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Abstract: Area of service robotics is characterized by increasing amount of device which is defined to perform various
tasks. In most of cases the service robots are controlled remotely from an operations centre at performing their tasks. In
order to control robot an operator has available special drivers or software on computer that allows the control of only
certain devices. This article deals with the design of the communication channel, which will be used as the basis for
creating a universal tool for remote control of service robots of various kinds. This article focuses on the description of
the data structures needed for the transmission of specific data in two-way communication.

1 Introduction 2 Description of the communication
Area of service robotics is characterized by increasing module

amount of device which is defined to perform various For the purpose of ensuring a bi-directional wireless
tasks. In most of cases the service robots are controli@ghmmunication channel between an operator and service
remotely from an operations centre at performing thefohots is necessary to select the appropriate radio
tasks. In order to control robot an operator has availalifequency. The radio communication is managed by strict
special drivers or software on computer that allows thgles today to avoid unwanted interference with other
control of only certain devices. devices. For research and development purposes should
This approach is suitable for commercial use, whetg ysed worldwide-free bands ISM 2.4 GHz
the customer gets tools for remote control (eitheforresponding to the IEEE 802.15.4 standard.
computer software or special drivers) of bought robots. In There are many devices that can be used to create a
a process of development of prototypes of service robgfgreless communication. Therefore it is very important to
that have different design principles, it is appropriate tg@etermine the basic requirements for given device such
create a universal system of wireless communication tha a distance between an operator and a device, the way of
it could be implemented into the any of developed robot§ommunication between the MCU and a wireless
devices. communication module, required transmission rate, the
The creation and subsequent use of universgiaximum size of the transmitted data and other.
communication system for service robots brings several Area of application of developed service devices is a

advantages such as: . combination of indoor and outdoor applications. For
« decreasing of needed time for the phase @utdoor applications is supposed a maximum distance
development between the robot and the operator of 1000m. This

~+  the possibility to control several robotic devicegondition is derived from the legislative amendments for

in the same time by the use of the universal control tool common drones to 20kg The reason is the assumption of
* the possibility of easy implementation ontomplementation of robotic flying devices that belong to

devices of OS windows or OS Android the group of drones. The use of terrestrial or floating

~1~

Copyright © Acta Mechatronica, www.actamechatronica.eu



2 Acta Mechatronica — International Scientific Journal about Mechatronics

‘:f’oﬁ Volume: 2 2017 Issue: 2 Pages: 1-5 ISSN 2453-7306
L

'%9 PROPOSAL OF UNIVERSAL COMMUNICATION SYSTEM FOR SERVICE ROBOTS

A Michal §pak; Marek Sukop; Ondrej Jurus; Peter Marcinko; Miroslav Stofa

QQOV )

devices isn't legislative regulated in any way, so theervice robot - for terrestrial service robots with
maximum distance at which it is possible to remoteldifferential control, for terrestrial service robots with
control robots derived from a group of drones to 20kgontrolled axle and for flying robots. The reason for
The operation of drones to 20kg is not yet subject to choosing this group of service robots is the fact that the
license from the Transport Office. majority of implemented service robots can be classified
Selected module nRF24L01p Nordic Semiconductanto one of these groups.
that includes a power amplifier (PA) and low noise Significant representation in practice has a group of
amplifier (LNA) allows you to create a stableterrestrial robots. The fundamental data for a controlling
communication channel capable of communication ovef the robot movement are data about speed and direction.
long distances. In the open area by using antennas witfe can mark these basic movement data as a "motion a
gain and 2 dB selected data rate of 250 kbps it is possiliiame".
to transmit information about a distance of 1300 meters. For determine the movement forward and backward we
This distance is fully suitable for the intended type ofan use only one bit of this frame. That means if this bit
application. More characteristic information’s about thevill have a value of 0, the robot will perform a movement
communication module nRF24L01p is shown in théorward and vice versa. For purpose of speed control is

