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Abstract 

 

Humidity sensors are very essential in many industrial processes and household 

appliances. They enable system operators and control mangers to fully monitor their 

processes in the industry. However, these sensors are miniaturized to be in micro-scale 

units due the development of micromachining technology. As a consequence, the sizes 

and the performance of the sensors have been drastically improved to be compatible with 

various complex systems. Whereas, the cost of the sensors have become much lower. 

Such devices are called Micro-Electro-Mechanical Systems (MEMS). There are many 

types of MEMS-Based humidity sensors such as capacitive humidity sensor and 

Piezoresistive humidity sensor. This research work describes the performance of a 

capacitive MEMS-Based humidity sensor that is fabricated using PolyMUMPS process 

which is a three-layer surface micromachining process.  Therefore, the key purpose of 

this project is to mechanically and electrically characterize a MEMS-Based capacitive 

humidity sensor that it is actuated using electromagnetic actuation method based on 

Lorentz force principle. The designed integrated sensor encompasses of a sensing element 

and a capacitive readout circuit. To fulfill the project objectives, the available device has 

been mechanically and electrically characterized and its resonating plate is drop-coated 

by TiO2 (Titanium Dioxide) which is a water-absorbing substance. Furthermore, a 

simulation of the actual device has been performed using CoventorWare software. The 

Theoretical values and the simulated values of the mass and the natural frequency of the 

resonating plate of the MEMS-Based device showed a great agreement. Consequently, an 

experiment has been carried to test and study the response of the humidity sensor to 

relative humidity throughout this research work.  
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Chapter 1: Introduction 

 

 

1.1 Background  

 
Humidity is the presence of water vapor in air. The amount of water vapor in air disturbs 

human comfort and affects most of the physical, chemical, and biological processes in 

industries. Humidity sensing plays an integral role in most of industrial processes. The 

measurement of humidity in industries is very crucial as it may have an impact on the 

production costs as well as the health and safety of the personnel. Therefore, controlling 

and monitoring humidity is of utmost significance for the reliability of operation systems 

and the optimization of processes in domestic and industrial applications [1]. For instance, 

humidity sensing is required in chemical gas purification, paper and textile production, 

pharmaceutical and food processing, and respiratory equipment. In all of the 

aforementioned applications and many others, humidity sensors are used to provide an 

indication of the moisture levels in the environment.  

 

There are several existing types of humidity sensors such as resistive humidity sensors, 

capacitive humidity sensors, thermal humidity sensors, piezoresistive humidity sensors, 

optical humidity sensors, and so forth [2]. Capacitive humidity sensors are extensively 

used amidst them because of the advantages of having low power consumption, long-

range stability, and great performance [3, 4]. 

 

Due to the marvels of advanced technology in our modern era, as such sensors in micro 

scale units which are usually fabricated using MEMS technology are highly demanded. 

Micro-Electro-Mechanical Systems (MEMS) are miniaturized devices and systems which 

are fabricated using micromachining techniques. MEMS devices have critical physical 

dimensions in the range of 100 nm to 1 mm [3].  
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PolyMUMPs is a standard process of fabricating MEMS devices and systems. The 

uniqueness of the PolyMUMPs process in fabricating MEMS devices is centralized 

around its compatibility with many systems and ability to support different designs on a 

single silicon wafer [5]. Figure 1 shows an SEM image of a MEMS device that has been 

successfully fabricated using this latest technology was designed in UNIVERSITI 

TEKNOLOGI PETRONAS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The PolyMUMPs process encompasses of seven physical layers and eight lithography 

levels. The seven physical layers include one silicon nitride layer, 2 deposited oxides 

layers, 3 polysilicon layers, and one metal layer [6]. The Nitride layer provides an 

isolation between the silicon substrate and the electrical surface layers. The polysilicon 

layers are used as the structural material while the metal oxide layers consist of 

Phosphosilicate Glass (PSG) which is used as sacrificial layers and finally the metal layer 

provides electrical connection to the package [5]. 

