
 

 

 

 

 

 

 

 

MÁSTER UNIVERSITARIO EN INGENIERÍA 
DE TELECOMUNICACIÓN 

TRABAJO FIN DE MÁSTER 

 

 

DESARROLLO DE UN MICROSCOPIO DE 
FUERZA ATÓMICA (AFM) DE BAJO COSTE 

BASADO EN REALIMENTACIÓN ÓPTICA 
LÁSER 

 

“DEVELOPMENT OF AN ATOMIC FORCE 
MICROSCOPE (AFM) WITH LASER OPTICAL 

FEEDBACK” 

 

 

 

 

Javier Pereiro García 

2020 



 

  



MÁSTER UNIVERSITARIO EN INGENIERÍA DE 

TELECOMUNICACIÓN 

 

TRABAJO FIN DE MÁSTER 

Título: DEVELOPMENT OF AN ATOMIC FORCE MICROSCOPE (AFM) WITH LASER 

OPTICAL FEEDBACK 

Autor: D. Javier Pereiro García 

Tutor: D. Xabier Quintana Arregui 

Cotutor:  D. Morten Andreas Geday 

Departamento: Departamento de Tecnología Fotónica y Bioingeniería (TFB) 

MIEMBROS DEL TRIBUNAL 

Presidente: D. …………… 

Vocal: D. ………….. 

Secretario: D. ………….. 

Suplente: D. …………….. 

Los miembros del tribunal arriba nombrados acuerdan otorgar la calificación de: ……… 

 

 

 

Madrid,  a               de                                de 20…



 

UNIVERSIDAD POLITÉCNICA DE MADRID 

ESCUELA TÉCNICA SUPERIOR  
DE INGENIEROS DE TELECOMUNICACIÓN 

 

 
 

 

MÁSTER UNIVERSITARIO EN INGENIERÍA 
DE TELECOMUNICACIÓN 

TRABAJO FIN DE MÁSTER 

 

 

DESARROLLO DE UN MICROSCOPIO DE FUERZA 
ATÓMICA (AFM) DE BAJO COSTE BASADO EN 

REALIMENTACIÓN ÓPTICA LÁSER 

 

“DEVELOPMENT OF AN ATOMIC FORCE 
MICROSCOPE (AFM) WITH LASER OPTICAL 

FEEDBACK” 

 

 

 

Javier Pereiro García 

2020 



  



  



RESUMEN 

Este proyecto tiene como objetivo el diseño y construcción de un microscopio de fuerza 

atómica (AFM, de sus siglas en inglés Atomic Force Microscope) de bajo coste, permitiendo 

obtener medidas con una calidad equiparable a un microscopio comercial.  

Este tipo de microscopía se basa en la monitorización de la curvatura una sonda, obteniendo 

imágenes con una resolución nanométrica. El prototipo desarrollado está basado en la 

utilización de una unidad de disco óptico (OPU, de sus siglas en inglés Optical Pick-up Unit) 

como cabezal del microscopio. A su vez, zumbadores piezoeléctricos son utilizados como 

actuadores, permitiendo posicionar la muestra. 

Durante este trabajo de fin de máster se ha diseñado y ensamblado la electrónica del 

instrumento, capaz de generar y adaptar las diferentes señales necesarias para su 

funcionamiento. Además, se ha fabricado la estructura del instrumento mediante impresión 3D. 

Al mismo tiempo, se ha construido un sistema de protección frente a fuentes de ruido externas 

como vibraciones y corrientes de aire. 

Por otra parte, se ha diseñado y programado el software de control que maneja las diferentes 

partes del microscopio, habiendo realizado un estudio previo acerca microcontrolador más 

adecuado para la fabricación de este instrumento. El software cuenta a su vez con una interfaz 

gráfica de usuario (GUI, de sus siglas en inglés graphical user interface), que permite al usuario 

controlar de forma sencilla el prototipo a través del uso de teclado y ratón. 

Se ha probado que las diferentes partes fabricadas y el software desarrollado, tienen un 

desempeño válido para la obtención de medidas de alta resolución. De esta forma, se ha 

diseñado un instrumento capaz de obtener imágenes en tres dimensiones con resoluciones 

inferiores a la micra basado en la reflexión del láser de la unidad de disco óptico. 

Por último, una vez finalizado el proyecto, todos los diseños de la electrónica, software y 

hardware serán publicados en plataformas Open Source. Por lo tanto, ofreciendo de forma 

gratuita la replicación de este prototipo. Pudiendo de esta forma, ayudar a empresas y grupos 

de investigación que no pueden afrontar la compra de un AFM comercial.  

SUMMARY 

This project aims to develop and manufacture a low-cost atomic force microscope (AFM), 

enabling measurements with a performance comparable to those of a commercial microscope. 

This type of microscopy is based on monitoring the deflection of a probe, acquiring images 

within the nanometer scale. The developed prototype employs an Optical Pick-up Unit (OPU) 

as the head of the microscope. Additionally, piezoelectric buzzers are used as actuators, thus 

driving the sample motion. 

During this master's thesis, the instrument's electronics have been designed and assembled, 

being capable of generating and adapting the different signals needed for its operation. In 

addition, the structure of the microscope has been manufactured using a 3D printer. 

Furthermore, an isolation system has been built, protecting the measurements against external 

noise sources i.e. vibrations and air flows. 

On the other hand, the control software which manages the different components of the 

microscope has been designed and programmed. This software design was made considering a 

previous study about microcontrollers, therefore aiming to identify the most suitable 



microcontroller which meets the requirements of this instrument. Moreover, the software also 

has a graphical user interface (GUI), allowing the user to easily control the prototype using 

keyboard and mouse. 

Furthermore, the different manufactured components as well as the developed software have 

been verified.  Thus, having a suitable performance to obtain high resolution measurements. In 

this way, an instrument capable of acquiring three-dimensional profiles with sub-micron 

resolutions has been designed. Being this device based on the laser optical feedback from the 

optical pick-up unit. 

Finally, once the project is finished, all the electronics, software and hardware designs will be 

published on Open Source platforms. Therefore, providing the opportunity to replicate this 

prototype without charge. Thereby supporting those companies and research groups that cannot 

afford the purchase of a commercial AFM. 
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1. INTRODUCTION 

Over the last century to this day, technology advancement plays a key role in the development 

of our modern society. Currently, a great research effort is being focused on nanotechnology 

in both the public and private sector [1]. Nanotechnology refers to technology that takes 

advantage of the physical and chemical properties that emerge when working on a nanometric 

scale. These technologies are being considered as the next industrial revolution, being applied 

in many fields including but not limited to photonics, medicine or telecommunication 

engineering [2], [3].  

Manufacturing and controlling matter within those dimensions is very difficult from 

technological point of view, being a major drawback in the development of this 

nanotechnology revolution [4]. Thus, a bracing technology to understand and verify this 

manufacturing process at a nanoscopic scale is essential [5]. 

In 1981 Gerd Binnig and Heinrich Rohrer invented the scanning tunnelling microscope (STM), 

an instrument for imaging surfaces at the atomic level, for which they earned the Nobel prize 

in Physics in 1986. Later, the relentless work of Binnig on improving his invention lead to the 

invention of the Atomic Force Microscope (AFM) in 1985, a type of scanning probe 

microscope with nanometer resolution.[6] 

1.1. AFM 

The atomic force microscope is a type of scanning probe microscope (SPM). This kind of 

microscopes are designed to measure local properties such as height or friction, using a probe 

that interacts with the surface of a sample [7]. The resolution of SPM is in the order of 

nanometers, achieving higher resolution than the conventional optical microscopy. The 

classical optical microscopy resolution is limited to a few hundreds of nanometers, due to the 

optical diffraction limit [8]. 

 

 

Figure 1-1 AFM components scheme [9]. 
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The scanning tunneling microscopy (STM) and AFM are the most popular technologies within 

this type of microscopy. Being the greatest advantage of the AFM over the STM that it does 

not need a conductive sample. The AFM uses a probe formed by a cantilever with a sharp tip 

that scans the surface of the sample, which is going to be bent by the atomic interactions. In 

addition, a laser beam is focused on the cantilever surface and reflected into a four-segment-

photodetector. The bending of the cantilever due to the atomic interactions, makes the laser to 

impinge on different positions of the photodiode. Therefore, the photodiode outputs give 

information about the cantilever deflection and thus the surface of the sample [10]. 

 

1.2. AFM COMPONENTS 

In order to more easily understand how an AFM works, all the significant components of the 

microscope are going to be explained individually. 

1.2.1. LASER 

A laser is a device which emits light at wavelengths based on the principle of stimulated 

emission of radiation. Laser technology is widely used because the generated light has three 

key features [11]: 

- It can have a very narrow optical bandwidth.  

- It has spatially and temporally coherence.   

- It is easily collimated; all rays are easily made parallel. 

As a result, the light emitted by a laser form a beam with a very narrow divergence which can 

be focused to very small spots.  

 

Figure 1-2 Stimulated emission principle [9]. 

 

A laser usually consists of a cavity in which light can circulate between two mirrors. This cavity 

is composed of a gain medium which amplify the circulating light, thus compensating the 

losses. In this way, so that the gain medium has a sufficiently high gain, it requires an external 

supply of energy, which may be injected light (optical pumping) or electric current (electrical 

pumping) [12]. Furthermore, one of the previously mentioned mirrors must be partially 

transparent, allowing some of the light to escape from the cavity i.e.  the output beam. 



  3 

 

 

 

Figure 1-3 Layout of a typical laser structure [9]. 

 

To clarify the concept of the stimulated emission, it refers to the process by which an incoming 

photon with proper energy interacts with an excited atom. Thus, this atom may drop into a 

lower energy state emitting a second photon identical to the first one. This process differs from 

the spontaneous emission process, where the emitted photon carries the energy in a random 

direction. In a laser, a first photon stimulates an atom which emits another identical photon 

triggering a chain reaction. In this way, if the gain inside the cavity is enough to compensate 

for the intrinsic losses inside the cavity, and the loss caused by the output coupler,  lasing can 

be achieved [13], [14].  

1.2.2. QUADRANT PHOTODIODE 

 

 

Figure 1-4 Cantilever deflection causes the reflected laser beam to impinge on 

different positions of the photodiode [9]. 

 

The quadrant photodiode´s role is to detect the deviation of the laser path reflected in the back 

surface of the cantilever. This deviation information is needed for the feedback loop which 

controls the movement of the sample. 

This device consists of four independent photosensitive quadrants based on p-n junctions [15]. 

Each one of the quadrants behaves as a regular photodiode. When a photon impacts with 

enough energy it generates an electron-hole pair. In other words, each one of the quadrants 

creates an electric current proportional to the intensity of the incident light.  

