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Abstract. This paper presents the motion and control system of a developed
surface-shaping mechatronic neural network. The system integrates force sensing
resistors that detect user input, allowing the surface to adapt its form based on
the intensity and pattern of the applied force. Depending on the input, the shape
of the surface can be convex, concave, inclined or any other combined shape
as a result of the input data. Focus of this paper is the description of the overall
system architecture, including selection, development and integration of hardware
components and the control algorithms. The proposed neural network could be
applied in different areas while offering an approach to input data driven shape
manipulation.
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1. Introduction

The mechanics of the developed surface-shaping mechatronic neural network
is based on the manipulators with parallel kinematics (e.g. Stewart Platform)
with 3 movable legs (tripods). The neural network consists of 24 tripods that are
connected to each other through flexures, force sensing resistors, stepper motors
and controller (Fig. 1).

The controller of the system consists of microcontrollers, stepper motor drivers
and a microcomputer.

The neural network is activated after a force sensing resistor (FSRs) is pressed.
A signal from the resistor is sent to the corresponding microcontroller, which
processes the raw data and sends it to the microcomputer.

The microcomputer makes the appropriate calculations and sends commands
back to the microcontrollers, which drive the stepper motors, via the stepper motor
drivers (Tsokov et al., 2021).

Depend on the size and position of the applied force, the developed software
is calculating the new positions of the stepper motors. The result of the stepper
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motors motion could be various of different surface shapes including concave,
convex, inclined or any other combined shape of the surface-shaping network
(Rusev et al., 2023). Some of the shapes are exported from the software and
shown on Fig. 2.
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Figure 1. The developed mechanical neural network
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Figure 2. Shapes of the neural network

2. System architecture

The Architecture of the neural network system controller is shown on Fig. 3.
The main component of the controller consists of four ESP-WROOM-32 modules,
selected for their combination of large number of general-purpose input/output
(GPIO) pins, direct USB power supply, built-in USB-to-Serial functionality, as
well as the relatively low price and wide support.
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Figure 3. Architecture of the neural networks system controller

Another key component of the controller are the TMC2209 stepper motor drivers,
chosen for their energy efficiency, low noise emission, and advanced functionality.
A major advantage of the TMC2209 over the other drivers is the diagnostic pin,
which enables end-stop detection without the need of additional mechanical limit
switches. This significantly simplifies the hardware design of the neural network,
reduces the number of required external components, and improves the overall
system reliability.

The controller also incorporates force sensing resistors, which measure the
applied force on the surface of the system. Each resistor features a circular sensing
area with a diameter of 10 mm and a measurement range from approximately 100
g to 10 kg. The sensors are connected to the microcontroller's GPIOs via a voltage
divider, enabling precise conversion of mechanical pressure into an electrical signal
for further processing.

The wiring of an ESP32 microcontroller, TMC2209 stepper motor driver and
force sensing resistor is illustrated in Fig. 4.

The central component of the neural network system is Raspberry Pi 5, which
serves as the main computational unit and coordinates the operation of all other
components. It was chosen over other alternatives due to its significantly higher
computational power, improved processor efficiency, and faster memory compared
to previous models. Additionally, its high-speed USB ports ensure reliable and fast
communication with the ESP32 modules.
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Figure 4. Wiring diagram of the neural network system

The four ESP32 microcontrollers are connected to it via USB cables, which
provide both power and serial communication. This type of communication was
chosen over alternatives like [2C or SPI due to its simplicity, reliability over longer
distances, and native support in both Raspberry Pi and ESP32, eliminating the need
for additional circuitry, complex synchronization and additional power sources for
the microcontrollers.

The primary role of Raspberry Pi 5 is to collect and process data from the
pressure sensors connected to the ESP32 modules and based on this data, calculate
the necessary motions of the stepper motors. Once the calculations are done, the
microcomputer sends commands to the ESP32 modules, which then control the
drivers to rotate the motors according to the computed values.

Additionally, a dedicated web application has been developed on Raspberry Pi 5
using Python and Flask. It allows users to configure system parameters and monitor
the current state of the system in real time. Using the intuitive web interface, the
users can access the system from any internet-connected device, enabling remote
control and monitoring (Zamkovyi et al., 2023).

3. Control algorithms and software

The control algorithms and software are the core of the neural network's
functionality and they assure the real-time responses to user interactions (Nakov et
al., 2025; Trifonov et al., 2022).

The flow chart illustrating the control algorithm is shown in Figure 5.
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Figure 5. Flow chart of the control algorithm

After the system is started, it the process of initialization by leveling the surface
and positioning it to the midpoint of the shafts of the stepper motors (home position).
During the initialization process, the program first reads the current coordinates of
all points along the z-axis and calculates the centroid C which is reference point for
the motion planning and load distribution:
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C= (i EF:L-rf-iEF:LJT 'iEFﬂ.zl’) (1)

Subsequently, the elements are moved to the centroid, ensuring that the surface
is leveled. This approach prevents potential mechanical damage by minimizing
stress on the system components during startup.

Once the initialization is complete, the system waits for activation of any of
the force sensor resistors e.g. applied force or pressure on the FSRs. The system
recognizes several types of pressure: continuous pressing, double pressing, and
triple pressing (similar to a double and triple click with a mouse).