following table (Table 1). need to use bulkier information. In order to smoothly and
accurately control a speed of movement it's necessary to
Table 1 nRF24L01p specifications use information about 10 bits of a motion data frame. In
Maximum output power +20 dBm theory by this way it will be possible to control a speed of
: robot by using 1023 levels. In practice it will not be
Maximum Payload 32 bytes . : ;
possible because the engine at low levels will not start.
Communication with MPU SPI (8Mbps) This fact we have to keep in mind when we are
Sensitivity 250kbps (received) | -104 dBm programmer, but for common users is this information
. irrelevant because the software adjustment removes this
PA gain 20 dB state.
LNA gain 10dB Another 10 bits we will use to control direction to the
LNA Noise figure 26dB right or to the left. There is no need to use the all 10 bits
; to identify turning in each direction separately. It's usefull
Antenna Gain (peak) 2dB divide the range of 10 bits into two parts. The zero bit of
2MB rate (Open area) 520 meter the frame we will use to control of a direction. If the zero
1MB rate (Open area) 750 meter bit will have value 0 a robot will turn in to the left and
vice versa. The remaining 9 bit will control radius of
250Kb rate (Open area) >1000 meter turning.
3 Description of a data frames 20191817161514131211109 8 7 6 5 4 3210
The main purpose of the proposal of communication —{———— eSSt t s St o L
channel is to acquire a versatile tool for remote service T Y Lr’

robots with one unit (Figure 1). In addition to the control

signals it will can to obtain status information of a given steering dir speed  motion dir
robotic devices. Also the proposal of the communication Figure 2 21 bit motion frame of terrestrial robot
channel will be create the basis for creating apps for PC
(Windows) and mobile platforms (Android). Into the area of service robotics penetrate increasingly
unusual flying device - drones. Control principle of these
devices is very simple but very different in compare to
ﬂ : terrestrial robots. It is therefore necessary to use a
' different data format, which will transmit the necessary

information for their management. Because no matter
how much has multicopter rotors can be used for all these
facilities the same data format.

The most important data is information about the

<253  Wheeled robot performance of motors. By these data is regulated the

*)F flight altitude. Because multicopters use special brushless

motors, which have a large speed range which controls

Figure 1 Scheme of control of different kind robots the power, it is necessary to have appropriate control

. o range. For the purpose of transmission information about

The basic proposal of communication channel igerformance we use the 10-bit word. Because a

created for control of movement of three basic types @frformance of all engines is the same at the moment we

Control centre
(operator)

Tracked robot =

'~ Flying robot

~2~
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can use only one 10 bit data word for regulation of all 111098 765432180
motors. 1:019:8:7:€6:8:4:5:2:1:0
Direction of flight and its speed is controlled by a slope |
and a tilt of the whole frame of a drone. The change of a T
slope and tilt achieve by changing the speed of the ; 2
b y ging b direction throttle

engines on the basis of information on the slope and tilt of
the IMU. The actual flight control is the responsibility of 27262524 232221201918171615141312
the flight controller. Its needs to send to control centre 7:6:§:4:3:2:1:0]7:6:8:4:3:2:1:0
only information about where and how fast a drone | ) )
moves. Y Y
Sideways movement of a drone can be described by the
X-Y plane. Drone is the middle of grid system. OS X is
identical with the direction of movement back and forth
and Z axis movement corresponds to movement to the

right and left. The resultant direction of movement,. In addition to control mformanon f'°.WSn which are
%gected by the operator to the device, it is necessary to

speed - X speed - Y
Figure 4 28 bit frame of flying robot

determined by the angle of the vector which produg tain status information of this device. Therefore, it is

(S:iozrgponents X:and ¥, and speed in a given direction of Igecessary to create a state information channel. The basic

information needed for management includes slope, tilt
and orientation of the structure coordinates of GPS and
X 7 forward battery status.
255 _\ It's very important to know the battery charge status for
| speed & direction two reasons. The first is a scheduling of operations due to
: A vector the battery charge level so to prevent battery discharge
while performing the task. The second reason is to protect
left right the battery, because today they are commonly used LiPo
‘ / > batteries, which must not be discharged below 2.7V/cell.
255 y 255 Y The value of the capacity of batteries can be displayed
in two ways, by using the percentage display, or by real
value in volts. To view by using a percentage display
could be used 7-bit word but to see real value in the
format DD.d [V] will use 10 bit value.
0-3 bit are used to express the decimal value volt and
255 4 backward 4-9 bit is used to express an integer value potential in

Figure 3 Principle of direction & speed control volts, up to 63 V.

