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ABSTRACT 

 
MEMS (Microelectromechanical Systems) piezoresistive pressure sensors are widely used in 

industries such as automotive, biomedical, and industrial automation, where high sensitivity, 

compactness, and low power consumption are essential. This dissertation focuses on the 

characterization of MEMS piezoresistive pressure sensors fabricated by Melexis, aiming to evaluate 

their behaviour under mechanical stress. The main challenge addressed is the accurate measurement of 

resistance variation in piezoresistors under strain, a key parameter for evaluating sensor performance. 

The problem is particularly relevant due to the adoption of a common node configuration, designed to 

mitigate thermal drift and packaging stress, unlike the traditional Wheatstone bridge. This 

configuration presents advantages in automotive applications but requires rigorous validation. 

The approach involved current-voltage (I-V) characterization of the sensors, four-point bending tests 

to induce mechanical strain, and the design of both manual and automatic interface circuits for 

resistance measurement. Resistance changes and gauge factors were extracted and compared against 

theoretical expectations for silicon-based piezoresistors. Baseline resistance values ranged from 5.21 

kΩ to 5.37 kΩ with less than 2% variation. Under applied strain, longitudinal piezoresistors A2 and 

B2 exhibited experimental gauge factors of 67.9 and 17.4, respectively, which is substantially lower 

than the theoretical value of 130 for p-type silicon in the <110> direction. 

The results revealed significant inconsistencies, including unexpected resistance behaviour, high 

relative errors, and limited sensitivity to mechanical stress. After systematic testing of all components, 

a design error in the manual switch PCB, specifically, an incorrect FPC pin mapping, was identified as 

the likely cause of measurement anomalies. This work highlights the importance of reliable 

measurement infrastructure in sensor characterization. Despite deviations from expected behaviour, 

the developed methodology and analysis provide a solid foundation for future improvements in 

MEMS sensor testing and validation. 

 

 

Keywords: MEMS, piezoresistive pressure sensor, gauge factor, four-point bending, sensor char- 

acterization, interface circuit. 
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RESUMO 

 
Os sensores de pressão piezoresistivos baseados em MEMS (Sistemas Microeletromecânicos) são 

amplamente utilizados em setores como o automotivo, biomédico e de automação industrial, onde alta 

sensibilidade, compacidade e baixo consumo energético são essenciais. Esta dissertação tem como 

foco a caracterização de sensores piezoresistivos MEMS fabricados pela Melexis, com o objetivo de 

avaliar seu comportamento sob tensão mecânica. O principal desafio abordado é a medição precisa da 

variação de resistência dos piezoresistores sob deformação, um parâmetro crítico para a avaliação do 

desempenho do sensor. O problema é especialmente relevante devido à adoção de uma configuração 

de nó comum, projetada para mitigar deriva térmica e tensões de encapsulamento, ao contrário da 

tradicional ponte de Wheatstone. Embora vantajosa em aplicações automotivas, esta configuração 

exige validação experimental rigorosa. 

A metodologia adotada envolveu a caracterização corrente-tensão (I-V) dos sensores, testes de flexão 

em quatro pontos para indução de tensão mecânica e o desenvolvimento de circuitos de interface, 

manuais e automáticos, para medição de resistência. As variações de resistência e os fatores de gauge 

foram extraídos e comparados com os valores teóricos esperados para piezoresistores de silício. Os 

valores de resistência inicial variaram entre 5,21 kΩ e 5,37 kΩ, com menos de 2% de variação. Sob 

esforço mecânico, os piezoresistores longitudinais A2 e B2 apresentaram fatores de gauge 

experimentais de 67,9 e 17,4, significativamente inferiores ao valor teórico de 130 para silício tipo p 

na direção <110>. 

Os resultados revelaram inconsistências significativas, como comportamento anômalo da resistência e 

baixa sensibilidade à deformação. Após testes sistemáticos, identificou-se um erro de projeto na placa 

de circuito impresso manual como causa provável. Apesar dessas limitações, a metodologia 

desenvolvida oferece uma base sólida para futuras melhorias na caracterização e validação de sensores 

MEMS. 

Palavas chave: MEMS, sensor de pressão piezoresistivo, factor de sensibilidade, flexão em quatro pon- 

tos, caracterização de sensores, circuito de interface. 
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1 

MOTIVATION 

MEMS are reshaping the technological landscape, driving innovation across multiple industries. 

Among these, the automotive sector stands out as a key beneficiary of MEMS development, par- 

ticularly in the field of pressure sensing. MEMS pressure sensors, with their miniaturized foot- 

print, high sensitivity, and low power consumption, are vital components in safety systems, en- 

gine control, and tire pressure monitoring [1-2]. Their widespread adoption is not merely a tech- 

nical improvement, but it represents a significant engine of economic growth and industrial mod- 

ernization. 

Recent market analyses underscore this trend. The global MEMS pressure sensors market is pro- 

jected to grow at a CAGR of 8.9%, from US$5.2 billion in 2023 to US$9.5 billion by 2030, fueled 

by the adoption of IoT, automotive electrification, and wearable medical devices [3]. Further- 

more, the broader MEMS sensor market was expected to exceed $100 billion in revenue by 2023, 

reinforcing its pivotal role in the evolution of Industry 4.0 [1]. 

This technological boom also intensifies competition. Industry giants such as Bosch Sensortec, 

Honeywell, and STMicroelectronics continue to innovate aggressively, developing increasingly 

compact, durable, and multi-functional pressure sensors. For a company like Melexis, which spe- 

cializes in advanced automotive semiconductors, this competitive landscape has catalyzed a stra- 

tegic response: the development of next-generation embedded pressure sensors tailored to the 

specific demands of modern vehicles. 

Melexis, based in Belgium, has maintained a strong position in automotive sensor solutions, with 

an average of over 18 chips per vehicle globally in 2023. However, the rise of electric vehicle 

adoption, autonomous driving, and stricter emission regulations has prompted the company to 

further enhance its MEMS pressure sensing technologies. Recent product launches, including 

pressure sensors specifically designed for engine management and battery thermal regulation, are 

clear responses to emerging market needs and competitive challenges. 

Research into advancements in material science, such as biocompatible coatings and silicon-based 

piezoresistive structures, has significantly improved the performance of MEMS sensors in harsh 

automotive environments. These innovations provide greater stability, precision, and miniaturi- 

zation - qualities that are increasingly demanded by vehicle manufacturers. 

This thesis is motivated by the convergence of several factors: the robust market growth of MEMS 

sensors, the essential role of pressure sensing in automotive innovation, and the competitive pres- 

sure on industry leaders like Melexis to innovate. By focusing on the design and optimization of 

MEMS pressure sensors for automotive applications, this research aims to contribute to the tech- 

nological advancement of safe, efficient, and intelligent mobility solutions. 
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2 

INTRODUCTION 

MEMS piezoresistive pressure sensors are among the most widely used pressure-sensing technol- 

ogies due to their high sensitivity, simple design, and ease of integration with electronic systems 

[4]. These devices measure a pressure signal and convert it into an output electric signal, accord- 

ing to a specific transducing principle. 

One of the most common transduction principles used is piezoresistive sensing, where changes in 

mechanical strain result in variations in electrical resistance [4]. 

 

2.1 Piezoresistivity 

Piezoresistivity is characterized by the change in the electrical resistivity of a material due to 

applied mechanical stress. 

Equation 1 describes the resistance of a filament with length (l0), width (w0) and thickness (t0) 

with a given resistivity (ρ0), when no stress is applied to it [5]. 

 
𝑅  = 𝜌  𝑙0  

 
(1) 

0 0 𝑡0𝑤0 

 
When such a filament suffers strain (ε), described by Equation 2, the resistor dimensions, 

namely the length (l), width (w) and thickness (t), as well as resistivity (ρ), change. This change 

can be described by Equation 3, which explains what happens to a filament after being subjected 

to strain [5]. 

 

 

𝜀 = 
𝑙 − 𝑙0  

𝑙 
(2) 

 
𝑙 

𝑅𝑠𝑡𝑟𝑒𝑠𝑠𝑒𝑑 = 
𝑤. 𝑡 

𝜌 (3) 

 

∆𝑅 
 

 

𝑅0 

= (1 + 2𝜈)𝜀 + 
∆𝜌 

 
 

𝜌0 

(4) 

The relative resistance change can be then describe by Equation 4, where 𝜈 = −𝜀𝑡𝑟𝑎𝑛𝑠𝑣𝑒𝑟𝑠𝑎𝑙/ 

𝜀𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 is the Poisson’s ratio, R0 is the initial resistance and ∆𝑅 = 𝑅𝑠𝑡𝑟𝑒𝑠𝑠𝑒𝑑 − 𝑅0, with 

R𝑠𝑡𝑟𝑒𝑠𝑠𝑒𝑑 being the resistance after suffering deformation. 

Equation 4 can be divided into two terms, with the first term originating from geometric changes 

in resistance due to stress. In contrast, the second term is caused by changes in resistivity due to 

piezoresistivity. In the case of metals under stress, the geometric changes (first term) are domi- 

nant, with minimal influence from the changes in resistivity (second term). However, in 
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semiconductors like silicon and germanium, the resistivity changes (second term) are more sig- 

nificant since stress-induced modifications to the electronic band structure lead to variations in 

charge carrier mobility and concentration, making the geometric effects negligible [6]. 

