators. �e information technology greatly simpli�es the 
recording and tracing of personnel, reagents, and equipment 
information in traditional laboratory management processes, 
improving operational e�ciency and facilitating experimental 
management levels [4-6].

 However, the current laboratory safety management 
information system is more limited to static information 
records of laboratory chemical reagents, experimental 
equipment, operators, and other experimental elements in the 
laboratory management process, and most of them require 
manual input. �e real-time dynamic updates and re�ection 
process data, such as personnel changes, equipment updates, 
and hazardous chemical reagent usage involved in the 
experimental process, could not be achieved. �ere are 
numerous safety hazards in laboratory safety management, 

which greatly increase the visualization, transparency, and 
traceability in the process of laboratory safety management. 
�erefore, e�ectively integrating smart sensing technology to 
achieve dynamic experimental element information in the 
laboratory management process is an important means to 
achieve full management of laboratory processes, full 
correspondence of experimental personnel, full dynamic 
visualization, transparency, and traceability of various 
elements such as experimental chemistry and equipment, and 
organic integration with national safety production 
construction.

 �e research on laboratory management in international 
universities has been ongoing, but due to the complexity, 
�uidity, and process opacity of laboratory management itself, 
the overall level and quality of management in many 
laboratories are not very high. �e laboratory management 
could generally be divided into two categories: traditional 
manual management and information system management.

 In terms of traditional laboratory management, it still 
relies more on a dedicated person-responsible model. Starting 
from the overall function of the laboratory, it is responsible for 
the systematic management of �xed or experimental assets 
such as experimental equipment, consumables, and reagents, 
as well as the daily registration and management of laboratory 
users [7-9]. �is traditional management method requires 
manual recording or registration by laboratory management 
personnel. From the perspective of management e�ectiveness, 

it could achieve a comprehensive management of the laboratory 
and achieve some detailed records. However, from the 
perspective of manpower and overall management e�ciency, its 
management level is relatively backward, and more depends on 
the diligence of the management personnel themselves, 
Moreover, manual recording methods could easily lead to issues 
such as data loss, which is not conducive to the long-term 
management needs of the laboratory.

 In terms of information laboratory management, due to the 
e�ciency and level issues of traditional manual laboratory 
management methods, the researchers have begun to focus on 
replacing traditional manual management with information 
system laboratory management [10-14]. Information system 
laboratory management refers to the use of computer 
technology, information communication, and other 
technologies to achieve electronic information recording and 
management of the laboratory management process and to 
display and record traditional paper or manually recorded 
information through database storage and other methods. �is 
information-based laboratory management greatly improves 
the e�ciency and level of traditional manual management and 
is more conducive to long-term management and traceability of 
the laboratory. It also facilitates the implementation of remote 
management and other functions.

 Current research on information laboratory management 
focuses more on how to achieve electronic ledger records, 
personnel management, and laboratory asset information 
management. Many of these information requires system 
administrators to manually input the system and manually 
update relevant data in real-time. Data management relies on 
regular updates and inputs, and more management is focused 
on static laboratory information, which has issues with 
real-time updates, and precisely because it is manually entered, 
there are inevitably issues such as human error and falsi�cation. 
On the other hand, laboratory management more involves the 
management of large laboratory equipment and laboratory 
reagents, especially hazardous chemical reagents. �e operating 
status, usage, and inventory of equipment are important for 
laboratory management, and this data management 
information could not be dynamically and transparently 
updated and traceable in existing research information 
management systems.

 Smart sensing is the key to achieving dynamic real-time 
visualization, transparency, and traceability of various 
experimental elements, such as hazardous reagents, 
experimental equipment, and experimental operators in the 
safety management process of university laboratories. Smart 
sensing refers to the use of advanced smart sensing technology, 
combined with advanced communication methods such as 
wireless technology, to achieve real-time sensor information of 
objective parameters such as physical quantities, chemical 
quantities, and biomass during human activities [15-20]. It has 
the characteristics of automation, intelligence, and 
visualization.  