For the given principle of control direction and speed 9876 é 43210
of movement, we have to transmit to the control unit ID:D D.D:D:D 4 d:4d:4d])
information about the direction of flight (2 bits), which is Figure 5 10 bit Baterry charge data frame

a combination of two bits. Zero bits of the pair tell about
the direction of the X axis (1 - forward O - backward), the For terrestrial and flying robotic devices it is also
first bit talks about movement in the direction of the axignportant to know the actual angle of tilt and its structure.
Y (1 - right, O - left). In addition to information about theln terms of terrestrial robots it is appropriate to provide
direction you need to send speed information respectivelyis information to the operator in order to optimally
about tilt in given direction. For this purpose, we will usgontrol robot and to avoid, for example, to its being
two 8-bit words. 8-bit word creates range of 256 levels @fverturned. Movement of flying robots, especially drones
tilt and slope, which is fully sufficient range to control thdés based on changing the tilt and inclination. Inclination
direction and speed of flight speed. and tilt is controlled automatically, but it is necessary to
For information transfer system designed by this wanow the actual value of the data. Due to the fact that we
we need to use a total of only 28-bit word. We can sé&l® not need to use the full 360 degrees and the accuracy
detailed description and composition on the next pictureof the data will be rounded to the stage, for both slope and
inclination data consistency of the data we use the size of
1 byte.
A information that we have to send extra to operator
for appropriate control of flying robots is flight altitude.
Today, the amount of used altitude sensors achieve high
accuracy (x 1 m). Taking into account the maximum

~3~
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wireless range management 1000m legislativ@otation around the Z axis) we have to use 9 bit
regulations, which refer to a maximum altitude of 12@hformation because it uses the full range of 360 °
meters, sufficient amount of data to display the current

amount is 10 bit dir "’i“e dir “i“e
c 5 3 J'?[ 5432
9876543210 I (CE RN
DALNL AL NL:NL AL - - AL:AL:AL]) L §
Figure 6 10 bit Altitude data frame | |

Roll Pitch
When system is working outdoors will not do without

242322212019181716
(B 51 5K 38 BE)

features of tracking of device on basis of the position of [7e LRS- B1 1

the GPS system. To transmit the coordinates we use I‘ Y )
decimal format DD.ddddd. For the system tracking )

applicable in all geographical areas, it must also . Yaw

coordinate and transmit information where the device is Figure 8 Roll, Pitch and Yaw data frame

located. For this purpose we use a pair of bits, and the hit )
prime position with respect to latitude (0 - North, 1 <onclusion . _
South) and the first bit of position relative to the longitude The main aim of this article was to propose and
(0 - Eastern, 1 - west). describe the umv_ersal da_ta communications ghapnel
The actual transmission of the data we use to achiefE@nagement service robotic devices. Communications
high accuracy 4 bytes. The first byte will be used tghannel designed to serve as a basis for creating an
transfer information about the full degrees and th@pplication running under Windows Mobile and Android.
remaining three bytes to transfer six decimal places thi§lis application will facilitate and simplify the
number, each byte is divided into upper and lower folevelopment and testing of robotic equipment as it
bits. Each foursome bits testify about the value of or&lieves  developers ~ from design to  control
decimal. That is, the use of three bytes, each of whichG@mmunication. Also, the present proposal can be
divided into two parts, we are able to display just si¥mplemented establishment of communication channels
decimal places. The same data frame we use to descr¥@ady in finished devices, which in turn will be operated
the latitude and longitude. Overall, for transmittingogether with other devices using the same software.
position data robotic equipment we will use 66 bits.

byte3 byte2 bytel byte0 Ac_knowledg.emgnt . .
5 BENEEEHEEE This contribution is the result of the project
L ) implementationSTIMULY ¢.Req-00169-0003 “Vyskum
T a vyvoj inteligentnych mobilnych robotickych platforiem

ap = a polohovacich systémov s vysokou pregsoospre
degree six decilam places vyuZitie vo vyskume, vyvoji a v priemysle” and project
Figure 7 4 byte Longitude/Latitude data frame No. VEGA 1/0872/16 “Research of synthetic and

_ . _ biological inspired locomotion of mechatronic systems in
Very exact value of slope, tilt and orientation of theugged terrain”.

frame of the robotic device can be obtained by using

Inertial Measurement Units. Accurate figures are

necessary for motion control, which is not an interngReferences
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Abstract: Every robot must be mastered. Only if the robot has been mastered can it move to programmed positions and
be moved using Cartesian coordinates. During mastering, the mechanical position and the electronic position of the robot
are aligned. For this purpose, the robot is moved to a defined mechanical position, the mastering position. The encoder
value for each axis is then saved. The mastering position is similar, but not identical, for all robots. The exact positions

may even vary between individual robots of a single robot type.

