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A B S T R A C T

Precision mechatronics and nanotechnology communities can both benefit from a course centered around
an Atomic Force Microscope (AFM). Developing an AFM can provide precision mechatronics engineers with
a valuable multidisciplinary hands-on training experience. In return, such expertise can be applied to the
design and implementation of new precision instruments, which helps nanotechnology researchers make new
scientific discoveries. However, existing AFMs are not suitable for mechatronics education due to their different
original design intentions. Therefore, we address this challenge by developing an AFM intended for precision
mechatronics education.

This paper presents the design and implementation of an educational AFM and its corresponding precision
mechatronics class. The modular educational AFM is low-cost (≤ $4,000) and easy to operate. The cost
reduction is enabled by new subsystem development of a buzzer-actuated scanner and demodulation electronics
designed to interface with a myRIO data acquisition system. Moreover, the use of an active cantilever probe
with piezoresistive sensing and thermomechanical actuation significantly reduced experiment setup overhead
with improved operational safety. In the end, the developed AFM capabilities are demonstrated with imaging
results. The paper also showcases the course design centered around selected subsystems. The new AFM
design allows scientific-method-based learning, maximizes utilization of existing resources, and offers potential
subsystem upgrades for high-end research applications. The presented instrument and course can help connect
members of both the AFM and the mechatronics communities to further develop advanced techniques for new
applications.
. Introduction

An Atomic Force Microscope (AFM) can be a great platform for
recision mechatronics education. The AFM is a versatile instrument for
anoscale surface characterization widely used in physics, chemistry,
iology and material science. The development of an AFM involves
arious subsystems suitable for teaching mechatronic concepts through
ands-on experiments. Multidisciplinary topics can be taught by devel-
ping a nano-positioner for mechanical design, a piezo actuator driver
or electrical circuits, a cantilever oscillation demodulator for signal
rocessing, a probe deflection regulator for dynamic system control and
ser interface software for programming. As a result, students can prac-
ice precision mechatronic techniques comprehensively by developing
functional AFM for nanoscale imaging throughout a semester.

The scanning probe microscope (SPM) community can also benefit
ignificantly from precision mechatronics education centered around
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AFMs. On one hand, researchers need to modify AFMs to enable
functionalities that are required in new applications. For example,
adding an infrared source for tip-enhanced scanning near-field optical
microscopy (SNOM) allows material property mapping with high res-
olution to overcome the diffraction limitation [1]. Such modification
requires knowledge of mechatronics typically beyond regular AFM
users, who are mostly nanotechnology researchers. Hence, studying
AFM from a mechatronics perspective empowers researchers to develop
customized new AFM capabilities. On the other hand, mechatronic
engineers who are familiar with AFMs can help improve its perfor-
mance. For instance, video-rate AFM have been developed for dynamic
chemical reaction process visualization [2,3]. This is realized with cus-
tomized mechatronic system design including high-speed scanners [4,
5], high-bandwidth power amplifiers [6], control algorithms [7], etc.
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Therefore, AFM based precision mechatronics education can help cul-
tivate both researchers and engineers for the SPM community. In fact,
such techniques can be broadly applied in developing other precision
instruments. These, in turn, will allow researchers to make new sci-
entific discoveries and assist in meeting the increasing demands in
nanotechnology.

AFMs have not been widely used for precision mechatronics edu-
cation mainly due to the lack of a suitable platform. A commercial
AFM typically costs beyond $30,000, which is too expensive to be
taken apart in a mechatronics class. Moreover, the non-modular design
also makes it difficult to customize subsystems. As an alternative,
current AFM classes either focus on physical principle modeling [8] or
provide training sessions using research AFMs for imaging experiments.
Since mechatronics education require significant hands-on experience
working with various subsystems, it is difficult to use expensive and
non-modular AFMs for teaching. In this work, we address this challenge
by developing a modular low-cost (≤ $4000) and easy-to-operate AFM
uitable for precision mechatronics education.

The paper is organized as follows. First, we provide an overview
f educational AFM design principles with benchmarks from existing
ystems. The aspects of improvement and comparative advantages
f the proposed system are emphasized. Second, design and analysis
f primary subsystems are discussed for the cantilever probe, nano-
ositioner and electronics. With constrained resources, a number of
ew strategies are evaluated and optimized for this AFM during system
esign and integration. Third, experimental results and performance
nalysis of a prototype AFM are presented and discussed. Finally, we
onclude this work with a graduate-level full-semester AFM course
esign.

