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Abstract - The paper presents a complex mechatronic equipment which can perform predefined
sequential motion cycles. The equipment comprises two parts: an automation panel and a
pneumatic assembly. The Master Control Unit of the automation panel is programmed to run a
specific software application that ensures the proper fulfilment of the motion cycles. The MCU is
connected to a Radio Frequency transceiver and could be easily connected to IoT and/or LAN using
a wired network controller. The input data has the following sources: the remote RF sensors’ data,
the position of the proximity sensors (placed on the pneumatic cylinders), the numerical codes
transmitted by the IR remote control and/or by IoT connection and the current motion cycle’s
settings. The output data consists of digital output signals (send both to the solenoid valves for
actuators through relays and to the status lamps) and text messages written onto a LCD.
Keywords: Mechatronic equipment, Programmable Cyclogram, Biomechanics.

1. Introduction

2. Previous and Related Work

The paper presents a complex mechatronic system
which can be used to perform predefined sequential
motion cycles, using pneumatic drive.
The automation panel of the equipment is made
using a microprocessor from the AVR family to
which proximity sensors and actuation relays are
connected. The microprocessor executes a program
sequence that implements a finite-state machine.
The relays operate the solenoid valves. The
automation panel can receive data from remote
sensors and can have, on request, IoT or LAN
connection.
The pneumatic assembly comprises of: two
standard round pneumatic cylinder, 200 mm stroke,
16 mm piston diameter, one standard round
pneumatic cylinder, 400 mm stroke, 32 mm piston
diameter, one standard round pneumatic cylinder,
500 mm stroke, 32 mm piston diameter, three
5/3closed solenoid valve, two 1/8 one-wayflow
control valve, four M5 closed solenoid valve and one
3/8 filter regulator.
This mechatronic equipment can be embedded
into various devices. It was tested as part of a
biomechanical device used for enhancing the
mobility of the human lower limbs.

The activities and results described in the paper
represent an implementation of the experience
obtained by the authors over the years in the field of
programmable mechatronic equipments and
biomechanical studies.
Paper [1] presents the main activities needed for
implementing a mechatronic equipment dedicated to
gear pumps testing: planning and configuration,
software
implementation
and
testing,
commissioning, current operation and maintenance
The paper analyzes the relationship between the
cost of the automation system’s configuration and
software involved, regarding possible physical /
operational data flow between PLC equipment and a
PC.
Paper [2] presents the conceptual model and the
Proof of Concept of a complex mechatronic system
which based on predefined sequential motion cycles.
It is able to create the proper biofeedback reaction in
order to improve the human neuromuscular control,
the endurance of lower limbs muscles and the
mobility of coxo-femoral joints.
Paper [3] presents an introduction into the field
of inertial motion analysis. It points out the type of
analysis that can be performed using modern
mechatronic inertial motion capture systems based
on MEMS and it underlines the advantages and also
the drawbacks of the mentioned system.
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It describes the core elements of these systems
and also the required steps to be performed in order
to be able to obtain proper results.
Patent application [4] describes a complex
mechatronic system that is intended for the
development of some specific motor parameters in
humans’ biomechatronic such as dynamic and static
balance., the strength and endurance of the lower
limbs. The device may also be used for enhancing the
mobility of the coxo-femoral joints of the athletes
and medical rehabilitation of some sport skills.

3. Material and Method

3.1 Hardware implementation of the Control
Panel
The automation panel is built around an Arduino
Mega 2560 board [5] [6] which act as a MCU.
The following components are connected to the
MCU as input data source: a RF transceiver used as a
RF receiver [7] (nRF24L01 at 2.4 GHz), an IR
receiver, buttons, switches, one slider.
Ten digital input pins of the Arduino Mega Board
have to drive in the inductive sensors placed in the
“begin of movement”, “end of movement” and “half of
movement” positions of pneumatic cylinders. A
level-shifter from 24V DC to 5V DC is used.
The following components are connected to the
MCU as output devices: an I2C 2x16 LCD, 8 relays
(5V), several LED and one buzzer. Eight digital
output pins of the Arduino Mega Board are used to
drive out the 5V relays that are further connected to
the solenoid valves using a level-shifter from 5V DC
to 24C DC.
A stand-alone Ethernet Controller with SPI
Interface [8] could be easily attached to the SPI
interface of the MCU.
Two AC-DC power adapters were used: one
converts 220V AC to 24VDC and the other one
converts 220V AC to 5V DC.
The automation panel is depicted in Fig. 1