On the AFM measuring the four electric currents makes it possible to know how much intensity 

of the deflected laser impinges on each quadrant. Thus, this measurement allows to track the 

variation of the deflection of the cantilever with high precision.  
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1.2.3. PIEZOELECTRIC SCANNER 

AFM uses a piezoelectric scanner to scan the tip along the sample surface with extremely 

accurate movements. As is known, a piezoelectric material is characterized by converting 

electrical energy into mechanical energy and vice versa [16]. In this way, the AFM takes 

advantage of the inverse piezoelectric effect, where a change in length is caused due to a 

variation in the applied voltage. Furthermore, these piezoelectric materials can be expanded or 

contracted simply through a polarity change on the driving signals therefore allowing very 

versatile scanners [17]. 

 

 
Figure 1-5 Layout of a piezoelectric tube scanner [9]. 

 

Usually,  piezoelectric scanners are made of three independently driven piezoelectric electrodes 

into a single tube, where each one of the electrodes controls one movement axes [18]. The X 

and Y axes have conjugate terminations at the end of the tube. Consequently as one side extends 

the other side contracts, creating a movement in a direction perpendicular to the vertical axis 

of the tube [19]. The Z axis is driven by a piezoelectric which expands and contracts making 

the up and down movement. 

This kind of scanners can get a position resolution in the sub-nanometer range [20], however 

the geometry of the tip must be taken into account since it limits the real resolution that can be 

obtained by this technique. 
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1.2.4. PROBE 

The AFM probe is a fundamental part of this technique, it consists of a long cantilever finished 

in a sharp tip at its vertex [21]. As is explained below, the interaction forces between the tip 

and the sample surface provokes the deflection of the cantilever. This deflection provides 

insight about the sample and can be measured by using a laser and a photodiode, as described 

above. 

 

Figure 1-6 Cantilever and tips observed using an optical microscope [9]. 

 

The geometry of the tip is related to the resolution that can be achieved, the sharper tip the 

higher resolution of the AFM picture. As described further on, there are three AFM scanning 

modes therefore the tip has a shape adapted to each one of them in order to reach greater 

performance [22]. In this way, rectangular cantilevers are used for tapping and non-contact 

modes because they are characterized by a high spring constant minimizing jitters and noise on 

the measurements. In contrast, lower spring constants are required to avoid damaging the tip 

or the sample while simultaneously bending easily when working in contact mode.  

In turn, the fragility of the probe should be considered. The tip can easily break due to impacts 

against the sample surface. Consequently, probes designed to work in contact mode with 

multiple tips can be found in the market. This latter kind of probe allows the AFM to continue 

working even though a tip has been damaged, without changing the entire chip. Thus, due to 

the delicacy of this component, the distance between the tip and the surface of the sample, 

controlled by the piezo, must be driven very accurately. In addition, the working distance will 

establish the interactions forces as detailed below.  
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1.3. TIP-SURFACE INTERACTION 

This section discusses the involved forces on this kind of microscope, which arise from the 

interaction at atomic scale. This is a very complex subject which goes beyond the scope of this 

master thesis, therefore some details as the cantilever dynamics had been omitted [23].  

As previously discussed, the tip of the probe is affected by several forces as it is approached to 

the surface of the sample. The main forces to consider are the Coulomb and the Van der Waals. 

Coulomb interactions are short-range repulsive forces, while Van der Waals interactions are 

longer range attractive forces. Thus, both rule the bending of the cantilever. 

Van der Waals interactions are long range attractive forces between molecules, both polar and 

non-polar [24], [25]. There are three main types of interactions: 

- Dipole-Dipole: Result of the interaction between polar molecules, electrostatic forces 

between the permanent dipoles of both molecules. 

 

- Induced dipole-Permanent dipole: Interaction between nonpolar molecules and polar 

molecules, the permanent dipole of the polar molecule is affected by the induced 

moment on the non-polar molecules by its field. 

 

- London dispersion force (induced dipole-induced dipole): Weak intermolecular forces 

between instantaneous multipoles in molecules without permanent multiple moments. 

Coulomb interactions are short range repulsive forces caused by the electric charge of the 

particles. At very small distances the particles repel with each other due to the interaction of  

their electron shells [26], [27]. 

 

 

Figure 1-7 Plot of force against distance [28]. 
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It is noticeable the high dependence of these forces on distance. As the distance between the 

tip and the sample decrease Van der Waals interactions attracts it, this force intensity increases 

as the tips brought closer. When the tip gets actually close to the surface, Coulomb forces 

overcome Van der Waals forces [28]. The aim of the developed AFM is to work in a roughly 

linear region of the curve trying to maintain a constant force and deflection on the cantilever 

by changing the cantilever to sample distance. This again highlights the need of very accurate 

piezo control, which is accomplish by using a feedback loop that is discussed in a subsequent 

section. 

As a matter of fact, the previous diagram describes the forces working under ideal conditions. 

So, the AFM forces diagram under real operating conditions may show a hysteresis curve. This 

distinction is often caused by a film of water which can be on the tip and the sample surface. 

Therefore, this film forms a meniscus with high capillary forces that causes the hysteresis 

phenomenon [28]. 

 

1.4. OPERATING MODES 

Once the components and the interaction forces of this kind of microscope have been explained, 

it is needed to explain the operating modes. The AFM can operate on three different modes, 

they are defined by the way to drive the movement of the cantilever. It should be clear that 

there is no ideal operating mode, each mode entails different interaction forces between the 

probe and the sample surface. Therefore, the environmental conditions, the desired scanning 

speed and the properties of the samples should be considered [29]. 

1.4.1. CONTACT MODE 

In the contact mode the tip scans the sample in contact with the surface through the liquid film 

on the sample surface. There are two ways to work on this mode: constant force mode and 

constant height mode [30]. 

In constant force mode the aim is to maintain a constant force on the cantilever, i.e. keeping 

the deflection of the cantilever. This goal is achieved by using a feedback loop that controls 

the Z axis piezo movement. In this way, the vertical displacement made by the feedback loop 

provide insight of the sample surface. The main advantage of this mode is that it is possible to 

measure with simultaneously some properties like friction forces or angular displacements in 

addition to the topographic scan. However, a clear drawback of this mode is its low scan speed 

restricted by the response time of the feedback loop. 

On the other hand, the constant height mode keeps stationary the height of the cantilever while 

the surface is scanned. In this mode, the information about the surface is obtained by tracking 

the deflection of the cantilever. The main advantage over the previous mode is the higher 

scanning speed, but a very smooth sample is needed to avoid breaking the tip against the 

surface. 

1.4.2. TAPPING MODE 

In this mode, the cantilever is moved up and down near its resonance frequency while the 

feedback loop maintains constant the amplitude of this oscillation. During this tapping on the 

sample, when the cantilever strikes a particle and the oscillation amplitude drops, the feedback 

loop separates the sample and the cantilever to regain the target amplitude [31]. 
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The tapping mode is often used when working in ambient conditions, where there is a liquid 

film on the surface of the sample. The reason is that when operating in this mode the tip is 

affected to a lesser extent by the capillary forces of the water meniscus. Moreover, this mode 

also prevents damaging delicate samples. 

 

Figure 1-8 Tapping mode functioning [9]. 

1.4.3. NON-CONTACT MODE 

There are situations where a slight contact between the tip and the surface alters the sample, in 

this sort of cases non-contact mode is used to prevent any damage. In this mode the tip ranges 

near the surface of the sample but without touching it at a fixed oscillation amplitude, long 

range attractive forces interact with the cantilever slightly decreasing the so called weaving 

amplitude [30]. 

However, in ambient conditions the liquid film on the surface of the sample is often thicker 

than the range where these attractive forces are significant. Consequently, non-contact mode 

performance is primarily used under ultra-high vacuum conditions. 

1.5. FEEDBACK LOOP 

Most commercial atomic force microscopes use a feedback loop, in order to maintain a constant 

setpoint on the tip-sample interaction. This is achieved by adjusting the Z-axis piezoelectric 

actuator after every step of the scanning process. Typically, the proportional-integrative-

derivative (PID) controller is the chosen one among all control design techniques [32], [33]. 

The standard PID control configuration uses a control signal u(t) that rule the Z-axis 

piezoelectric actuator. This control signal is obtained as a sum of three terms: the proportional, 

the integral and the derivative. Each one of these terms is a function of a corresponding constant 

and the tracking error e(t). This last signal shows the difference between the desired setpoint 

r(t) and a measured process value y(t) [34]. 
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Figure 1-9 Standard PID configuration layout. 

 

The PID controller main advantage is that for any instant of time the three terms can be 

considered independent of each other, being much easier to work with this design. First, the 

proportional term can be interpreted as a function of the present value of the error. On the other 

hand, the integral term is understood as an accumulation of the past values of the error signal.  

Lastly, the derivative term is used to compensate the slowdown of the system reactions that 

entails the adding of the integral term. The derivative term is based on the rate of change of the 

error; therefore, it shows the trend of the future error values. Thus, the PID controller takes in 

account the past, present and future values of the error signal to obtain the control signal that  

adjusts the system output to the setpoint [34]. 

1.6. AFM OPERATING IN CONSTANT FORCE MODE 

This section aims to explain how a topographic image is acquired by an AFM, when it is 

working in constant force mode. To this end, several details and properties about the AFM 

performance are omitted. This results from the fact that the developed prototype is designed to 

work on this mode.   

In a first step, every time before starting a measurement, the laser is focused onto the back 

surface of the tip. This is accomplished by adjusting both laser and cantilever position 

according to the information provided by the photodiode. 

Once the laser is focused, the sample is carefully approached to the probe using the Z-axis 

piezoelectric. When the sample is sufficient near to the tip the cantilever is going to be deflected 

due to the atomic interactions. Then, the sample is moved closer to the sample, until the linear 

region of the forces is determined [28]. The deflection of the cantilever in this region is stored, 

to use it as a reference, this is the setpoint of our PID controller. 

Consequently, a X-Y grid scan is going to be made using the X and Y axes piezoelectric 

actuators. The Z-axis piezoelectric actuator is adjusted after every step by the feedback loop, 

to recover the reference deflection of the cantilever. This process is repeated step by step and 

line by line, until all the surface of the sample is mapped.  
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1.7. OBJECTIVES 

Atomic force microscopy has several advantages such the possibility of obtaining a three-

dimensional profile with nanometer resolution or its ability to analyse delicate samples [35]. 

However, it is still a very expensive technology, that only bigger research centres and 

universities generally can afford. 