 �erefore, it is more important and practical to achieve 
real-time dynamic updates, automatic storage, and more 
transparent and visualized management of various laboratory 
elements in the laboratory management process, especially in 
universities. �is will also become an advanced technology in 
the future laboratory management process that integrates 

visualization, intelligent perception, and other advanced 
technologies to achieve automation, intelligence, and 
transparency visualization and its management are important 
development trends that could be traced.

 As discussed above, as an example, the smart sensing 
scheme for laboratory hazardous chemical reagents with 
capacitive liquid level has been proposed in this paper. �e 
paper includes the scheme background, implementation 
conditions, the system design and implementation process, and 
the experimental principles of the scheme.

Scheme Background
�e smart sensing system fully utilizes sensors, analog and 
digital electronics, as well as microcontroller technology to 
solve the real-time dynamic update, automatic storage, and 
more transparent and visual management of various laboratory 
elements in the management process of real laboratories, 
especially university laboratories, in addition to basic static 
information. �e system needs to use commonly used sensor 
detection, analogy-digital conversion and other signal 
conditioning, microcontroller signal processing technical 
methods of wireless transmission and display.  It involves 
various aspects such as electronic system so�ware and hardware 
design, system integration, and testing basic concepts and 
technologies. �e system utilizes simple and easy-to-use 
Arduino open-source so�ware and hardware, based on 
capacitive liquid level sensors, to design and implement a 
capacitive liquid level smart sensing system for laboratory 
hazardous chemical reagents.

Implementation Conditions
�e implementation requires experimental resources, 
including:
1) Capacitive liquid level sensor module.
2) Arduino Bluetooth main control module.
3) Arduino integrated development environment.
4) Arduino Bluetooth demonstration mobile application.
5) Connect cables.
6) Chemical reagent bottles for liquid-level detection 
experiments.

System Design and Implementation Process
�is solution process is a relatively complete engineering testing 
case, using Arduino open-source so�ware and hardware to 
design and implement a capacitive liquid-level continuous 
sensing detection system, which speci�cally includes:
1. Connecting a capacitive liquid level sensor module with a 

capacitive analog-to-digital conversion chip as the signal 
acquisition and conversion input.

2. Connecting the Arduino Bluetooth main control module to 
the capacitive liquid level sensor module through the I2C 
bus for data acquisition and processing of liquid level 
sensing signals.

3. Writing programs for capacitive liquid level sensing data 
collection and Bluetooth wireless transmission through the  
Arduino IDE integrated development environment, and 
downloading them to the Bluetooth main control module 
for debugging.

4. Installing the Arduino Bluetooth demonstration mobile 

app onto the phone and connecting it to the Bluetooth main 
control module.

5. A�er completing hardware design, testing, and 
so�waredebugging, conduct overall functional testing of 
the detection system.

6. Placing the sensor outside the actual water cylinder or cup 
container, calibrate the initial and �nal liquid level 
positions of the capacitive liquid level sensor, and compare 
them with the actual liquid level situation to complete the 
measurement and error analysis of the liquid level.

Experimental Principle
Overall system architecture
�e overall diagram of the liquid-level sensing system is shown 
in Figure 1. �e overall system includes liquid-level sensor 
modules, sensing signal conditioning, processing, wireless 
transmission, and data display modules. Each module is 
connected and communicates with each other, ultimately 
completing the collection, conditioning, processing, 
transmission, and display of capacitive liquid level sensor data 
information.

Principle of liquid level sensor
�e liquid level sensor module is based on the principle of 
capacitive sensing measurement, and the sensor uses a 
TM601AWLCOR multi-channel capacitive sensing chip, which 
can serve as a controller for continuous liquid level detection. 
Calculate the corresponding liquid level height by detecting the 
changes in sampling values of di�erent channels when the 
liquid level is at di�erent heights.