                            Figure 1: SEM image of the MEMS device 
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1.2 Problem Statement  
 

Most of the humidity sensors which have been fabricated using MEMS technology are 

designed based on principles of capacitive, resistive, and piezoelectric elements. 

However, the resistive humidity sensor is susceptible to temperature hence, some error 

percentage in the sensor measurement is expected. Moreover, the CMOS-MEMS based 

piezoresistive humidity sensor has some drawbacks. These disadvantages are presented 

in the heater used for the electro-thermal actuation which increases the energy 

consumption of the device. Furthermore, the piezoresistive sensor is temperature sensitive 

which means that when the temperature increases, the sensitivity reduces and the 

resistance increases accordingly. Nevertheless, capacitive humidity sensors are not 

affected by changes in temperature and they have less power consumption, high 

sensitivity at low moisture levels, and fast response time [4]. The device is small in size 

(micro-scale) and it is required to investigate the effect of several factors during the 

operation of the humidity sensing. For example, the impact of device operating 

temperature and applied AC signal during experimental measurements on the humidity 

that affects the response of this sensor. 

1.3 Objectives and scope of study  
 

The general aim of this research work is to experimentally characterize the MEMS-

Based humidity sensor. The specific objectives of the project are: 

1) To mechanically and electrically characterize the fabricated device.  

2) To test the device response to the presence of humidity in the environment. 

3) To compare the experimental results with the simulation and theoretical values. 

The scope of this study is to primarily characterize the device mechanically and 

electrically. Mechanical characterization of the device involves the calculation of its 

resonance frequency, mass of the resonator, spring constant, and amplitude change. 

While, electrical characterization covers the measurement of the output capacitance and 

the capacitance to voltage conversion. Secondly, the device response to humidity will be 

measured in testing chamber. Finally, the results obtained from the experimental work 

will be compared with the modeled and simulated values.  
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Chapter 2:  Literature Review 
 

A MEMS device has been successfully designed in UNIVERSITI TEKNOLOGI 

PETRONAS using three-layer polysilicon surface micromachining PolyMUMPs process. 

The device is designed to sense and measure relative moisture levels in the environment 

for various applications. The sensing principle of the PolyMUMPs device is based on 

capacitive sensor and it is intended to be actuated using electromagnetic method based on 

the Lorentz Force principle. Figure 2 shows the schematic of the top view of the fabricated 

MEMS humidity sensor.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The PolyMUMPs process comprises of seven consecutive layers which are Silicon 

Nitrate, Poly 0, Poly 1, Poly 2, 1st Oxide , 2nd Oxide, and the metal layer [5]. However, in 

the design of this PolyMUMPs device, poly 1 and poly 2 layers are combined together 

Figure 2: Schematic of the top view of the MEMS device. 
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and there is a gap of 1.5 μ m between poly 0 and the two combined layers .The schematic 

of the cross-section view across AA′  of the humidity sensor is illustrated in Figure 3.   

  

Figure 4 below shows the SEM image of the side view of the actual fabricated device 

viewing the 1.5 μ m gap between poly 0 and poly 2 layers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: SEM Image of the side view of the Fabricated Device. 

Figure 3: Schematic of the cross-section view of the MEMS device. 
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Electromagnetic actuators in MEMS devices produce mechanical energy on the moving 

plates by exploiting the electrical energy applied to the system [7]. The magnetic actuation 

of the PolyMUMPs device is performed by supplying an AC current through the gold 

metal layer on the device beams. The AC current passes through a magnetic field that is 

generated by placing two magnetic on the sides of the device. Consequently, a force 

(Lorentz Force) is generated perpendicular to the current direction and the magnetic field. 

The generated force is obtained by the following formula:    

                                             BilF                                                                          (1) 

Where  𝐹 is the Lorentz force, 𝑖 is the current carried by the wire, 𝑙 is the length of the 

electric wire, and 𝐵 is magnetic field. 

