


  
  

SSeennssoorrss  &&  TTrraannssdduucceerrss  
  

Volume 72 
Issue 10 
October 2006   

 www.sensorsportal.com  ISSN 1726-5479 

 
General Editor: professor Nikolay V. Kirianaki, phone: +380 322 762971, e-mail: ifsa@sensorsportal.com 
Ediror-in-Chief: professor Sergey Y. Yurish, phone: +34 696067716, e-mail: editor@sensorsportal.com 

 
Editorial Advisory Board 

 
Ahn, Jae -Pyoung, Korea Institute of Scicence and Technology, Korea 
Arndt, Michael, Robert Bosch GmbH, Germany 
Atghiaee, Ahmad, Univeristy of Tehran, Iran 
Augutis, Vygantas, Kaunas University of Technology, Lithuania 
Avachit, Patil Lalchand, North Maharashtra University, India 
Bahreyni, Behraad, University of Manitoba, Canada 
Barford, Lee, Agilent Laboratories, USA 
Barlingay, Ravindra, Priyadarshini College of Engineering and 

Architecture, India 
Basu, Sukumar, Jadavpur University, India 
Beck, Stephen, University of Sheffield, UK 
Ben Bouzid, Sihem, Institut National de Recherche Scientifique, Tunisia 
Bodas, Dhananjay, IMTEK, Germany 
Bousbia-Salah, Mounir, University of Annaba, Algeria 
Brudzewski, Kazimierz, Warsaw University of Technology, Poland 
Cerda Belmonte, Judith, Imperial College London, UK 
Chakrabarty, Chandan Kumar, Universiti Tenaga Nasional, Malaysia 
Chen, Rongshun, National Tsing Hua University, Taiwan 
Chiriac, Horia, National Institute of Research and Development, Romania 
Chung, Wen-Yaw, Chung Yuan Christian University, Taiwan 
Cortes, Camilo A., Universidad de La Salle, Colombia 
Costa-Felix, Rodrigo, Inmetro, Brazil 
Cusano, Andrea, University of Sannio, Italy  
D'Amico, Arnaldo, Università di Tor Vergata, Italy  
Dickert, Franz L., Vienna University, Austria 
Dieguez, Angel, University of Barcelona, Spain  
Ding Jian, Ning, Jiangsu University, China 
Donato, Nicola, University of Messina, Italy  
Donato, Patricio, Universidad de Mar del Plata, Argentina 
Dong, Feng, Tianjin University, China 
Drljaca, Predrag, Instersema Sensoric SA, Switzerland 
Erdem, Gursan K. Arzum, Ege University, Turkey 
Erkmen, Aydan M., Middle East Technical University, Turkey 
Estrada, Horacio, University of North Carolina,USA 
Fericean, Sorin, Balluff GmbH, Germany 
Gaura, Elena, Coventry University, UK 
Gole, James, Georgia Institute of Technology, USA 
Gonzalez de la Ros, Juan Jose, University of Cadiz, Spain 
Guan, Shan, Eastman Kodak,USA 
Gupta, Narendra Kumar, Napier University, UK 
Hernandez, Wilmar, Universidad Politecnica de Madrid, Spain 
Homentcovschi, Dorel, SUNY Binghamton, USA 
Hsiai, Tzung (John), University of Southern California, USA 
Jaffrezic-Renault, Nicole, Ecole Centrale de Lyon, France 
Jaime Calvo -Galleg, Jaime, Universidad de Salamanca, Spain 
James, Daniel, Griffith University, Australia 
Janting, Jakob, DELTA Danish Electronics, Denmark 
Jiang, Liudi, University of Southampton, UK 
Jiao, Zheng, Shanghai University, China 
John, Joachim, IMEC, Belgium 
Kalach, Andrew, Voronezh Institute of Ministry of Interior, Russia 
Katake, Anup, Texas A&M University, USA 
Lacnjevac, Caslav,  University of Belgrade, Serbia 
Li, Genxi, Nanjing University, China 
 

