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Abstract 

Development of a Needle-shaped Compact 

Thermal Flow Meter 

Hojoon Lee 

Department of Mechanical and Aerospace Engineering 

The Graduate School 

Seoul National University

Thermal flow sensor which has micro size electrode patterns 

was made for measuring water flow speed up to 2.3 mm/s. Even 

though previous studies and industry products show many types of 

liquid flow sensor, they are limited to flow measurements only in 

specific closed and huge systems. On the other hand, our needle-

shaped compact thermal flow meter can be flexibly applied to various 

flow environments such as natural fluids, liquid chemicals, and plants 

due to small body size and external needle application. 

To predict sensor operation, thermal transport simulation was 

conducted using COMSOL software, which is based on multi-physics 



ii 

 

modeling composed of laminar flow, joule heating, and heat transfer 

in fluids. The model verification work is accomplished as compared 

to experimental data, and the effect of sensor application condition 

and better sensor design are also predicted from the simulation 

analysis. 

To realize the needle-based flow sensor, various fabrication 

processes have been used such as oxide and nitride deposition, 

plasma ashing, wet and dry etching, photolithography, and thin metal 

film deposition. In addition, deep reactive ion etching (DRIE) 

fabrication process was also applied to make the needle shape 

properly. 

To systemize control and measurement, microprocessor-

based experimental platform equipped with a voltage regulator and 

an amplifier was made, and the sensor verification work is well 

conducted from this system. 

This graduation thesis includes developing procedures of a 

needle-shaped compact thermal flow meter such as simulation, 

fabrication, control and measurement system, sensor verification, 

and application. 
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Chapter 1. Introduction 

1.1 Flow Meter 

Flowmeter finds application in diverse areas especially in 

controlled fluidic system since 18th century [1]. Thanks to the 

development of flow measurement systems [2, 3] such as differential 

pressure flowmeter, mechanical flowmeter, electronic flowmeter, 

Doppler flowmeter and thermal flowmeter, we can use these flow 

sensors in everyday life and industry as shown in Figure 1. One of 

good examples of flow meter is oval gear flowmeter used in oil and 

gas industry as shown in Figure 2(a) [4], and supplying a proper 

amount of liquid medicines to patient in the hospital is another good 

example of flowmeter use as shown in Figure 2(b) [5]. 

 

(c) 

Figure 1. Examples of flow meter: (a) Turbine flow meter. (b) Doppler 

flow meter. (c) Thermal flow meter. 

(a) (b) 
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In spite of these useful uses, there are many challenges in 

measuring flow rate or speed using just one method [6] since each 

flow meter has its own limitation to measure the flow speed. For 

example, turbine flow meter is usually used in large fluidic system 

because it is hard to make complicated structures and get high 

sensitivity in small fluidic system. In the case of Doppler flow meter, 

it can only measure fluids which contain specific particles or bubbles 

since it needs to detect reflected sound.  

As mentioned above, we need to select the proper method to 

measure the target liquid speed since each fluid has its own distinct 

property such as viscosity, thermal conductivity, heat capacitance, 

and electrical conductivity. In addition, there is a need to use small 

flow meters since most of them have a large body size or are only 

applicable to specific closed measurement system [7,8] as shown in 

figure 3. 
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 (b) 

Figure 3. Existing flow meters: (a) Having a large body size. (b) Operating 

closed measurement environment.  

(a) 

Figure 2. Use of flow meter in everyday life. (a) Oval gear flowmeter for oil 

and gas industry. (b) Equipment for supplying liquid medicine. 

(a) 

(b)
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1.2 Thermal Flow Meter 

Thermal flow meter is widely used in day to day life these days. 

In particular, it can be used in small fluidic system since it needs 

simple measurement environment comparing to other methods. The 

basic understanding of this sensor includes heat loss of the heater 

and changes of temperature profile in the fluid. Based on this 

underlying principle, there are two main thermal flow meter existing 

in previous studies.  

