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                                                 ABSTRACT 

 

 

PAPER BASED LOW COST BIOSENSOR 

DESIGN AND FABRICATION  

 

MEMS devices as being one of the incrementally developing field with micro scale range 

and higher sensitivity are quite valuable.  In the scope of this thesis, a paper-based MEMS 

device is produced with a low cost and fast fabrication procedure. The sensor, which is 

designed to measure weights, can be easily modified as a biosensor. Hence, the most 

important parameter of this sensor is its sensitivity.  

 

The sensor measures the magnitude of the applied force by using the change in piezoresistor 

which is directly proportional to the applied force. Piezoresistive material coated sensor, 

which is designed as a cantilever shaped structure, is electrically connected to the 

Wheatstone bridge circuit. Graphite ink is used as a piezoresistor due to the ease of 

implementation. Paper-based sensor measures the weight by using the direct relation 

between the voltage change (Wheatstone bridge circuit output) and applied force excited on 

the cantilever.  

 

The novelty of this sensor is addition of magnetic amplifier. The advantage of magnetic 

amplifier is to increase the effective mass of the weight. This addition provides 0.3 mg 

resolution measurement from 20 mg resolution weight sensor. 

 

This sensor can only quantify the weights that are magnetically active. Furtherance, it can 

be easily transformed to a biosensor. The only thing that is necessary is to bind the MNP 

(magnetic nano particle) and the biological/chemical particle to make it a magnetically active 

component. After the binding process, these components can be detectable and measurable 

by this weight sensor that uses the magnetic mass increase scheme. 
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                                                      ¥ZET 

 

 

KAĴIT TABANLI D¦ķ¦K MALĶYETLĶ BĶYOALGILAYICI 

TASARIMI VE ¦RETĶMĶ 

 

Hēzla geliĸen alanlardan biri olan MEMS cihazlarē mikro boyutlarda olmalarē ve y¿ksek 

hassasiyete sahip olmalarē dolayēsēyla olduk­a ºnem arz etmektedirler. Bu proje kapsamēnda 

ucuz ve hēzlē ¿retim tekniklerine sahip olmasē sebebiyle son zamanlarda en ­ok ilgilenilen 

alanlardan biri olan kaĵēt tabanlē algēlayēcē ¿retilmiĸtir. Bu proje kapsamēnda, aĵērlēk 

ºl­¿mlerinde kullanēlmak i­in ¿retilen bu algēlayēcēnēn biyoalgēlayēcēya dºn¿ĸt¿r¿lmesinin 

kolay olmasē istenmektedir. Bu nedenle de algēlayēcēnēn tasarēm ve ¿retim aĸamalarēnda en 

­ok dikkat edilen kēsēm hassasiyetinin y¿ksek olmasēdēr.  

 

Yapēlan algēlayēcē piyezo malzemenin, uygulanan kuvvetle doĵru orantēlē deĵiĸen direncini 

ºl­erek aĵērlēĵēn ºl­¿m¿n¿ yapmaktadēr. Piyezo malzeme uygulanmēĸ dirsek ĸeklindeki 

algēlayēcē, okuma devresi amacēyla, Wheatstone kºpr¿s¿ne baĵlanmēĸtēr. Piyezo malzeme 

olarak ¿retim s¿recini kolaylaĸtērmasē sebebiyle grafit esaslē macun kullanēlmēĸtēr. 

Wheatstone kºpr¿s¿ndeki voltaj deĵiĸimi grafit direncin deĵiĸimiyle, o da kaĵēda uygulanan 

kuvvetle doĵru orantēlēdēr. Algēlayēc bu doĵrusal deĵiĸimleri kullanarak ºl­¿m yapmaktadēr. 

 

Piyezodirencin ºzelliĵiyle ¿retilen bu algēlayēcēyē, literat¿rdeki diĵer basēn­ algēlayēcēlardan 

ayēran en ºnemli ºzelliĵi, y¿kseltmek amacēyla manyetik alanēn kullanēlmasēdēr. Mēknatēsla 

­ekilebilen ve dirseĵin u­ kēsmēna yerleĸtirilen par­acēklar, mēknatēs etkisiyle efektif 

aĵērlēklarē arttērēlarak ºl­¿lm¿ĸt¿r. Bu sayede 20 mg aralēklarla ºl­¿m¿ yapēlabilen aĵērlēklar 

0.3 mg aralēklarla ºl­¿lebilir hale gelmiĸtir.  