With the intent to solve this problem, the purpose of this master thesis is to design and develop 

a low-cost atomic force microscope based on the results previously obtained during the final 

degree project [9]. Furthermore, all the results of the project will be published on open source 

platforms. The necessary steps required to develop the microscope are: 

1- Design and built a microscope stage with a travel range of mm and nanometer 

resolution: The microscope needs a millimetric approximation positioner to get the 

sample near to the cantilever, and a nanometer resolution stage which drives the XYZ-

scanning movement. 

2- Design and develop a printed circuit board based in SMD components: It is needed 

to reduce drastically the electrical noise of the developed electronics as well as reducing 

their size. Thus, the different electronic circuits must be integrated into a small printed 

circuit board using SMD components instead of through-hole components. 

3- Develop the software needed to control this AFM: A program which control the 

different parts of the microscope. In addition, it is needed to visualize and analyse the 

acquired data.  

4- Election of a suitable microcontroller: A microcontroller is needed to run the 

software with the suitable interconnection, cost, and performance requirements. 

5- Design and develop an auto-alignment system: The process of focusing the laser into 

the cantilever must be reliable, fast, and easy to make this prototype functional. 
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2. AFM DESIGN 

This chapter discusses the design of the low-cost atomic force microscope, based in an optical 

pick-up head (OPU). In order to synthesize this part of the project, only the final design is 

presented. Thereby, some of the choices taken during the development of this project are 

presented in the following chapters. 

 

Figure 2-1 Low-cost AFM prototype  

 

Developing an atomic force microscope implicates several fields: optics for the detection of 

cantilever deflection, mechanical parts to high precision control the movement of the sample, 

electronics to interconnect  and process the signals between the different parts and 

programming to rule the complete performance of the microscope. 
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Figure 2-2 Low-cost AFM general layout [9]. 

 

The developed AFM consist of four main blocks that interact with each other: The head of the 

microscope, the base that carry out the movement of the sample, the electronics to process, 

adapt, and acquire signals and the microcontroller to control all the previous blocks. 

First, each one of these parts are going to be explained in detail to obtain a better understanding 

of the microscope. As noted above, this explanation focusses on the final design, omitting 

several steps needed to achieve this final prototype. 

2.1. BASE 

The base of the microscope has four main functions: Carrying the sample, driving the X-Y scan 

movement, making the carefully approach of the sample to the tip and providing structural 

integrity. The low-cost objective of this project highlights the need to reduce drastically the 

cost of a nanometer resolution stage, compared to a commercial one. Taking this into 

consideration, a 3D printed stage is designed. In addition, the expensive piezoelectric tube 

scanner responsible of the scanning movement is replaced by common buzzers. Finally, a low-

cost XYZ micropositioner has been purchased, it is needed to bring the stage near to the tip of 

the AFM. 

2.1.1. BUZZERS 

A piezo buzzer is an electronic device of consumer electronics, used for many purposes such 

as alarm devices or toys. These devices are very cheap, widely commercialized, light and 

compact. The typical configuration of a piezo buzzer consists of a brass diaphragm and a slim 

piezoelectric layer, this piezoelectric layer expands or contracts depending on the polarity of 

the voltage applied. Thus, this modification on the piezoelectric layer size makes the disk 

buzzer to be concave upward or downward, being this deformation suitable to produce a one-

axis controlled displacement. 
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Figure 2-3 Shape variation on a disk buzzer. (a) Open circuit. (b)Positive voltage 

applied to the brass diaphragm. (c) Positive voltage applied to the piezoelectric 

layer [9]. 

 

This kind of buzzers have been used previously on high precision measurement instruments. 

The viability for making an AFM with performance equivalent to most commercial 

microscopes has been proved [36]. Moreover,  the linearity performance of these consumer 

devices has been tested [9]. 

2.1.2. STAGE AND PIEZO STACK 

The significant progress on 3D printing technology in the last years enable the design and 

manufacturing with high precision of a light, low cost, and rigid structure suitable for the aim 

of this project. 

The microscope stage carries the X-Y scan movement, the Z-axis height correction to maintain 

a reference cantilever deflection and holds the sample. Thus, several stage prototypes have 

been tested, carrying many modifications depending on the experimental results of each one 

but always based on the use of common buzzers and a PLA structure. These multiple designs 

were required because the design of the 3D printed stage with nanometer resolution was the 

most problematic part throughout the development of the project. The design that has produced 

the better performance as well as the one that is most easily assembled, is based on the buzzer 

scanner [36].  

This stage consists of two parts, creating a four-leg structure. The bottom part drives the X-Y 

scan movement, containing four buzzers two for each axis wired with opposite polarities. On 

the other hand, the upper part holds the buzzer accountable for the height correction. In this 

way, the X-Y grid movement is produced due to the angular tilt caused by the buzzers’ vertical 

displacement, according to the following equation: 

𝛥𝑙𝑥/𝑦 = (𝑙 + 𝑙ℎ)𝑠𝑖𝑛𝜃𝑦/𝑥 ≅
𝑙 + 𝑙ℎ

𝑟
𝛥𝑙𝑧 

Where 𝛥𝑙𝑥/𝑦 is the X/Y lateral displacement,  𝑠𝑖𝑛𝜃𝑦/𝑥 is the X/Y angular tilt, 𝑙 is the pillar 

length, 𝑙ℎ is the sample holder height, 𝑟 is the separation between the piezos and 𝛥𝑙𝑧 is the Z 

displacement caused by the buzzer deformation [36]. 
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The piezo stack consists of five buzzers wired together to be driven by one signal. In addition, 

there are six 3D printed pieces that ensure the superposition of each piezo displacement and 

give them structural integrity as well as holding the sample. This piezo stack is used to approach 

the sample to the AFM tip, achieving a finer vertical adjustment than the one of the manual 

micropositioner. Therefore, reducing the risk of damaging both the sample and tip. 

 

 

 

Figure 2-4 Final stage design and the piezo stack. (1) Piezo stack. (2) Y part.  

(3) X part. (4) Z part. (5) Micropositioner screws. 

 

2.1.3. COMMERCIAL MICROPOSITIONERS 

The stage is mounted over the commercial micropositioner, allowing to make the coarse 

adjustment of the distance between the sample and the AFM head. The commercial stage 

consists of three positioners that are mounted one over the other: the top governor drives the X 

displacement, the medium one the Y-axis and the bottom one can apply both axes. The 

positioners are manually operated, they have a travel range of 13 mm for both X and Y axes 

while the Z-axis has a range of 10 mm [37]. The minimum step is approximately of 22 

micrometers.  
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Figure 2-5 Micropositioners assembly. (1) X axis governor. (2) Y axis governor. (3) 

Z axis governor [9]. 

 

2.2. HEAD 

The AFM head contains the laser that is focused into the back surface of the probe. Moreover, 

it senses the variation on the reflected laser path that strikes into the photodiode. The developed 

microscope uses an optical pick-up unit as a fundamental part of the head, drastically reducing 

the costs compared to a commercial AFM head. In addition to this OPU, this part of the 

microscope consists of a frame and a cantilever holder, both manufactured using a 3D printer.  

2.2.1. OPTICAL PICK-UP UNIT (OPU) 

As noted above, the OPU is the key component of the developed AFM head. This is because it 

contains the fundamental parts to detect the deflection of the cantilever: the laser, the 

photodiode and the required optical components.  Furthermore, commercial OPU’s have been 

proved to be capable of measuring cantilever displacements with a comparable performance to 

most commercial AFM heads [38], [39] [40].  

The main advantage of this device is its price, in this project we use a SF-HD850 a widely 

commercialized OPU that cost around 10 euros. Moreover, OPU’s are light and compact, 

allowing to significantly reduce the size of an atomic force microscope. This particular OPU is 

composed of four different parts: The voice coil motors that are used to change the objective 

lens position, the built in electronics, the optics and a 24-pin connector needed to connect this 

unit with the processing electronics of the microscope. 
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The objective lens of this pick-up unit has a focal distance around 1.67 mm for the DVD laser 

[41], being this the ideal distance to the AFM probe. In such way, this lens is attached to the 

two voice coil motors, one is a focus actuator moving the lens in the z-axis while the other is a 

tracking actuator producing a perpendicular displacement to the latter one. Therefore, these 

motors make possible to focus the laser with great precision on the cantilever just at the back 

of the tip. 

The SF-HD850 24-pin interconnects the voice coil motors, the laser diodes and the photodiodes 

with the developed electronics through a plain wire. Therefore, making it possible to drive all 

the pick-up unit parts and allowing to measure the photodiode outputs that feed the PID 

controller. 

 

Figure 2-6 Optics inside the SF-HD850 [9]. 

 

The optics are the more complex part of this device since they are responsible of emitting, 

guiding and detecting the light. The SF-HD850 has wo laser diodes: The DVD laser diode with 

a wavelength of 650 nm and the CD laser diode with a wavelength of 780 nm. [41]. In this 

project the DVD laser is used because its wavelength is in the visible spectrum, being much 

easier to focus the laser onto the cantilever with the naked eye using a piece of paper. 

Once the light is generated, it goes through a beam splitter that divides the incoming light beam 

in two. In such way, one of these beams passes through a cylindrical lens striking on the 

monitoring diode (MD) [Figure 2-7], while the other impinges a diffraction grating. The MD 

photodiode output signal is used in the laser polarization circuit as an input changing the supply 

current, therefore, stabilizing the laser power. On the other hand, the other laser beam after 

striking the diffraction grating, pass through the collimator, the objective lens and finally is 

reflected by the cantilever surface. Then, the reflected ray goes back through the objective lens 

and collimator falling again onto the diffraction grating and directed through the cylindrical 

lens. Finally, after the cylindrical lens it will be detected by the photodiodes. 
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The SF-HD850 has three quadrant photodiodes, two of them have their four outputs connected 

working as a big photodiode, the E and F photodiodes. The E and F photodiodes are at the ends, 

between them there is a quadrant photodiode with four independent output signals: a, b, c, d 

[Figure 2-8]. 

 

 

Figure 2-8 SF-HD850 photodiodes being seen in an optical microscope. (A) E and F 

photodiodes. (B) Quadrant photodiode with four independent output signals [9]. 

 

Figure 2-7  SF-HD850 optical components and light paths [9]. 
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As mentioned before, the deflection of the cantilever is measured by the central photodiode, 

but before being captured by this photodiode, the light beam goes through a cylindrical lens. 

Thus, the light beam is shaped by this lens changing the laser spot depending on the distance 

between the cantilever and the objective lens.  In this way, the laser spot has a circular shape 

only when the laser is perfectly focused into the cantilever. However, if the distance between 

the objective lens and the probe is not the focal length, the spot is elongated in different 

directions. The direction of the elongation depends on whether this distance is smaller or 

greater than the focal length. Therefore, if the distance is greater than the focal length (b + d) 

output signals have a big signal while (a + c) have a small one. Conversely, if the distance is 

smaller than the focal length, (b + d) output signal is small while (a + c) signal is big. 