. Educational AFM design principles

The design of an AFM for mechatronics education has special re-
uirements. The primary aspects to consider include affordability, mod-
larity, ease of operation and compatibility for educational experi-
ents. First, the design needs to fit within the hardware purchase

udget limitation of typical lab-based university classes around hun-
reds of dollars per student. Second, a modular design with decoupled
ubsystems is needed to reduce debugging complexity and ensure a
unctional final assembly. It also allows potential upgrades of system
apabilities for more advanced imaging applications. Third, the edu-
ational AFM should be easy to operate so that students can focus on
he mechatronic development. Specifically, the cantilever installation
nd imaging experiment preparation should be improved to reduce the
etup time and minimize the risk of damaging the system. Fourth, each
FM subsystem should have compatible experiments for students to
ractice precision mechatronic design and verify fundamental theoret-
cal models. If these requirements are satisfied, the AFM platform can
e suitable for precision mechatronics education.

.1. Benchmark systems

Existing commercialized educational AFMs are designed for imaging
emonstrations instead of mechatronics education. A comparison of
ix commercial educational AFMs based on the four aforementioned
riteria are summarized in Table 1, which is ranked in a cost descending
rder (2019 quotes). AFMs for in-class imaging demonstrations usually
ave a packaged design for portability, which yields a low level of
odularity needed for mechatronic system design experiments. The top

our conventional designs listed in Table 1 use optical beam deflection
OBD) sensing for passive AFM cantilever probes. They are more ex-
ensive and require probe-laser alignment for experiment setup. The
Gauge AFM from ICSPI and the proposed design uses active AFM
antilever probes with embedded sensing and actuation that are easier
o operate. The scanner is also miniaturized using Microelectromechan-
cal systems (MEMS) technology. With its portability, this design is
2

perfect for AFM imaging demonstration but not as much for precision
mechaotrnics education since most components are produced with
nanofabrication. For the Stromlingo Nssembly AFM, an Optical Pick-
up Unit (OPU) in a DVD-drive is repurposed to measure the AFM
cantilever deflection [9]. In terms of price and modularity, this design
is appealing for mechatronics education as it offers Do-It-Yourself (DIY)
assembly at a very low cost. However, this system is currently limited
to contact mode imaging in ambient air only. Moreover, the close
proximity requirement of the OPU and the cantilever introduces extra
alignment complexity.

By comparison, the AFM design in this work has the lowest cost
with modular design suitable for education of precision mechatronic
system development. It is also easier and safer to operate for imag-
ing experiments by removing the need for probe-laser alignment and
reducing actuator operating voltage. In addition to commercial edu-
cation systems, a macroscopic AFM have been successfully developed
for precision mechatronics education purpose with a relatively more
expensive data acquisition system [10]. The system developed in this
work takes a step further to realize true nanoscale AFM imaging with
a lower cost by using the NI myRIO data acquisition system.

3. Low-cost AFM primary subsystem design

In this section, four important subsystems and their integration for
the modular low-cost AFM are discussed. They are the active cantilever
probe, the signal processing electronics, the scanner with drivers, and
the software interface. The modular decoupled subsystems can be
individually debugged before integration into the final system with the
overall design and bill of materials available at the end of this section.

3.1. Active cantilever probe

In contrast to a passive probe, an active AFM probe contains em-
bedded sensors and actuators. Conventional AFMs use passive probes
with a base silicon chip, a micro-cantilever and a sharp tip. For sensing,
the OBD system achieves sub-nanometer resolution by using an optical
level to amplify and measure the cantilever deflection, and a quadra-
ture photodiode. In terms of actuation, piezoelectric actuators are used
to excite the resonance of the probe with acoustic vibration propagation
though the probe holder structure. As an alternative, active probes
have nanofabricated functional electronics on the cantilever to realize
deflection sensing and actuation without external bulky components.

Using passive AFM probes for imaging requires significant operator
experience. Specifically, users need to manually handle the small probe
base chip (typically 3.4 mm long, 1.6 mm wide, and 0.3 mm thick),
properly align the laser and cantilever (tens of microns), identify the
cantilever resonance in tapping mode while avoiding spurious struc-
ture resonance [11], etc. Consequently, such operational complexity
increases the overhead and risk of equipment damage when handled
by novice users. Moreover, the laser and optical components are fragile
and relatively expensive to repair.

Active probes are preferred over passive probes for education pur-
poses. They resolve the aforementioned issues by changing the funda-
mental principles of deflection sensing and actuation. Without the laser
sensing system, active probes can remove the operation overhead for
alignment, lower the risk of manual error and reduce the cost of optical
components. For resonance excitation, embedded actuators in active
probes do not excite the structure resonance, which makes tapping
mode imaging experiment much easier.