 

Hassasiyeti 0.3 mg olan bu algēlayēcē manyetiksel olarak aktif maddelerin aĵērlēĵēnē 

ºl­ebilmektedir ve biyoalgēlayēcēya kolaylēkla dºn¿ĸt¿r¿lebilmektedir. Yapēlmasē gereken 

tek ĸey MNP (manyetik nano par­acēklar)ôēn biyolojik/kimyasal elementlere baĵlanarak 

manyetiksel olarak aktifleĸtirilmesidir. Bu aktifleĸtirme iĸleminden sonra bir sol¿syondaki  

biyolojik/kimyasal par­acēĵēn aĵērlēĵē ºl­¿lebilmektedir.  
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1. INTRODUCTION  

 

 

1.1.  MEMS DEVICES  

 

The device of Micro Electro Mechanical System (MEMS) are divided into two groups; (a) 

sensors and (b) actuators. Sensors detect a specific input, such as light, gas, pressure, heat or 

force, from the physical environment to which it creates a response, mostly an electrical 

signal.  Actuators, on the other hand, convert energy into movement which are mainly used 

in motors, pumps, switches, robotic arms and valves [1].  

 

 

Figure 1.1. Schematic of MEMS Devices [2]  

 

As seen in Figure 1.1, regarding their sensing and actuating principles, MEMS devices can 

be divided into mainly five distinct groups. These groups are (i) electrostatic [3] [4], (ii) 

thermal [5] [6], (iii) magnetic [7], (iv) piezoresistive [2] [8] [9] and (v) piezoelectric [10]. 

 

Electrostatic sensors are to measure the increase of capacitance which occurs between two 

oppositely charged conductors [11] [12].  Electrostatic actuators, on the other hand, are 

induced by electrostatic force which is occurred as a result of interaction of the two 

oppositely charged conductors under the applied voltage [13].  

 

Thermal sensors aim to detect the temperature change by using various sensing methods, 

and the most commonly used ones are thermal couples, thermal resistive sensors and thermal 
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bi-morph sensors. In thermal resistive sensors, a material, whose resistance is subject to 

changes in accordance with the temperature change, is used [14] [15]. Thermal bi-morphs 

are composed of two merged materials by their longitudinal axis. Their axis faces different 

amount of elongation due to their different material properties. Consequently, the structure 

bends to the side which lengthens less [16]. Lastly, as it is seen in Figure 1.2, thermal couples 

are formed of two wires of dissimilar materials which are situated closely on one side so that 

they are able to connect at a point. There occurs a temperature difference between the sensing 

(measuring) junction and the reference junction. This temperature difference creates currents 

[17]. Apart from this, thermal actuation happens when the change in temperature of the 

microscale devices or structures cause mechanical displacement or creates force as an output. 

 

 

Figure 1.2. Thermal Couples [18] 
 

Magnetic sensors generally use the magneto-resistive effect and the hall effect to measure 

the magnetic field. For magnetic actuators, permanent magnets or magnetic coils are 

mostly used to generate a moving force by creating magnetic field [7].  

 

Piezoresistive sensors are made of piezoresistive materials. Their property called 

piezoresistivity makes the material to be subject to resistance change when the stress is 

applied [19] [20] [21].   

 

Piezoelectric sensors exist by the virtue of some materialsô properties such as Rochelle salt 

and quartz since those generate voltage or electric charge as a result of a mechanical 
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deformation [22] [23] [24]. And the opposite result is achieved by piezoelectric actuator 

since it transforms voltage or current change into mechanical deformation [25] [26]. 

 

Besides the types of MEMS devices, it is also important to examine the production of them. 

The primary material of MEMS devices is silicon [27]. It is used as a base material and since 

it is not flexible, chemical and mechanical etching can be applied for silicon slenderizing. 

However, those methods requiring advance fabrication techniques make the production 

process challenging. Additionally, the clean room equipment and laboratories are needed to 

produce and the manufacturing process can quickly escalate in complexity. As a 

consequence, the costs of silicon-based devices increase significantly.  

 

New alternative to silicon-based MEMS device is paper-based design which enables to 

eliminate the disadvantages of silicon. Paper is lightweight, ubiquitous and easily disposable 

by incineration. It is flexible and can be easily shaped by laser cutter. Moreover, the 

manufacturing process of paper-based devices is faster, simpler and more inexpensive since 

it does not require clean room facilities and complicated fabrication techniques. 