Lin, Hermann, National Kaohsiung University, Taiwan 
Lin, Paul, Cleveland State University, USA 
Liu, Cheng-Hsien, National Tsing Hua University, Taiwan 
Liu, Songqin, Southeast University, China 
Lorenzo, Maria Encarnacio, Universidad Autonoma de Madrid, Spain 
Matay, Ladislav, Slovak Academy of Sciences, Slovakia 
Mekid, Samir, University of Manchester, UK 
Mi, Bin, Boston Scientific Corporation, USA 
Moghavvemi, Mahmoud, University of Malaya, Malaysia 
Mohammadi, Mohammad-Reza, University of Cambridge, UK 
Mukhopadhyay, Subhas, Massey University, New Zeland 
Neelamegam, Periasamy, Sastra Deemed University, India 
Neshkova, Milka, Bulgarian Academy of Sciences, Bulgaria 
Oberhammer, Joachim, Royal Institute of Technology, Sweden 
Ohyama, Shinji, Tokyo Institute of Technology, Japan 
Pereira, Jose Miguel, Instituto Politecnico de Setebal, Portugal 
Petsev, Dimiter, University of New Mexico, USA 
Pogacnik, Lea, University of Ljubljana, Slovenia 
Prateepasen, Asa, Kingmoungut's University of Technology, Thailand 
Pullini, Daniele, Centro Ricerche FIAT, Italy  
Pumera, Martin, National Institute for Materials Science, Japan 
Rajanna, K., Indian Institute of Science, India 
Reig, Candid, University of Valencia, Spain 
Robert, Michel, University Henri Poincare, France 
Rodriguez, Angel, Universidad Politecnica de Cataluna, Spain 
Rothberg, Steve , Loughborough University, UK 
Royo, Santiago, Universitat Politecnica de Catalunya, Spain  
Sadana, Ajit, University of Mississippi, USA 
Sapozhnikova, Ksenia, D.I.Mendeleyev Institute for Metrology, Russia 
Saxena, Vibha, Bhbha Atomic Research Centre, Mumbai, India 
Shearwood, Christopher, Nanyang Technological University, Singapore 
Shin, Kyuho, Samsung Advanced Institute of Technology, Korea 
Shmaliy, Yuriy, Kharkiv National University of Radio Electronics, 

Ukraine 
Silva Girao, Pedro, Technical University of Lisbon Portugal 
Slomovitz, Daniel, UTE, Uruguay 
Stefan-van Staden, Raluca-Ioana, University of Pretoria, South Africa 
Sysoev, Victor, Saratov State Technical University, Russia 
Thumbavanam Pad, Kartik, Carnegie Mellon University, USA 
Tsiantos, Vassilios, Technological Educational Institute of Kaval, Greece 
Twomey, Karen, University College Cork, Ireland 
Vaseashta, Ashok, Marshall University, USA 
Vigna, Benedetto, STMicroelectronics, Italy  
Vrba, Radimir, Brno University of Technology, Czech Republic 
Wandelt, Barbara, Technical University of Lodz, Poland 
Wang, Liang, Advanced Micro Devices, USA 
Wang, Wei-Chih , University of Washington, USA 
Woods, R. Clive , Louisiana State University, USA 
Xu, Tao, University of California, Irvine, USA 
Yang, Dongfang, National Research Council, Canada 
Ymeti, Aurel, University of Twente, Netherland 
Zeni, Luigi, Second University of Naples, Italy  
Zhou, Zhi-Gang, Tsinghua University, China 
Zourob, Mohammed, University of Cambridge, UK 
 

Sensors & Transducers Journal (ISSN 1726-5479) is a peer review international journal published monthly online by International Frequency Sensor 
Association (IFSA). Available in electronic and CD-ROM. Copyright © 2006 by International Frequency Sensor Association. All rights reserved.  