The functional elements of the active probe used in this work are
shown in Fig. 1(a). This probe has an embedded piezoresistive deflec-
tion sensor and a bimorph structure thermomechanical actuator. In its
basic form, this probe design can be used for contact and tapping mode
imaging in air. The active probe imaging performance is comparable
to conventional passive AFM probes. By applying a proper coating
layer, it is also possible to conduct imaging in specialized opaque
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Table 1
Comparison of commercialized AFM systems and the proposed AFM based on educational system design principles.
AFM System & Vendor Cost ($) Modularity Probe operation principle Experiment

Nanosurf Naio 27,900 Packaged portable Optical beam deflection Imaging demonstration
Nanomagnetics ezAFM 22,000 Packaged portable Optical beam deflection Imaging demonstration
AFM Workshop B-AFM 19,495 Modular Optical beam deflection Mechatronics design
Thorlabs Educational 13,145 Modular Optical beam deflection Mechatronics design
ICSPI nGauge 7,000 Packaged portable MEMS scanner active Imaging demonstration
Stromlingo Nssembly 5,000 Special DIY assembly Optical pick-up unit DIY assembly
Design in this work 4,000 Modular Piezoresistive bimorph Mechatronics design
Fig. 1. Active cantilever probe: (a) dimension illustration with subsystem labels, (b) colored SEM image of the aluminum heating wires (the piezoresistive sensing elements covered
by protective epoxy at the base are not shown).
liquid environments [12]. Superior capabilities can be achieved by
using active probes with specialized functionalization. For example,
with a conductive tip, scanning probe lithography can be enabled to
achieve sub-nanometer resolution pattern generation and imaging [13].
In terms of imaging speed, up to 200 lines per second has been
realized [14]. Moreover, by integrating four cantilevers in parallel,
high-throughput large-area inspection with image stitching can be
achieved [15]. The authors have years of experience realizing and
extending AFM capabilities by designing systems centered around this
active probe with various applications summarized in this review [16].

For deflection sensing, piezoresistors are used to measure the can-
tilever internal stress, which is proportional to the deflection. Four
P-doped silicon piezoresistive elements are placed on the top surface
at the cantilever fixed end, where the internal stress is maximized. A
full Wheatstone bridge circuit is used to measured the piezoresistor
resistance variation to compensate for the thermal drift. The governing
relations for the voltage output 𝑈𝑜𝑢𝑡 and the resistive Johnson noise
floor 𝑧𝑛𝑜𝑖𝑠𝑒 are shown in Eq. (1) for a cantilever with length 𝓁, width
𝑤, and thickness ℎ. In Eq. (1), 𝑈𝑏 is the bridge supply voltage, 𝐹 is the
force applied at the cantilever free end, 𝑧 is the cantilever deflection, 𝑃𝑅
is the sensor piezoresistive coefficient, 𝐸 is the effective elastic modulus
of the cantilever, 𝑘𝐵 is the Boltzmann constant, 𝑅 is the nominal
resistance of each piezoresistive element, and 𝐵 is the measurement
bandwidth.

𝑈𝑜𝑢𝑡 =
6𝑃𝑅𝐹
𝑤ℎ2

𝑈𝑏 =
3𝑃𝑅ℎ𝐸𝑧

𝓁2
𝑈𝑏, 𝛥𝑧𝑛𝑜𝑖𝑠𝑒 =

4𝓁2
√

4𝑘𝐵𝑇𝑅𝐵
3𝐸𝑃𝑅ℎ𝑈𝑏

(1)

For excitation of the cantilever resonance, a nanofabricated bimorph
structure composed of a silicon layer and a silicon nitride layer is used
with an aluminum heating wire. Both the dynamic oscillation and the
static defection of the cantilever can be controlled using the heating
3

element [17] with governing equation in Eq. (2).

𝑧𝑡 = 3𝐾𝛥𝑇𝓁2, with 𝐾 ≜
3(𝛼2 − 𝛼1)(ℎ1 + ℎ2)

ℎ22

[

3
(

1 + ℎ1
ℎ2

)2
+
(

1 + ℎ1𝐸1
ℎ2𝐸2

)

(

ℎ21
ℎ22

+ ℎ2𝐸2
ℎ1𝐸1

)]

(2)

where 𝑧𝑡 is the cantilever tip deflection, 𝛼1 and 𝛼2 are the coefficients
of thermal expansion, ℎ1 and ℎ2 are the thicknesses for the silicon
and silicon nitride layers, 𝐸1 and 𝐸2 are the corresponding elastic
moduli, 𝓁 is the cantilever length, and 𝛥𝑇 is the temperature difference
between the heated cantilever and room temperature. A summary
of the physical principles is shown in Fig. 2(a) with more detailed
derivations in [18,19].

In terms of packaging, the active cantilever probe is bounded onto a
PCB with micro SD-card-Shape for ease of manual handling. An optical
microscope image of the bounded cantilever is shown in Fig. 2(b). The
plug-and-play operation without laser alignment makes it more user
friendly compared to passive probes. Lead wire connections with elec-
trical protection allow direct interface to signal conditioning circuits.