Silicon, a key semiconductor, has a diamond cubic structure. When stress is applied, it disrupts 

the lattice symmetry, altering atomic positions and energy levels in the conduction and valence 

bands. This shift redistributes electrons, affecting their effective mass and mobility, which varies 

with the stress orientation due to silicon's anisotropic band structure. [4,7]. These changes in car- 

rier mobility lead to a change in the resistivity[8]. Therefore, the piezoresistive effect manifests 

as a measurable change in resistivity, through a second-rank tensor, ∆𝜌𝑖𝑗/𝜌 described in 

Equation 5, where 𝜋𝑖𝑗𝑘𝑙  is the piezoresistance tensor and 𝜏𝑘𝑙 is the stress tensor [9]. 

 

∆𝜌𝑖𝑗

𝜌
=∑𝜋𝑖𝑗𝑘𝑙𝜏𝑘𝑙

𝑘,𝑙

 (5) 

 

2.2 Piezoresistive Coefficients 

For anisotropic materials, such as silicon, resistivity is a second-rank tensor described by a 3x3 

matrix, therefore, Equation 5 can be written as Equation 6. In the same equation, the stress tensor 

(τk) has 9 components, however, due to the symmetry of shear stress components, it only has 6 

independent components. πik is a 6x6 matrix, which takes the form of Equation 7 for cubic semi- 

conductors [9-10]. 

∆𝜌𝑖
𝜌
= ∑𝜋𝑖𝑘𝜏𝑘

6

𝑘=1

 (6)

 
In cubic semiconductors like silicon, many of these coefficients are zero or equal due to crystal 

symmetry, resulting in the presence of only three independent components, π11, π12 and π44 [9], 

[10]. Each of these coefficients represents a distinct aspect of the piezoresistive effect. π11 de- 

scribes the longitudinal piezoresistive effect, where resistance changes along the direction of ap- 

plied stress; π12 accounts for the transverse piezoresistive effect, where resistance changes per- 

pendicular to the applied stress; and π44 characterizes the shear piezoresistive effect, which influ- 

ences out-of-plane electric fields due to in-plane shear stress [9,11]. 

 

 

𝜋𝑖𝑘 =

(

 
 
 

𝜋11 𝜋12 𝜋12 0 0 0
𝜋12 𝜋11 𝜋12 0 0 0
𝜋12 𝜋12 𝜋11 0 0 0
0 0 0 𝜋44 0 0
0 0 0 0 𝜋44 0
0 0 0 0 0 𝜋44)

 
 
 
 (7)

0 ⎪ 0 

𝜋44) 
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2.3 Gauge Factor 

Equation 8 describes the measurement of relative change in resistance using the Gauge factor 

(GF) [4-5,9,11]. 

 

𝛥𝑅 
 

 

𝑅0 
= (1 + 2𝜈 + 𝜋𝐸)𝜀 = 𝐺𝐹. 𝜀 (8) 

 
According to Equation 8, the larger the GF, the more significant the resistance change with the 

material's elongation. For most metals, π is negligible and the GF is determined by the geometric 

resistance change of the resistor [9]. 

Metals usually display a gauge factor value between 2 and 5, while semiconductor materials have 

values 50 to 100 times bigger than that. Silicon p-type can present values of 130 and up to 200 

[4-6,12-13]. 

However, for most MEMS applications, materials are selected to achieve a GF typically 10 to 100 

times bigger than the resistance change caused by the geometric change, with the sensitivity of 

these devices usually related to this figure of merit [5]. This makes semiconductors like silicon 

suitable materials for MEMS applications. 

In crystalline semiconductors, the doping level, doping type, and the crystallographic direction in 

which tensile or compressive stress is applied, strongly influence the longitudinal and the trans- 

versal gauge factors [6,12]. 

 

2.4 MEMS piezoresistive pressure sensors 

As previously explained, MEMS pressure sensors use the piezoresistive effect to convert mechan- 

ical strain induced by the deformation of a diaphragm into an electrical signal. So, one of the key 

elements of these sensors is the diaphragm, which is generally made from single-crystal silicon 

and is designed to be thin enough to deform with the application of pressure while maintaining 

the integral structure [6]. The other key components are the piezoresistors that detect pressure- 

induced deflection. These are usually placed in high strain regions to ensure that the resistance 

changes are maximized in response to diaphragm deformation, enhancing the sensor’s accuracy 

and sensitivity [8,11]. With these two key elements, the resistance changes are measured using a 

certain configuration, usually a Wheatstone bridge, providing an electrical output proportional to 

the applied pressure [4]. 

 

 Wheatstone Bridge configuration 

A Wheatstone bridge configuration is usually used in MEMS piezoresistive pressure sensors, as 

it efficiently converts small resistance variations into a measurable voltage signal. As seen in 

Figure 1, the bridge consists of four piezoresistive elements arranged in a square configuration. 

Two resistors are subjected to compressive strain (RC), while the other two experience tensile 

strain (RT). The Wheatstone bridge is usually used in differential configurations to enhance the 

sensitivity of the sensor and mitigate errors caused by temperature fluctuations [4]. 
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∆𝑅 
𝑉𝑜𝑢𝑡 ≈ ( 

𝑅 
) 𝑉𝑖𝑛 (9) 

 
Considering RT and RC as the resistances of the tensile and compressive piezoresistors, respec- 

tively, and Vin the supply voltage applied to the bridge, then assuming 𝑅𝑇 = 𝑅 + ∆𝑅 and 𝑅𝐶 = 

𝑅 − ∆𝑅, for small changes in resistance (∆R), the output voltage can be approximated by Equa- 

tion 9 [6,9,11]. 
 

 

Figure 1 - Wheatstone Bridge configuration [4]. 

 

 

 

 

 

 Common node configuration 

Although the Wheatstone bridge is commonly used, some companies, such as Bosch and Honey- 

well, are exploring an alternative approach known as the common node configuration. This vari- 

ation, patented by Melexis [14] and used in the samples analyzed in the following sections, con- 

sists of two resistors with different orientations placed on the membrane, along with two piezore- 

sistors oriented differently on the frame, as presented in Figure 2. As seen in Figure 2, the sensing 

resistors on the membrane primarily respond to applied pressure, while the reference resistors are 

designed to remain largely unaffected by pressure. However, they still experience the same envi- 

ronmental disturbances, such as packaging stress or thermal drift. This configuration enables the 

system to differentiate between true pressure-induced signals and parasitic effects. Additionally, 

it compensates for thermal loads, a capability that is lacking in a traditional Wheatstone bridge 

due to its high sensitivity. 
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Figure 2 - Schematic top view of the MEMS pressure sensor layout featuring a common node configuration, showing 

piezoresistors located on the membrane (RTmemb, RLmemb) and on the reference frame (RTref, RLref) for differential stress 

sensing [14]. 

2.5 Challenges and Advancements in MEMS Pie- 

zoresistive Pressure Sensors 

MEMS piezoresistive pressure sensors have had significant advancements, leading to their wide- 

spread application in the medical, automotive, and industrial sectors [1]. Their compact size, high 

sensitivity, and compatibility with microelectronics make them essential for monitoring [8]. 

Despite their benefits, piezoresistive sensors face challenges, including temperature-induced drift, 

adhesive-induced stress, and material reliability. One of the main challenges is temperature-in- 

duced drift, which compromises sensor accuracy across a wide range of operating conditions [15]. 

Fluctuations in the resistivity of piezoresistive materials due to temperature changes can lead to 

variations in the output signal. Although compensation techniques, such as temperature calibra- 

tion and advanced signal processing algorithms, have been developed, eliminating drift remains 

challenging [16]. Another significant issue is package induced stress. The adhesives used to bond 

MEMS sensors to packaging structures or substrates can experience mechanical stress due to dif- 

ferences in thermal expansion coefficients, resulting in hysteresis effects and long-term instabil- 

ity. This also happens to the packaging material itself [17-18]. Ongoing research focuses on de- 

veloping new bonding techniques, including direct wafer bonding and low-stress adhesives [19]. 

In addition to this, there is still a pressing demand for higher sensitivity, a broader pressure range, 

and enhancements in factors such as sensitivity, stability, and power consumption [1,20]. 

Given the ongoing challenges and demands in MEMS piezoresistive pressure sensor technology, 

this study investigates MEMS piezoresistive pressure sensors featuring a common node configu- 

ration developed by Melexis, with a focus on accurately determining the gauge factor of fabricated 

samples. By characterizing this parameter, the work aims to evaluate the sensitivity and perfor- 

mance implications of this architecture. The results are intended to support the development of 

next-generation pressure sensors and contribute to the Melexis portfolio of advanced sensing tech- 

nologies. 
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3 

METHODS AND MATERIALS 

 

3.1 Wafer and Sample Overview 

The samples analyzed in this study were diced from an 8-inch wafer supplied by Melexis. This 

wafer was fabricated to contain multiple MEMS pressure sensors, with either a common node 

configuration or a Wheatstone bridge configuration. A total of four samples were selected for 

characterization in this study. 

 

3.2 I-V Curve Characterization 

In order to find reference values for the resistance measured, I-V curves were constructed using 

a probe station setup presented in Figure 3(a). It is important to state that no stress was applied. 

A Keithley 2604B Source Meter generated a voltage sweep from -10 V to +10 V in 1 V steps. 

For each step, 50 current values were recorded. The resistance from the four piezoresistors of a 

sensor from samples 1 and 2 was measured. 