 

The advantage of paper was recognized in early twenties. One of the most important 

development in paper usage is the start of using filter papers in analyze laboratories. The 

novelty of filter paper is its contribution to acquirement of reliable results with a trace 

amount of sample. The filter paper was firstly produced by Martin and Synge in 1952 [28] 

[29] and it was used in the significant research of Whitesides et all which is called P-

ELISA(Paper-based Enzyme-Linked Immuno Sorbent Assay) [30]. ELISA as a quantitative 

measurement technic was known and used by other scholars to detect the antigen or 

antibody. Following the method, a sample is put in a solution including antigen or antibody 

and if a reaction occurs, it is detected that the other particle, antigen or antibody, exists in 

the sample as well. [31]. P-ELISA is based on same principle but filter paper is used as a 

base so the samples and solutions are dripped on the filter paper. Consequently, the detection 

is achieved with a trace amount of sample and it prevented the waste of the products. The 

technic has led to other projects which use the cellulose based materials to detect the 

biological or chemical molecules.  
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Moreover, the advancement in biosensors by paper usage has been reflected to MEMS field. 

In last decades, cellulose base materials have been successfully adapted to MEMS actuators 

and sensors as a main production material. Since cellulose-based materials are disposable 

and low-cost, their usage as a base in MEMS device has increased significantly [32].  

Additionally, the production process of paper-based devices does require neither as much 

labor force, nor as high qualification to produce as microfabrication technics. 

 

One of the prominent instance of the usage of paper-based MEMS device is conducted by 

Martinez et all by developing a pneumatic actuator. In the research, both elastomer (Ecoflex) 

and easily bendable sheet are used to generate actuators. These actuators with pressurization 

are capable of complex motions which cannot be achieved by hard robots [33]. A different 

paper based actuator is developed by Hamedi et all. The actuator in this research is activated 

via electric and it is called HEPAs (Hydroexpansive Electrothermal Paper Actuators). With 

various configuration of paper and PEDOT: PSS composite, four types of HEPAs (straight, 

pre-curved, creased-curved and creased-sawtooth) are produced. The Figure 1.3 shows the 

types of HEPAs and their movements [34].   

 

 

Figure 1.3. HEPAs types and their on/off positions [34]  

 

Paper-based MEMS devices also include sensors, one of which is the microfluidic device. 

ÕPEDs (Microfluidic Paper-based Electrochemical Devices) are one of the microfluidic 

devices which is produced only by adhesive tape, ink and paper. It is designed to detect for 

both glucose and heavy-metal ions [35]. Another paper-based sensor is capacitive touch pad. 

This pad is fabricated by metallized paper and double-sided tape. This structure functions as 

capacitive key and gives binary responses [36].  
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It is indicated by my literature search that there are several studies conducted to create paper 

based piezoresistive sensors. The similar trend has occurred resulting in the replacement of 

silicon with paper for a base of piezoresistive sensors.  In one of the conducted research, 

chromatography filter paper is cut in a cantilever shape and graphite is used as a 

piezoresistor. This systemôs response is examined by Wheatstone bridge circuit and weight 

is measured with the limit of detection(LOD)/resolution as 15g/25mg. This sensor is 

produced by screen printing method with simple laboratory equipment in sixty minutes [37].   

 

Similar sensor is made by Yang et all. The aim of this research is to eliminate the necessity 

of laboratory. An ordinary photocopy paper, a pencil (2B) and scissors are used. Despite the 

fact that it has a worse rate (20g/50mg), the sensor is managed to be produced faster (thirty 

minutes) without laboratory equipment [38]. Another piezoresistive pressure sensor is 

developed by Crowley et all. In the research, the wind velocity, which is equal or higher than 

3m/s, is measured by the sensor [39]. The disadvantage of paper based sensors is their single-

use characteristic. It has been eliminated by Bailey et all by using PEN (Poly Ethylene 

Naphthalate) to generate a disposable piezoresistive sensor. This sensor gives reliable results 

in up to hundred thousand tests [40].  

 

In brief, the increased use of cellulose based MEMS devices can be traced back in time as 

the benefits of cellulose, such as low cost and easiness in production process, has been taken 

advantage of by scientists. 

 

The benefits of cellulose based materials explained above are taken into consideration to 

develop this thesis as well. Various types of paper and PLA are taken benefit of to generate 

a weight sensor. Besides, the thesis takes the advantage of piezoresistive materials to 

contribute the production of the sensor. As explained below [see section 1.3], resistance of 

piezoresistive materials, such as graphite, doped-silicon and germanium, change under 

mechanical deformation caused by applied stress. This property provides opportunity to 

measure the electrical response of applied force. In addition to that, graphite has an easiness 

in implementation which makes it a prior choice. Therefore, in this thesis, graphite is utilized 

as a piezoresistor. The material property of graphite is explained more detail in section 3.2. 
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1.2.  BIOSENSORS 

 

Biosensor as a terminology in science was first appeared in 1977 with the development of a 

sensor composed of an enzyme and an electrode and hence, called as a biosensor [41]. The 

main function  of a biosensor is to measure the electrical response of biological reactions 

[42] [43]. As seen in Figure 1.4, in the older type of biosensor, there are only two main parts. 