1 Introduction methods that are used depending on how many devices to

Robot mastering is the process of identifying the regrlibrate and what level of precision is required. In some
geometrical parameters in the kinematic structure of &&ses, calibration must be carried out directly in operation,
industrial robot, such as the relative position of joint link§therwise it is appropriate to do it in a workshop or in a
in the robot [1]. Calibration is a useful diagnostic methogalibration laboratory. Consequently, with the help of
that increases the positioning accuracy of the robotic afiodern software and camera systems, it is easy to evaluate
of an industrial robot. Robot calibration is performed to sdfe calibration result [5]. _ _
the correct positions of each robot arm (axis) relative to the By calibration we can understand two things. In the first
base coordinate system. Nowadays, is possible use ##8g€ it is arobot recovery. This process is usually done by
ROS mastering for robotics programming as advancéhe manufacturer as the final step that is necessary for the
concepts at this area [2]. The method of calibration dHlly functional product that the manufacturer offers. The
different types of robots varies depending on the robb@vitalization of the robot is based on the unification of
kinematics as well as on the manufacturer's preferencesi_ﬂdiVidual coordinate systems of robot with their virtual

Expensive and log calibration methods based on rgpresentation, which is stored in the robot's control system
camera or laser scanning system require specifiel- S _
equipment and accessories, unlike manual calibration, In the second case, the calibration is used to improve

where the financial requirements are minimal, see Fig. 1Positioning accuracy without necessarily or altering of
mechanical structure or design of robot. To achieve

required positioning accuracy, software that corrects
undesirable deviations and optimizes the path is used [7].
Robots, such as mechanical devices, can be affected by
minor deviations due to wear of parts, tolerances,
manufacturing inaccuracy of spare parts [8]. Calibration
reduces the risk of changing the robot program due to these
factors. On a general level, the calibration is divided into

two groups:
. e parametric calibration (kinematics
z : calibration),
—F Fizifssiait * non-parametric  calibration  (static
Figure 1 Robot mastering calibration).
In practice, it is often used that calibration is most often |n poth cases will be solved following steps:
performed on new robots in production processes [3]. «  model of robot,
Users, however, want to be sure that machines will achieve . measurement,

required precision after being deployed in the production
process. Therefore, it is important to deal with the
calibration again after some time.

Regular calibration is very important, because dien .. It should be taken into account the fact that this i
best robots tend to lose absolute stability; they show a sl'ii

. identification,
. compensation or correction.

X ) ' Focess in which the positioning accuracy of the robot arm
and zero fluctuations, thus losing the ability to accuratety improved by software modification of the positioning

position [4]. There are several different Callbrat'orig].Therefore, it is not necessary to interfere with the robot

~7 ~
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construction or its control system. This process contai
from creation of model that represents real robot at th
workplace [10].

Parameters affecting robot precision are precisel
defined and measured, see Fig. 2. In next steps, calculat
parameter values are inserted into the kinematic mod
which exactly corresponds to the actual parameter.

Length of
joints
— Depreciation
Static | | Monitored || | Eccentricity of |
mastering | parameter gearshift Fiaure 3 Dial au .
—  Link ratio 9 gaug
Robot ey | « SEMD (Standard Electronic Mastering
mastering | L Inaccuracy in Device) — electronic measurement device —
gearbox works on a similar principle as a dial gauge,
. : : L Weight except that it is equipped with a connecting
— Kinematics . Monitored " griction cable to connect the robot with a calibration
mastering parameter - .
L[ Stiffness device [13].

Figure 2 Parameters affecting at robot accuracy
The information from the SEMD device is transferred
With quick and easy calibration, we can achieve th® the robot where the robot is automatically shut off after

following benefits: the calibration position is reached, see Fig. 4.