First, if we make feedback system in heater, it will sustain the 

temperature even the flow speed is increasing. In this case, we need 

to locate two temperature sensors to the both sides of the heater to 

measure each temperature. As we measure the temperature 

difference of these sensors, we can correlate it to flow speed [9] as 

shown in Figure 4.  

Second, if there is no feedback system in the sensor system, the 

heater temperature would be changed depending on the flow speed 

[10] as shown in Figure 5. In other words, heater temperature is 

decreasing when the flow speed is increasing due to the increase of 

heat dissipation. 
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Figure 4. Example of thermal flow meter which has a feedback circuit in heater 

and two temperature sensors in both side of heater.  

Figure 5. Example of thermal flow meter which do not have 

a feedback circuit in heater. 
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1.3 MEMS-based Thermal Flow Meter 

There are microelectromechanical systems (MEMS)-based 

thermal flow sensors in previous studies. The main similarity 

between them is that they have cavity under the heater area made by 

isotropic bulk etching [11] or KOH etching process [12] as shown in 

Figure 6. The reason why they make it is to reduce the solid 

conduction effect. In other words, sensitivity of thermal flow sensor 

can be improved when the liquid convection effect is maximized. If 

conduction effect of the substrate is larger, the temperature 

difference between sensors would be decreased. 

The other similarity of MEMS-based thermal flow meter is 

making fluidic platform and heater together. That is, they have 

limitation to measure the flow speed only in fixed and closed system.  
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Figure 6. MEMS-based thermal flow meters which have cavity under 

the heater structure by (a) isotropic bulk etching and (b) KOH etching. 

(b) 

(a) 
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1.4 New Idea of Needle Application 

To resolve the limitations mentioned in previous sections, we 

need to develop a portable sensor having a small body size and 

applicable to various environments involving natural fluids, liquid 

chemicals, and plants. To realize it, we adopt the basic concept of 

microneedle application from drug-delivery system [13] as shown 

in Figure 7. This system has tens of microns-sized flow path on the 

hundred-micron-sized needle, and can be used to gather samples 

and give liquid drugs directly to the target place in the body.  

We can combine this needle shape to flow sensor as we pattern 

the electrodes on the needle-shaped silicon substrate. From this 

design configuration, we can get advantages of mass production at 

low cost and external application to various fluids environment.
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Figure 7. Get a basic concept of needle-shaped flow sensor from 

drug-delivery system.  
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Chapter 2. Simulation 

2.1 Modeling of Thermal Flow Meter 

We build thermal transport models to design and predict the 

sensor operation. In this simulation, we perform multi-physics 

modeling using COMSOL software, involving joule heating, laminar 

flow, and heat transfer in fluids as shown in Figure 8. Joule heating 

model is related to heat generation when the direct current (DC) is 

applied to the sensor. Laminar flow model is used since target flow 

speed is lower than 3mm/s, and the Reynolds number is in the range 

of laminar flow. We did not consider turbulent effect in simulations. 

Heat transfer in fluids model is also combined in other models to 

represent heat loss and dissipation from our fluid flow environment. 

Needle senor considered for simulations had following dimensions:  

Needle length and width: 3mm and 1mm 

Electrode pattern width and depth: 50um and 200nm. 
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Figure 8. (a) Illustration of multi-physics modeling. (b) 

Thermal transport simulation of a needle-shaped compact 

thermal flow sensor.  

 

(b) 

(a) 
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2.2 Prediction of Sensor Operation 

The simulation results show that the heat loss is increasing when 

the flow speed is increasing as expected as shown in Figure 9. Flow 

speed can be measured up to 2.3 mm/s in a 3 mm diameter tube with 

100 mW power supply, despite the saturation effect at high flow 

speed. Although a three-point thermal flow meter, which consists of 

one heater and two temperature detectors [14,15], would allow for a 

wider range of flow speed measurements, our anemometry-type 

microneedle flow meter has a strong merit of simple structure and 

external application in low speed laminar flow. 

The temperature values are shifted when the ambient temperature 

is varied as shown in Figure 10. However, the change in temperature 

over time is nearly constant regardless of the ambient temperature. 