 

3.3 Sample Mounting and Wire Bonding 

The samples were diced from the wafer using a DAD323 dicing saw with a ZH05-SD3000-N1- 

70 diamond blade. Following dicing, the samples were cleaned with isopropyl alcohol (IPA) to 

remove residual debris. 

After dicing, the samples were placed onto a custom-designed carrier PCB. Using a clamp fixture, 

which held the samples securely, they were wire bonding. Wire bonding was carried out using 

aluminum wires, and only four sensors were bonded to each sample. 

 

3.4 Four-Point Bending Setup 

The wire-bonded samples were tested using a four-point bending setup designed to measure sen- 

sor response under stress. The setup consisted of two 3D-printed pieces, one for the bottom layer 

and another one for the top layer (see annex A) designed in Solid Edge, which applied controlled 

contact points for bending the sensor. The distance between the contact points of the top 3D piece 

and the bottom 3D piece was maintained for every measurement made. To start mounting the 

setup for the four-point bending the bottom 3D piece was fixed in place with screws. The carrier 

PCB with the wire bonded sample was inserted into the setup, ensuring that the PCB’s designed 

hole aligned with the bottom 3D piece’s heaves that make the contact points, without causing 

friction. 



8  

 

 
 

(a) 
(b) 

Figure 3 - (a) Setup used for the I-V curve characterization; (b) Setup used for the four-point bending measurements. 

 

 

 Measurement Setup 

To measure the resistance of the piezoresistors, the carrier PCB was connected to a manual switch 

PCB via flexible printed circuit (FPC) connectors. The electrical characterization was carried out 

using a Keithley 2604B Source Meter in ohmmeter mode, supplying 5 V and limiting the current 

to 0.5 mA. The source meter was connected to the manual switch PCB with the positive terminal 

(V+) of channel A on the source meter was connected to the V+ banana connector of the manual 

switch PCB and the negative terminal (V-) of channel A was connected to the V- banana con- 

nector of the manual switch PCB. This setup can be observed in Figure 3(b). 

 

 Resistance Measurements 

Resistance values were recorded under various loading conditions. Incremental loading involved 

taking measurements progressively after additional weights were added on top of the 3D-printed 

piece. Approximately 150 resistance values were recorded for each added weight. The rest of the 

procedure was maintained for every sample. 

 

3.5 Interface Circuit Development 

An interface circuit was also developed to allow more automatic switching between sensor chan- 

nels. This circuit used switches controlled by an Arduino Uno board where SPI communication 

was implemented to allow for more automatic switching. The circuit was powered by two Agilent 

E3610A units providing 12V for VDD, 3.3V for VLOGIC, and a Keithley 2604B source meter to 

power the PCB. The interface circuit was tested using custom Arduino code which could select 

specific switches and channels via user input (See annex D), and the same setup observed in 

Figure 3(b), with the only difference being the substitution of the manual switch PCB, detailed in 

section 4.5, for the automatic switch PCB, detailed in section 4.9. 
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4 

RESULTS AND DISCUSSION 

 

4.1 Wafer and Sample Overview 

As previously stated, the samples analyzed in this study were diced from an 8-inch wafer supplied by Melexis. 

This wafer was fabricated to contain multiple MEMS pressure sensors with only two different configurations, 

Wheatstone bridge and common node. 

 

 

 

 

Figure 4 - Sensor layout with each pad represented. 

 

 

Each sample each contains four rows of MEMS sensors. Each sample was diced from a (100) surface main. It 

is important to note that after getting diced from the main wafer the samples were diced again to fit the carrier 

PCB (See section 4.4) designed for the four-point bending setup. 

Each sensor on the samples featured six different pads. Figure 4 presents a schematic of a sensor and the 

respective piezoresistors and designated pads, as well as the membrane’s location. A1 is a longitudinal piezo- 

resistor positioned on the membrane. A2 is a transversal piezoresistor also positioned on the membrane. B1 

and B2 are both fixated on the frame of the sensor, with B1 being a transversal piezoresistor and B2 being a 

longitudinal piezoresistor. Other useful pads are the Bulk, which is the primary voltage/current supply pad and 

Temp corresponds to the temperature sensor pad, though it was not used in this study. Each sensor analyzed 

has a common node configuration. 

It is also important to state that in every measurement that used a current source and a multimeter, the positive 

terminal of the device was always connected to the bulk pad while the GND terminal was always connected 

to one of the piezoresistors’ pads. 
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Each sensor consists of a membrane and piezoresistors made of silicon. Table 1 presents the dimensions of 

each sample, which were measured using a digital caliper. Although the samples are trapezoidal, we simplified 

the analysis by approximating them as rectangular shapes. 

 
Table 1 - Dimensions of samples 1,2,3 and 4. 

 

Sample number 
Sample Thickness 

(mm) 
Width (mm) Length (mm) 

1 0.56 5.62 56.23 

2 0.56 5.62 56.23 

3 0.55 5.92 59.79 

4 0.55 5.94 69.48 

 

4.2 I-V Curve Characterization 

In order to characterize the sensors, the piezoresistive effect must be tested. For this, the resistance should be 

measured without any stress applied to the samples. I-V curves were obtained voltage sweep from -10 V to 

+10 V in 1 V steps, with 50 current values recorded in each step, as specified in section 3.2. 

The current-voltage characterization results for Samples 1 and 2 are illustrated in Figure 5(a) and Figure 5(b), 

respectively. 
 

 

(a) (b) 

Figure 5 – (a) I-V curve of sample 1; (b) I-V curve of sample 2; 

 

 

From these curves, the resistance of the devices was extracted considering negligible contact resistance and 

leading to an average resistance of 5.29 ± 0.05 kΩ. The individual resistance values are present in Table 2. 
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Table 2 - Resistance values obtained from the I-V curves in Figure 5(a) and Figure 5(b). 

 

Sample Resistor Resistance (kΩ) Average 

Resistance (kΩ) 

 

 

1 

A1 5.37  

 

 

 
5.29 ± 0.05 

A2 5.30 

B1 5.37 

B2 5.28 

 

 

3 

A1 5.24 

A2 5.29 

B1 5.29 

B2 5.21 

 

In the two samples analyzed, the resistance of each of the same piezoresistors showed a maximum variation 

of approximately 2%, indicating high consistency between sample measurements. 

 

4.3 Four-Point Bending 

 

 Experimental Setup and Methodology 

To assess the properties of the MEMS pressure sensor, four samples were examined to confirm their piezore- 

sistive functionality. The MEMS samples were wire bonded to a carrier PCB with aluminum wires. After wire 

bonding, each sample has four sensors, located in positions A, B, C, and D, as presented in Figure 6, connected 

via aluminum wires to the carrier in four different locations. This designation is particularly relevant in the 

four-point bending test, where the distance between the position and the contact points significantly influences 

bending and stress distribution [21]. However, in order to determine the strain and stress on the samples, 

some approximations were made that disregarded the non-uniform stress and strain behaviour along the 

sample, considering it uniform. 

 

Figure 6 - Sample on the clamp setup after being wire bonded, with the location of the samples wire bonded shown in the legend. 

 

 

As shown in Figure 7, in this configuration of the four-point bending test, the specimen is supported at two 

inner points, while the load is applied at two outer points, resulting in a zone of constant bending moment 

between these loading points. 
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Figure 7 - Four-point bending configuration used. 

 

This arrangement allows for the evaluation of material behavior under pure bending conditions, effectively 

minimizing shear forces in the area between the loading pins. 

For both the inner and outer supports, it was employed 3D-printed components made from Formlabs Grey 

Resin, a material with a Young’s modulus of around 2.6 GPa, which is similar to that of silicon. This selection 

ensured mechanical uniformity with both the membrane and the piezoresistor. These 3D components served 

as the contact points on the sample. 

 

 Testing Protocol 

The procedure to measure resistance is the same for all samples. As described in section 3.4, it begins with 

securing the 3D-printed component with the 10 mm contact distance to the bottom of the platform using the 

central screw. The carrier PCB containing the MEMS pressure sensor sample is positioned on the four support 

beams. A complementary 3D-printed component is placed on top of the PCB. Previously measured weights 

are manually loaded onto the top 3D-printed piece to apply the desired mechanical stress to the sensor sample. 

The results are recorded sequentially for each added weight. 

 

 Testing Limitations 

To prevent the plastic deformation of the membrane and the piezoresistors, the number of weights applied 

during testing is determined by the yield strength of silicon. The maximum allowable stress is determined by 

analyzing the mechanical properties of silicon, particularly along the crystallographic orientation relevant to 

our samples. 

Wilson et all [22] reported fracture strength values of approximately 1.4 to 2.3 GPa for silicon in this orienta- 

tion, while Gardner et all [12] reported a yield strength of 6.9 GPa. Nakao et all [23] found that silicon micro- 

structures with (100) orientation exhibited an average fracture strength of approximately 4.89 GPa, at room 

temperature, when subjected to bending stress. 

Considering the specific crystal orientation of the samples, a yield strength threshold of 2.0 GPa was estab- 

lished based on the previous studies to prevent plastic deformation and the eventual breaking of the membrane 

and piezoresistors. 

According to the Euler-Bernoulli beam theory, the maximum stress (σmax) in the beam can be determined by 

the Euler beam theory through Equation 10 [24-25], where F is the applied force, measured in Newtons, L is 

the distance between the outer support points, measured in meters, w is the width of the beam measured in 

meters and t is the thickness of the beam measured in meters. 