Considering these two options, the focus error signal (FE) is calculated by the following 

formula: 

 
𝑭𝑬 = (𝒃 + 𝒅) − (𝒂 + 𝒄) 

 

Consequently, the Focus error signal is directly related to the distance from the objective to the 

cantilever. The FE signal has an S-shape, being its amplitude zero only if the beam is reflected 

in its focal point [38]. Thus, the variation in the magnitude of the signals allows detect the 

deflection of the cantilever. This signal is obtained thanks to the developed electronics that 

process the photodiode outputs.  

2.2.1. PROBE HOLDER AND 3D PRINTED FRAME 

The 3D printed frame consists of three parts: The OPU holder structure, the base and the 

cantilever select part.  

The base is formed by a bulk plate and three pillars, supporting the OPU holder structure. This 

plate rests on a platform suspended by elastic cords in a methacrylate cage.  Likewise, this cage 

is mounted on a stone slab that in turn is on a float, to reduce noise from external perturbations.  

 

 

Figure 2-9 Laser spot shape changing depending on the distance between the cantilever and the 

objective lens: (A) Distance greater than focal distance. (B) Focal distance. (C) Distance 

smaller than focal distance [9]. 
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The upper structure is formed by a tripod, that is attached to the base pillars leaving room for 

both the micropositioner and the stage, and a clamp used to fix the OPU. In addition, this tripod 

has three screws and springs, to make a fine height adjustment as well as leveling the scanning 

plane. Furthermore, this tripod integrates a mobile part crossed by a screw, this piece provides 

a movement axis orthogonal to the tracking actuator. Thus, allowing to manually select the 

desired cantilever to be used in probes with multiple tips. Lastly, this mobile piece has a magnet 

to attach the probe holder. 

The probe holder is formed by a thin 3D printed part, a metal sheet, and a magnet to be bonded 

to the mobile part. The mentioned metal sheet acts as a clamp to strongly fix the probe, but 

with a little curve to avoid damaging the tips that are not being used. On the other hand, the 

printed part has been designed with a slope of ten degrees. This ramp serves two purposes: 

improving the sidewall imaging by providing a tilting angle to the probe [42],  and allowing 

the tip to come into contact with the sample exceeding the thickness of the metal sheet. 

 

 

Figure 2-10 3D frame design. (1) OPU clamp. (2) Cantilever select mobile part. 

(3) Vertical adjustment screw. (4) Micropositioner screws. 
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2.3. ELECTRONICS 

The electronics process and adapt the necessary signals, linking the microcontroller with the 

base and the head of the AFM. In order to better illustrate the electronics, the design is divided 

in two parts: head electronics and base electronics. In this section the electronics are discussed 

lightly, the detailed explanation of the circuitry can be found in: APPENDIX D:  and 

APPENDIX E: .  

 

Figure 2-11 Probe holder design. (1) Metal sheet hole. (2) Magnet location. (3) Probe loading slope. 

 

Figure 2-12 Inputs and outputs diagram of the electronics. 
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2.3.1. BASE ELECTRONICS 

The base electronics are responsible of driving the movement of the stage and the piezo stack. 

This is achieved by four different branches, independently controlling the three movement axes 

of the stage and the piezo stack.  

The key element of these branches are the digital-to-analog (D/A) converters, that are 

controlled by the microcontroller using the Inter-Integrated Circuit (I2C) protocol [Appendix C]. 

Apart from these devices, there are several blocks as voltage followers or differential amplifiers 

to generate a stable and configurable signal between -12V and 12V. These signals drive the 

piezo buzzers changing their shape, thus allowing a controllable linear displacement. 

2.3.2. HEAD ELECTRONICS 

The head electronics are more complex than the base electronics, to drive the different 

components of the OPU as well as processing the photodiode outputs. Therefore, the circuits 

serve five purposes: The focus adjustment, the tracking adjustment, the laser polarization, the 

refence voltage generation and the quadrant photodiode outputs processing. 

The focus adjustment electronics control the movement of the Z-axis voice coil motor, allowing 

to focus the laser into the cantilever. This part is formed by two branches enabling both fine 

and coarse adjustment. This is achieved by using the same digital-to-analog (D/A) converters 

mentioned above, that are driven by the microcontroller using I2C. In turn, this electronic 

configuration is repeated for the tracking adjustment circuitry. In this way, simply by 

modifying the gain of the differential amplifier, the signal that controls the perpendicular voice 

coil motor is generated. 

The laser polarization electronics, drive the diode laser and use the output of the MD 

photodiode as an input to stabilize the output power. The circuitry is suggested by the OPU 

manufacturer [41]. However, a tunable current divider has been added to prevent the laser from 

being damaged by drained current variations due to the rising temperatures after long operating 

periods.  

The reference voltage circuit generate 1.8 V signal that is required for the proper performance 

of the photodiodes. The stability of this signal affects how accurately the cantilever deflection 

can be measured. Thus, amplitude variations lower than mV are required. 

Lastly, the photodetector processing circuit generates two signals that are measured by the 

microcontroller: the focus error signal (FE) and the total current of the photodiodes signal. As 

stated above, the FE signal is used to measure the cantilever deflection as well as focusing the 

laser into its surface. On the other hand, the total current of the photodiode outputs is used to 

detect if the laser is impinging on the cantilever. 

 

2.4. MICROCONTROLLER 

The microcontroller is responsible of the proper functioning and synchronization of the 

components that form the microscope. Thus, it uses the I2C protocol to control the D/A 

converters to drive the stage movement, the piezo stack and the voice coil motors. Furthermore, 

acquires the output analog signals of the AFM head electronics through its A/D converters. To 

achieve these functions and keep the low-cost objective, a Teensy 3.6 board is used in this 

design. 
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The Teensy 3.6 is a board with an ARM Cortex-M4 processor, with a maximum operating 

frequency of 180 MHz and compatible with I2C. Regarding to the microcontroller memory 

options, it has up to 2 MB total flash and 256 KB of SRAM [43]. In addition, it contains two 

high speed 12-bit DAC allowing to accelerate the acquisition of the photodiode signals, thus 

making the scanning time shorter. Finally, it can be powered through a Micro-B USB and it 

can be programmed using the Arduino IDE using the Teensyduino add-on [44]. Therefore, the 

great performance, the interface compatibility and the software flexibility make the Teensy 3.6 

a suitable microcontroller for this project. 

 

Figure 2-13 Teensy 3.6. 

2.5. CONTROL SOFTWARE 

The design of the control software is as essential for the proper performance of the microscopes 

as the hardware design. Thus, the coded programs must not only ensure that the microscope 

works properly, but they must also be free and easily accessible so that the project can be 

improved once it is published on open source platforms. The several functions necessary for 

this prototype to be a functional microscope require the use of three different programming 

environments: Teensyduino, Processing and Gwyddion. 

The developed design is based on the use of two state machines, one programmed in 

Teensyduino and the other in Processing. The Teensyduino code rules the logic of the 

microscope, therefore it is responsible for the orders issued by the microcontroller [44]. Among 

its functions is the communication through I2C protocol with the D/A converters that handle 

the piezo buzzers or the acquisition of the signals that provide information about the sample. 

Otherwise, the Processing is an open source environment where the Graphical User Interface 

(GUI) is coded [45]. Thereby, a friendly interface has been designed which gives information 

to the user about all the scanning process and allow to control the microscope using keyboard 

and mouse. The GUI has, along with other functions: serial communication with the 

microcontroller to obtain the acquired signals, plotting FE and Total Current signals, 2D real 

time scan plotting or storing the data into the computer. 
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On the other hand, output data are stored in a format that can be read by Gwyddion. Gwyddion 

is a widely used open source software for scanning probe microscopes data visualization and 

analysis [46]. Hence, it has several functions as data levelling, noise extraction, spatial Fourier 

filtering or scars correction. 

 

Figure 2-14 The program implements a state machine represented in figure. 
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2.6. LOW-COST AFM FUNCTIONING 

 

Figure 2-15 AFM functioning layout: (1) Microcontroller. (2) Electronics. (3) Voice coil 

motors. (4) DVD Laser. (5) Photodiode. (6) AFM probe. (7) AFM Base.  

This section discusses how the designed low-cost AFM works. As noted above, the 

microcontroller sends the orders to the different parts of the microscope, but there are a few 

manual steps that are required before the automatized process.  

In a first step, it is needed to load the probe, this step should be carried out using tweezers to 

avoid damaging the probe. In addition, a needle is used as a lever to fix the probe with the metal 

clamp. Once the probe is loaded, the probe holder is attached using the magnet to the mobile 

part of the upper structure. Then, using a screwdriver and a piece of paper to project the 

cantilever shadow, the screw is turned until the desired tip is selected. In order to carry out the 

foregoing, a program that make it easier has been added.  

Once the laser spot is properly placed, the autofocus program that makes a focus actuator sweep 

is executed, precisely focusing the laser on the back surface of the tip thanks to the information 

obtained through the FE signal. Then, the sample must be loaded, and the approaching program 

is launched while the Z-driver of the micropositioner is turned on. This program makes the 

piezo stack to oscillate while measuring the photodiode outputs to detect when the tip 

encounters the sample. When this occurs, an alarm is triggered stopping the piezo sweep 

automatically. 

Once the laser is focused and the sample is in touch with the probe, the parameters of the 

measurement, the resolution and the distance are set through the GUI, and the scanning process 

is started. Thus, the microcontroller will make a 2D-scanning X-Y movement sending the 

proper signals to the D/A converters of the base electronics which control the X and Y axes. 

Every step that the sample is moved, the microcontroller saves the data of the FE signal and 

process it using the PID controller to adjust the sample height to maintain a constant deflection 

on the cantilever. Every line is travelled forth and back, giving information of the tip status and 

making easier to calibrate the PID controller. 

Finally, once the scanning finish or is stopped by the user, the data is ready to be processed and 

visualized on the computer.   
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3. MANUFACTURING PROCESS 

The materials and the process to build the developed AFM are presented in this section. It 

should be noted that the selected materials or components can be replaced, however the 

decisions have been made taking into account that it must be a prototype easily manufacturable 

keeping the low-cost goal. 

3.1. ELECTRONICS FABRICATION 

The first step when manufacturing electronics is to select and gather the necessary components. 

The printed circuit boards (PCB) are then designed using an electronic design software. In our 

project, the software that has been used is Autodesk Eagle, under a free student license provided 

by the Technical University of Madrid (UPM). Thus, the schematics of the circuits are made, 

followed by the generation and routing of the board. Once the design process is completed, the 

Gerber files must be generated. 