One of them is called receptor which collects the required particles in the mixed solution and 

based on  the reaction of these particles, it sends signals to transmission [44] [45]. These 

signals are transformed into readable electrical responses by the converter. Both 

transmission and converter form the second part of the biosensor called transformer. 

 

 

Figure 1.4. Structure and Operation Principle of Biosensors 

 

In the present, biosensors are developed with three main parts instead of two to increase the 

reliability of detection and to decrease the signal noise ratio (SNR). In addition to receptor 

and transformer which are traditional biosensor parts, reference element is added as a third 

part [41]. Different to the receptor, reference element does not include any biological 

particles and hence, no biological reaction takes place. The purpose of this element is to 

eliminate the effects of the environmental conditions or the minor device problems. 

 

Biosensors can be examined under five groups based on bioactive layer-transmission and 

detection methods.  As it is seen in Figure 1.5, these groups are  (a) electrochemical in other 

words amperometric [46] [47], potentiometric [48] [49], voltametric [50] [51], 

voltamperometric [52] and conductometric biosensors [53]; (b) piezoelectric based 

biosensors [54] [55]; (c) calorimetric in other words thermistors [56] [57]; (d) piezoresistive 
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biosensors [58] [59] and lastly (e) optic based namely photometric [60] [61], fluorometric 

[62] [63] and bioluminescence [64] [65] biosensors.    

  

 

Figure 1.5. Classification of Biosensors 

 

In literature, the first amperometric sensor was generated by Prof. L.C. Clark Jnr. in 1956, 

then it was called as biosensor regarding its properties [66]. This biosensor which is called 

Clark Electrode is used to detect the oxygen level. Clark Electrode and other amperometric 

sensors mainly measure the current that occurs in accordance with the number of electrons. 

these electrons release due to the chemical oxidation reaction or reduction reactions in the 

electrochemical cells. In present, amperometric biosensors are still used as blood sugar 

detection devices. Alternatively, potentiometric biosensors are produced in the literature. 

This kind of sensors detects the changes in potentials of electrodes without applying 

additional voltage. Changes in potential occur in the electrochemical cells because of the 

chemical reaction of the electrodes  [46]. The research conducted by Rechnitz et all can be 

given as a prominent instance of use of potentiometric biosensors in which they successfully 

measured the amount of urea by urease hydrolysis [46].   

  

Other group of biosensors is optic based sensors whose mostly known example is Surface 

Plasmon Resonance (SPR). This type of sensor was firstly used by Liedberg et all to observe 

the real-time interaction [67]. In 1990, BI Acore, which is based on SPR principle, was 

produced and released by Pharmacia company [68]. The operation principle of SPR 

biosensors is briefly shown in Figure 1.6. In the SPR-based biosensors, when biochemical 

reactions on the sensing surface change the refraction index, the resonance angle and SPR 

are impacted. The resonance is created as a result of optical excitement on the interface 

between the conductive metal membrane and dielectric material. Hence, the ratio of 
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biological elements in the sample is sensitively quantified. Another optic based biosensor is 

brought out by Lubbers and Opitz [67]. They produced a fiber-optic biosensor which was 

called Optode. It quantifies the amount of oxygen and carbon dioxide which is released as a 

result of  oxidase reactions [42].  

  

 

Figure 1.6. Operation Principle of SPR Biosensors (a) three layersô geometry for excited surface plasmon. A surface 

plasmon wave is excited in the metal interface. (b) SPR reaction [48] . 

 

Distinct from the groups based on the bioactive surface and measurement methods as shown 

in the Figure 1.5, the biosensors can also be grouped based on the relation of particles and 

their bioactive components. Under this method, three groups can be set, which are (1) 

biocatalytic (microorganism and enzyme used) biosensors, (2) microbe based biosensors and 

lastly (3) bioaffinity (antigen/antibody or receptor/ligand alike interaction used) biosensors 

[45]. The first biosensor of the biocatalytic group was produced in 1964 by Yahiro et all. In 

the sensor, the glycose/O2  is used as a fuel cell catalyst as well as an enzyme in the biofuel 

cell [69]. The idea of merging antibody to piezoelectric or potentiometric sensors leads to 

biocatalytic based biosensors. Ishiguro et all  produced  a biocatalytic sensor and published 

the related article in 1976 [70]. In the same year, another biosensor was produced by using 

a microbe which was the first of the second group of biosensors, namely microbe based 

biosensors [71]. The corn microbe was used to measure the rate of mutation of a corn which 

was due to the plant killing chemicals.  