3.2 Firmware implementation
Automation Panel

of

the

The firmware of the automation module has been
developed using Arduino IDE 1.8.7. It consists of
several functions that are called continuously.
A finite-state machine has been designed having
the states, the inputs and the transition triggers
clearly defined. Sensors values are sampled either by
polling or by attaching software to interrupts
handlers. Remote sensors’ values are received using
a dedicated function.
Several tests have been conducted, using the MCU
either as a MQTT subscriber on an IoT channel [9],
or as an UDP client to provide an alternative way of
getting remote data.
The main software functions are depicted in
Table 1.
Table 1. Main software functions
Name
Description of functionality
Read
RemoteData
ReadAnd
Translate
IRCodes

Read
Proximity
Sensors

Cyclogram

Cylinders
Actuation

Receives the remote Radio
Frequency data, decodes it and
displays it using LED bulbs
Performs various actions on the
value received from the infrared
remote device, such as individual
movement of each pneumatic
cylinder when manual mode is
active
Reads the status of the input
sensors and determines the logical
value of “begin of movement”,
“end of movement” and “half of
movement” condition for each
pneumatic cylinder
Implements a finite-state machine
for transitions between the states
and calls the actions to be
performed in every state for each
relay and each LED; configures the
appropriate text message to by
displayed on and LCD panel
Implements the actuation of the
pneumatic cylinders. The status of
each pneumatic cylinder is as
follows: Cx_Stop, Cx_Advanced and
Cx_Retreat
Each
pneumatic
cylinder is actuated using a pair of
solenoid
coils
which
are
connected to 24V relays

3.3 Operating Modes

Figure 1: Automation panel and pneumatic cylinders
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There are three operating modes: Manual, Demo
and Automatic. The mode of operation is selected
using an infrared remote controller.
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When in Manual mode of operation the operator
can apply commands to any relay. Manual mode is
mainly used for preliminary tests and for placing the
proximity sensors in their correct positions. The
Radio Frequency data frames, if any, are not taken
into account in manual mode.
In Demo mode of operation, the motion cycle is
executed according to the implemented finite-state
machine. It does not take into account any remote
sensors’ values.
In Automatic mode of operation, the transition
between the states of the finite-state machine takes
into account the values of the proximity sensors and
the remote sensors.
After power on and at the beginning of every
motion cycle, each pneumatic cylinder must be
moved onto correct start position, regardless of its
actual position. These preparatory movements are
started by pressing a dedicated button called ROP
(Return at the Original Position).
When all the pneumatic cylinders have reached
the start position, the cycle of movements may begin.

3.4 Pneumatic Assembly
The characteristics of the basic elements used for
the physical realization of the pneumatic scheme are
shown in Table 2.
Table 2. The pneumatic assembly
Name / ID Code
Symbol
Standard round pneumatic
cylinder[10]
DSNU-16-200-PPV-A
Stroke: 200 mm; Piston diameter: 16 mm;
Operating pressure; 1 - 10 bar;
Theoretical force at 6 bar, retracting=103,7
Nadvancing= 120,6 N;Positionsensing - Yes
Standard round pneumatic
cylinder[11]
DSNU-32-400 -PPV-A
Stroke- 400 mm;Piston diameter: 32 mm;
Operating pressure: 1 - 10 bar;
Theoretical force at 6 bar, retracting=415 N
Advancing=483 N;Position sensing:Yes;
Standard round pneumatic
cylinder[11]
DSNU-32-500 -PPV-A
Stroke: 500 mm;Piston diameter: 32 mm;
Operating pressure: 1 - 10 bar;
Theoretical force at 6 bar, retracting=415 N
Advancing=483 N;Position sensing:Yes;
Solenoid valve[12]
MEH-5/3G-1/8-B
Valve function:5/3, closed;
Standard nominal flow rate: 500 l/min;
Min./max. operatingpressure: 3-8 bar;
Exhaust function: canbethrottled

Control type: pilot operated;
Flowdirection:Non-reversible;
Coil characteristic value: 24 V DC; 1,5 W;
Filter regulator[13]
LFR-3/8-D-7-MIDI
Operatingpressure: 1 - 16 bar;
Pressure regulation range: 0,5 - 7 bar;
Max. Pressure hysteresis: 0,2 bar;
Standard nominal flow rate: 3.200 l/min;
One-way flow control valve[14]
GRLA-1/8-QS-8-D
Function:exhaust airflow control non-return
function;
Standard nominal flow rate
in flow control direction:215 l/min;
in non-return direction:175-250 l/min;
One-wayflow control valve[15]
GRLA-1/8-QS-8-D
Function: exhaust airflow control non-return
function;
Standard nominal flow rate:
in flow control direction:110 l/min;
in non-return direction:65-110 l/min;