A number of physical principles can be used for AFM cantilever
deflection sensing and resonance excitation. A summary of these prin-
ciples is provided in Table 2. The review includes function (sensing
or actuation), signal type (DC or AC), transducer size (bulk or embed-
ded), main limitation, availability, and references to the corresponding
research. Active probes combine embedded principles to achieve can-
tilever deflection sensing and actuation. With the advancement of
MEMS technology, accessibility to active probes has been improved
greatly in the last decade.

Several relatively matured active probe designs have been commer-
cialized. The first example is active probes using the quartz tuning
fork including the qPlus sensor [20] available at NaugaNeedles and
the Akiyama probe [21] commercialized by NanoSensors. This probe
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Fig. 2. Active probe AFM principles: (a) physical principle illustration with signal paths, (b) optical microscope image of the active cantilever bounded on a PCB with SD-card-shape
geometry and zoomed in view of the functional elements.
utilizes the piezoelectric effect of the tuning fork for both sensing
and actuation, which works even in cryogenic environment. However,
due to the charge leakage problem, this design is only suitable for
tapping mode operation. The system dynamics is also relatively more
complicated since both the tuning fork and the microcantilever can
have multiple resonance modes. A piezoresistive self-sensing probe
has also been commercialized by SCL SensorTech. This design can
operate in both contact and tapping modes but requires external piezoa-
coustic actuation for resonance excitation. The piezoresistive sensing
thermomechanical actuation probe selected in this work has been com-
mercialized by nano Analytik GmbH. This probe can be used in both
contact and tapping modes and even offers static deflection control.
One minor disadvantage is its sensitivity to temperature variation
and thus room-temperature operation is desired. As introduced in
the benchmark systems section, the nGauge active probe AFM from
ICSPI also utilize a piezoresistive sensing cantilever with vertical and
horizontal MEMS actuators for scanning.

In a mechatronics educational scenario, the selected active probe
is easy to operate and cost effective. By inserting the SD-card-shape
probe into the slots of the pre-amplification PCB, students can readily
conduct frequency sweeps and verify the deflection signal of the probe
using an oscilloscope. This significantly reduces the chance of probe
damage due to improper handling. Students as novice AFM users feel
more comfortable to handle this probe and spend less time debugging
the deflection sensing system. For AFM development in a mechatronics
class, it is worth to note that the cantilevers are broken more often due
to manual handling than tip wear during relatively infrequent imaging
experiments. Moreover, when used in tapping mode, cantilevers can
last even longer with the small tip-sample interaction force. Experience
in the lab shows that active probes last significantly longer than passive
probes. During experiments, students often break passive cantilever as
they manually handle the small probes. Although the unit cost of each
active probe is around five times that of standard passive probes, it can
be more cost effective for precision mechatronics lab sessions.

In summary, the active probe selected is suitable for the educational
AFM. The probes have good functionality and a wide range of estab-
lished research applications. It is also commercially available, easy to
operate and cost effective.

3.2. Tapping mode signal processing electronics

Specialized signal processing electronics need to be designed for
AFM tapping mode imaging. As a well-known advantage, tapping mode
reduces tip-sample friction force. Moreover, there is a smaller probe
damage risk due to improperly tuned controller compared to contact
mode since the cantilever is not always being deflected. Instead of the
static deflection, the amplitude or the phase of the cantilever oscillation
can be regulated in tapping mode.
4

Two main challenges for tapping mode signal processing in this
design include the relatively low DAQ sampling rate and clock syn-
chronization. The first resonance frequency of the active cantilever
probe is typically between 20 kHz to 100 kHz. As the price of high-end
DAQs are beyond the budget limit, the selected affordable myRIO-1900
digital to analog converters (DAC) and analog to digital converters
(ADC) have limited sampling frequencies at 345 kHz and 500 kHz. As
a result, the DDC/ADC sampling rates are insufficient for direct digital
probe excitation and demodulation. Therefore, custom electronics are
designed to pre-process the signal to reduce the required sampling
frequency. Moreover, the custom designed signal generation and the
demodulation circuits need to be synchronized to avoid inaccuracies
due to clock mismatch. The signal processing circuit function diagram
is shown in Fig. 3(a) with implementation in Fig. 3(b).

For resonance excitation, an AD9833 integrated circuit (IC) is used
to generate the sine wave with direct digital synthesis. To ensure
clock synchronization, a 20 MHz square wave generated by the myRIO
digital output line provides a reference clock to the AD9833. The de-
sired frequency and phase are specified with serial peripheral interface
(SPI) communication. The generated sine wave has valleys and peaks
between 38 mV and 650 mV. The signal is then passed through a
non-inverting amplifier buffer and a non-inverting voltage adder with
variable gain to scale the output voltage. The voltage adder also uses
the myRIO analog output signal to adjust the DC offset before driving
the heater. For thermomechanical actuation, the heat power 𝑃ℎ𝑒𝑎𝑡 is
proportional to the square of the input voltage. By using trigonometric
identities, a harmonic at twice the input signal frequency arises as
derived in Eq. (3).