 
3. 𝐹. 𝐿 

σmax = 
4. 𝑤. 𝑡2 (10) 
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𝐹 = 𝑚. 𝑔 (11) 

 
Equation 11 presents the force exerted on the sample, where F is the applied force measured in Newtons, m is 

the mass of the body to which the force is being applied, measured in kg, and g is the gravitational acceleration 

measured in m/s2. 

By substituting Equation 11 in Equation 10, Equation 12 can be obtained. 

 

 

𝑚 = 
4. 𝜎𝑚𝑎𝑥. 𝑤. 𝑡2 

 

3. 𝐿. 𝑔 
(12) 

 
Considering that the average weight is Wload = 32,03g ± 0,01g, then according to Equation 13 the maximum 

number of weights can be found. 

 

 

𝑁 = 
4. 𝜎𝑚𝑎𝑥. 𝑤. 𝑡2 

 

3. 𝐿. 𝑔. 𝑊𝑙𝑜𝑎𝑑 
(13) 

 
According to the sample dimensions in Table 1, the maximum number of weights that should be used for 

sample 1 can be calculated according to Equation 14. 

 

 

𝑁 = 
4 × 2 × 109 × 5.62 × 10−3 × (0.56 × 10−3)2 

3 × 23 × 10−3 × 9.81 × 32.03 × 10−3 
= 266 𝑤𝑒𝑖𝑔ℎ𝑡𝑠 (14) 

 

 
Similar calculations were done for the other 3 samples, according to the respective dimensions presented in 

Table 1. The results are presented in Table 3. 

 
Table 3 - Maximum number of weights that can be used for each sample before permanent deformation of the piezoresistors. 

 

 Sample 1 Sample 2 Sample 3 Sample 4 

N 

(Maximum number 

of Weights) 

 

266 

 

266 

 

254 

 

219 

 

 

 

4.4 Carrier PCB 

As previously mentioned, a carrier PCB was designed to connect the samples via wire bonding. 

As seen in Figure 8, the PCB features two FPC connectors: one for MEMS samples with a common node 

configuration, referred to as FPC_CM, which is the configuration analyzed in this project, and another for a 

Wheatstone bridge configuration, referred to as FPC_WB, which was not used in this study. 
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Figure 8 – Layout of the carrier PCB designed. 

 

In the PCB layout shown in Figure 8, one of its key features is the yellow grid located in the center. This grid 

is designed to assist with the alignment of samples when they are mounted on the clamp setup for wire bonding. 

It consists of small squares, each roughly the size of an individual sensor on the MEMS sample. This design 

simplifies the process of aligning each sensor with the bonding pads on the PCB. 

The PCB was designed to accommodate ten samples that could be wire bonded to the carrier PCB. However, 

due to the small size of the pads, wire bonding could only be redone a maximum of three times on each pad. 

To address this limitation and to improve the efficiency of the wire bonding process and testing for preliminary 

results, four samples were utilized. 

This design incorporates a central hole, drawn to fit the heaves of the bottom piece of the four-point bending 

setup. Around this hole, the wire-bonding pads were left exposed, without the top solder mask that protects 

PCB tracks. This design allowed aluminum wires to be bonded directly to the exposed tracks making wire 

bond easier. 

Each bonding pad on the carrier PCB was wire-bonded to a corresponding pad on the MEMS sensor. These 

tracks are specifically ordered, starting from the left in the following sequence (as per Figure 9): B2-Bulk-A2- 

A1-B1. This happens because the wire bonding would not be possible if the wires were intertwined. If this 

order is not followed correctly, measurements taken when connecting the manual switch PCB will be inaccu- 

rate. 

Figure 9 - Representation of a sample wire bonded on Position A. 
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4.5 Manual Switch PCB 

This PCB was designed to select the specific resistor value to be measured by the source meter during testing. 

To make the electrical connections of this board to the carrier PCB, an FPC connector and cable were used as 

seen in Figure 10. 

The main features of the PCB are the 40 slide switches. Each switch corresponds to a unique piezoresistor, 

with a corresponding label on top of the switch. The switches are manually operated and can be toggled be- 

tween "on" and "off" positions when a desired resistor is to be measured. The instructions for these switches 

are displayed on the PCB in Figure 10, located in the upper right corner of the PCB. 

In this setup, a constant voltage is applied to all MEMS sensors, specifically their piezoresistive elements, 

which share a common bulk node. This bulk node, connected through the PCB, serves as the high side (V+) 

of the circuit and provides the input to all the piezoresistors simultaneously. 

The switches on the PCB are electronically controlled. When a switch is open (in the off state), it isolates the 

associated channel from the return path, effectively creating an open circuit. These open switches are not con- 

nected to ground or any low-impedance node, preventing current from flowing through their respective MEMS 

devices. 

When a switch is turned on, it closes the conduction channel, allowing current to pass through the correspond- 

ing piezoresistor associated switch and return to the V– (negative terminal) on the PCB. This completes the 

circuit for that specific path. The source meter then displays the resistance of the active channel. 

This selective activation enables controlled, individual electrical characterization of MEMS devices without 

interference from adjacent channels. 

For the same reason previously explained in section 4.4, only 4 sensors were used per sample, therefore only 

switches 1,5,6 and 10 of the layout (see Figure 10) were used in the analysis performed. 

 

 
Figure 10 - Top view of manual switch PCB designed. 
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4.6 Resistance Analysis 

As previously explained, the verification of the piezoresistors' behavior of the MEMS pressure sensor samples 

was performed by measuring resistance as a function of input voltage. For this, a source meter was used to 

input 5V and with the positive terminal connecting to the V+ entrance of the manual switch PCB and the V- 

connector of the manual switch PCB connecting to the negative terminal, as described in Section 3.4.2. Figure 

11 shows the relationship between resistance and stress for piezoresistors A1, A2, B1, and B2 in Position B 

for all samples. It is important to state that stress is calculated from Equation 13, according to the number of 

weights used in the four-point bending measurements. 

 

Figure 11 - Resistance (kΩ) variation with applied stress (MPa) across position B in sample 1, sample 2, sample 3 and sample 4 for: 

(a) piezoresistor A1, (b) piezoresistor A2, (c) piezoresistor B1, (d) Piezoresistor B2. 

 

 

According to Figure 11(a), the piezoresistor A1’s resistance decreases under stress for all samples. Ranging 

from 6.40 kΩ to 6.30 kΩ in Sample 1, while Sample 2 shows the lowest resistance, decreasing from 6.14 kΩ 

to 6.11 kΩ. Sample 3 has the highest values, decreasing from 6.48 kΩ to 6.35 kΩ, and Sample 4 remains the 

most stable, with resistance around 6.31 kΩ to 6.24 kΩ. 

For piezoresistor A2, in Figure 11(b), resistance increases for all samples, with Sample 1 rising from 6.50 kΩ 

to 6.67 kΩ and Sample 3 following a similar trend, increasing from 6.50 kΩ to 6.62 kΩ. Sample 2 has the 

lowest resistance values, increasing slightly from 6.14 kΩ to 6.21 kΩ, Sample 4 rises gradually from 6.30 kΩ 

to 6.41 kΩ. 

Presented in Figure 11(c), piezoresistor B1, resistance steadily decreases, with Sample 1 dropping from 6.40 

kΩ to 6.25 kΩ, Sample 2 from 6.35 kΩ to 6.22 kΩ, and Sample 4 from 6.26 kΩ to 6.19 kΩ. Sample 1 starts 
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with the highest resistance, while Sample 4 has the lowest overall values. It is important to note that Sample 3 

is not present in this graphic since the wire broke during measurements. 

Figure 11(d) presents odd results for piezoresistor B2. Overall, resistance remains stable, with Sample 2 at 

1.43 kΩ, Sample 3 bewteen 1.34 and 1.35 kΩ, and Sample 4 between 1.23 kΩ and 1.28 kΩ. B2 shows minimal 

variation, with Sample 2 having the highest resistance and Sample 4 the lowest. It is important to note that 

Sample 1 is not present in this graphic since the wire broke during measurements. 

Overall, A2 increases under stress, A1 and B1 decrease, while B2 increases are minimal. Sample 1 generally 

shows the highest resistance, while Sample 2 presents a smaller resistance change since only four weights were 

used to analyze the sample in this position. 

It is also important to state that from the analysis above, it is possible to confirm that each piezoresistor follows 

a predictable trend based on their orientation in the sensor (See Figure 4). Piezoresistors A1 and B1 decrease 

their resistance with stress increase due to being transversal piezoresistors, which indicates that they are sub- 

jected to compressive strain due to bending or shear deformation. As for piezoresistors A2 and B2 are longi- 

tudinal piezoresistors since they are aligned along the <110> direction, the same direction in which stress is 

applied to the sample. Therefore, the piezoresistive effect results in increased resistance under tensile strain. 

Although there is generally a linear behavior observed for the piezoresistors across all samples, which is to be 

expected from a piezoresistor sensor, a comparison between the resistance values obtained in the resistance 

vs. stress measurements and those from the I-V curve for Samples 1 and 2 (shown in Table 2) reveals a signif- 

icant discrepancy. This difference suggests that some factors may be affecting the consistency and accuracy 

of the measurements. Table 4 presents the average lowest value measured for each piezoresistor and the rela- 

tive error when compared to Table 2 resistance values. 