The Gerber files are the standard used by the PCB manufacturing industry to describe the 

production parameters. In this way, these files must be generated following the instructions 

given by the chosen PCB manufacturer, in this project the company PCBWAY has been chosen 

[47].  

 

 
Figure 3-1 On the left the Head PCB board design. The head PCB sent by the 

manufacturer is on the right. 

 

Regarding the fabricated circuits, two different PCBs were initially fabricated for this project, 

one for the head electronics and the other for the base circuitry. Both PCBs are manufactured 

using FR-4, and they have two layers. Initially, it was thought that the electronic design was 

susceptible to changes throughout the project, therefore through-hole technology (THT) 

components was used. Furthermore, the chips that are available only in surface-mount 

technology (SMT) are mounted in sockets. Thus, these choices make the components of these 

boards easily mounted and replaceable.  

To finish the fabrication of the electronics, it is needed to mount the through-hole components 

using tin welding. On the other hand, the SMT devices are assembled in sockets using SMT-to 

THT adapters. Therefore, flux and ESD tweezers are used to facilitate the tin welding. Lastly, 

standard Molex connectors are used to interconnect the different parts of the microscope. 
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It is important to mention that numerous changes were made to the electronics, meeting 

microscope demands, that had not initially been conceived. Therefore, part of the circuitry has 

been developed on test boards. For this reason, and because SMT technology has several 

advantages as reducing the interference between components or having smaller footprints, an 

SMT board has been designed. However, due to the exceptional situation of lockdown, it could 

not be manufactured. Concerning this SMT board manufacturing process, it is very similar to 

the stated above. Thus, electronic schematics are designed, and Gerber files are generated. The 

main difference is that the components are not mounted using tin welding. In contrast with the 

previous methodology, a solder paste composed by flux and metal powder is used. This paste 

is placed in the board pads using a syringe, and then all the components are carefully placed 

using tweezers. Lastly, the board is placed on a hotplate to solder all the devices at once. 

 

 

 

 

Figure 3-2 Assembled AFM head PCB. (1) SMT component. (2) THT components. (3) 

Molex connectors. (4) Sockets for SMT-to-THT adapters.[9] 
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Figure 3-3 Gerber files visualization of the AFM PCB design based on surface 

mount devices.  

 

3.2. BASE FABRICATION 

The assembly process of the different stages may differ slightly the procedure for the bases 

containing nuts and bolts is explained below. First, a M2.5 nut is glued to the center of each 

buzzer. It is important to be precise, because the center is where the buzzer has the biggest 

displacement. After several tests, best adhesion method was determined to be fast Araldite glue 

[9]. Thus, a small drop of adhesive is deposited on the center of the buzzer, and then the nut is 

placed. After that, some weight is placed on top to apply pressure ensuring the proper adhesion 

between the piezo and the nut. It is suggested to cure the glue at least twenty-four hours, before 

attaching the buzzers to the stage.  

At the same time as the nuts are being cured. The 3D printed parts may be fabricated. A 

Ultimaker 2+ 3D printer was used in this project [48]. This printer has it is own software, the 

Ultimaker Cura 2 which converts the STL design file into a G-code file that is processed by 

the printer. The STL design are made using FreeCAD, an open source parametric modeler [49]. 

Thus, using the printer software it is possible to move and rotate the parts of the design, and to 

configurate the printing properties such as layer height or nozzle. It is important to consider 

that the printer will generate supports depending on the structural integrity and position of the 

pieces. Therefore, it is suggested to print the designed parts in a perpendicular direction to the 

buzzer holder plane, making it to be fully flat improving the adhesion between the printed piece 

and the buzzer. 
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Once the nuts are completely cured, the buzzers are glued with fast Araldite onto the 3D printed 

pieces. It is important to glue only the circumference of the brass diaphragm avoiding limiting 

the buzzer movement. Then, the glued parts are fixed using clamps and glass plates or retainers 

to apply pressure. 

After having all the stage parts with their corresponding mounted buzzers. The movements of 

the buzzer mounted on the external part is transferred to the internal part through a M2.5 screw 

locked into the nut previously sticked onto the buzzer and glued onto the internal part. In this 

way, the piezo displaces the nut then moving the screw connected to the inner part.  

Later, the union of the different pieces of the stage is carried out. This is the most delicate step 

of the base fabrication process, because if there is any mistake joining the different parts it will 

be needed to repeat all previous steps. Thus, for each buzzer two additional nuts and one 9 mm 

M2.5 screw is needed. A drop of glue is deposited on the end of the screw. It is passed through 

the hole of the inner part and locked onto the nut and piezo. Then, the two additional nuts are 

locked onto the screw, and the whole assemblage is glued onto the inner part with abundant 

Araldite. Starting from the outside, one part is added at a time, ideally waiting twenty-four 

hours between each stage.   

Before continuing with the stage assembly, the proper movement of the buzzers is tested using 

an optical microscope with 100x magnification. Therefore, by driving a sweep signal it can be 

observed if the movement produced by one part is applied to the next level. Furthermore, using 

a camera attached to the microscope, it is verified if this displacement is linear and in one 

unique axis.  

 

Figure 3-4  Stage assembled. 
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Concerning the four-leg stage assembly procedure, it is simpler because this stage does not 

have nuts and screws. Thus, the 3D printed parts are fabricated following the considerations 

stated above, then the buzzers are glued using fast Araldite. Once the glue is completely cured, 

the upper part legs are glued carefully to the center of the bottom buzzers. Note that this 

alignment determines the X-Y lateral displacement performance of the stage. 

On the other hand, the piezo stack is mounted using fast Araldite. A 3D printed piece has 

been designed to allow to mount all the piezos at the same time and ensuring its proper 

alingnment. Then, the piezo stack is attached to the stage using four M2 screws. 

Regarding to the other parts of the structure, they are assembled together using diferent types 

of screws and nuts. This is a simle process, however it is important to make sure that the 

different parts are firmly tighten to avoid unwanted vibrations. 

3.3. AFM HEAD FABRICATION 

The AFM head manufacturing process starts by removing the OPU from the chassis and the 

rails where it is mounted. Then, the probe holder and the head frame are 3D printed. 

 After printing the 3D design of the probe holder, a fine metal sheet has to be cutted and curved 

to avoid breaking the AFM tips. This step can be done manually or using a fastening device 

such a wood-working clamp. Then, the probe should be placed using ESD tweezers on the 

ramp and heated imprinting its shape, making easier to place it. Lastly, the metal sheet and the 

neodymium magnet are glued, using a clamp to overcome the metal tension achieving a better 

adhesion. 

Additionally, the cantilever select mobile part is mounted. This is achieved by passing a screw 

ended in a glued locking nut, allowing to manually displace the probe in a perpendicular 

direction to the tracking actuator. Then, a neodymium magnet is glued. 

 Finally, the probe holder is mounted just by bringing the magnets closer together and the OPU 

is placed in the hole designed to hold it on the top of the frame. It is important to ensure that 

the OPU is firmly tighten using the 3D printed clamp. 

  

 

Figure 3-5 Probe holder fabrication. 
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4. DISCUSSION AND RESULTS 

 

4.1. ELECTRONICS 

As mentioned earlier, the results related to the electronic part of the system have been obtained 

using several boards based on through-hole components, since the SMT PCB could not be 

tested. 

4.1.1. BASE ELECTRONICS 

The base electronics control the stage movement: the height correction, the X-Y grid 

movement, and the stack approximation. To achieve this movement, four signals between -

12V and 12 V are connected to their respective piezo buzzers. Once the PCBs are assembled 

and all the components are welded, their performances are tested using a digital oscilloscope. 

These output signals are stable and fully tunable, thereby an output signal can be driven from 

-12V to 12V in 4096 steps using the 12-bit D/A. Therefore, the electronics generate signals 

with a 5.859mV step induces a theoretical displacement of 0.798nm, giving a total 

displacement of the buzzer of 3.27µm.  

It should be noted that de displacement of the buzzer has been measured using a setup 

composed of a camera Nikon D3400 attached to an optical microscope with an 100X objective, 

a DC voltage source, and a PC to acquire the images. Thus, a signal between -12V and 12V 

was applied to the buzzer using the voltage source, then the displacement is captured using the 

digiCamControl. Once we have the images, the buzzer displacement is characterized by using 

Fiji to obtain the number of pixels between different point in the images to later be averaged. 

Therefore, knowing that the camera pixel size is 3.89µm[50] and the magnification of the 

microscope, we can obtain the displacement caused by the buzzer in metric units. 

 

 

Figure 4-1 Base PCB X-Y output signals measured with the oscilloscope during 

the grid scan. 
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In turn, the simultaneous control of the four signals has been verified. Hence, being possible to 

carry out the height control, the stack approach, and the X-Y grid movement, without 

interference between the different signals. 

4.1.2. HEAD ELECTRONICS 

Once the head electronics are assembled, they need to be tested using a digital multimeter and 

a digital oscilloscope to verify the proper performance of the several circuits. The explanation 

of the results is divided by functions, trying to make it as clear as possible. 

First, the polarization laser circuit is tested, it provides a stable current of 80mA and an APC 

reference voltage of 180 mV driving adequately the DVD diode laser. While these current and 

voltage values are within the range recommended by the manufacturer [41], the degradation of 

the laser diode has been verified over the time. Therefore, a current divider has been added 

which by means of a potentiometer, that allows to tune the current supplied to the laser 

manually.  

Regarding to the VCM adjustment circuitry, it provides two signals that control both the focus 

and the tracking displacement. The focus electronics generate an output signal that must be 

limited by software between -0.875V and 1.375V to avoid damaging the coil [41]. In order to 

gain extra safety margin it is limited between -0.8V and 0.8V. As the sensitivity of the focus 

actuator is 0.8mm/V [41], this actuator has a displacement range of 1.28mm. The focus signal 

is driven with a theoretical resolution step of 3.4µV, hence this voltage variation causes a 2.7nm 

displacement, this resolution is enough to focus the laser on the cantilever. To increase the 

speed of the autofocus system, the lower gain D/A converter has its resolution limited by 

software, using only the upper four bits. This limitation results in a minimum voltage step 

around 610 µV resulting in a step of 488nm. On the other hand, the tracking circuit is the same 

as the previous one but with only one D/A converter. In this case, the output signal must be by 

software limited between -0.667V and 0.667V. As the focus signal, the tracking signal is driven 

with resolution step of 610µV. The sensitivity of the tracking actuator is 0.6mm/V [41], thus 

the actuator has a range of 0.8mm with a minimum step of 366nm. 