Sensors & Transducers Journal, Vol.72, Issue 10, October 2006, pp.754-760 

 754 

   

   
SSSeeennnsssooorrrsss   &&&   TTTrrraaannnsssddduuuccceeerrrsss   

ISSN 1726-5479 
© 2006 by IFSA 

http://www.sensorsportal.com   
 

 
 
 
 
 
 

MEMS Capacitive Thermal Sensor Sensitivity Investigation 
Using Full Factorial Design Method 

 

Ghader Rezazadeh1, Shahriar Kouravand2, Mehdi Mehrban3 

1, 2, 3 Mech. Eng. Dept. Urmia University, Urmia, IRAN, 1Tel: +98-914-145-1407 
1Fax: +98-441-277-7022, 1E-mail: g.rezazadeh@mail.urmia.ac.ir 

 
Received: 23 September 2006   /Accepted: 18 October 2006   /Published: 23 October 2006 

 
 

 
Abstract: In this paper a sensitivity of MEMS capacitive thermal sensors based on deflection of a 
bimetallic cantilever beam was investigated. Using design of experiment method, and applying a 52  
factorial design the effect of factors in this sensor was calculated and main factors that affect on 
sensor’s sensitivity were identified. Analysis of variance for the main factors of design and their 
interactions were studied for their significance. 
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__________________________________________________________________________________- 
 
 
1. Introduction 
 
MEMS technologies for fabricating tiny sensors and actuators are being developed successfully 
throughout the world. The field of MEMS is large and growing, with numerous means reported for 
both sensing and actuation on-chip. Compared to conventional systems, MEMS are more lightweight, 
smaller and less power consuming. All these qualities make MEMS very promising devices for space 
applications. However, to be space compatible, they need a robust behavior towards harsh 
environmental conditions, such as vacuum, temperature cycles, and irradiation. Thermal sensors are 
one of the most applications of the MEMS sensors and MEMS capacitive thermal sensor based 
deflection of bimetallic cantilever beam is the one of the last type of it. These microsensors were used 
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to measure the temperature rising due to the change of a comb drive capacitance. Bimetallic 
microbeams can provide sensitive structure for fabrication of temperature sensors that cover the wide 
range of temperature based on these structures [1]. Sensitivity of this sensor depends on several 
factors. Effect of each factor on sensitivity may be not equal. With investigation of these factors effect 
the sensitivity of thermal sensors can be optimized. Several methods can be used for calculate the 
effect of each factors on sensitivity of this thermal sensor.  One of the most applied methods for these 
purposes is Full Factorial Design method (FFD) that is used to seek the active factors, which affect on 
the system performance, and aid decision making in such a way that the optimum solution can be 
found. The traditional approach to experimental work is to vary one factor at a time and to hold all 
other factors fixed. This method does not produce satisfactory results in a wide range of experimental 
settings. If interaction exists between the factors, there is no guarantee that the final set of operating 
conditions will be the optimum [2]. Box and Meyer [3] stated that highly factorial designs are 
powerful tools for identifying important factors to improve the system performance. Madu [4] had 
already applied 142 − fractional factorial experiment design to analysis the management of maintenance 
floats. Murugabaskar and Huang [5] had worked on the application of full factorial design or fractional 
factorial design. They concluded that it is an efficient tool for analyzing the system performance. 
 
In this article sensitivity of MEMS capacitive thermal sensors based on tip deflection of bimetallic 
cantilever beam was investigated. Using 52 full factorial designs with five main factors and two levels 
for them, the effect of factors and their interaction that affect on sensitivity of thermal sensor were 
studied. 
 