 
Table 4 - Comparison between resistance values at minimum stress obtained from Figure 11 and resistance values without applied 

stress from Table 2. 

 

 

Piezoresistor 

Average Resistance from 

I-Curve characterization 

(kΩ) 

Average four-point bending 

minimum stress resistance 

(kΩ) 

Relative Error 

(%) 

A1 5.31 ± 0.07 6.32315 ± 0.00001 19.16 

A2 5.292 ± 0.006 6.25345 ± 0.00001 18.18 

B1 5.33 ± 0.04 6.33546 ± 0.00001 18.90 

B2 5.25 ± 0.04 1.316297 ± 0.000005 74.93 

 

From Table 4, a significant relative error observed between the resistance values from the I-V curve and the 

four-point bending measurements can be attributed to several factors, especially in piezoresistor B2. One po- 

tential reason is the wire bonding process used to attach the sample to the carrier PCB. Although wire bonding 

could introduce additional resistance due to imperfect connections or contact resistance between the wires and 

the piezoresistors, it is not likely that the wire bonding alone could account for the significant discrepancies 

observed. The resistance of aluminum wire used in bonding is relatively low, and even for wires with lengths 

of a few millimeters, the added resistance is minimal. The resistivity of aluminum is approximately 2.82 × 10⁻⁸ 

Ω·m [26], and when considering bonding wire dimensions in the order of 12.5 to 500 µm in diameter, the 

contribution to total resistance is negligible and cannot account for such a big resistance increase. 

Another contributing factor could be friction in the four-point bending setup. In this setup, friction between 

the beams and the top 3D piece could affect how the latter is placed, leading to an uneven distribution of stress 

across the sample. If the stress is not uniformly applied, it could result in localized resistance changes. 
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Misalignments due to friction could also affect the contact points on the sample, further distorting the measured 

resistance. 

Temperature variations might also play a role in these discrepancies. Although the temperature was measured 

during the experiments and the variation registered was a maximum of 1°C, temperature fluctuations can still 

influence the resistance of the material, as piezoresistive behavior is temperature sensitive. However, experi- 

ments directly related to temperature effects were not conducted, so its influence on the relative error is not 

fully quantified. 

These hypotheses were rejected since the resistance measurement error is very high, with a minimum relative 

error of around 16%. 

 

4.7 Relative Resistance Change Analysis 

Since the resistance values presented discrepancy and a high relative error when compared to the ones obtained 

from I-V curves, relative resistance change was studied. For this, the same source meter was used with an input 

voltage of 5 V with the positive terminal of the source meter connecting to V+ of the manual switch PCB and 

the negative terminal connecting to V- of the manual switch PCB. 

Figure 12 presents the relative resistance change for the A1, A2, B1, B2 piezoresistors for position B in 

function of strain. The strain values are obtained according to Equation 15 and considering a Young’s 

modulus of 169 GPa for silicon in the <110> direction [27-28]. It is important to note that Equation 15 relies 

on the approximation that strain is uniform across the sample, which is not the case. This assumption also 

justifies the presentation of results for only one analyzed position per sample. 

𝜎 = 𝐸𝜀 (15) 

 

 
Figure 12 - Relative resistance change (%) in function of strain (%) across position B in sample 1, sample 2, sample 3 and sample 4 

for: (a) piezoresistor A1, (b) piezoresistor A2, (c) piezoresistor B1, (d) piezoresistor B2. 
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According to Figure 12(a), piezoresistor A1 resistance variation ranges from 2.1% to 0.6% in Sample 1, show- 

ing fluctuations, while other samples exhibit more stable trends. Sample 2 shows a steady decrease from -1.6% 

to -2.0%, Sample 3 declines from 1.8% to 0.0%, and Sample 4 remains relatively stable (0.5% to -1.0%). 

Compared to the others, Sample 1 is the most unstable. 

Figure 12(b) presents equivalent of the latter for Piezoresistor A2. A2’s resistance increases steadily for most 

samples, ranging from 2.0% to 4.0% in Sample 1 and from 2.5% to 4.5% in Sample 3, while Sample 2 de- 

creases from -3.0% to -2%. Sample 4 follows a mild increase from 0.0% to 1.8%. Among the samples, Sample 

2 shows the most significant decrease, while Sample 1 has the highest overall resistance increase. 

For Piezoresistor B1, as seen in Figure 12(c), resistance change decreases across all samples, with Sample 1 

dropping from 2.2% to 0.5%, Sample 2 from 2.8% to 2.4%, and Sample 4 from 0.5% to -0.9. Sample 2 has the 

highest initial resistance change, but Sample 4 exhibits the smallest change, indicating the least sensitivity to 

stress. 

In Figure 12(d), which corresponds to the piezoresistor B2, Sample 2 maintains a high and stable resistance 

variation of around 15%, while Sample 3 holds around 7.5%, and Sample 4 stays between 2.0% and 2.5%. 

Compared to the other piezoresistors, B2 exhibits the highest resistance variation, with Sample 2 being the 

most stable at a high value, while Sample 4 shows the lowest overall resistance change. 

Overall, A2 shows an increasing trend, A1 and B1 decrease under stress, and B2 increases slightly. Sample 4 

generally shows the least variation across all resistors. 

In addition, it can also be stated that the piezoresistance orientation is demonstrated again with the slopes of 

each linear regression associated with the graph. With the transversal piezoresistors, A1 and B1 having a neg- 

ative slope and, the longitudinal piezoresistors A2 and B2 having a positive slope. 

Upon further examination of all the graphs in Figure 12, it becomes clear that there is an issue with the meas- 

urements. Some samples exhibit a null relative resistance change in response to applied strain, which is not 

expected behavior for a piezoresistive sensor, as previously seen in section 2.1. This is particularly evident in 

piezoresistors A1 and B1 for sample 4. The problem is compounded when we analyze the trend of the curves, 

as several others also show no resistance change with applied strain. For instance, sample 2 in piezoresistors 

A2 and B1, as well as samples 1 and 3 in piezoresistors 1 and 3, display the same anomaly. This further 

substantiates the idea that the results are inaccurate, in addition to what has already been noted with the results 

in Table 2. 

 Gauge factor analysis 

Besides this, the gauge factor was analyzed at position B of the samples, as it serves as a more reliable figure 

of merit for assessing the validity of the resistance changes. Since the gauge factor relates the relative resistance 

change to the applied strain, its evaluation can help determine whether the resistance values from the four-

point bending setup are accurate. 

According to [6], the longitudinal gauge factor for p-type silicon (100) in the <110> direction is approximately 

130 and usually is the most used for gauge factors analysis; therefore, only the longitudinal piezoresistors A2 

and B2 will be analyzed. 

With this, the slope of each graph of relative resistance change vs strain will be the gauge factor of each 

piezoresistor. 

Table 5 presents the comparison of each average gauge factor for longitudinal piezoresistors A2 and B2 and 

compares it to an average theoretical longitudinal gauge factor. From Table 5, it can be concluded that the 

experimental gauge factor for piezoresistor A2 presents an error of around 48% relative to the average 

theoretical value while piezoresistors B2 presents an error of around 87%. The fact that the maximum gauge 

factor found is only around 30 times bigger than metal gauge factor values further proves that the hypothesis 
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that the results obtained are inaccurate, since they do not represent standard gauge factor values for 

piezoresistive sensors, as previously discussed in section 2.3. 

Table 5 - Comparison between experimental longitudinal gauge factor and theoretical longitudinal gauge factor. 

 

 

Piezoresistor 

Experimental 

Longitudinal 

Gauge Factor 

(GFL) 

Theoretical 

Longitudinal 

Gauge Factor 

(GFL) 

 

Relative Error 

(%) 

A2 67.90 
130 

47.77 

B2 17.41 86.61 

 

 

 

To reinforce this conclusion, considering that the variation of strain values of the graphs of Figure 12 is ap- 

proximately 0.030% for all piezoresistors, we can calculate the resistance change using Equation 9. 
 
 

 

 
 

 
 

 
 

 

 
 

 

1 

 

𝛥𝑅 = 130 × 3 × 10−4 = 0.039 (15) 
𝑅0 

 
So, considering the resistance values in Table 2, Table 6 presents the expected range of values considering 

the resistance change calculated in Equation 15. 

 
Table 6 - Resistance range obtained from the theoretical longitudinal gauge factor from the values in Table 2 for position B. 

 

Resistor Average Resistance range (kΩ) 

A1 [5.27; 5.31] 

A2 [5.29; 5.33] 

B1 [5.29; 5.33] 

B2 [5.25; 5.29] 

 

By analyzing the resistance range presented in Table 6, it is observed that the calculated resistance ranges 

based on the average gauge factor of silicon deviate significantly from those presented in Figure 11. This 

deviation reinforces the inconsistency of the obtained results, suggesting that the sensors used may not be 

behaving as piezoresistive elements. This is further supported by the detailed analysis of Figure 12, where the 

calculated gauge factor does not align with the theoretical value expected for piezoresistive sensors. In addition 

to that, relative resistance change analysis indicates significant measurement issues with the piezoresistive 

sensors, with relative resistance change values having null strain values. 

Additionally, analyses performed on positions A, C, and D of the samples revealed similar results to the ones 

obtained for position B, even though with the approximation made by Equation 15, they are deemed redundant 

since the strain is considered the same across each sample. However, these additional results are detailed in 

Annex B and Annex C. 