 

 

Figure 5: Schematic of Lorentz force principle 
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The actuation will yield a mechanical energy that generates vibration on the plate, thus 

the spring constant and the natural frequency are obtained for this device. The sprint 

constant of this device is calculated using the following formula [8]:  

                                         3

3

4
l

Ewt
k                                                                            (2) 

 

Where E is the young’s modulus, w is the width of the cantilever beam, t is the thickness 

of the beam, and l is the length of the beam [8].  

The mass of the resonating plate is computed using the following formula [9]: 

 

                                                        Vm                                                                            (3) 

 

Where  the density of the resonating is die, and V is the volume of the moving plate. 

Subsequently, the resonant frequency of the device is calculated as shown below: 

 

                                      
m

k
f r

2

1
                                             (4) 

 

Where 𝑓𝑟 is the resonant frequency, k is the stiffness, and m is the mass of the beams and 

the plate. 

The humidity sensing principle of the fabricated device is based on the change mass of 

the resonating plate which results in changing the distance between poly 0 layer and poly 

2 layer as shown in Figure 5. When the coated active layer TiO2 (Titanium Dioxide) 

absorbs water molecules from the surrounding environment, the weight of the moving 

plate increases which decreases the distance between the two layers and the permittivity 

of the dielectric material increases [1, 10]. As a result, the capacitance of the coated active 

layer will vary accordingly. The capacitance of the sensing element on the moving plate 

is obtained using the following formula [9]: 
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d

A
C r o                                                                           (5) 

 

Where C is the capacitance in Farads, 𝜀𝑜 is the permittivity of air, 𝜀𝑟  is the permittivity 

of dielectric material, A is the area of plate, d is the distance between plates in meters.   

The output capacitance is monitored and measured using the capacitance readout circuit 

IC (MS3110). The MS3110 is a chip that is responsible for sensing the change in the 

capacitance and providing an output voltage proportional to that change [11].  

 

The output voltage from the MS3110 readout circuit is calculated as follows: 

  

                      112 CSCSCS INT                                                                             (6) 

                        222 CSCSCS INT                                                                             (7) 

 

                         ref

F

TT
O V

C

CSCS
V 




)12(26.10
                                                    (8) 

Where 𝑉𝑜 is the output voltage, (𝐶𝑆2𝑇  − 𝐶𝑆1𝑇) is the difference between the input sense 

capacitance, 𝑉𝑟𝑒𝑓 is the reference voltage, and  𝐶𝐹 is designated to enhance the input sense 

capacitance range, 𝐶𝐹  ≥1.5pF. 

Figure 6: MS3110 Universal Capacitive Readout IC 
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Chapter 3: Methodology 
 

3.1 Project Flow Chart  
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3.2 Mathematical Modeling  

 

Mathematical modeling of the MEMS device is performed in order to obtain the 

resonance frequency and the mass for the moving plate of the device. The moving plate 

of this device consists of two layers which are the metal layer (Gold) and the poly 2 layer. 

Table 1 below shows the Young’s Modulus values and the density for the moving die 

layers. 

                                      

Table 1: Young's Modulus and density of the layers 

The dimensions of the resonating die are presented in the following table:  

Component Width ( m ) Length (  m ) Thickness (  m ) 

Plate (Polysilicon layer) 180 322 3.5 

Plate (Gold layer) 180 322 0.5 

Beam (Polysilicon layer) 4 410 3.5 

Beam (Gold layer) 2 410 0.5 

 

Table 2: The dimensions of the resonating die 

 

The guided beams of the device consist of two layers with different materials which are 

polysilicon and gold. Therefore, the average Young’s Modulus is required to be calculated 

in order to find the spring constant of the four guided beams in equation (2). The average 

Young’s Modulus of the beam materials is obtained by the following expression: 