 
2. MEMS Capacitive Thermal Sensor Structure 
 
Fig. 1 shows a thermal sensor whose sensitivity was studied in this work. Bimetallic cantilever beam 
was deflected because of different temperature expansion coefficient of selected materials due to 
temperature rising. Due to the tip deflection of bimetallic cantilever beam, the effective surfaces of 
comb drive plates and its equivalent capacitance was changed. Which means the influence of 
temperature on the capacity of the system can be easily measured [1]. This model is a Micro Electro 
Mechanical System that consists of a bimetallic cantilever beam and one comb drive that is jointed at 
the tip of the cantilever beam. This system acts as a MEMS capacitive thermal sensor. 
 
 

 

 
Fig.1. MEMS capacitive thermal sensor [1]. 
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By assumption that the width of bimetallic cantilever beams are same, the equation which indicates the 
relationship between tip deflection of bimetallic cantilever beam with respect to temperature rising is 
derived as follow [1]: 
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where n , 1h , 2h , 1α , 2α , T∆ , l  are ratio of young’s modulus of upper layer on young’s modulus of 
lower layer, height of lower layer, height of upper layer, thermal expansion coefficient of lower 
material, thermal expansion coefficient of upper material, temperature rising and length of bimetallic 
cantilever beam. To calculate the capacity of the comb drive due to change of its surfaces, the 
following equation can be used [1]: 
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where N is the number of combs, g is the gap, B is the width of plates of comb drive capacitor and 0d  
is the initial effective height of comb drive plates (figure2). Here sensitivity can be defined as a 
function of capacitance and temperature as below: 
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Fig.2. Schematic of the sensor’s comb drive. 

 
Dimensional parameters of sensor’s comb drive are 14,15,25,100 ==== NmBmgmd µµµ . These 
parameters are the same as those for the sensor that designed in [1]. 
 
 
3. Full Factorial Design 
 
Factorial design is an optimization process, which is used for preliminary evaluation of the 
experimental variables of a system. It allows the determination of their effects and significances [6]. In 
this article experiments were carried out using 52  factorial design. Maximum and minimum selected 
levels of each factor were shown in Table1. 
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Table1. Factors and their levels used in the factorial design. 

 

Variable Low level (-) High level (+) 
(A): 1α - Thermal expansion coefficient of lower material ( 1−k ) 2.6 4.6 

(B): 2α - Thermal expansion coefficient of upper material ( 1−k ) 14.3 23.6 

(C): 1h - height of lower strip ( mµ ) 1.8 4.0 
(D): 2h - height of upper strip ( mµ ) 1.8 4.0 
(E):  l- Length of bimetallic cantilever beam ( mµ ) 300 500 

 
 
In this work all possible combination of factor levels were investigated. For this purpose, 32 run using 
Eq. (3) by applying given values of factors showed in Table 1 were done in order to calculate the 
sensor sensitivity. The results of experiments and their corresponding sensitivity are shown in Table 2. 
 
 

Table 2. Design matrix and the results of sensitivity. 
 

 Factors  Factors 
Experiment A B C D E 

Sensitivity (S) 
( CfF o ) Experiment A B C D E 

Sensitivity (S) 
( CfF o ) 

1 - - - - - 0.620 17 + - - - - 0.531 
2 - - - - + 1.201 18 + - - - + 0.946 
3 - - - + - 0.485 19 + - - + - 0.465 
4 - - - + + 0.817 20 + - - + + 0.763 
5 - - + - - 0.453 21 + - + - - 0.380 
6 - - + - + 0.729 22 + - + - + 0.527 
7 - - + + - 0.443 23 + - + + - 0.403 
8 - - + + + 0.701 24 + - + + + 0.589 
9 - + - - - 0.866 25 + + - - - 0.727 
10 - + - - + 1.903 26 + + - - + 1.502 
11 - + - + - 0.644 27 + + - + - 0.626 
12 - + - + + 1.302 28 + + - + + 1.201 
13 - + + - - 0.554 29 + + + - - 0.437 
14 - + + - + 1.000 30 + + + - + 0.684 
15 - + + + - 0.553 31 + + + + - 0.491 
16 - + + + + 1.000 32 + + + + + 0.834 

 
where A, B, C, D and E respectively are the experimental factors that represent 1α , 2α , 1h , 2h and l. 
The main effect for each factor and their interaction effects can be calculated using the Table 2 and 
using this concept that the effect of each factor is the change in response by a change in the level of the 
factor [7]. Based on this concept, the effect of a factor can be calculated as: 
 

experiment in the runs ofnumber   thehalf
levels lowat  responseslevelshigh at  responses

factor  a ofEffect ∑∑ −
=  (4) 