The previous arguments indicate the possibility of systematic errors in the data. Having already ruled out most 

of the hypotheses related to material failures or measurement methodology errors, the next step is to investigate 

potential issues in the circuits and the connections between the various electronic components of the measure- 

ment system. 
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4.8 Interface Circuit Testing 

First, the samples were tested yet again in the probe setup already shown in Figure 3(a) - section 3.2. This 

time, instead of having the probe connecting to the sample itself, it was connected to the carrier PCB, after 

wire bonding to the MEMS samples was completed. The results obtained were like those obtained in Figure 

5(a) and Figure 5(b). This demonstrated that the samples are still working correctly and that the wire bond was 

not an issue as previously theorized. 

Next, the same source meter device used for the four-point bending was tested by applying 5V to two through- 

hole resistors of 4.3 kΩ and 6 kΩ, one at a time. The results obtained are summarized in Table 7. According 

to Table 7, the problem is not in the source meter since the measurements are accurate when compared to the 

theoretical values, having a very small relative error of 1.04% for the 4.3 kΩ and 0.26% for the 6 kΩ. 

 
Table 7 - Experimental and theorical comparison of resistance values of a through hole resistor. 

 

Experimental Resistance 

(kΩ) 
Theorical Resistance (kΩ) Relative error (%) 

4.26 4.3 1.04 

5.98 6.0 0.26 

 

The next testing made was for the carrier PCB to verify that all connections were made properly when de- 

signed. In this testing, a resistor of 4.3k was connected to the pads that are supposed to be wire bonded to the 

samples. Figure 13(a) represents the setup for the test performed. One of the terminals of the through-hole 

resistance was connected to a pad meant for one of the piezoresistors’ pads and the other terminal was con- 

nected to the bulk terminal, according to the wire bond schematic displayed in Figure 9. The carrier PCB was 

then connected to a multimeter where the positive terminal would coincide with the FPC pad that was meant 

to connect to a bulk pad, according to the layout of a sensor (See Figure 9), and the negative terminal to a pad 

on the FPC connector that corresponds to the pad where the other terminal of the resistor is connected. From 

this test, the resistance measured was around 4.263 kΩ. This test was conducted for all pads, and similar 

resistance values were measured. With this, it can be concluded that the problem was not the carrier PCB since 

resistance values correspond to the measured resistor with a very small deviation (~0.86%). 

 

 

(a) (b) 

 
Figure 13 - Setup used to test: (a) the carrier PCB; (b) the manual switch PCB. 
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The next set of tests made was for the manual switch PCB to verify that all connections were made properly 

when designed. In this, a multimeter was used to measure the resistance through the tracks of the PCB. Figure 

13(b) represents the setup for the test performed. The first test consisted of measuring resistance by connecting 

the positive terminal of the multimeter to the pad corresponding to the connection of the bulk layout, according 

to the wire bonding scheme in Figure 9, and the negative terminal to the output jumper. The second test con- 

sisted of measuring resistance by connecting the positive terminal of the multimeter to the input jumper and 

the negative terminal to the pad corresponding to the connection of the bulk layout, as seen in Figure 9. Both 

tests presented very low impedance with resistance values around 0.3 Ω. 

The next test was made to verify the connection between the carrier PCB and the switch. In this, a resistor of 

4.3 kΩ was connected to the pads that are supposed to be wire bonded to the samples, as previously done when 

analyzing the carrier PCB independently. Figure 14 represents the setup for the test performed. The carrier 

PCB was then connected to the switch PCB via FPC connection, and the latter was also connected to the source 

meter via banana connectors. The source meter was set for 5 V. In order to perform the test, the switch corre- 

sponding to the terminal should be turned on. All the pads were tested. However, when testing, it was discov- 

ered that some resistance values of a few pads were not measuring the intended value. Upon, analyzing care- 

fully the carrier PCB of Figure 8, the wire bonding scheme in Figure 9, and the manual switch PCB of Figure 

10 and comparing to the setup used, it was discovered that an error in the design of the switch PCB was made, 

more precisely in the order of the connections in the FPC connector. For the circuit to work in measuring 

resistance as intended, the PCB should have inverted the connections on the pins of the FPC in the schematic 

in Figure 15. In other words, pin 50 of the component “FPC_CM” in the schematic Figure 15 has been pin 1 

and vice versa for all 50 pins. 
 

Figure 14 - Setup used to test the carrier PCB and manual switch PCB connection. 

 

 

 

 

Figure 15 - FPC schematic connections of manual switch PCB (See section 4.5). 
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Table 8 summarizes the tests conducted and their results. Through the previously conducted tests, it was iden- 

tified that the issue with the four-point bending resistance measurements stemmed from the manual switch 

PCB used. The findings in this section further support the conclusions drawn in sections 4.6 and 4.7 and explain 

the high relative errors observed in the measurements for resistance and the gauge factor. Consequently, it is 

important to conclude that the analysis does not accurately reflect the actual parameters mentioned earlier, as 

the obtained values do not align with the expected values for a piezoresistance sensor. 

 
Table 8 - Summary of the tests performed on the PCB's. 

 

Circuitry Test Functionality 

Sample wire bonded ✓ 

Carrier PCB ✓ 

Switch PCB × 

 

4.9 Automatic Interface Circuit PCB 

In parallel to the four-point bending measurements and further testing performed to identify the root problem, 

a second PCB was developed to read resistance values off of the samples more automatically, instead of man- 

ual switches. For this purpose, a PCB with an FPC connection to the carrier PCB was developed. Figure 16 

shows the layout of the PCB developed. It presents the FPC connection for the carrier PCB, banana connectors 

for voltage and/or current supply, as well as jumpers to prevent energy spikes from damaging the components 

and samples. 

The main difference from this PCB to the manual switch is in the use of SPST (Single-Pole Single-Throw) 

switches – the ADGS2414D - instead of manual switches. This method of switching makes use of SPI com- 

munication. 

SPI Communication is a synchronous serial communication protocol that operates on a master-slave architec- 

ture, where the master device controls the communication process. This protocol consists of four primary 

signals that can be observed in Figure 17. These signals consist of: CLK (Serial Clock) which is generated by 

the master and synchronizes data transmission between devices; MOSI (Master Out Slave In) which represents 

the signal through which the master sends data to the slave; MISO (Master In Slave Out) that represents the 

signal through which the slave sends data back to the master; SS (Slave Select) or CS (Chip Select) is an 

active-low signal used by the master to select and communicate with a specific slave device [29]. 
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Figure 16 - Top view of the automatic switch PCB. 

 

 

As seen in Figure 17, when the master intends to communicate with a slave, it pulls the corresponding SS line 

low, signaling that the slave to become active. The master then generates the CLK signal, and data is simulta- 

neously transmitted from the master to the slave via the MOSI line and from the slave to the master via the 

MISO line. This exchange continues for the duration of the data frame. Once the data transfer is complete, the 

master can deselect the slave by setting the SS line high, concluding the communication session. 

SPI interfaces have configurable clock polarity (CPOL) and clock phase (CPHA) settings that dictate the tim- 

ing of data sampling and shifting. The CPOL setting determines the idle state of the clock signal; a CPOL of 

0 means the clock idles low, while a CPOL of 1 signifies that it idles high. The CPHA setting indicates which 

clock edge, either rising or falling, is used for sampling and shifting data. With a CPHA of 0, data is sampled 

on the leading edge and shifted out on the trailing edge, whereas a CPHA of 1 allows for data to be shifted out 

on the leading edge while sampling occurs on the trailing edge. Together, CPOL and CPHA result in four 

possible SPI modes (0 through 3) [30]. 
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Figure 17 – Example of an SPI Communication Waveform: Data Transfer between Master and Slave (Mode 0) [30]. 

 

 Implementation 

According to the datasheet, the ADGS2414D is a 16-channel switch that operates by accessing its internal 

registers through address mode, which is the default mode upon power-up. In address mode, each SPI com- 

mand is structured with a CS falling edge marking the start and a CS rising edge marking the end of the 

communication cycle. A full SPI frame consists of 16 CLK cycles, where the first bit in the SDI line determines 

whether a read or write command is issued. If the first bit is set to 0, a write command is executed, whereas if 

it is set to 1, a read command is initiated. The next seven bits indicate the target register address, while the 

remaining eight bits either contain the data to be written into the register during a write operation or are used 

to retrieve data from the register during a read operation. The output data from a read command appears on 

the SDO line, propagating from the eighth to the fifteenth falling edge of CLK, and a register write occurs on 

the sixteenth CLK rising edge. 

In addition, each ADGS2414D switch requires three voltage inputs to function correctly. As seen in the 

ADGS2414D datasheet, the VDD pin requires a voltage supply of 12V for single supply, the VSS requires 0 

V and the Vlogic pin should align with the logic levels of the controlling microcontroller, with a permissible 

range of 2.7 V to 5.5 V. This requirement explains the inclusion of various banana connectors on the PCB. 

Another important detail in the PCB design is the headers used for connection with an Arduino Uno board, 

which serves as a master to the five slave devices, the ADGS2414D switches. Each SPI-related pin on the 

Arduino Uno has a dedicated function based on the Arduino Uno R3 datasheet. The MOSI signal is assigned 

to digital pin 11, while the MISO signal is connected to digital pin 12. The CLK signal, which synchronizes 

communication, is provided by digital pin 13. Additionally, the system uses five digital pins, specifically pins 

2 through 6, to act as Chip Select lines for the five ADGS2414D switches, allowing the Arduino to control 

each switch and channel individually. 