𝑃ℎ𝑒𝑎𝑡 =
1
𝑅

[

𝑉 2
𝑑𝑐 + 2𝑉𝑑𝑐𝑉𝑎𝑐 sin(𝜔𝑡) +

1
2
𝑉 2
𝑎𝑐 (1 − cos(2𝜔𝑡))

]

(3)

If no static offset control is needed, the active probe is driven by
providing a zero offset 𝑉𝑑𝑐 and applying a sinusoidal voltage signal
𝑉𝑎𝑐 sin(𝜔𝑡) at half of the frequency of the cantilever resonance. For
education purpose, the excitation circuit design essentially constructed
a simple functional generator, which can be offered as a lab module for
student practice.

For oscillation demodulation, a number of techniques are available.
Depending on whether the demodulation is synchronous or not, they
can generally be classified as rectification and mixing [34]. Rectifica-
tion methods such as the moving average filter and peak detectors are
easy to implement but assumes the sinusoidal signal being demodulated
is not mixed with other signals. The presence of noise or signals at
other frequencies will affect its demodulation performance. With the
potential presence of two harmonics and DC signal from the ther-
momechanical actuation, rectification demodulation methods are not
suitable. Mixing methods such as the lock-in amplifier, the Kalman filter
and the Lyapunov filter offer very good off-frequency noise rejection
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Table 2
Cantilever sensing and actuation principle comparison summary with reference to representative research.
Physical principle Function Signal Footprint Main limitation Availability Reference

Optical beam deflection Sensing DC&AC Bulk Transparency Commercial [22]
Astigmatic detection Sensing DC&AC Bulk Transparency Commercial [23]
Interferometry Sensing DC&AC Bulk Transparency Commercial [24,25]
Optomechanical Sensing DC&AC Embedded Transparency Research [26]
Piezoresistive Sensing DC&AC Embedded Thermal noise Commercial [27]
Piezoelectric Both AC only Embedded Charge leakage Commercial [20,21]
Piezoacoustic Actuation AC only Bulk Structure vibration Commercial [28]
Photothermal Actuation DC&AC Bulk Thermal sensitivity Commercial [29]
Thermomechanical Actuation DC&AC Embedded Thermal sensitivity Commercial [30]
Electromagnetic Actuation DC&AC Bulk Magnetic sample Research [31]
Electrostatic Actuation DC&AC Bulk Sample capacitance Research [32,33]
Fig. 3. Signal processing circuit: (a) functional diagram of the signal generation and demodulation process, (b) schematic of an AD9833 direct digital synthesis function generator
and a single AD630 demodulator channel.
by using a reference signal but are relatively more complicated to
implement. Digital lock-in amplifiers are the most widely used de-
modulation method for tapping mode AFM with its good performance,
commercial availability and relatively straightforward implementation.
In principle, digital lock-in amplifiers can be directly implemented on
Field Programmable Gate Array (FPGA) for AFM cantilever oscillation
demodulation. For example, a high-end NI PXIe-7975R FPGA with an
NI5782 ADC/DAC running at 250 MHz sampling rate was used to
implement a digital lock-in amplifier in previous work [12]. Directly
implementing this digital lock-in amplifier on the myRIO DAQ system is
not feasible due to the low sampling rate and the limited space available
on the myRIO FPGA. Therefore, an analog frequency mixer is designed
to remove the need for high sampling rate and reduce the required
FPGA computational resources.

In this work, two AD630 IC chips are configured as a lock-in
amplifier for synchronous demodulation. Each AD630 is a variable gain
amplifier with ± 2 gain where the sign of the gain is controlled by
the myRIO digital lines with a square wave at the cantilever resonance
frequency. A low-pass filter at 1 kHz is used to extract the envelope.
If two channels of the demodulator with square wave input signals
having a phase offset by 90◦ are used to obtain signals 𝑧𝑐𝑜𝑠 and 𝑧𝑠𝑖𝑛,
both the amplitude and the phase can be computed with the lock-in
amplification formula as in Eq. (4). This PCB design task is a great
5

opportunity for students to practice their circuit instrumentation skills.