 
Considering signs and results in Table 2, main effect and interaction effects of factors can explain in 
figure 3. In this figure the effects of all of the factors and their interactions were shown. 
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Fig.3. The effect of factors and their interactions on sensitivity. 

 
As an example figure 4 illustrates that there is an interaction effect between the thermal expansion 
coefficient of lower strip ( 1α ) and the height of upper strip ( 2h ) on sensor sensitivity. 
 

 

Fig.4. Interaction effect of Thermal expansion coefficient of lower strip ( 1α ) and height of upper strip ( 2h ). 
 
 
4. Analysis of Variance (ANOVA) 
 
In the 2-level factorial designs, normal plot can be used in order to choose significant effects of 
factors. If the effects represent a sample from a normal population, we would expect to see them form 
an approximate straight line on a normal probability plot of the effects. Usually only a few effects turn 
out to be important. They show up as outliers on the normal probability plot. The ordered effects 
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plotted on half normal probability plot are shown in Figure 5. It is seen that more effects and 
interactions lie approximately along a straight line, while all main factors and their interactions that 
involve AD, AE, BC, BD, CD and CE are not in the direction of the crossed straight line and can be 
significant factors. 
 

 
 

Fig.5. Half normal plot of the effects. 
 
 
These ANOVA are based on reduced models was carried out by first fitting the full model according to 
the constraints of the design and eliminating non-significant terms. Analysis of variance for this model 
is shown in Table 3. 
 
 

Table 3. ANOVA result for sensitivity effected factors. 
 

Source Sum of Squares Degree of freedom Mean Square F-value P-value 
Model 3.680 11 0.330 57.04 < 0.0001 
A- 1α  0.150 1 0.150 24.96 < 0.0001 
B- 2α  0.570 1 0.570 97.15 < 0.0001 
C- 1h  0.730 1 0.730 123.78 < 0.0001 
D- 2h  0.095 1 0.095 16.18 0.0007 
E- l  1.540 1 1.540 262.52 < 0.0001 
AD 0.032 1 0.032 5.53 0.0291 
AE 0.034 1 0.034 5.86 0.0251 
BC 0.082 1 0.082 13.89  0.0013 
BE 0.130 1 0.130 22.05   0.0001 
CD 0.160 1 0.160 26.79 < 0.0001 
CE 0.170 1 0.170 28.69 < 0.0001 
Residual 0.120 20 0.059 - - 
Total 3.800 31 - - - 

 
 
The Model F-value of 57.04 implies that the model is significant and there is only a 0.01 percent 
chance that a critical F-value could occur due to noise. Also P-values less than 0.05 indicate model 
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terms are significant so in this case all selected main factors and AD, AE, BC, BE, CD, CE 
interactions is significant that effect on the sensitivity. 
 
 
5. Conclusions 
 
In the present work sensitivity of MEMS capacitive thermal sensors was studied, and by applying the 
FFD method effective parameters that affect on sensor sensitivity were identified. It was seen that E 
factor which represents length of bimetallic cantilever beam has maximum effect and height of upper 
strip has minimum effect on sensor sensitivity. In addition CE interaction that represents the 
interaction of length of bimetallic cantilever beam and height of lower strip has maximum effect on 
sensor sensitivity between other interactions. Using ANOVA for obtain the significant factors it was 
identified that the all main factors and some interactions have significant effect on sensor sensitivity. 
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