In other words, the temperature change does not significantly depend 

on environmental temperature changes according to the transient 

simulation results. 

Next, we study the influence of needle condition such as rotated 

insertion and different depth insertion to the fluid tube. In the case of 

rotated insertion, the result shows that there is slight difference 
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compared to original result since the heat loss from water convection 

is not significantly affected by needle rotation as shown in Figure 11.  

On the other hands, different needle depth can influence to the 

sensor operation as shown in Figure 12. The sensitivity of sensor is 

worse when the needle insertion part is reduced since the liquid 

convection effect decrease as mentioned in previous chapter. We get 

the preview of sensor operation and understanding of thermal 

transport phenomenon from these simulation results. 

 

 

 

 

 

. 
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Figure 9. Structure of thermal transport simulation and the simulation 

result: Increase in heat loss with increase in flow speed. 

Figure 10. Shifted transient simulation results at 

different ambient temperature. 
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Figure 11. Influence of needle rotation to the fluid tube. 

Figure 12. Influence of needle insertion depth to the 

fluid tube.  
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Chapter 3. Fabrication 

3.1 Mask Design 

We use AutoCAD software to design the mask for fabrication 

process. There are two masks utilized in the process as shown in 

Figure 13: chrome mask for gold electrode and film mask for needle 

shape.  

We use chrome mask for precise electrode patterning since the 

minimum size of electrode patterns is 5um, which cannot be patterned 

well using film mask. To be more specific, we make the electrode 

pattern area red (closed) in the mask since we will first remove the 

photoresist (PR) area where does not get photo exposure in the 

process.  

 On the other hand, we use film mask for needle pattern since the 

pattern size is about 100um, which is relatively large dimension 

comparing to electrode patterns. In this case, we use positive PR and 

film mask together since they have strong merit for large pattern size 

in the view of process cost.
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Figure 13. Illustration of two masks for flow meter fabrication 

process. 
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3.2 Fabrication of Gold Electrode 

The fabrication process is shown in Figure 14. First, we deposit 

oxide and nitride to insulate electrodes from silicon, and aluminum to 

the back side of wafer for deep reactive ion etching (DRIE) stop layer. 

Next, we deposit PR and remain the area exposed by photo (UV) to 

apply PR lift-off process later as shown in Figure 15 [16]. After 

above process, we deposit titanium for adhesion layer and gold for 

electrode by E-Gun evaporator to make thin metal layer. Next, we 

applied PR lift-off process for precise patterning of 5-50 µm 

electrodes. To be more specific, it involved additional PR hard baking 

comparing to normal process to make the negative PR, and later 

etching the thin film metals where PR is exposed by photo (UV) with 

lift off technique. As a result, precise micro-size gold electrodes are 

patterned on a 4 inch silicon wafer.  

There are several precautions we should follow to make the 

pattern as intended during fabrication process. Specially, it is not 

easy to deal with PR during several processes such as coating time 

and rotating speed, bake temperature and time, and ashing condition. 

Furthermore, we should carefully select contact type between mask 

and PR to make intended pattern during photolithography process. In 
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our case, we choose hard contact exposure for precise patterning. 

Figure 14. Illustration of needle-shaped flow sensor fabrication process. 

Figure 15. The advance preparations for PR lift-off process. 
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3.3 Fabrication of Needle Shape 

We apply PR and oxide as hard masks for DRIE process [17], and 

calculate the required thickness of hard masks to protect electrode 

patterns against DRIE process. The etching selectivity of oxide and 

PR to silicon obtained was 0.003 and 0.02 respectively, which should 

be considered during DRIE process as shown in Figure 16. In our 

process, we coat 6.5um PR for hard mask, which has thickness 

variation with different wafer location, using AZ4620 resist since 

normal PRs can just be coated 1~2um thickness on the wafer.  