 

The aim of the thesis has been to generate a piezoresistive weight sensor which is to be used 

in production of piezoresistive biosensors in the further steps of the project. This potential 

sensor is planned to be part of bioaffinity group that can get benefits from the relation 

between the antigen-antibody. In the concept of this thesis, cellulose based piezoresistive 
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weight sensor is produced by fast and easy fabrication methods. In the further steps, it is 

planned that instead of measuring weight, the biological particles will be detected and 

quantified by using it as a biosensor. The sensor can be used to detect biological and 

chemical particles like cells, aflatoxin and DNA.  

 

1.3.  METH ODOLOGY  

 

The primary aim of this thesis as mentioned below is to generate a weight sensor which can 

be adapted as a piezoresistive biosensor. The biosensor will be basically composed of a 

paper-based microstructure, a read-out circuit and a magnet as depicted in Figure 1.7. This 

biosensor will recognize the existence and/or measure the amount of the biological/chemical 

particles.  

 

The operation principle of the piezoresistive biosensor relies on the ELISA method of 

antigen/antibody. In the ELISA method, the key lock behavior of antigen and antibody is 

used to detect the antigens. Antigens bind only a specific antibody and the detection methods 

get benefits from this property. The antigens are marked with gold or latex nano particles. 

These particles are observable colors under the microscope. When the sample is mixed with 

the antibody solution, antigens and antibodies are bond to each other. Antibodies are mostly 

used to get rid of the unnecessary particles that the sample includes. Then, only marked 

antigens with antibodies are stayed. Under the microscope, the color concentration is 

observed to the amount of gold or latex particles which are equal to the amount of antigens.  

 

In contrary to traditional ELISA method, in the furtherance study, the piezoresistive 

biosensor gets benefits from the magnetic nano particles (MNP). Instead of the gold or latex 

nano particles, MNP will bound to antigens and the number of them will be equal to the 

antigens. MNP is a magnetically active particle since it includes iron atoms. When the 

magnetic amplifier is active, the existence of MNP provides to increase the effective mass 

of biological component that is mainly composed of antigen, antibody and MNP and may 

also include additional biological particles like protein. The magnetically active component 

is pulled down by the magnetic amplifier since the amplifier creates a magnetic field with 

the help of magnet/electro-coil. Therefore, the magnetic amplifier is worked like increase in 

gravitation. This increase also causes an increase in effective mass of biological component 
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that makes the weight measurement possible with the paper based piezoresistive weight 

sensor.  

   

Achieving this sensor is the main aim of this thesis and its working principle depends on the 

property of piezoresistive material. As shortly mentioned above, this kind of materials like 

graphite is sensitive to stress. The stress is occurred by the mechanical deformation which is 

caused by applied force. In substance, the applied force increases the stress level which is 

affected the piezoresistive material. The response of the piezoresistive material to the stress 

is to change the value of its resistance.  This change is directly bonded to the applied force 

which is created by the interaction of biological component and the magnetic amplifier and 

its amplitude is linearly related to the amount of the biological component. Therefore, the 

value in resistance change of piezoresistive material corresponds to the amount of biological 

component.   

 

In order to achieving the detection of biological/chemical particles with weight, two different 

weight sensor device is prepared. In the first device (piezoresistive weight sensor without 

magnetic amplifier), there are three components; read-out circuit, cantilever and weight plate 

as seen in Figure 1.7. First component, the read-out circuit is composed of power supply 

which provides input voltage of the circuit, digital multimeter that is necessary to measure 

the output voltage of the circuit and the Wheatstone bridge which is essential to eliminate 

the environmental impact on the output voltage. Second component, the cantilever that can 

be also named as weight sensor includes paper base, graphite coated area (piezoresistive 

layer/piezoresistor) and silver coated area (contact pad). Third component, weight plate, a 

place to put the weights that are to be measured, is tied by a rope to the free end of the 

cantilever. 
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Figure 1.7. Schematics of proposed weight sensor. 