 �e liquid-level sensor module needs to be tightly attached 
to the outer wall of the non-conductive container. When the 
liquid passes through the capacitor plate, it will cause a change 

in the dielectric constant of the capacitor, causing a change in 
the capacitance and detecting the position of the liquid. �e 
capacitance (C) detection is shown in the following formula.

 where A is the area (m2), ε0 = 8.85×10-12 (F/m) is the vacuum 
dielectric constant, ε is the dielectric constant of the medium 
between the electrodes, when the medium is air ε = 1, σ is the 
distance between two plates (m).
 �e physical implementation and hardware circuits of the 
sensor module are shown in Figures 2 and 3.

Liquid level sensing
�e liquid level sensor needs to be calibrated before use, and the calibration is carried out through a speci�c calibration board (as 
shown in Figures 4 and 5). �e sensor calibration is carried out as follows.

1. Firstly, the sensor module is tightly attached to the outer 
surface of the tested container or chemical reagent bottle.

2. Connecting the calibration board to the sensor module. 
Empty the water in the container and press the KEY1 button 
once to set and record the empty water status. At this time, 
the control board reads the threshold and writes it into the 
chip. At the same time, perform liquid-level detection 
calculations according to the new threshold. A�er pressing 
the button, the digital tube displays the number 1. If the 
above operation is successful, the digital tube will �ash 3 
times, and if the operation fails, the digital tube will �ash 6 
times.

3. Adding a small amount of water, raise the liquid level to the 
0 mark, and continuously press the KEY2 button twice. At 
this time, the control board reads the threshold and writes it 
into the chip. At the same time, the liquid level is detected 
and calculated according to the new threshold. A�er 
pressing the button, the digital tube displays the number 2. 
If the above operation is successful, the digital tube will �ash 
3 times, and if it fails, the digital tube will �ash 6 times.

4. Adding water, raise the liquid level to the full scale, and 
continuously press the KEY1 button 3 times. At this time, 
the control board reads the threshold and writes it into the 
chip. At the same time, press the new threshold for liquid 
level detection and calculation. A�er pressing the button, 
the digital tube displays the number 3. If the above 
operation is successful, the digital tube will �ash 3 times, 
and if the operation fails, the digital tube will �ash 6 times.

 A�er calibration, the liquid level sensor is connected to the 
Arduino main control microcontroller (MCU) for data 
collection and transmission. �e sensor module communicates 
with the microcontroller through the inter-integrated circuit 
(I2C) bus (as shown in Figures 6 and 7). During the period 
when SCL is high, SDA must maintain a stable level. �e high 
and low-level changes of SDA can only occur during the 
low-level period of SCL. �e sensing data consists of 8 bits of 
data and 1 response signal. �e speci�c programming can refer 
to the Arduino IDE open-source so�ware and programming 
implementation to complete the design and implementation of 
the detection system. �e programming interface is shown in 
Figure 8.

Conclusion 
�is paper has proposed a smart sensing scheme for laboratory 
hazardous chemical reagents with capacitive liquid level as an 
example of laboratory management. �e scheme has the 
features and innovations below.
1. Combining the theoretical knowledge of smart sensing with 

practical safety practices, such as hazardous chemical 
reagents in the laboratory, to achieve the design of a 
complete sensing system.

2. Relying on open-source and easy-to-use so�ware and 
hardware systems, assisting in rapid development and 
implementation of sensing system design and 
implementation, improving theoretical practice and 
application e�ciency, and assisting in laboratory security 
management practice exploration.

3. To present the integration process of the sensing system in 
an intuitive and immersive visual manner, laying the 
foundation for the integrated application of real-time 
dynamic traceability and visualization of laboratory safety 
management information in the future.

 �e smart sensing system has combined the theoretical 
knowledge of smart sensing with practical safety practices, such 
as hazardous chemical reagents in the laboratory to achieve the 
design of a complete sensing system, relying on open-source 
and easy-to-use so�ware and hardware systems to assist in rapid 
development and implementation of sensing system design and 
implementation, improve theoretical practice and application 
e�ciency, and assist in laboratory security management 
practice exploration. It could lay the foundation for the 
integrated application of real-time dynamic traceability and 
visualization of laboratory safety management information in 
the future.
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