 

 

Figure 4-2 Interference between VCMs measured in the oscilloscope. On the left, 

without filter. On the right, with the low pass filter, note that the ripple that 

appear in this image is an artifact from the oscilloscope. 
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Once both VCM lines were connected, we detected a high frequency noise, probably arising 

from mutual influence between coils This noise signal was measured using the oscilloscope, 

resulting in an interference with an amplitude of 50mV and a frequency around 4.18MHz. 

Thus, resulting in an oscillation of 40 µm and 30 µm of the focus and tracking coils 

respectively, severely impairing our ability to detect cantilever curvature. Therefore, a low-

pass filter composed by a 0.1 µF and a 6.2Ω resistor was included to solve the problem. 

Moreover, to characterize the movement of the coils, the following experiment was carried out. 

Initially the laser was focused on a reflective surface, and then the coils were moved while 

measuring the variation in laser focus. In this way the repeatability of the coil movements has 

been successfully verified. However, thanks to this experiment, the appearance of mechanical 

oscillations in the coils after rough movements was also detected. These oscillations have no 

influence when scanning a sample, since the coils are still during the measurement. However, 

this effect must be considered when configuring the autofocus system, waiting for the 

oscillations to dampen between each step, limiting its speed. 

 

Furthermore, another key functionality of these head electronics is to generate a stable voltage 

signal of 1.8V, which is needed to process the photodiodes outputs. This reference circuit is 

based on a 3.3V commercial tension regulator, followed by a tunable subtractor and a 

configurable voltage amplifier. This configuration generates a stable voltage signal with 

variations smaller than 1mV, thus being small enough to discriminate the output signals of the 

photodiodes. 

 

 

 

 

Figure 4-3 VCM movement (n=3). Mechanical oscillations of the coils appear after 

each step. 
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Once the reference voltage signal is generated, the photodetector circuit is tested. This circuitry 

processes the output signals of the quadrant photodiode, obtaining the Focus Error and Total 

Current signals. These signals allow to detect the cantilever curvature as well as focusing the 

laser; thus, they must be highly stable. This circuit is based on three TL084 integrated circuits 

made up of four operational amplifiers each [51]. In addition, gain and offset tunable circuits 

were added, allowing to adapt these signals to several surfaces. Therefore, using this 

photodetector circuit, the Focus Error signal and the Total Current signal were obtained 

allowing to focus the laser and measure the focus deviation.  

 

4.2. BASE 

4.2.1. PROBE HOLDER AND 3D PRINTED FRAME 

Regarding the probe holder, it accomplishes its function. The probe is tightly attached, avoiding 

undesired movements during the scan. The metal sheet allows to easily replace the probe using 

ESD tweezers and a needle as a lever, moreover, due the slight curvature of the metal sheet, 

the tips that are not being used during the scan remain undamaged. In addition, the magnet and 

the mobile part enable the tip selection. This perpendicular displacement is manually carried 

with a precision of 230µm per screw turn within 5mm range, facilitating the focus of the laser 

in the desired point of the tip. 

 

Figure 4-4 Photodetector circuit test board. 
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Concerning the 3D printed frame, it provides the necessary structural consistency. Moreover, 

the addition of a screw along with a spring on each leg allows manual leveling of the sample 

plane. These screws have 1.45cm travel range, thus enabling up to 3º 42’ leveling correction. 

Furthermore, the isolation system consisting of a platform suspended by elastic cords in a 

methacrylate cage, a stone slab, and a float, was tested. Therefore, the protection of this system 

against external perturbations such as vibrations and air currents has been measured. The great 

impact of this system has been observed by measuring the Focus Error signal once the laser is 

focused on the cantilever, obtaining a 7.38 times lower standard deviation of the signal using 

the isolation system. However, this system does not offer total protection against disturbances 

since the footsteps of colleagues or knocks on the doors of adjacent laboratories produce 

disturbances that affect the measurements. Therefore, improvements should be made in this 

system, as well as emphasizing the importance of the collaboration of all the staff when making 

high precision measurements 

4.2.2. STAGE DESIGN 

The design of the base has been one of the most problematic aspects during the development 

of the project, undergoing several changes. Numerous designs have been carried out, many of 

them non-functional. All the tested designs were based on the use of a buzzer as an actuator, 

and therefore were compatible with the developed control electronics. 

 

Figure 4-5 Shadow of the cantilever cast during the laser focusing process. 
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Among all the designs prior to the definitive base mentioned in section 2.1.2, it is worth 

highlighting the floating L-shaped stage design. As mentioned above, the microscope stage 

must carry the X-Y scan movement and the Z-axis height correction to maintain a reference 

cantilever deflection. Thus, it is needed to place the buzzers in an orthogonal plane to the 

movement axes. This is achieved by a floating L-shaped design, where each part drives one 

axis movement independent from each other. In this design, the X axis part sustains the Y axis 

part, which, in turn, holds the Z piece. Finally, a removable piezo stack is placed on top of the 

Z piece. This design was fully functional, causing independently controllable movement on 

each axis. However, this stage design has three main disadvantages. First, the range of motion 

of each axis is equal to the range of motion of the piezo buzzer. In addition, it has been verified 

that after weeks of use, the base suffered breakages since the layer of protective varnish that 

covers the piezo was detached, leaving the stage unusable. Lastly, the assembly of this base 

requires the completion of the steps discussed in section 3.2. Being a much more laborious 

assembly than that of the final base. 

Overcoming these disadvantages of the floating L-shaped design is why the 4-legged design 

has been established as the best stage design. As mentioned above, the legged stage allows 

increasing the range of movement in the X and Y axes with respect to the movement of a single 

buzzer. Following the equation presented in section 2.1.2, with  𝛥𝑙𝑧 =  3.27µm, 𝑟 = 18𝑚𝑚, , 

𝑙ℎ = 10𝑚𝑚, 𝑙𝑥 = 55.65𝑚𝑚, and 𝑙𝑦 = 45.35𝑚𝑚; we obtain a total range of 𝛥𝑙𝑥 = 11.9µm 

and 𝛥𝑙𝑦 = 10.05µm on the X and Y axes respectively. Regarding the integrity of the stage, no 

breakage has been observed after weeks of use. Finally, as mentioned above, the assembly of 

this base is very simple, and can be done in two steps: first the gluing of the piezo, then the 

union of the two parts. 

 

 

Figure 4-6 Several stage designs that have been tested. 
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Figure 4-7 L-shaped design and the piezo stack. (1) Piezo stack. (2) Y part.  

(3) X part. (4) Z part. (5) Micropositioner screws. 

 

Nevertheless, it is important to note that the correct construction of the base determines its total 

travel range. This travel range in turn is highly dependent on the piezo buzzer range. The piezos 

used in this microscope design are very cheap, but at the cost of not having any documentation 

of their performance nor exactly the same operation between different buzzers. To characterize 

the travel range of the stages, the same procedure is used as to obtain the displacement of a 

buzzer. Using this methodology, the following values have been obtained 𝛥𝑙𝑥 = 24,2µm and 

𝛥𝑙𝑦 = 10,8µm. It can be seen how the value obtained for the Y axis agrees with the theoretical 

one while the value obtained for the X axis is much higher than expected. This discrepancy 

may be due to an error in setting the base at the time of measurements or an unusually high 

displacement of the piezoelectric on that axis. 
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Figure 4-8 Four-leg stage movement observed in the X-axis with a 100X 

magnification. On the left, a -12V DC signal is applied. On the right, a +12V DC 

signal is applied. 

 

4.3. CONTROL SOFTWARE 

A control software has been developed based on two state machines, one in Processing and the 

other in Teensyduino. As mentioned above, the first oversees the graphical user interface as 

well as the data formatting, while the second is responsible of the microcontroller logic, thus 

accountable for the operation of the different parts of the microscope. These state machines 

work in an interlocking way communicating through the serial port. The following describes 

the functionalities of the software in a joint way, without going into detail in the code of the 

two programming environments 

 

 

 

Figure 4-9 Home screen of the GUI. 
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The first basic function that the control software must fulfill is communication with the D/A 

converters, which has been successfully carried out using the I2C protocol. Thus, allowing the 

generation of signals that control the stage and the VCMs., sending orders to the converters 

with a maximum measured frequency of 9kHz. There is more detailed information regarding 

this communication protocol in the appendix 9. 

Another of the necessary functions is the acquisition of Focus Error and Total Current signals 

through the Teensy 3.6 ADC, to determine the cantilever deflection. These signals are acquired 

with 12-bit resolution, using the K66 [43, p. 44] 3.3V internal reference and setting an average 

of 12. This configuration results in a measured acquisition time of 340 µs, where a 512x512 

scan would have an estimated time of 89s, thus being faster than enough to avoid limiting the 

scanning speed. 

Once the signals can be acquired and the coils controlled, an autofocus function is developed. 

This function performs a coarse sweep of the focus coil, acquiring the value of the Focus Error 

signal after each step. Then, the positions of the maximum and minimum value of the signal 

are obtained since the focal point is found between these two values. This is followed by 

another sweep, this time using the fine focus D/A converter, therefore with much greater 

precision, obtaining the optimal focus position. This process is limited by the mechanical 

oscillations of the coils, after testing at different speeds, it has been adjusted so that the 

automatic focusing process is carried out in 12.7s. 

On the other hand, the graphical interface allows the control of the instrument through the 

keyboard and mouse. One of the options available to the user is manual control of the tracking 

and focus coils, while plotting the Focus Error signal. This function enables the user to quickly 

find out if the probe is correctly positioned. In this way, using a paper as a screen and 

controlling the movement of the coils, the projection of the cantilever shadow can be observed. 

Once the tip to be used is centered, it can be verified that it is at the proper height by moving 

the focus coil and observing the focus error signal plotted in real time. 

 

 

 

Figure 4-10 GUI of the GetParameters state, where the scan properties can be set. 
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A further option of the GUI is the approximation menu. In this menu the user can control with 

great precision the values provided by each D/A converter, numerically entering the desired 

value. In addition, the Focus Error and Total Current signals are plotted in real time. Moreover, 

there are options to control the movement of the Z-axis buzzer, calling the autofocus function 

or using the approach function. This last function performs a continuous sweep of the piezo 

stack while monitoring the focus error signal, once the variation of the focus signal varies more 

than a predefined threshold, the sample is considered to be in contact with the cantilever. When 

this happens, an audible alarm consisting of a buzzer is triggered to warn the user and prevent 

damage to the tip. 

Regarding to the GUI scanning section, this is the most complete menu. This menu allows the 

configuration of all the measurement parameters: the total scanning distance, the measurement 

resolution, the number of lines per second to sweep, and the scan direction. Moreover, the 

tracking VCM can be set, and both the autofocus and approach functions can be called. In 

addition, both the Focus Error and Total Current signals are real time plotted to provide 

information to the user. 