The PCB is designed to control multiple ADGS2414D switches using SPI communication, allowing users to 

select which resistor to read at any time. The Arduino Uno is programmed to send 16-bit commands to the 

ADGS2414D switches. Each switch features 16 channels that users can interact with, and they are controlled 

by individual chip select (CS) pins, enabling communication with one device at a time. 

When users want to interact with a specific switch, they should input commands through a serial interface (in 

this case, Arduino IDE monitor) to select a device and channel. The Arduino then sends a corresponding SPI 

command, whose structure was already explained, to the selected switch. The write operation is specifically 

used to select the channel that corresponds to a specific piezoresistor. 

For this setup to work, the Arduino board was programmed with the C++ presented in Annex D. 
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 Testing 

In order to verify if the PCB was working correctly, the code presented in Annex D was uploaded onto the 

Arduino Uno board and connected to a computer to test the user inputs. Meanwhile, digital pins 2,3,4,5,6,11,12 

and 13 were observed in pairs in an oscilloscope. 

The timing diagram of Figure 18 represents some of the tests made by sending commands, previously ex- 

plained in section 4.9.1, from the Arduino with a clock (CLK) of 1 MHz. 

 

 

 

 
Figure 18 - Timing diagram of the signals from digital pins 2,3,4,5,6,11,12 and 13 from Arduino Uno board. 

 

 

The results obtained confirm that the master sends out signals. However, since no slave devices were con- 

nected, there is no response from the MISO signal. Since the switches have a particular command structure, 

they were tested with the carrier PCB directly. 

With the setup observed in Figure 19, resistance was read by applying 5V for VDD and V+, 3.3V for VLogic, 

and 0V for VSS and GND connectors. The resistance values read from the source meter presented values in 

the MΩ scale, with many instabilities in the readings when sending SPI commands. 

Upon careful analysis of the schematics in Figure 15 and Figure 20, it was concluded that a design error oc- 

curred in the automatic switch PCB, particularly in the order of the connections within the FPC connector, 

similar to the manual switch PCB. For the circuit to accurately measure resistance as intended, the connections 

on the pins of the FPC in the schematic from Figure 20 needed to be reversed in order. Specifically, pin 50 of 

the component "FPC_CM" should have been designated as pin 1, and this inversion should apply to all 50 
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pins. Consequently, this design oversight was identified as the source of the issue, confirming that the original 

problem was not with the SPI functioning but rather with the incorrect layout of the automated switch PCB. 
 

Figure 19 - Setup used to test the automatic switch PCB directly with the samples. 

 

 

 

Figure 20 - Schematic of the automatic switch PCB. 
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5 

CONCLUSION AND FUTURE PROSPECTS 

This study provides a comprehensive characterization of MEMS pressure sensors based on the piezoresistive 

effect, with a specific focus on the common node configuration employed in the analyzed samples. Each sensor 

incorporated four piezoresistive pads (A1, A2, B1, and B2), and four designated sensing positions (A, B, C, 

and D) were available within each sample. 

The initial current-voltage (I-V) characterization, conducted without any mechanical stress, established base- 

line resistance values that exhibited the expected linear behavior. With high correlation coefficients (R² > 

0.999), these results validated the resistance measurements obtained under static conditions. However, consid- 

erable discrepancies arose when comparing the baseline resistance values to those determined during the four- 

point bending tests. The deviations reached relative errors as high as 16.8%, indicating systematic errors within 

the measurement setup that needed further investigation. 

An analysis of the relative resistance change in response to applied strain revealed anomalous behavior among 

several sensors, as they demonstrated resistance variations in the absence of applied strain, which contradicts 

the concept of piezoresistivity. The gauge factor analysis corroborated these findings, revealing values below 

100 across all measured samples. This is notably lower than the expected range for silicon piezoresistors (typ- 

ically 130 to 200). Published results as low as 17 suggest significant issues with measurement accuracy and 

reliability, leading to the conclusion that the data collected cannot be deemed a valid representation of the true 

piezoresistive response of these sensors. 

In addressing the root causes of these inconsistencies, a thorough assessment of all components within the 

measurement circuitry was conducted. While the source meter and carrier PCB functioned as intended, design 

flaws in both the manual and automatic switch PCBs, specifically related to the reversed pinout configuration 

of the FPC connectors, resulted in misrouted connections to the sample that were wire bonded and inaccurate 

data acquisition. Even though SPI communication was effectively implemented in the automatic switch via an 

Arduino-controlled architecture, the same design flaw replicated the issues experienced in the manual switch 

system. 

Looking ahead, several enhancements are needed for achieving reliable characterization of MEMS piezoresis- 

tive sensors. First, among these is the redesign of the switch and automatic switch PCBs to correct FPC pin 

mapping. This correction should be followed by comprehensive four-point bending testing to evaluate the 

sensor’s piezoresistive behaviour. Following this, more analysis should be done to evaluate the physical posi- 

tioning relative to the applied stress region, potentially varying the distances between inner and outer supports 

of the four-point bending setup to systematically investigate stress distribution effects. Moreover, expanding 

the number of sensors analyzed per sample beyond the initial four will increase the statistical significance of 

the findings and broaden the coverage of the results. 

Furthermore, the experimental setup warrants upgrades. The integration of the automatic switch system with 

a LabVIEW-controlled environment would facilitate full automation of channel selection, enhancing repeata- 

bility, efficiency, and control in the measurement process. Additionally, subsequent testing, particularly fo- 

cused on temperature-dependent characterization, is essential to evaluate the thermal effects on sensor behav- 

ior, which were not considered in the current study. 

In conclusion, the systematic errors identified in the switching circuitry and limitations in the mechanical setup 

significantly hindered the ability to extract valid performance metrics under stress. By implementing the cor- 

rections and improvements outlined in this thesis, future research endeavors will be better positioned to provide 
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accurate and comprehensive evaluations of the behavior of piezoresistive MEMS sensors, ultimately 

contributing to the advancement of this technology in practical applications. 
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7 

ANNEX A - 3D PIECE DESIGN 

For the four-point bending setup, 3D-printed pieces were utilized as inner and outer supports. Figure 21 

shows the design of the piece used as the inner support, which features a 10 mm contact distance. This 

piece was consistently secured with a screw at the bottom of the four-point bending setup. 

The design of the outer support piece posed a more complex challenge. The initial design, shown in 

Figure 22(a), frequently caused wire breakage in the samples because the piece tended to shift sideways 

when removed from the setup. As a solution, it was redesigned to include holes that could slide over the 

beams of the setup, as depicted in Figure 22(b). 

 

Figure 21 - 3D piece used for inner support on the four-point bending setup. 

 

 

 

 

 

 

(a) (b) 

Figure 22 - (a) old design of 3D Piece for outer support; (b) new design for 3D piece for outer support. 

 

 

 

Although they were not used in this particular work, several other designs were created with larger 

contact distances in order to test different contact points, with the example of a 30 mm contact distance 

presented in Figure 23. 
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Figure 23 - 3D piece design for outer support of the four-point bending setup with 30 mm contact distance 
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ANNEX B - RESISTANCE ANALYSIS 

 
As previously explained the samples used in the four-point bending test were analyzed in four different 

positions (See Figure 6). In similarity to what was done for position B, the resistance will be analyzed 

in this section for positions A, C, and D. 

For positions A, C and D, the resistance, in kΩ, in function of stress, in MPa, can be observed for the 

four piezoresistors of the sensor in Figure 24, Figure 25 and Figure 26. 

 

 
Figure 24 – Resistance (kΩ) in function of stress (MPa) across position A in sample 1, sample 2 for: (a) piezoresistor A1, (b) 

piezoresistor A2, (c) piezoresistor B1, (d) piezoresistor B2. 

 

 

For Position A, it is possible to observe a similar trend with what happen in position B. In Figure 24(a) 

Piezoresistor A1, more precisely, sample goes from 6.32 kΩ to 6.29 kΩ, with a big fluctuation in stress 

region from 30 MPa to 50 MPa. In Figure 24(b), sample demonstrates a steady increase around the 6.30 

kΩ to 6.37 kΩ for piezoresistor A2. Figure 24(c) demonstrates that piezoresistor B1 shows a less steady 

decrease in resistance for both samples 1 and sample 2 when compared to piezoresistor A1. The same 
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is seen in Figure 24(d) where the resistance increase for piezoresistor B2 is way less steady than that of 

piezoresistor A2 varying from 1.24 kΩ to 1.25 kΩ. 

Figure 25 shows position C with similar results to the two previous positions. For piezoresistor A1, in 

Figure 25(a) resistance decreases from approximately an average of 6.40 kΩ to 6.30 kΩ for samples 1 

and 3. Sample 2 presents similar behaviour except it has a fluctuation at lower stress of around 10 MPa. 

Figure 25(b) presents a less linear relationship with an increase of sample 2 resistance from 6.57 kΩ to 

6.63 kΩ for piezoresistor A2. Piezoresistor B1 presents a more linear behaviour, as shown in Figure 

25(c), with samples decreasing from around 6.50 kΩ to around 6.40 kΩ. 

At last, in Figure 25(d), sample 3 presents a variation from 1.435 kΩ to 1.44kΩ while sample 2 suffers 

fluctuations varying between 1.42 kΩ to 1.48 kΩ. 