 

Besides the components of weight sensor device, it is also important to examine the relation 

of the components with each other. When the weight is put into the weight plate, the rope 

pulls down the free-end of the cantilever. The free-end of cantilever bends as much as the 

amount of the weight. This bending cause mechanical deformation which increases the 

amount of stress that occurs in the fixed-end of the cantilever. The higher level of stress 

changes the value of piezoresistor which is located on the surface of the paper based as seen 

in Figure 1.7.  

 

 

Figure 1.8. Wheatstone Bridge Circuit 

 

The piezoresistor is connected to the Wheatstone bridge and this connection is provided by 

the silver contact pads. The connection is seen in Figure 1.8. The relation between the Rpr(Ů) 

and the Vout(Ů) is given in Equation 1.1.  

 

    ὠέόὸʀ
Ὑς

Ὑς ὙὖὙʀ

Ὑτ
Ὑτ Ὑσ

ὠὭὲ                            (1.1) 

 

Rpr(Ů) represents the piezoresistor, which changes its value with the stress Ů, where Vout(Ů) 

represents the output voltage and Vin is the input voltage. Regarding this equation, the value 
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of output voltage is inversely proportional to the value in resistance change of piezoresistive 

layer. As a consequence, the value in output voltage change which is measured by digital 

multimeter is proportional to the amount of the weight.   

 

 

Figure 1.9. Schematics of proposed weight sensor that uses the magnetic mass increase scheme 

 

In the second device (piezoresistive weight sensor with magnetic amplifier), on the other 

hand, there are four main components as seen in Figure 1.9. The three components are same 

as the first device and also their interaction. Fourth component comprises of a magnet and a 

holder which provides z-axis movement to the magnet, in other words, up and down 

displacement.  The fourth component is called as magnetic amplifier. As mentioned above, 

magnetic amplifier increases the effective mass of the weight that is put into the weight plate, 

when the weight is magnetically active. Hence, this device can be only used for the weights 

which can be pulled down with magnet. At first, the magnet touches the weight plate, then 

the holder pulls down the magnet until the maximum displacement occurs that the force 

between the weight and the magnet counterbalances the endurance force of the cantilever to 

the bending. Therefore, the interaction between magnetic amplifier and the weight provides 

more bending compare to the weight provide itself.  

 

Furthermore, addition to these two devices, in this thesis, two distinct printers are modified 

to print protein and silver ink. In the further studies of the project, for converting the device 

to the biosensor device, free-end of cantilever is coated by albumin to fasten the biological 

components to the cantilever. Therefore, the printer for protein printing is necessary where 

the silver printer is modified to improve the fabrication process. The details about the printer 

modification is mentioned at Appendix A.  
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2. MECHANICAL DESIGN AND SIMULATIONS  

 

 

2.1. CANTILEVER MECHANICS  

 

Beams are usually classified based on three boundary conditions: fixed, guided and free. 

Each of them has different degrees of freedom (DOF) [2].  

 

Table 2.1. Relation between the boundary conditions and the degree of freedom. 

Boundary Conditions Linear DOF Rotational DOF 

 

 

0 

 

 

 

2 

 

 

 

2 

 

 

0 

 

 

 

0 

 

 

 

1 

 

 

The fixed end does not allow any kind of movement whereas the guided end only restricts 

the rotational DOF and allows the two linear DOF. The free end has the highest DOF with 

two linear and one rotational.  

 

Combinations of boundary conditions are utilized for both generation of the flexural beams 

and the classification of them. In MEMS field, mostly the fixed-fixed (bridge), fixed-guided 

and fixed-free (cantilever) beams are used. 
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Figure 2.1. Flexural beams of different combination of boundary conditions 

 

Figure 2.1 shows the various beam types, the most common ones in the MEMS fields. The 

beams are (a) a fixed-free cantilever parallel to the surface of the substrate, (b) a fixed-fixed 

beam parallel to the surface of the substrate, (c) two fixed end and guided boundary condition 

in the middle beam, (d) four fixed-guided beam connect to a rigid shuttle, (e) a fixed-free 

cantilever, (f) a fixed-free cantilever (the design allows the movement within the substrate), 

(g) a fixed-fixed beam, (h) a fixed-free beam with an object that restrict the flexural bending, 

(i) a bridge with the guided object in the middle, (j) a combination of several fixed-free 

cantilevers, (k) two fixed-free cantilevers connected in parallel [2]. 

 

 

Figure 2.2. A fixed-free beam with dimensions l, w, t under applied force (F). 