Once the scanning process is executed, the GUI switches to the run menu. This menu shows 

the user a 2D plot with the result of the measurement, which is updated at the end of each line. 

Additionally, the trace and retrace of the measurement and their corresponding error signals 

are displayed. These plots allow the calibration of the PID, observing the difference of the 

round-trip measurement. The PID controller values are predefined, but they can be entered in 

while the execution is running and will be updated at the end of the corresponding line. 

Furthermore, the execution can be paused, stopped to reconfigure the parameters, or 

definitively aborted to avoid damage to the tip or the sample. 

Lastly, once the scan is completed, the program stores the values in a txt file with a header 

consisting of the scanning parameters. This data is formatted so that it can be viewed and 

processed using the Gwyddion. 

  

 

Figure 4-11 GUI displayed to the user while the device is scanning. 
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4.4. 3D LASER SCAN 

Once the different parts of the hardware and control software have been tested, it is time to 

verify their operation together. For this purpose, first measurements have been made on 

reflective samples without using an AFM probe. The procedure and results obtained are 

detailed below. 

 

For this experiment a CD-R sample was used, this device is used due to its low price and 

because it has a structure that has been characterized in several publications [52], [53]. This 

storage device contain a spiral track, forming a diffraction grating with a pitch  of 1.6µm and 

a depth of 100nm [53]. This grating is printed on a layer of polycarbonate, it is covered by a 

dye and by a layer of silver [52]. This silver layer is highly reflective allowing the reflected 

laser to be detected by the photodiodes. 

Once the sample is loaded, it has been manually displaced using the micropositioner until it is 

close enough to focus the laser using the coil motors. Next, images of the sample have been 

obtained by processing the laser focus variation, while a grid movement was performed with 

the stage. 

 

 

Figure 4-12 CD-R diffraction grating 3D laser resulting measurement depending 

on the scanning direction. On the left, the sample was scanned in the X 

direction. On the right, it was scanned in the Y direction. 
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These measurements provide a 3D periodic structure that matches to the expected diffraction 

grating. To verify that these results were not artifacts or periodic perturbations, several 

measurements have been made modifying the orientation of the scan, successfully verifying 

that the image obtained was rotated 90 degrees. In addition, with a maximum sweep distance, 

almost six line pairs have been obtained, which having a pitch of 1.6µm, agrees with the 

previously obtained stage displacements. 

Thus, this experiment has verified the correct functioning of different parts of the microscope. 

The electronics of the head have achieved focusing the laser on the sample and processing the 

outputs of the photodiodes to obtain information from the sample. On the other hand, the base 

electronics have generated the necessary signals, causing the stage to perform an X-Y grid 

movement. These two reasons in turn, reaffirm that the control software works correctly since 

the results obtained vary depending on the configured scanning parameters. 

The measurement time of this type of microscopy depending on the most common resolutions 

has been measured and is shown in the table below. 

Table 1 Measured 3D laser scan duration depending on resolution. 

Resolution = nºX points x nºY points Measured scanning time 

64x64 4.93s 

128x128 17.35s 

256x256 65.5s 

512x512 4min 19s 

 

On the other hand, obtaining measurements using direct laser reflection allows us to visualize 

two very common effects in piezoelectric actuators: hysteresis and creep [54]. Hysteresis is 

clearly observed in the displacement present in the measurement between the trace and retrace 

of the same line. Instead, creep manifests itself in the deformation present in the initial scan 

lines, causing a curvature effect in the lines that are actually parallel [55]–[57]. There are some 

techniques to correct this last phenomenon, such as software treatment or obtaining the 

measurement once the piezos have already made a certain displacement. 

 

 

The main advantages of this type of microscopy compared to AFM are the fast measurement 

times, the ease of positioning the sample, no probe is required and damage to the sample is 

avoided. However, among its disadvantages is that its resolution is much less as it is limited by 

the width of the beam as well as diffraction, and that measurements of non-reflective samples 

cannot be obtained. 

 

Figure 4-13 CD-R diffraction grating unfiltered data, obtained at different 

resolutions: a) 64x64 points. B) 128x128 points. C) 512x512 points. 
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4.5. AFM SCAN 

Obtaining measurements using the AFM methodology differs slightly from that used in the 

previous section. Although the only extra part required is the probe, this entails a more complex 

instrument operation as described below. 

First the probe is loaded and positioned appropriately, then using a piece of paper and the 

developed software it is possible to focus the laser on the end of the tip. The sample is then 

loaded and should be approximated to the tip. To avoid damaging both the sample and the tip, 

the height of the micro-positioner is adjusted while the approach function is executed. Once 

the alarm is triggered, it is checked that the sample is actually in contact with the tip and has 

not been triggered by another perturbation. To achieve this objective, we have caused 

displacements of the piezo z of the order of 600 nm in both directions. The tip and sample 

contact has been verified by observing the variation of the focus error signal in the magnitude 

and direction corresponding to the displacement caused in the z axis. The measurement has 

then been configured and executed. 

Numerous attempts have been carried out, but no results have been obtained with a quality 

comparable to a commercial AFM, not even similar with the methodology used in the previous 

section. Trying to find out the origin of the problem, many samples and probes have been 

tested, as well as the modification of scanning parameters such as the number of lines per 

second. 

 

 

 

Figure 4-14 CD-R diffraction grating: a) AFM Scan unfiltered data. B) AFM scan 

Filtered data. C) Laser Scan unfiltered data. 

 

Figure 4-15 AFM typical cantilever geometries. 
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Since the only difference with respect to the previous section is the addition of the probe, it is 

suspected that the problem when obtaining the measurements lies in the interaction of the tip 

and the sample. The impact of lateral forces on the tip or its adhesion must be analyzed. 

Furthermore, the study of the typical geometries of the cantilever and tips, has led us to think 

that the measurement problems can be caused due to a bad contact between the tip and the 

sample. This contact problem in turn, would have as its origin a levelling difference in the plane 

of the sample with respect to the needle. According to the geometries studied [58]–[60], in the 

best case, a slope of α = 43º 36 ' would be tolerated. However, in the worst case, there would 

only be a correct contact of the tip for differences in levels less than α = 6º 18 '. 

On the other hand, it has been discarded that the origin of the problem was that the probe was 

not strongly held or that the laser was not correctly focused on the cantilever surface. Likewise, 

attempts have been made to obtain measurements with and without height feedback, but none 

of the methods obtained positive results. 

It should be noted that some repeatability has been observed in the measurements. In addition, 

after data treatment using Gwyddion, it has been possible to obtain periodic structures that can 

be the diffraction grating. However, as mentioned above, the origin of the performance problem 

has not been discovered and must be resolved to achieve a quality comparable to a commercial 

instrument. 

 

 

  

 

Figure 4-16 DVD+R diffraction grating  with a pitch  of 740nm and a depth of 200nm. 
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5. CONCLUSSIONS AND FUTURE LINES 

5.1. CONCLUSSIONS 

This master thesis aimed to develop a low-cost atomic force microscope with a performance 

comparable to a commercial one. In the light of the work undertaken during this project and 

the obtained results, some conclusions can be drawn: 

- A 3D printed stage with nanometer resolution and micrometer range was designed and 

built, with a very low cost compared to an AFM commercial scanner. 

 

- The electronics performance was verified, being able to drive and adapt the several 

signals needed to operate the low-cost AFM. 

 

- The optical pick-up unit ability to detect features smaller than a micron was proven, 

being able to monitor the cantilever deflection. 

 

- The control software was developed, being able to control the different parts of the 

microscope as well as analyzing and visualizing the data. 

 

- The Teensy 3.6 microcontroller was tested, fulfilling the acquisition speed and 

connectivity requirements. 

 

- A low-cost 3D measurement instrument device based on optical feedback was 

developed, being a very competitive instrument when it comes to analyzing reflective 

samples. 

 

5.2. FUTURE LINES 

The development of an atomic force microscope has not been completed. To achieve this goal, 

the following improvements must be carried out: 

- Assembly and test the SMT printed circuit board, thus reducing the noise and size of 

the prototype. 

 

- Solve the tip-sample interaction problems, enabling AFM high resolution 

measurements. 
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7. APPENDIX A: SOCIAL, ETHICS, ECONOMIC AND 

ENVIRONMENTAL ASPECTS. 

7.1.  INTRODUCTION 

The goal of this project is to engineer and manufacture a low-cost atomic force microscope 

(AFM) prototype. This kind of microscope is widely used in the nano and micro fabrication 

industry. Moreover, this field of research has sharply grown in recent years. Thus, decreasing 

the cost of an AFM broadening its application both in industry and research centres, could have 

a huge social and economic impact. 

 

7.2.  RELEVANT IMPACTS 

As previously mentioned, this project aims, once the prototype development is finished, to 

publish all the results and designs on Open Source platforms. In this way, you can have access 

to all the information for free. 

The distribution of this project may lead to the spread of the use of this type of microscopy. In 

addition, since the design is made with cheap and easy-to-buy components, it can encourage 

the evolution and improvement of the project by the Open Source community. In this way, the 

instrument can be adapted to function in a wide variety of projects, benefiting fields such as 

microelectronics or photonics. 

On the other hand, the prototype has a positive environmental impact since it is easy to 

disassemble and recycle its different parts separately. In addition, the structure is made of PLA, 

a biodegradable material, avoiding damaging the environment. 

Otherwise, this project can have a positive economic impact, helping both the public and 

private sectors. 

Finally, it should be noted that no relevant ethical impacts have been found. 

 

7.3.  DETAILED ANALYSIS OF THE MAIN IMPACTS 

Among the different impacts of the microscope, the most important is the possibility of 

promoting both public and private research thanks to the destruction of the economic entry 

barrier when acquiring an AFM. 

Research centers and universities may not be able to afford the purchase of an instrument of 

these characteristics, they will benefit from the development of this device. Thus, they can 

embark on new lines of research where verification of manufacturing processes will no longer 

be a problem. In addition, being able to have your own microscope for a small price allows you 

not to depend on third parties, speeding up and making the research activity of a research group 

or center more flexible. The educational possibilities of the device should also be highlighted, 

allowing university students to offer practical laboratories about subjects that cannot be taught 

in certain universities due to the price of the equipment i.e. Microelectronics, or 

Nanofabrication. 
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Regarding the private sector, as in the public sector, it allows small companies not to depend 

on third parties, saving a cost that can be reinvested. Furthermore, since it is published on an 

open source platform, any company can adapt the device to its production processes, allowing 

them to improve the quality of their products and their yield. 