 

 

 
Figure 25 –Resistance (kΩ) in function of stress (MPa) across position C in sample 1, sample 2 for: (a) piezoresistor A1, (b) 

piezoresistor A2, (c) piezoresistor B1, (d) piezoresistor B2. 

 

 

In Figure 26, position D was only analyzed for sample 4 due to wire bonding breakage. For piezoresistor 

A1 show in Figure 26(a), shows a linear variation of resistance from 6.18 kΩ to 6.14 kΩ. Piezoresistor 

A2 presents big fluctuations in a lower stress range with overall resistance varying little from the 6 kΩ 

value, as seen in Figure 26(b). 
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Figure 26(c) presents a linear decrease of resistance, like expected of a transversal piezoresistor, having 

around 6.41 kΩ in the end. 

Figure 26(d) shows piezoresistor B2 with big fluctuations, seemingly increasing resistance from 1.39 

kΩ to 1.40 kΩ. 

 

 

 
Figure 26 –Resistance (kΩ) in function of stress (MPa) across position D in sample 1, sample 2 for: (a) piezoresistor A1, (b) 

piezoresistor A2, (c) piezoresistor B1, (d) piezoresistor B2. 

 

 

The results observed in Figure 24, Figure 25 and Figure 26, for positions A, C and D are consistent with 

the ones already analyzed for position B, as seen in Table 4, due to the approximation made with 

Equation 15. These results present resistance values in the range of 6 kΩ which deviates a lot from the 

resistance values obtained in section 4.2. They also confirm that the orientation of the piezoresistors 

in the sensor is important due to the slope of curves. Additionally, these values present once again high 

relative errors, as already observed in Position B, more precisely in Table 2 for similar resistance 

values. 

Therefore, it can be concluded that the results obtained in this section for positions A, C, and D are very 

similar to the results obtained in section 4.6 for position B. 



39  

 



 

 



41  

9 

ANNEX C - GAUGE FACTOR ANALYSIS 

The gauge factor was analyzed for positions A, C, and D, similar to the analysis conducted for position 

B. Relative resistance change serves as a normalization of the resistance change. Since resistance values 

were previously examined in Annex B, Figure 24, Figure 25, and Figure 26 will not be reanalyzed. 

As noted for position B, positions A, C, and D also contain samples that exhibit a change in resistance 

even when no strain is applied. For instance, sample 2 in position A and sample 1 in piezoresistor A1 

of position C demonstrate this behavior. While not every position shows this exact anomaly, certain 

samples, such as sample 1 in piezoresistor B1 of position A, display trends of resistance change without 

applied strain. This phenomenon is anomalous because, according to Equation 8, the piezoresistive ef- 

fect should not occur without strain. 

 

Figure 27 - Relative resistance change in function of strain (%) across position A for sample 1, sample 2, sample 3 and sample 

4 for: (a) piezoresistor A1, (b) piezoresistor A2, (c) piezoresistor B1, (d) piezoresistor B2. 
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Figure 28 - Relative resistance change in function of strain (%) across position C for sample 1, sample 2, sample 3 and sample 

4 for: (a) piezoresistor A1, (b) piezoresistor A2, (c) piezoresistor B1, (d) piezoresistor B2. 

 

 

Figure 29 - Relative resistance change in function of strain (%) across position D for sample 1, sample 2, sample 3 and sample 

4 for: (a) piezoresistor A1, (b) piezoresistor A2, (c) piezoresistor B1, (d) piezoresistor B2. 
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As previously done for position B, the longitudinal gauge factor was also determined for positions A, C 

and D. The same theoretical value for the longitudinal gauge factor is considered. Once again, the slope 

of each graph of relative resistance change vs stress is the gauge factor of each piezoresistor, 

Table 9 presents the comparison of each average gauge factor across samples for longitudinal piezore- 

sistors A2 and B2 of positions A, C and D and compares it to an average theoretical longitudinal 

gauge factor. 

From Table 9, it can be concluded that the experimental gauge factors found are not accurate since they 

have errors between 35% and 95%, with piezoresistor B2 of position C presenting gauge factor similar 

to that of metals. In contrast, piezoresistor A2 presents a very good gauge factor since the silicon gauge 

factor can go up to 200. However, the rest of the values are at most 40 times bigger than that of metals 

therefore, the existence of a piezoresistive effect comparable to that of silicon is disregarded. This is 

strengthened by the lack of precision in the results obtained. 

In conclusion, the results obtained for positions A, C, and D are very similar to those found for position 

B in section 4.7. This is still due to the fact that an approximation was made with Equation 15 

resulting in considering an uniform strain across each sample. 

 
Table 9 - Comparison between experimental longitudinal gauge factor and theoretical longitudinal gauge factor for positions 

A, C and D. 

 

 

Position 

 

Piezoresistor 

Experimental 

Longitudinal 

Gauge Factor 

(GFL) 

Theoretical 

Longitudinal 

Gauge Factor 

(GFL) 

 

Relative Error 

(%) 

A 
A2 36.2  

 

 

130 

72.15 

B2 17.37 86.63 

C 
A2 83.6 35.69 

B2 5.41 95.84 

D 
A2 198 52.31 

B2 19.6 84.92 
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ANNEX D - ARDUINO CODE 

 
1 #include <SPI.h> 

2 

3 // Define SPI settings 

4 const int numDevices = 5; 

5 const int chipSelectPins[numDevices] = {2, 3, 4, 5, 6}; // CS pins for each ADGS2414 

6 const int numChannels = 8; // Number of channels 

7 

8 // Initialize SPI settings 

9 SPISettings spiSettings(1000000, MSBFIRST, SPI_MODE0); 

10 

11 // Data arrays to simulate channel states 

12 uint16_t channelStates[numDevices][numChannels]; // Array to store simulated channel states 

13 

14 void setup() { 

15 Serial.begin(9600); 

16 SPI.begin(); // Initialize SPI 

17 

18 // Configure the CS pins as output and set them high 

19 for (int i = 0; i < numDevices; i++) { 

20 pinMode(chipSelectPins[i], OUTPUT); 

21 digitalWrite(chipSelectPins[i], HIGH); 

22  } 

23 

24 // Initialize random seed with millis() 

25 randomSeed(millis()); 

26 

27 // Initialize channel states to some default values 

28 for (int i = 0; i < numDevices; i++) { 

29 for (int j = 0; j < numChannels; j++) { 

30 channelStates[i][j] = 0xFFFF; // Initialize with default value 
 

31  } 

32 }  

33 }   

34   

35 void loop() { 

36 if (Serial.available() > 0) { 
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37 String input = Serial.readStringUntil('\n'); 

38 input.trim(); // Remove any leading/trailing whitespace 

39 

40 int delimiterIndex = input.indexOf(';'); 

41 if (delimiterIndex == -1) { 

42 Serial.println("Invalid input format. Use 'device_number;channel_number'."); 

43 return; 

44 } 

45 

46 int deviceNumber = input.substring(0, delimiterIndex).toInt(); 

47 int channelNumber = input.substring(delimiterIndex + 1).toInt(); 

48 

49 if (deviceNumber < 1 || deviceNumber > numDevices || channelNumber < 1 || channelNumber > 

numChannels) { 

50 Serial.println("Invalid device or channel number."); 

51 return; 

52 } 

53 

54 // Generate random data for the specified channel 

55 uint16_t dataToSend = random(0xFFFF); // Generate random data 

56 

57 // Send data to the specified channel 

58 sendDataToChannel(deviceNumber - 1, channelNumber, dataToSend); 

59 

60 // Update the simulated channel state 

61 channelStates[deviceNumber - 1][channelNumber - 1] = dataToSend; 

62 

63 // Simulate reading the data 

64 uint16_t dataRead = channelStates[deviceNumber - 1][channelNumber - 1]; 

65 

66 // Print the data sent and the simulated data read 

67 Serial.print("Data sent to Device "); 

68 Serial.print(deviceNumber); 

69 Serial.print(", Channel "); 

70 Serial.print(channelNumber); 

71 Serial.print(": 0x"); 

72 Serial.println(dataToSend, HEX); 

73 

74 Serial.print("Data read from Device "); 

75 Serial.print(deviceNumber); 

76 Serial.print(", Channel "); 

77 Serial.print(channelNumber); 
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78  Serial.print(": 0x"); 

79  Serial.println(dataRead, HEX); 

80 }  

81 }   

82   

83 void sendDataToChannel(int deviceIndex, int channel, uint16_t data) { 

84 SPI.beginTransaction(spiSettings); 

85 digitalWrite(chipSelectPins[deviceIndex], LOW); 

86 

87 // Send address command to select the shift register 

88 SPI.transfer16(0x01); // Address command to select the shift register 

89 

90 // Prepare data to control channels 

91 uint16_t channelData = 0; 

92 for (int i = 0; i < numChannels; i++) { 

93 if (i == (channel - 1)) { 

94 channelData |= (data & 0x01) << i; // Set or clear bit based on data 

95 } else { 

96 channelData |= (channelStates[deviceIndex][i] & 0x01) << i; // Maintain current state 

97 } 

98  } 

99 

100 // Send the data to configure the channels 

101 SPI.transfer16(channelData); 

102 

103 digitalWrite(chipSelectPins[deviceIndex], HIGH); 

104 SPI.endTransaction(); 

105 } 
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