                                  
total

ggpp

ave
t

tEtE
E


                                                         (9) 

 

Layer Young’s Modulus (GPa ) Density ( 3/ mKg ) 

Polysilicon 70 2328 

Gold 78 19300 
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Where pE , 
pt  and are the Young’s Modulus and the thickness of the polysilicon layer, 

while, 
gE and 

gt  are the Young’s Modulus and the thickness of the gold layer respectively 

[9].The expression for the mass is shown in equation (3), however, the resonator 

comprises of the plate and the guided-beam. Hence, the overall mass of the resonator of 

the device is given by [12]: 

 

                      bbbavepppave tlwtlwm 
105

39
                                          (10) 

 

Where 
pw , 

pl pt are the plate width, length, and thickness, whereas, bw , bl bt are the beam 

width, length, and thickness respectively, ave is the average density of the resonating 

plate which is obtained by the following formula [9]: 

                                      
total

ggpp

ave
t

tt 



                                                           (11) 

 

Where 
p  is the density of the polysilicon and 

g is the density of the gold [9]. Therefore, 

the resonance frequency of the resonator is obtained by substituting equations (2) and (10) 

in equation (4) which gives the following expression: 

 

            

)
105

39
(

4
2

1

3

3

bbbavepppave

ave
r

tlwtlwl

wtE
f




                            (12) 
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3.3 Device Simulation  

The MEMS device is simulated using CoventorWare software. Figure 7 shows FEA 

simulation of vertical displacement at resonant frequency which is created in the designer 

part of the CoventorWare software.  

 

 

The next step in the simulation process is to mesh the resonator of the MEMS device. As 

a consequence, the geometry of the structure will be reduced to a group of simpler finite 

elements so that precise simulation results can be achieved. The simulation results 

indicate a maximum displacement of approximately 1  m at the center of the resonator. 

 

 

 

Figure 7: FEA simulation of vertical displacement at a resonant frequency of 5.13 KHz 



 

13 
 

3.4 Experimentation setup of the device 

The PolyMUMPs die was glued to a Printed Circuit Board (PCB) in order to connect the 

desired device to the laboratory equipment for testing as shown in Figure 8 below:  

  

 

 

 

 

 

 

3.4.1 Drop-coating of Titanium Dioxide (TiO2 ) 

TiO2 is used as humidity-sensing film which is coated on the metal layer of the moving 

plate of the device to absorb water molecules from the atmosphere. TiO2 is manually 

drop-coated on the resonating plate using the device shown below:  

 

 

 

 

 

 

 

 

 

 

 

Figure 8: PolyMUMPs Die glued to a PCB 

Figure 9: Leica Microscope and coater 
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3.4.2 Device Wire-Bonding   

The pads of the moving plate were manually wire-bonded by gold wires to the Printed 

Circuit Board using the device shown below: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Leica Wire-Bonder 

Figure 11: Wiring the pads of the device 
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3.4.3 Connectivity Test and Resistance Measurement  

After wire-bonding the device using the wire bonding machine shown in Figure 10 , then 

the connectivity of the wired pins were examined using 34410A Agilent Digital 

MultiMeter (DMM) and the resistance between the two ports are measured and found to 

be 16.62 Ohms . 

 

3.4.4 Testing the device response to relative humidity 

The device was connected to a Universal Capacitance Readout IC MS3110 from Irvine 

Sensors. The readout circuit can be interfaced to a single capacitive sensor or a differential 

capacitor pair [11].  