𝐴(𝑡) = 2
√

𝑧2𝑐𝑜𝑠 + 𝑧2𝑠𝑖𝑛, 𝜙(𝑡) = arctan
(

𝑧𝑠𝑖𝑛
𝑧𝑐𝑜𝑠

)

(4)

3.3. Piezo buzzer scanner

The scanner design is based on piezo buzzers. Since piezo buzzers
are low-cost and work at relatively low voltages, they can be safely
handled by students for custom designs during trial and error. In
contrast, conventional AFM scanners with stacked piezo actuators or
piezo tubes require high-voltage drivers that can be both expensive
and dangerous. Most buzzers are round and have a sandwich structure
with a copper disk, a piezoelectric layer and a silver electrode. Buzzers
for speakers typically have diameters between 10 mm to 40 mm and
unloaded resonance frequencies between 2 kHz to 12 kHz. The voltage-
controlled expansion and contraction of the piezoelectric material in
the radial direction results in an amplified motion perpendicular to the
disk. A center deformation gain of 150 nm/V is typical for most buzzers.
A rated voltage of 30 V would result in a motion range around 4.5 μm.
Higher voltage can also be applied to increase the motion range for low
frequency driving signals. In this work, a multi-actuated buzzer AFM
scanner design formed by stacking two different configurations is used.
The overall geometric configuration of the scanner is shown in Fig. 4
with parameter labels and motion principle illustration.
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Fig. 4. Multi-actuated buzzer scanner design with variable definitions, motion principle illustration for both out-of-plane and in-plane directions and top view of the single buzzer
four quadrant middle scanner and four buzzer bottom scanner.
The bottom scanner is composed of four buzzers with 15 mm
diameter positioned evenly around a circle with radius 𝑟𝑏 = 11.5 mm.
Four aluminum rods with length 𝑙𝑏 = 1.5 in. and 0.125 in. diam-
eter are used to connect the bottom layer to the middle layer. For
the middle scanner, a 30 mm diameter large buzzer is used with its
electrode evenly divided into four quadrants. A magnetic pillar with
length 𝑙𝑡 = 0.375 in. and 0.3125 in. diameter is glued to the center
of the large buzzer. The sample puck is magnetically attached on top
of the magnetic pillar. The scanner structure is 3D printed for cost-
efficiency and ease of fabrication. Using metal structures can improve
the dynamic performance.

The out-of-plane motion 𝛥𝑧 is obtained from the sum of both the
bottom buzzers 𝛥𝑧𝑏 and the middle buzzer 𝛥𝑧𝑚 as 𝛥𝑧 = 𝛥𝑧𝑏 + 𝛥𝑧𝑚.
The 𝑋 direction in-plane motion of the sample 𝛥𝑥 = 𝛥𝑥𝑏 + 𝛥𝑥𝑚 have
contributions from both the small buzzers at the bottom 𝑥𝑏 and the
large buzzer in the center 𝑥𝑚 as summarized in Eq. (5).

𝛥𝑥𝑏 = (𝑙𝑏 + 𝑙𝑚 + 𝑙𝑡) sin 𝜃𝑏 ≈ (𝑙𝑏 + 𝑙𝑚 + 𝑙𝑡)
𝛥𝑧𝑏
𝑟𝑏

, 𝛥𝑥𝑚 = 𝑙𝑡 sin 𝜃𝑚 (5)

In addition to the previously defined dimensions, 𝑙𝑐 denotes the
spacing between the top of the aluminum rode and the bottom of
magnetic pillar. For the four buzzer configuration, the small angle
approximation sin 𝜃𝑏 ≈ 𝜃𝑏 is applied to relate 𝜃𝑏 to the geometric
quantities. The angle 𝜃𝑚 of the middle buzzer is difficult to express
analytically but is proportional to the applied voltage. The motion
equations in the 𝑌 direction is similar to the 𝑋 direction.

The performance of the scanner is verified with a SIOS SP-120 laser
interferometer. With ±30 V driving voltage, the bottom buzzers produce
16 μm square in-plane range and 3.75 μm out-of-plane range. The middle
buzzer produces 2.5 μm square in-plane range and 8 μm out-of-plane
range. Due to imperfect alignment, motion coupling between the out-
of-plane and the in-plane axes are around 1.25% to 1.75%. An in-plane
coupling at around 3% between the 𝑋 and the 𝑌 axis is observed. The
in-plane bandwidth of the scanner is around 75 Hz, which is sufficient
for AFM imaging.

3.4. Piezo buzzer driver

This subsection discuss the piezo buzzer driver design. The driver
has six inputs from myRIO-1900 and eight outputs to the buzzer
elements as shown in Fig. 5(a). Four DACs with 0–5 V range on the
myRIO MXP connector are used to control the in-plane motions for both
the bottom buzzers and middle buzzer. Two myRIO MSP connector
±10 𝑉 DACs are used for the out-of-plane motion. Multiple OPA445
operational amplifiers are used to drive the buzzer scanner.
6

To drive the scanner, the 2.5 V offset of the in-plane voltage
command 0–5 V is removed and amplified to ±10 V range. The signal
is duplicated with an inverter to produce differential drive signals to
the two opposing buzzers for in-plane scanning. The ±10 V voltage
signal for the 𝑍 axis command is then added to both signals from the
differential drive stage and amplified by a gain of 3 to drive the buzzers.