2 Mastering at KUKA

» Ifthe robot fails, it may be replaced by a new one.
Once the calibration has been completed,
operation can be restored with minimal
downtime.

» Program calibration can be verified at regular
intervals. This means that quality is ensured by
frequent calibration. Thus savings are a reduction
in costs associated with poor quality products.

*  Quick calibration also allows you to reduce the
insertion or changing of the accessory. Shorter
feed-in times then reduce downtime costs.

Figure 4 Adjusting set with SEMD and MEMD

*  Programming is done in such a way that the robot
can be replaced without having to reprogram eacgE
position.

The thinner cable is the signal cable. It connects the
MD or MEMD to the mastering box. The thicker cable
is the EtherCAT cable. Itis connected to the mastering box
and to the robot at X32.Description of adjusting set with
SEMD and MEMD (Micro Electronic Mastering Device))

The calibration method used by KUKA industrial ., he found in table 1.

robots uses two types of measuring devices [11]:

Table 1 Describtion of parts in adjusting set

» Dial gauge — the calibration is fixed over the 1 Adiusting b
measuring tip by means of a thread. i Justing box
Previously, you need to set the help lines to 2 Screwdriver for MEMD
overlap at robot. 3 MEMD

By gradually moving of robotic arm at the lowest speed
from negative, the measuring tip moves, which can be 4. SEMD
tracked on the watch handles. When the tip reaches the 5 Cables
groove bottom and the hand rises, the measurement |is

completed [12].

~8~
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21 Basicsetup The figure 7 shows where on the robot the mastering marks

Every robot must be mastered. Only if the robot ha@e situated [16].
been mastered can it move to programmed positions and be
moved using Cartesian coordinates. During mastering, the ™
mechanical position and the electronic position of the robot
are aligned. For this purpose, the robot is moved to a
defined mechanical position, the mastering position. The
encoder impulse for each axis is evaluated from rotational
speed of motor and then saved [14]. The mastering position
is similar, but not identical, for all robots, see Fig. 5. The
exact positions may even vary between individual robots
of a single robot type.

Figure 7 Mastering marks on the robot

To locate the mechanical zero position of a robot axis
precisely, it must first be aligned to its pre—mastering
position. The protective cap of the gauge cartridge is then
removed and a dial gauge, or the supplied SEMD, is fitted
toit. The SEMD is now plugged into the robot junction box
(connection X32) and thus connected to the robot
controller. When, on passing over the reference notch, the
gauge pin reaches its lowest point, the mechanical zero
position is reached [17].

Figure 5 Mastering position — approximate position
A robot must be mastered in the following cases:

e During commissioning,

» After maintenance work during which the
robot loses its mastering, e.g. exchange of
motor,

* When the robot has been moved without the
robot controller (e.g. with the release device),

»  After exchanging a gear unit,

» After an impact with an end stop at more than
250 mm/s,

» After a collision.

Figure 8 Cross—section of a gauge cartridge

The electronic measuring tool sends an electronic
nal to the controller. If using a dial gauge, the zero

position can be recognized by the abrupt reversal of the
pointer. The pre—mastering position makes it easier to
move to the mechanical zero position. The pre—-mastering
position is indicated externally by a scratch mark or

“frontsight/rearsight” markers and is located just before the
zero position, see Fig. 9. The robot must be brought into
this position before the actual mastering procedure [18].

The axes must be moved to the pre-mastering position
before every mastering operation, fig. 6. To do so, ea
axis is moved so that the mastering marks line up [15].

Figure 6 Moving an axis to the pre-mastering position

In some cases it is not possible to align the axes using
the mastering marks, e.g. because the marks can no longer
be recognized due to fouling. The axes can also be
mastered using the probe instead of the mastering marks.