Figure 12: DMM used for testing connectivity and resistance measurements 

Figure 13: The connection of the IC MS3110 to the device 
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In this research work, it is interfaced to a single capacitive sensor by connecting the 

resonating plate to one end of the readout circuit and the lower layer (Poly 0) to another 

end of the circuit. Figure 12 shows the connection of the IC MS3110 to the device. In this 

part, the response of the device to relative humidity is examined using bench-top type SH-

242 temperature and humidity chamber as shown in Figure 14. The dimensions of the 

testing chamber are 250300300   mm. The device is put inside the chamber and then 

an alternate current supplied with 0.8Vp-p sinusoidal signal with a frequency of 4.5 KHz 

to be actuated and driven to dynamic mode. The relative humidity of the chamber is 

programmed to be varied from 30% RH to 90% RH with step change of 10% RH while 

the temperature is kept constant at C27 (room temperature). The time for each step 

change of 10% RH is 5 minutes and it remains constant at each step change for 3 minutes 

in order for the reading of the output voltage in the SR770 FFT Network Analyzer to 

stabilize. The time taken to measure the output voltage while changing the relative 

humidity and keeping the temperature constant is 66 minutes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14: Temperature and Humidity Chamber 
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Figure 15 shows a permenant magent that was placed near the device in order to generate 

static magentic field which actuates the resonator when an input AC current is applied to 

the pads of the device.  

 

 

 

 

 

 

 

 

 

 

 

The schematic drawing of the experimental setup of the device is shown in Figure 16 

below:  

 

Figure 15: Permanent Magnet fixed near the Humidity sensor 

Figure 16: Schematic drawing of the experimental setup 
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Finally the humidity sensor was put inside the humidity chamber and then connected to 

other laboratory equipment as shown in Figure 17: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: The connection of the humidity sensor to the laboratory equipment 
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3.5 Gantt Chart  

                      Week                       

Tasks 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Project Allocation                
Meetings and Discussion               
Research                
Extended Proposal                
Characterization of the 

fabricated device 
              

Proposal Defense  

 
              

Interim report submission 

(Draft)  
              

Interim report submission 

(Final) 
              

 

Table 3: Gantt chart of FYP I 

                      Week                       

Tasks 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 

TiO2 Drop Coating  

 
              

Simulation of the device  

 
              

Validate the results  

 
              

Meetings and Discussion 

 
              

Progress report 

Submission 
              

Pre-SEDEX presentation 

 
              

Final report submission  

 
              

Soft bound dissertation  

submission  
              

Technical report 

submission  
              

Hard bound dissertation 

submission  
              

Table 4:  Gantt chart of FYP II 
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Chapter 4: Results and Discussion 
 

 

4.1 Theoretical and Simulation Results  

 

The total Young’s Modulus, the average density, and the spring constant for the resonator 

beams are computed to be 78 GPa , 6571 3/ mkg , and 0.67932 mN / , respectively. The 

calculated and the simulated resonance frequency and the effective mass of the resonator 

are illustrated in the table below: 

 

                 

Table 5: Calculated and the Simulated values of the resonator parameters 

 

The theoretical resonant frequency of the resonator is found to be 5.301 KHz prior to the 

drop coating of TiO2 (With no mass loading), while the simulated value is 5.130 KHz 

which yields a percent error of 3.33%. Besides, the calculated value of the resonator 

effective mass is 6.123
1010 kg, whereas the simulated value is 6.237

1010 which gives 

1.8 % of error. The error of percentage in the results occurs due to some fabrication errors.   

 

 

 

 

Parameter Symbol Calculated Value Simulated Value Unit 

Average Young’s 

Modulus 
aveE  78 78 GPa 

Average density 
ave  6571 6571 Kg/m3 

Spring constant k  0.67932 0.67932 N/m 

Mass of the resonator m  6.123
1010  6.237

1010  kg 

Resonance frequency 
rf  5.301 5.130 KHz 
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4.2 Drop-coating of TiO2  

The figure below shows the device after drop-coating TiO2 on its resonator. The Titanium 

Dioxide coated on the resonating plate was kept for 4 days to dry under room temperature. 

After the TiO2 was fully dry, the movement of the resonating plate was tested using the 

optical microscope to make sure that there was no damage to the shuttle during the drop-

coating process. 