After DRIE process, remaining PR was removed using plasma 

ashing process. Next, dry and wet etching process was used to etch 

the oxide and back side aluminum. Finally, the fabricated needle 

obtained was 0.3-2 mm wide and 3-10 mm in length. To take off 

needle easily, the needle was pressed and detached from the 

remaining part of silicon wafer. 
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 Figure 16. Etch selectivity of the silicon to oxide and PR from 

Interuniversity Semiconductor Research Center (ISRC) test data. 
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Chapter 4. Experiment 

4.1 Control and Measurement System 

An illustration of a simplified sensor schematic, equations, and 

control system is shown in Figure 17. The temperature changes can 

be electrically measured by the microprocessor (Arduino)-based 

system equipped with a voltage regulator and an amplifier. The 

resistance change induced by electrode heating changes electrical 

potential of the needle, which is enlarged by the voltage amplifier, 

and it is converted to digital values through the Arduino 

microprocessor.  

LM317T P+ chip is used to give a constant voltage, and AD620 

chip is adapted to amplify the voltage differences which is induced by 

Wheatstone bridge circuit. The resistance change from sensor 

heating is very small since the increase of temperature is under 10 

degree Celsius. Owing to this characteristic, we amplify the analog 

signal 89 times, which is proper value of our measurement system. 
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4.2 Analysis Method 

In this system, voltage analog data is amplified and it is converted 

to digital data by Arduino microprocessor as mentioned in previous 

section. This digital data is shown in monitor every 0.2 second, which 

is averaged in 5 data. We can convert this digital values to resistance 

changes using circuit calculation and to temperature changes using 

TCR measurement data. 

According to the equation shown in Figure 17, expected ambient 

temperature change (~20°C) hardly affects the linear relationship 

between resistance and voltage. TCR of gold is known around 3000 

ppm/K as usual, and it is highly dependent on process condition and 

deposition thickness [18] as shown in Figure 18. Furthermore, there 

is possibility to measure TCR data differently by thermocouple 

equipment especially in small object [19]. Our TCR measurement 

data is 2140 ppm/K, and we use this value to convert amplified 

voltage data to temperature data as shown in Figure 20.  
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Figure 17. Simplified circuit schematic and equation, and 

Microprocessor-based control and measurement system. 

Figure 18. TCR of gold affected by film thickness and 

process condition. 
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Chapter 5. Verification 

5.1 Sensor Verification 

We experimentally determined the TCR (0.0021K-1) of gold 

electrode using thermocouple equipment due to the numerical 

expression of temperature in thermal flowmeter. The digital raw data 

of each flow speed are obtained from the microprocessor (Arduino)-

based system as shown in Figure 19. To evaluate the resistance 

change, power is consecutively switched on and off for a time period 

of two and three minutes each. The sensor power consumption is 

about 100 mW during working time, and the experimental water flow 

speed is up to 2.3 mm/s. 

The change in resistance over time would be different 

depending on specific heat and thermal conductivity of the fluid. 

However, the graph trend will be similar to figure 19 irrespective of 

the fluid under consideration. This behavior is observed because as 

we increase the flow speed, less resistance change is induced by 

electrode heating. 

The circuit noise can also be evaluated by comparing the values 

at the beginning of each power supply cycle. The initial value, taken 
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at 0.1 seconds after the power is supplied, represents the ambient 

temperature measurement. From this, the noise of the system can be 

evaluated under 0.5°C as shown in figure 20. In addition, our sensor 

exhibits high repeatability as shown in Figure 21.

Figure 19. The verification of sensor operation (Arduino 

digital value is changed depending on flow speeds). 
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Figure 20. The result of sensor operation and the numerical expression 

of temperature by TCR measurement data. 

Figure 21. The repeatability of thermal flow sensor. 
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5.2 Verification of Simulation Model 

The simulation result shows us temperature variation with time in 

specific water flow speed as shown in Figure 22. In a single 

simulation model, used parameters are the same in all the simulations 

excepting water flow speed, we can see the conformity between 

simulation and experimental data as shown in Figure 23. In other 

words, we confirm the thermal transport simulation model is in 

agreement with experimental result. The maximum difference 

between simulation and experimental results is lower than 0.8°C for 

the all tested values, and the average differences is under 0.5°C. 