It is evident from the driving principle that the maximum range of
the in-plane motion and the out-of plane motion for the same set of
buzzers cannot be realized simultaneously due to the voltage limitation.
With a fixed DAC resolution, a smaller scanning range yields a higher
positioning accuracy. The multi-actuated scanner design provides more
flexibility in operation for scanning with different range and resolution.
The bottom four buzzers offer a larger in-plane range but a smaller
out-of-plane range compared to the middle buzzer with four quadrants.

3.5. Software interface

The myRIO microcontroller is selected for its wide availability
in academic institutions. It is easy to program using graphical Lab-
VIEW software, which allows students to focus on control algorithm
development rather than code debugging. The low-level Proportional–
Derivative–Integrator (PID) controller for closed loop AFM operation
are implemented on the FPGA with hardware interfacing. An event-
driven state machine structure with five states including idle, engaging,
engaged, scanning, and retract are implemented on the real-time sys-
tem for user input handling and data recording. The overall software
implementation is based on the code developed previously on an NI
FlexRIO system for a high-end AFM system in the lab [12], which is
optimized to work on NI myRIO.

3.6. System integration

The overall CAD design with color-coded subsystem labels of the
educational AFM system is shown in Fig. 6(a). In addition to the
primary subsystems introduced above, several additional components
are needed. For coarse positioning, a DS40-XYZ dovetail linear stage is
used to achieve 0.55 in square in-plane range and 0.25 in out-of-plane
range. The in-plane directions are adjusted manually for coarse sample
positioning. The out-of-plane direction is driven by a Nema 11 stepper
motor with 100 ∶ 1 gear reduction from StepperOnline together with a
DM320T stepper driver. An Opti-Tekscope digital microscope with 200𝑥
zoom and 1600 by 1200 pixel resolution provides an optical view. The
connection between various electrical components of the AFM is shown
in Fig. 6(b).
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Fig. 5. Electrical system configuration: (a) functional diagram of the multi-channel driver circuit for interface between myRIO microcontroller and the scanner, (b) signal channel
driver circuit schematic.
Fig. 6. System integration and experiment results: (a) CAD design with color-coded subsystem labels, (b) custom electronics design centered around NI myRIO for AFM data
acquisition.
The overall bill of materials is provided below for each primary
subsystem with estimated pricing based on purchase made by the
authors in the US. The specific prices may change depending on the
source of purchase.

Course positioning and engagement system: (a) Nema 11 Stepper
Motor with 100 gear reduction ($41.75), (b) bracket mount for the
stepper motor ($5.66), (c) DS40-XYZ positioning stage ($435), (d) shaft
coupler ($3).

Buzzer scanner: (a) piezoelectric buzzers (< $20), (b) 3D printing
structure materials

Electronic components: (a) buzzer scanner driver PCB (< $100),
(b) demodulation and signal generation PCB (< $120), (c) AC to DC
power converter (< $150), (d) probe driver circuit ($400), (e) active
cantilever probe: ($130)

Mechanical components: (a) optical breadboard ($134.64), (b)
sorbothane sheet ($28.95), (c) fixtures (<$50)

Shared components: (a) NI myRIO 1900 ($567), (b) Opti-Tekscope
microscope: ($69.95)

In summary, the total cost of the AFM with 3 active probes is below
$4000 with the fixed cost below $3000. For the custom designed PCBs
and scanners, a $1000 per system variable cost would be sufficient for
recurring class offering.

4. Results and discussion

In this section, we provide the experimental imaging results and
analyze the performance of the educational AFM. A picture of the as-
sembled prototype of an educational AFM system is shown in Fig. 7(a).
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4.1. Imaging experiments

To verify the imaging capability of the low-cost educational AFM
system, we took images of a TG-XYZ03 calibration sample with 500 ±
15 nm feature depth in the 5±0.1 μm pitch area with square pits. During
the imaging, the bottom buzzers are used for in-plane scanning across a
15 μm by 15 μm range at two lines per second and the middle buzzer is
used for out-of-plane topography tracking. The imaging result is shown
in Fig. 7(b). With the tilting angle of 15◦ of the probe, the bottom of
the pits is a bit distorted. This is potentially due to the probe oscillation
being affected by the edge of the pits rather than reaching the bottom
and the ‘‘parachuting effect’’ of the controller when encountering a sud-
den step-down in the topography. Nevertheless, the imaging capability
of the system is demonstrated.