 

Fixed-free beams are called cantilevers and have two linear freedoms. First one is 

perpendicular to the fixed end (both up and down) and the second one is parallel to the fixed 

end (both left and right). In addition, cantilevers have rotational freedom thanks to their free 

end [2].  
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When the F magnitude of force is applied on the direction of the z-axis (Figure 2.2), the bent 

angle can be calculated by using the following equation 

 

           —                           (2.1) 

 

where the bent angle depends on force (F), length (L), Youngôs modulus (E) and moment of 

inertia (I). Calculation of the displacement in the z-axis is calculated by same parameters, 

but the equation is 

 

                    ὼ                                   (2.2) 

 

The spring constant (k) is also an important factor for cantilever designs and analysis. The k 

variable can be calculated by use of Equation 2.3, where width is w, the thickness is t. 

 

                  Ὧ
ὀ

                                  (2.3) 

 

These equations are the simplified formulas that analyze cantilever behavior. In this thesis, 

the comsol simulation program is used to analyze the displacement and stress 

characterization of the cantilever. 

 

2.2. MICROSTRUCTURE DESIGNS 

 

The cantilever is the most common beam type. They are mostly preferred thanks to their 

ease of fabrication and their usefulness, which is because cantilever design is simple and 

reliable that can be easily modified for different purpose and setups. Therefore, in this thesis, 

cantilever is preferred. The most important point of generating the device is to maximize the 

sensitivity of the sensor. It is analyzed by the relative change in the value of resistance as a 

result of the change in magnitude of applied force. It also aims to eliminate the environmental 

effect from the change in resistance and hence, reach more reliable results. Therefore, four 

different cantilever design are designed and shown in Figure 2.3. Each of design with various 

dimensions is simulated by Comsol software.  
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First design has an advantage in the fabrication process due to the dimensional limits of our 

fabrication method (Figure 2.3.A) whereas the expected advantage of second design is to 

increase the amount of displacement under the applied force (Figure 2.3.B). The third design, 

moroever,  is a serpentine cantilever which increases the movement capacity of free end 

(Figure 2.3.C). The fourth design (Figure 2.3.D) is beneficial from many aspects. Connecting 

piezoresistor in series enables the total change in value of resistance in piezoresistive layer 

to increase and hence, the sensitivity of the sensor can be improved. Additionally, it provides 

opportunity to implement differential measurement by including more than one 

piezoresistances.  

 

 

 Figure 2.3. Microstructure designs with various dimensions. (Dimensions are shown in Table 2.2,2.3,2.4,2.5) 

 

In the design under Figure 2.3 (A), eight different cantilevers are designed to identify the 

effect of change in width and length of cantilevers. When the length is kept constant, the 

width is changed to observe the effect of width on the values of displacement and stress. To 

the contrary, the width is kept constant while the length is changed to observe the effect of 

length. 
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Table 2.2. The basic designs with dimensions; width (w), thickness (t) and length (l). The parameters are given in Õm 

range. 

 w L t 

1 8000 45000 88 

2 6000 45000 88 

3 4000 45000 88 

4 2000 45000 88 

5 1000 45000 88 

6 2000 30000 88 

7 2000 15000 88 

8 2000 60000 88 

 

In the second design under Figure 2.3 (B), eight different cantilever are designed to identify 

the effect of cross-section area. The fixed part of the cantilever is disintegrated into three 

parts as shown in the figure. Based on the parameters provided in Table 2.3, cantilevers are 

drawn. 

 

Table 2.3. The fixed-free end designs with dimensions; width (w) and length (L). The parameters are given in Õm range. 

 w1 w2 w3 w4 w5 L1 L2 L3 

1 1900 1000 1900 3000 1700 5000 40000 1000 

2 1230 2000 1240 3000 1700 5000 40000 1000 

3 1900 1000 1900 3000 1700 5000 40000 2000 

4 1230 2000 1240 3000 1700 5000 40000 2000 

5 1900 1000 1900 3000 1700 5000 40000 3000 

6 1230 2000 1240 3000 1700 5000 40000 3000 

7 1900 1000 1900 3000 1700 5000 40000 4000 

8 1230 2000 1240 3000 1700 5000 40000 4000 

 

In the serpentine cantilever design under Figure 2.3 (C), parameters are chosen to determine 

the impact of serpentine shape. Additionally, the chosen parameters give opportunity to 

observe the effect of both the width and the length of cantilevers. 
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Table 2.4. The serpentine designs with dimensions; width (w) and length (L). The parameters are given in mm range. 