After the type of pressure is identified, the system initiates the corresponding
calculations for the movement of the elements.

Ifthe system detects continuous pressure on the FSR, the first step is to determine
its force. This is achieved using the 12-bit ADC GPIOs of the ESP32, which convert
the pressure force into values ranging from 0 to 4095.

If the value is less than half of the range (F < 2048), the system interprets the
pressure as “weak” and initiates the transformation of the surface into a convex
shape (Fig. 2).

Conversely, if the value falls within the upper half of the range (F > 2048), the
pressure is considered as “strong,” and the system start a transformation to adopt a
concave shape (Fig. 2).

Moreover, regardless of the pressure range, the greater the pressure force, the
greater the speed of the surface transformation.

In this case the system uses a distance-based motion control algorithm
(Gavrylenko et al., 2023; Whitehouse, 2002):

1. When the FSR is pressed, its coordinates are considered as reference point

Py = (xg; ¥ Zo)-

2. The Euclidean distances d, from P, to all other system elements are calculated:

dy =G =g P+ Oy — P+ (5 — 5 ° (2)

3. The number of steps for each stepper motor is proportional to the inverse of
(closer elements trigger larger movements):

Steps; = dl’ 3)
where k is a scaling factor.

4. Before execution, the system verifies that the computed steps are within
mechanical limits of the system (Tsochev & Sharabov, 2021). If valid, the movement
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is executed, otherwise, the system doesn’t perform the motion and activates the end
position Indicator (Fig. 4) to notify that the maximum position has been reached.

If the system detects a double press on the FSR, it calculates the angle of the
current element and then aligns all other elements according to the new position. In
the current use case all other components have been aligned with the angle of the
pressed component to create an inclined surface profile (Fig. 6).

In this case the system uses a planar alignment algorithm (Dichev et al., 2019;
Dicheyv et al., 2024; Diakov, 2021; Whitehouse, 2002):

1. When the FSR is double pressed, the target plane equation is calculated:

ax + by +ez+d =10 (4)

This equation is computed from the 3 points P; = (x1;¥y; 21 ), Po = (x2;V2;25)
and Py = (x4;Vg; 23) of the double pressed element of the system (Fig. 6). Then
the vectors of the plane 11, 77, the normal vector 72 and the scalar D of the plane are
calculated by the following equations:

i=P.—P, andv=F, —F 5)
R=dxd (6)
D=-f.P (7)

Double pressed element

Current plane Inclined surface plane Current plane points

Figure 6. Inclined surface profile using planar alignment algorithm

2. The distances &, from each point @, = (x,;v,; z;) to the plane are calculated:

_ axp+byi+ezp+d
b =—/—— (®)
Jat+bt 4ot
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If §; = 0 means that the current point {J; is above the plane and needs to move
down, and If &; = 0: @; is below the plane and needs to move up.

3. The distances are mapped to motor steps — if Az is the z-displacement per
motor step:

Steps; = ;—; 9)
4. The software checks if all steps are within the mechanical bounds and sends
commands to the stepper motors.

If the FSR is triple pressed the neural network starts transforms the current
shape in a flat surface using the least squares method.

In this case the system uses a least squares plane fitting algorithm (Dichev et al.,
2023; Dichev et al., 2024; Whitehouse, 2002):

1. When the FSR is triple pressed, the target plane equation is calculated:

z=ax+by+te (10)
where a and b are the slope coefficients and c is the offset along the z-axis.

The error function is the sum of squared differences between the actual and
predicted z values:

E(a.b.c) = T, [z — (ax; + by; + o)) (1)

Then the algorithm minimizes this error function to find the optimal values. This
results in a system of linear equations:

rxf Zxv 2xi]ra ¥ X3
) XN X _‘J‘I': X J‘I‘] |:'[J:| = |E J'l'zl'] (12)
Yx; Zw nlt Xz

2. The distances &, from each point . = (x.:v.: z.) to the least squares plane
i p L [ L q p
are calculated:
5 = axi+byi—=i+c (13)
LT Ja2ep? et

3. The distances are mapped to motor steps using equation (9).

4. The software checks if all steps are within the mechanical bounds and sends
commands to the stepper motors.

The result of the least squares plane fitting is shown on Fig.7.
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Figure 7. Inclined surface profile using least squares plane fitting algorithm

All the described functions can be changed or adapted to the different applications
according to the specific requirements.

In addition, a web application was developed using Flask to provide visualization
of the system’s current state and to assure the configuration.

The application can be accessed from any internet-connected device, allowing
users to adjust various settings, such as the maximum and minimum movement
speed, the increment of movement, the upper and lower position limits along the
z-axis, the size of the surface elements, and the displacement magnitude of adjacent
elements (Dimitrova et al., 2023; Lothary et al., 2023).

4. Conclusions

The developed surface-shaping mechatronic neural uses force sensing
resistors to detect various types of input, allowing the surface to transform into
different shapes. The hardware architecture was designed to ensure precision and
reliability, with control algorithms effectively translating sensor data into real-
time actuation.

Additionally,aweb application was developed for visualization and configuration,
enabling real-time adjustments from any internet-connected device. The proposed
system demonstrates potential for applications in robotics, metamaterials, structural
engineering, biomechanics and many more.
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