 

7.4.  CONCLUSSIONS 

It is concluded that this atomic force microscope is a highly promising device. This instrument 

could have a great impact in the public sector, especially in universities and research centers, 

improving teaching and research quality.  

In addition, the private sector would also benefit, highlighting above all the impact that an 

instrument of these characteristics could have on small and medium-sized companies. Thus, 

these companies could improve their R&D possibilities, their productivity and therefore 

leading to a revenue enhancement. 

Throughout this analysis, no negative impacts have been found that come directly from the 

implementation of this instrument. 
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8. APPENDIX B: ECONOMICAL BUDGET 

 

 HOURS €/HOUR TOTAL 

LABOUR FORCE (DIRECT COST) 750 6 4.500 € 
     

COSTE DE RECURSOS MATERIALES (coste directo) PRIZE Months 

used 

Amortization 

(years) 

Total 

Personal computer 700,00€ 6 5 70,00 € 

3D printer: Ultimaker 2+ 1975,00 € 6 5 250,00 € 

Oscilloscopy  261,75€  6  15  8,725€ 

Welding station 45,00€ 6 5 4,5€ 

Another equipment (Hand Crimp Tool, multimeter, probes) 
   

450,00€ 

MATERIAL RESOURCES TOTAL COST 600 € 

SUBTOTAL OF THE BUDGET 4031.75€ 

TAX (IVA) 21% 846.67€ 

TOTAL BUDGET 4878.41 € 
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9. APPENDIX C: I2C PROTOCOL 

 

The Inter-Integrated Circuit (I2C) bus was invented in 1982 by Phillips Semiconductor, it is a 

very popular and powerful bus used for synchronous communication between master (there 

can be more than one) and multiple slave devices.  

The mainly advantage of I2C is that all the peripherals may share the bus which only requires 

two wires, one wire for the clock signal (SCL), and, the second wire for sending data (SDA) 

[61].  

As shown in the following figure there are two pull-up resistors between VCC and both SCL 

and SDA. They are the responsible for pulling the bus voltage up to the power wire, selecting 

soft resistor involves lower rising edges leading to lower transmission speed as well as 

shorter communication distances [62]. The characteristic pull-up resistor values used are from 

1Kohm to 4K7ohm. 

  

Figure 9-1 I2C block diagram [9]. 

 

As a rule, each device connected to the bus has a unique address which is used to access 

individually to each one. This address is a 7-bit number that can be fixed either by software or 

hardware.  

This standard has a master-slave architecture, which means that only the master can start the 

communication. The master device provides the clock signal which keeps all the device 

synchronized, he also can send and receive data from the slaves.  

 
Figure 9-2 I2C functioning [9].  
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I2C data transfer may be launched only when the bus is idle this is considered if both SCL and 

SDA signals are high after a STOP condition. The I2C communication is initiated by the master 

delivering a START condition, after this the master sends the address of the destination device. 

The address is followed by a single bit who determines if it wants to send or receive 

information, and ultimately, a validation bit. Afterward one or more bytes are the sent or 

obtained by the slave, each one of them followed by a validation bit. Eventually the 

communication concludes when the master sends a STOP condition doing a low-to-high 

transition on the SDA line while the SCL is high. 

 

9.1. COMMUNICATION WITH THE LTC2631 

In order to get the desired signals that will drive the base piezos or the voice coil motors of the 

OPU, we need to communicate with our D/A converter using I2C. In this case the master is the 

microcontroller, and the slaves are the different LTC2631, the protocol of this communication 

is going to be slightly explained. 

This communication starts with the start condition sent by the microcontroller, after that it 

sends the address of the LTC2631 which it wants to communicate with followed by the write 

byte and an acknowledgment (ACK) bit. 

Once the dialogue between the master and the slave has already started, three bytes are going 

to be sent to generate the desired slave output each one followed by an ACK bit. The first data 

byte consists on a command code of the four most significant bits, this code will determine the 

operation that the converter will do. After that the binary word to be converted into an analog 

signal data will be sent in two separated bytes, but as the converter only has 12 bits, this word 

will be the concatenation between the first data byte and the four most significant bits of the 

last word [63].  
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10. APPENDIX D: BASE ELECTRONICS 

 

 

Figure 10-1 Piezo driving branch. There are four identical branches which drive the 

X/Y/Z and stack buzzers. 

The base PCB controls the movement of the stage, this stage needs to move sample making a 

X-Y scanning movement and adjust the height of the sample to maintain the deflection of the 

cantilever. It consists of four different parts: The plug which links the Teensy 3.6 and the PCB, 

the supply connectors, the electronics which drives the signals, and the output connector which 

links the board with the piezoelectrics. The board is supplied by two different voltages: 5V and 

±12V. Electronics consists of four identical branches, one for each group of buzzers, to have a 

better understand of the performance of this part, one line is going to be explained in detail 

bellow. 

The first part of each branch is an LTC 2631 [63], it is a 12 bit digital to analog converter which 

transform the digital output of the Teensy into an analog signal between 0 and 2.5V, 

consequently the output is handled with a 0.6 mV step. The IC has also a reference output of 

1.25V which is going to be needed late, this signal is the input of the voltage follower.  
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Figure 10-2 D/A converter detail [9]. 

 

 

 
Figure 10-3 Voltage follower detail based on a LTC2054 [9]. 
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The voltage follower is an operational amplifier circuit which has a voltage gain of 1, this 

means that the signal does not suffer any amplification, the output voltage is the same as the 

input voltage. This circuit is necessary because normally the voltage follower has a high input 

impedance and a low output impedance, and when a circuit has a very high input impedance, 

very little current is drawn from the circuit therefore it provides the voltage signal needed 

without disturbing the remainder circuit. The voltage follower consists of the operational 

amplifier LTC2054 with negative-feedback configuration and a decoupling capacitor [64]. 

 

 
Figure 10-4 Selectable amplifier detail [9]. 

 

Both output signals of previous circuit are the input of the LT1991, this is a gain selectable 

amplifier [65]. The device can be configured into difference amplifier, as well as into inverting 

and noninverting single ended amplifier just by changing the pin connections. In this board the 

IC is configured to be a difference amplifier with a voltage gain of 10, which means that the 

output of this device is the LTC2054 output minus the LTC2631 output, and after that, 

multiplied by ten. Finally, this deduction is the signal between -12.5V and 12.5V controls de 

piezoelectric movement. 
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11. APPENDIX E: HEAD ELECTRONICS 

The head control PCB is more complicated than the base PCB, it has many more components 

and functions. This PCB will provide the necessary signals to drive the OPU head and process 

the photodetector signals to give essential information for the feedback loop.  

These electronics can be subdivided in 8 parts: The plug in PCB which links the and the Teensy 

3.6, symmetrical 5V and 12V supply connectors, the OPU connector, the feedback signal plug 

in, the laser polarization circuit, the focus and tracking adjustment circuit, the reference voltage 

circuits and the photodetector circuit. All these parts are going to be explained one by one 

following the same approach as in the base PCB. 

 

 
Figure 11-1 Focus adjustment circuit schematic. (A) Coarse adjustment branch. (B) 

Fine adjustment branch. (C) Offset regulator and voltage follower. (D) Current 

buffer. 

First, the adjustment focus circuit is going to be outlined, the input of this circuit are the signals 

from the microcontroller driven with I2C protocol. The output is the signal which controls the 

voice coil motor movement, driving the focus of the laser diode.  The A circuit is the coarse 

adjustment branch, it is like the base PCB branches that were explained on the Base PCB 

appendix, with the only difference that the LT1991 has a gain equal to one [65]. The B circuit 

is the fine adjustment branch and it is very likely to A, but there is a cascade connection of two 

LT1991, the first one is a differential amplifier with a gain 0.077 whereas the second is a non-

inverting amplifier with a gain of 0.0714.  These two signals are added in C, it consists of a 

symmetrical connected potentiometer to delete the offset of the combined signals if it is 

necessary. Following this potentiometer there is a voltage follower to stabilize the signal. 

Finally, there is a current driver, this circuit is made with a LT1497 a dual current feedback 

amplifier [66], this kind of circuit prevents the next circuit from loading the previous. The 

current buffer has a low output impedance and a high input impedance, and it is needed to 

provide a stable current to drive with precision the voice coil motor movement. The output of 

this current buffer is the signal which drives the focus movement. As for the VCM tracking 
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adjustment circuit, it is exactly the same as the one described above but with a single D/A 

branch. 

 

 
Figure 11-2 Polarization laser circuit [9]. 

 

The polarization laser circuit is the recommended by the manufacturer [67]. This circuit 

generates a stable current of 80mA, it is achieved by using the MD photodiode signals as an 

input of the LT1006[68]. The LT1006 is a precision single supply operational amplifier. The 

output of the LT1006 variation changes inversely proportional to the MD photodiode output, 

achieving this current stabilization. 

 

 

 
Figure 11-3 Voltage reference circuit which provides a stable voltage of 1.8mV. (1) 

Power regulator [9]. 
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The voltage final reference circuit is based on a 3.3V power regulator. This device generates a 

stable voltage of 3.3V output, with a 5V input. This output is transformed to generate a final 

1.8V stable voltage reference output. First, this 3.3V is divided to obtain a 1.5V signal. This 

1.5V signal is subtracted to the 3.3V original signal to obtain a 1.8V signal. The output of this 

subtractor pass through another divider and then a voltage follower, obtaining the desired 1.8V 

stable signal. This second voltage divider is to facilitate the fine adjustment of the output signal. 

 

 
Figure 11-4 Photodetector circuit scheme. (A) Block in charge of obtaining the 

independent outputs of each quadrant of the photodiode. (B) Circuit which gives 

the signal FE=(B+D)-(A+C) with a tunable gain. (C) Block that process the Total 

Current signal total photodiode current = (A+B+C+D) and the offset circuit. 

 

After testing the photodetector circuit of the KSS-213C [69], with negative results. The above 

photodetector circuit is design. This circuit takes the photodiode output signals (a, b, c, d) and 

process it, to generate the focus error and the total current signals. First, the independent outputs 

of each quadrant of the photodiode are obtained subtracting the voltage reference. Then, the 

FE signal is generated by subtract (b+d) by (a+c). FE is a negative signal, and the 

microcontroller A/D converter don’t process negative signals. Therefore, the subtractor output 

pass through a tunable subtractor circuit, using the voltage reference signal. Thus, obtaining a 

FE positive signal with a tunable offset. To obtain the total current signal of the photodiodes, 

the four quadrant signals are added using a typical adder circuit with a potentiometer to tune 

the gain.  

The photodetector circuit is mounted using three TL084 [51], this IC has four operational 

amplifiers, facilitating the circuit assembly. 