 w1 L 2 w3 w4 L 1 w2 L 3 

1 1.5 5 1.5 3 15 0.1 0.3 

2 1.5 5 1.5 3 30 0.1 0.3 

3 1.5 5 1.5 3 15 0.2 0.6 

4 1.5 5 1.5 3 30 0.2 0.6 

5 1.5 5 1.5 3 60 0.2 0.6 

6 1.5 5 1.5 3 25 0.5 1.5 

7 1.5 5 1.5 3 50 0.5 1.5 

8 1.5 5 1.5 3 75 0.5 1.5 

9 1.5 5 1.5 3 25 1 3 

10 1.5 5 1.5 3 50 1 3 

11 1.5 5 1.5 3 75 1 3 

 

In the fourth design under Figure 2.3 (D), the cantilevers are drawn based on the chosen 

parameters to observe the amplitude of lost in displacement. The lost should be compared to 

the gain achieved by the series connection of piezoresistors. If it is acceptable or evitable, 

then this design will be preferred because it indicates that the sensor is more reliable. 

 

Table 2.5. The fixed-free end designs with dimensions; width (W) and length (L). The parameters are given in Õm range. 

Existence of the cantilever is marked as X. 

 W  L Q 1 2 3 4 5 6 7 8 

1 8000 45000 5000 X    X    

2 8000 45000 5000 X  X  X  X  

3 8000 45000 5000 X  X X X  X X 

4 8000 45000 5000 X X X X X X X X 

 

In the simulation part, the technical drawings for each design are prepared. The parameters 

of Figure 2.3 A, B, C and D are respectively given in Table 2.2, 2.3, 2.4 and 2.5.  In the 

simulation, the force is applied to the edge which is located in the free-end. The magnitude 

of the force is equal to 1mN.   
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Stress and displacement results are simulated and accordingly, in Figure 2.4, 2.5, 2.6 and 

2.7, maximum values of stress and displacement are given.  

 

 

Figure 2.4. Simulation results of first cantilever whose parameters are given in Table 2.2 

 

The simulation results of first design are shown in Figure 2.4. The graph points out that the 

length is more effective in maximizing the value of stress and displacement than the width. 

Hereby, the length should be maximized to generate the most sensitive sensor. 

Unfortunately, when the force is not applied, the cantilever cannot stay straight as it should 

and starts to bend as it lengthens.  

 

 

Figure 2.5. Simulation results of second cantilever whose parameters are given in Table 2.3. 
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The result graph of second design indicates that when the cross-section area is narrowed, the 

value of displacement and stress increases. Besides, it is indicated that the more the area 

extracted, the more cantilever bends. 

 

 

Figure 2.6.  Simulation results of serpentine cantilever whose parameters are given in Table 2.4. 

 

The result graph of serpentine cantilever points out that both width and length of cantilever 

have influence on the magnitude of displacement and stress.  When the cantilever is 

narrowed or lengthened, the magnitude increases.  

 

 

Figure 2.7. Simulation results of bridge structure whose parameters are given in Table 2.5. 

 

The graph of bridge structure shows that the lost is neither evitable nor acceptable because 

each additional piezoresistor decreases the displacement value even more than it increases 
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the total change in the resistance. Therefore, this design cannot be preferred for the purpose 

of this thesis. 

 

The results indicate that the displacement value of serpentine cantilever is the highest 

whereas the bridge design yields the lowest one. Although the serpentine cantilever seems 

as the best solution, the results may not be as reliable as others because its rotational 

movement causes inaccuracy in the values. Besides, its complexity makes the production 

process harder than the other designs. Regarding those facts, it has not become first choice 

in this thesis.  

 

The displacement values of the first design (Figure 2.3 A) are not as high as the serpentine 

cantilever, however, it is acceptable and even selected as a cantilever shape since its 

fabrication process is easier. The graph indicates that the width of cantilever has a negligible 

effect on the values. Nevertheless, the length creates substantial difference. When the length 

is increased, the displacement increases as well. Due to the constraint explained above, the 

parameters cannot be selected in their maximum value. Hence, the drawing with the 

parameters 8 mm width and 45 mm length is the most suitable one.  However, the dimensions 

are needed to be scaled by 0.79 to provide smaller sensor without changing the values. Thus, 

the new parameters are selected as 6,16 mm width, 35,6 mm length. 

 

 

Figure 2.8. Simulation results of Bristol paper (400Õm) and Photocopy paper (88Õm) (A)Displacement of first design with 

various dimensions under 1N/m applied load (B)Stress of first design with various dimensions under 1N/m applied load 

 

Even though the characterization of designs (cantilevers) are simulated with the properties 

of the photocopy paper, the cantilever is produced from Bristol paper. Therefore, the 

simulations for first design is repeated to observe whether the previous simulations and 




























































