3.5
Real-time
Data
Acceleration Values

Acquisition

of

In order to measure the accelerations which
occur during moving cycles the authors have used a
mobile phone tied to the end segment of the
mechatronic system and a software application [16]
which logs the accelerometer data and save data
onto the mobile phone’s card. It was decided to use
the software option that long term average should be
removed from each accelerometer sensor reading
because only the shape of the graphics would be
analyzed.
The data file was formatted in order to easily
retrieve only the data columns needed, which are
Time, AccX, AccY and AccZ. Data have been plotted
using a Python piece of software which performs a
moving average filter using a window of size 30 for
spikes’ rejection as follows:
1 import pandas as pd
2 import matplotlib.pyplot as plt
3 # importing data
4 AccelData = pd.read_csv('AccelDataFull.txt',
index_col='Time', parse_dates=True)
5 Accel_X = AccelData['AccX'].to_frame()
6 Accel_X['MA30'] = Accel_X['AccX'].rolling(30).mean()
7 # plot average data
8 colors=['green', 'red']
9 Accel_X.plot(color=colors,
10 linewidth=2, figsize=(12,6))
11 plt.xticks(fontsize=14)
12 plt.yticks(fontsize=14)
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13 plt.legend(labels=['Realtime aquisition data',
14 'Moving average Window=30'],
15 fontsize=14)
16 plt.title('Acceleration on X Axis (long time average
value removed)', fontsize=20)
17 plt.xlabel('Time [s]', fontsize=16)
18 plt.ylabel('Acceleration [m/s^2]', fontsize=16)
19 plt.show()
The above procedure has been used for plotting data
on each Cartesian axis. Another piece of software has
been made for the filtered data to be depicted onto
the same graphic in order to give a synoptic view of
the entire acceleration data set.

4. Results
4.1 The Mechatronic Equipment
The mechatronic system mentioned above is an
integral part of a complex mechatronic equipment
used for the development of neuromuscular control
in human users and also for the development of the

musculature of their lower limbs. The trainer-arm of
the mechatronic system supports one of the user's
lower limbs (called the manipulated leg), so that any
movement of the former will be transmitted to the
user. Due to this connection between the
mechatronic system and the user’s manipulated leg,
the user will have to move along with the trainerarm, hopping on the other leg (called the supporting
leg), which is in contact with the ground. The trainerarm of the mentioned system will move according
with an implemented cyclogram, so that the
movement imposed by it to the manipulated leg,
induces a continuously state of imbalance to the
human subject, this action forcing him to
continuously find his balance.
Repeated execution of such sessions, by a user,
combined with the alternation of his supporting leg,
over time, will result in the development of his
neuromuscular control and of his lower limbs
endurance.
The complex mechatronic system is presented in
Figure 2.

Figure 2: Complex mechatronic system- for the development of human’s neuromuscular control

4.2 Motion Cycle Analysis
The motion cycle may be analyzed by taking into
consideration the graphical representation of the
acceleration on each axis. As states above, long term
average has been removed from each accelerometer
sensor reading. Figures 3, 4 and 5 show the
accelerations on each Cartesian axis, and figure 6
shows the synoptic representation of the three
accelerations using the same time base. The
sampling time is about 19.3 ms.
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Figure 3: X-axis acceleration
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Figure 4: Y-axis acceleration

Figure 5: Z-axis acceleration

Figure 6: Synoptic representation of accelerations
Analyzing the graphs above, the following aspects
can be observed:
- the acceleration curves on the three axes are in
accordance with the imposed motion cyclogram;
- the peaks present on the acceleration graphs, on
the three axes, are due to the shocks caused by the
changes in direction made by the trainer-arm, in
accordance with the motion cyclogram.

5. Conclusions
The paper presents a mechatronic system that can
perform motion cycles based on a predefined
cyclogram. The automation panel may receive
remote sensors’ data that are transmitted by RF. It
can be connected to an IoT channel as a MQTT
subscriber or it can act as an UDP Client in a Local

Area Network. The system can be easily embedded
into other much complex equipment, such as those
used
in
neuromuscular
control
training,
biomechanics, medicine and physical therapy.
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