A TGZ-100 calibration grating is imaged for further evaluation of
the AFM resolution capability. The sample has smaller feature size with
110 ± 2 nm height and 3 ± 0.01 μm pitch. The image is taken using
similar scanning settings at a range of 13 μm by 13 μm. As shown in 7(c),
the features can still be successfully resolved by the educational AFM
prototype. We did notice certain non-linearity for the in-plane scanning
direction due to the non-ideal manual assembly of the simple buzzer
scanner. This problem is not crucial during mechatronics education for
demonstration of the overall functionality and can be compensated in
the post-processing stage if needed.
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Fig. 7. System integration and experiment results: (a) image of the assembled AFM system with electronics and an optical microscope, (b) 15 μm by 15 μm image taken for the
5± 0.1 μm pitch square-pit area of a TGXYZ03 calibration grating (NanoAndMore) with 500± 15 nm, (c) 13 μm by 13 μm image taken for a TGZ-100 calibration grating (Ted Pella)
with trances of 110 ± 2 nm height and 3 ± 0.01 μm pitch.
4.2. Performance analysis

The performance of the educational AFM is mostly determined by
the scanner and the data acquisition system. The developed system
can achieve nanometer resolution with a scan speed of two lines
per second, which is sufficient for most imaging purposes. Achiev-
ing sub-nanometer resolution as high-end commercial systems can be
challenging as limited by the low-cost buzzer scanner and the myRIO
DAQ system. With a 12-bit DAC resolution and an overall 11.75 μm
out-of-plane positioning range, the quantization error would limit the
scanner resolution be around 3 nm. The in-plane total range of 18.5 μm
would also yield close to 5 nm positioning uncertainty. With additional
noise from the environment, the noise floor of the educational AFM is
observed to be around 6 nm. By using commercial piezo scanners and
high-end DAQ systems, better resolution performance can be achieved
since the active probe is not the limiting factor. The noise performance
can also be improved by replacing the sorbothane sheet with a pneu-
matic suspension optical table. The authors have proven the possibility
of high-end AFM capabilities with previous work for various applica-
tions where cost reduction is not the primary consideration [12,16].
Indeed, with the modularity of this design, researchers are encouraged
to modify the AFM with higher-end nano-positioners and DAQ systems
for research grade applications.

5. AFM platform experiments and educational impacts

A graduate-level full-semester course is designed around the low-
cost educational AFM. The class provides a unified framework for
multidisciplinary education with in-depth hands-on learning. A total
of twenty-five lectures cover five general topics including precision
mechatronic system principles, control systems, AFM system design,
advanced applications and related fields. Important AFM subsystems
such as active cantilevers, positioners, and electronics are used as
design examples. Students practice lecture theories extensively through
lab experiments with selected lab topics listed below.

1. AFM Cantilever: piezoresistive deflection sensitivity calibration,
probe frequency response identification, cantilever stiffness mea-
surement, thermomechanical actuation model verification as in
Eq. (2).

2. Positioning Systems: LabVIEW stepper motor control, piezo
buzzer scanner design (Section 3.3), scanner range and band-
width characterization with laser interferometer, flexure-based
AFM scanner design with FEA simulation

3. Electronics & circuit design: signal generation and demodulation
(Section 3.2), piezo buzzer driver

4. Imaging: AFM imaging of selected samples, AFM image data
post-processing with Gwyddion
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5. Investigation: LabVIEW control/simulation exercises, feedfor-
ward AFM imaging algorithm implementation, cantilever nano-
fabrication, micro/nano sensor instrumentation, motion control
algorithms, FPGA sigma-delta modulation, unconventional AFM
imaging mode development (e.g. contact resonance), etc.

Centered around the subsystems, students are given the opportuni-
ties to practice precision mechatronic system design and implementa-
tion skills. Students can also verify the models developed in the lecture
to better appreciate the benefits of mathematical analysis to speed-up
the design process. The practical experience enables the students to
conduct further research on imaging instruments and complex mecha-
tronic systems. The course design also helps to cultivate a community
of AFM users and developers across multiple departments in the in-
stitution that can initiate potential collaborations. A pilot study for
an abbreviated version of the class covering the first module through
five lectures and four hands-on labs have been offered in January
2020 at MIT during the winter break as a workshop. The content was
well received among the 40 registered participants from various disci-
plines including both engineers with mechatronic system development
experience and regular AFM users conducting nanotechnology research.

6. Conclusion and future work

In this work, we designed and implemented a low-cost AFM sys-
tem for educational purpose by utilizing the active cantilever probe
technology. With cost and performance consideration in mind, the
AFM subsystems are optimized including a buzzer-based multi-actuated
scanner, custom driving and demodulation circuits for tapping mode
operation, and AFM control algorithm implementation on myRIO with
LabVIEW. The performance of the system is verified with imaging
of calibration gratings. For future works, the graduate-level course
developed for precision mechatronics will be offered to obtain feedback
from the students to optimize the design and the course. Augmentation
of the low-cost AFM design for investigation of other imaging modes is
also an interesting direction to pursue.
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