 

4.3 Experimental Results  

The experimental results obtained by testing the response of the humidity sensor to the 

presence of relative moisture levels in the humidity chamber. When the sensing film 

(TiO2) on the moving plate absorbs water molecules in the humidity chamber, it becomes 

heavier and thus the distance between the moving plate and the lower plate will be varied 

accordingly resulting in change in the output capacitance. Nevertheless, the capacitance 

to voltage circuitry provides change in the output voltage in response to the change in the 

capacitance.  

The experiment was run by applying different frequencies to the MEMS device in the 

testing chamber while visually observing the movement of its moving plate under the 

Figure 18: Drop-coating of TiO2 on the resonator 
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Microscope. The plate of the MEMS started resonating at a frequency of approximately 

4.5 KHz which is close enough to the resonance frequency value that was obtained from 

the simulation (5.13 KHz). The figures below show the plate when it is in dynamic mode 

under the effect of resonance frequency and when it is in static mode when the applied 

frequency is less than the resonance frequency of the device. 

Figure 19: The plate of the device is in static mode at a frequency that is less than the 

resonance frequency 

 

Figure 20 :  The plate of the device is in dynamic mode at the resonance frequency 

 (4.5 KHz) 
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Then the response of the humidity sensor to the presence of humidity has been tested 

inside the testing chamber for 66 minutes. An alternate current was applied with 0.8Vp-p 

sinusoidal signal at a frequency of 4.5 KHz to be actuated and driven to dynamic mode.  

 

 

Figure 21: Relative Humidity Vs Output Voltage Graph 

 

The graph shows a good linear correlation value of 0.8835 and a sensitivity of 2.095 

mV/RH%. The output voltage is found to be 540 mV when the relative humidity in the 

chamber is 30% and then the relative humidity is increased with a step change of 10% 

while the temperature of the chamber is kept constant to 27 ⁰C till it reaches 90% which 

gives an output voltage of 676.4 mV. 
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Chapter 5: Conclusion and Recommendation 

 

In conclusion, the problem statement and the objectives of this project have been clearly 

defined. The device has been successfully characterized mechanically and electrically .

The theoretical values and the simulation values for the resonance frequency and the 

effective mass of the resonator were obtained.  The theoretical and simulation values of 

the effective mass show a great agreement with a percentage difference of only 1.8%. 

Whereas, calculation and simulation values of the resonance frequency indicates small 

difference percentage of 3.33%. The response of device to the presence of the humidity 

in the environment has been examined and studied. The experimental value of the 

resonance frequency was visually observed when the device’s plate started to resonate. 

Therefore, the resonance frequency that is actually able to drive the plate to its dynamic 

mode is approximately 4.5 KHz. However, the experimental resonance frequency value 

slightly varies from the theoretical and simulation values which are 5.301 KHz and 5.13 

KHz, respectively. This slight difference in the resonance frequency values is due to some 

fabrication error. Subsequently, the experiment was run and the output voltage is found to 

be 540 mV when the relative humidity in the chamber is 30% and then the relative 

humidity is increased with a step change of 10% while the temperature of the chamber is 

kept constant to 27 ⁰C till it reaches 90% which gives an output voltage of 676.4 mV. The 

results achieved from the experiment were illustrated in a linear graph which shows that 

when the relative humidity increases in the testing chamber, the output voltage obtained 

from the Readout circuit increases accordingly. Besides, the linear graph displays great 

correlation and sensitivity values of 0.8835 and 2.095 mV/RH% respectively.  

It is recommended to examine the response of the sensor to the change of temperature in 

the testing chamber. Furthermore, the effect of weather and temperature change on 

humidity sensing must be observed and studied. Finally, the hysteresis effect for the 

Relative Humidity vs Output Voltage graph must be obtained in order to confidently 

validate the accomplished results. 
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Appendix A – MS3110 Universal Capacitance Readout  
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