The influence of sensor application conditions is analyzed in previous 

simulation chapter using this verified simulation model.
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Figure 23. The verification of thermal transport simulation model. 

Figure 22. Temperature variation with time in 0.08mm/s 

water flow speed. 
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Chapter 6. Conclusion and Future Application 

We have demonstrated the development of a needle-shaped 

compact thermal flow meter for low speed flow measurement [20]. 

The needle-type sensor has potential for application in many areas 

as the sensor can be easily calibrated to different fluid environments. 

Furthermore, the silicon-based MEMS fabrication process provides 

the possibilities for mass production at low cost and low power 

consumption. 

We see the possibility of adapting this sensor to other liquid 

chemicals based on verified simulation model as shown in Figure 24, 

and the verification work would be conducted in further research. In 

addition, we are now adapting this system to tomato plants and 

expanding its use to wireless environmental measurement system as 

shown in Figure 25. Lastly, we have a plan to improve the sensor 

design by applying silicon substrate etching process to enhance the 

sensitivity as suggested by the simulation results in Figure 26. 
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Figure 24. The influence of material property changes from simulation 

result: Specific heat and thermal conductivity. 

Figure 25. Application in tomato plant science. 
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Figure 26. New design work based on simulation.  
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Abstract in Korean(국문초록) 

본 연구에서는 마이크로 크기의 전극이 패터닝 된 바늘형태의 열식 

유량계 개발을 통하여 저속에서의 물 속도 측정을 검증하였다. 기존 연

구 및 제품들에서 다양한 형태의 유량계들이 소개되어 왔지만 그것들은

특정 정해진 환경에서 작동하거나 크기가 큰 한계를 가지고 있었다. 반

면에 우리가 개발한 바늘형태의 소형 유량계는 작은 체적으로 활용이 용

이하고 외부에서 바늘을 적용할 수 있기 때문에 각 유체 별로 쉬운 교정

작업(calibration)을 할 수 있다. 그렇기 때문에 이것을 활용하여 자연에 

있는 다양한 유체 및 화학 물, 식물 등에 적용할 수 있는 장점이 있다.  

센서의 동작을 예측하기 위해서 우리는 COMSOL 상용 소프트웨어를 

통해 열 이동 시뮬레이션 모델을 구축하였는데, 이 모델은 층 류, 줄 열, 

그리고 유체 속에서의 열 이동을 포함하고 있다. 이러한 다중 물리 시뮬

레이션 모델은 실제 실험과의 비교를 통해 그 정합성이 검증 되었으며, 

이를 통해 우리는 개발 센서의 적용 상태에 따른 영향성을 예측했으며 

더 나은 센서 디자인과 관련된 작업을 수행 할 수 있었다.  

바늘형태의 소형 센서를 구현하기 위하여 다양한 공정 작업을 진행 

하였는데 이 과정에서 산화물 및 질화물의 증착, 플라즈마 애싱, 습식과 

건식 식각, 얇은 금속 박막 증착, 포토공정 등의 작업이 수행되었다. 또

한, DRIE 공정을 통하여 적합한 바늘형태의 센서를 만들 수 있었다. 
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센서의 통제 및 측정을 구현하기 위하여 우리는 마이크로 프로세서인 

아두이노(Arduino)에 기반한 복합 시스템을 개발하였는데 이 시스템에

는 전압 유지기 및 전압 증폭기가 결합되었다. 이러한 시스템을 통하여 

유속에 따른 바늘 센서의 온도 및 저항 변화 현상을 이용함으로써 센서

의 동작을 검증할 수 있었다. 

본 석사 논문에서는 유량 센서 개발과 관련된 시뮬레이션 및 공정 그

리고 통제 측정 시스템에 대하여 다루고 있으며, 또한 개발한 센서의 동

작 검증 및 향후 적용 가능성과 관련된 내용들을 담고 있다. 

··············································

주요어: thermal flow sensor, thermal flowmeter, thermal transport 

simulation, microneedle, micro machined thermal flow sensor, TCR, 

MEMS 
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