~0~
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Axis traversing direction Axis traversing direction
+ = - + = - ’I

Unbdas
3 Softwa
4 Service F

! 5 Robot name

Pre-mastering position Mechanical zero position Figure 12 Setting of mastering at Menu
Figure 9 Pre-mastering and mechanical zero position

Scratch mark
or “frontsight/
rearsight”
marker
_—

1'ith load cor. »

* Oppening of status window (Fig. 13) with
2.2 Mastering process describer axis to mastering. The rank of axis for
A number of different functions are available for mastering is suited as follows.
mastering with the SEMD. These are grouped together
under two main points: “Standard” and “With load
correction”. The difference here is that using the option
“With load correction” it is possible to master the robot as
if the tool had been removed, but actually leave the tool
mounted on the robot. This is done by correcting the weight ‘
of the tool “arithmetically”. “Standard” mastering is used e eliinl oo T
if the robot is always mastered with the same tool or always
mastered with no tool.
« Removing the protective cap of the gauge
cartridge and fit the measuring tool to first axis, Hobol 2uis |

Standard-EMT -Mastering: Set mastering.

; Robot axis 2

flg. 10. Raobot axis 3
Robot axis 4

=71 — = Robot axis 5
. ! v - . W\ = Robot axis 6

Figure 13 Axis status window

: ; : * By pushing of the button for mastering will be
gure 10 Measurement at first axis

setting the first axis. Is necessary to hold “death
man” function at the back of the pendant together
with green button — start. Blue markered axis will
be automatically mastered in direction from + to -

Fi

* Connectting the measuring tool to the robot
controller using the cable supplied with the EMT
set., fig. 11. _

. s In case of the finding of deepest point (mechanical

u;l \ . zero position) program will automatically stop. Finded

T values will be stored at memory of robot control system

and blue markere axiss will disapear, see fig. 14.

Figure 11 Connection cable for EMT
» Preparing the robot for mastering and selecting
the menu item “Standard” from the submenu "Set
mastering”, fig. 12.

~10 ~
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|Restore mastering

b aster the following axes
with the electronic measure tool EMT:

Fobot asis 3
Robat asis &
Fobot axis &
Robat asiz 4
Fobot axis 1

Figure 14 Succesfully mastered first axis
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Vol. 3, No. 2, p. 234-237, 2012.

[6] HULKO, G., BELAVY, C., TAKACS, G., BWEK, P.,

ZAJICEK, P.: Control of Distributed Parameter
Systems - Engineering Methods and Software Support
in the MATLAB & Simulink Programming
Environment MATLAB for Engineers - Applications

in Control, Electrical Engineering, IT and Robotics. —
Rijeka, Croatia, 2011.

[7] VAGAS, M.: Optimization trajectory in handling with

the same objectApplied Mechanics and Materials
ROBTEP 2014, 18 International Conference on
Idndustrial, Service and Humanoid Robotics, Strbské
Pleso, Slovakia, Vol. 613, p. 230-236, 2014.

[8] VAGAS, M.: Rozsirovanie funkcii vyrobnych systémov

pre zvySenie stupsia ich automatizadievus scientia
2015, Kosice, TU, p. 417-420, 2015. (Original in
Slovak)

[9] SEMJON, J., JANOS, R., VAGAS, M.Presné

polohovacie reduktory a aktuatory v pohonoch

» Repeating the same process at each axis of robot robotoy, 1%t ed., Kosice, UK TU, p. 172, 2015. (Original

KUKA. If at screen is not displaying any axis,
realized mastering was succsesfully.

3 Concluson
Kinematic calibration can be applied to multiple

in Slovak)

[10] SADEROVA, J., KACMARY, P.: The simulation

model as a tool for the design of number of storage
locations in production buffer store, Acta
Montanistica Slovaca, Vol. 18, Nr. 1, p. 33-39, 2013.

robots of the same type at the same time. This means tfiaf] TAKACS, G., VACHALEK, J., ROHA-ILKIV, B.:

the calibration process is performed once, but is applicable

to the robot group. From an economic point of view,

Identifikacia slstavBratislava, STU, p. 281, 2014.
(Criginal in Slovak)

kinematic calibration does not require special equipmerjt.2] SUKOP, M., HAJDUK, M., SEMJON, J., JANOS, R.,

on the contrary, static calibration requires special external

devices, thus increasing the costs required for static

calibration. Constructing of kinematic model requires
expert service, unlike static calibration, where trained robot
attendants are sufficient.
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Abstract: We have suggested a new non-destructive method for measuring of tensile modulus of circular and hoop

samples — by means of vertically oriented flywheel set. We had performed a theoretical analysis of its operation and we
carried out the testing measurements of simple metal and plastic samples. The results being achieved are compared with
the analogous values obtained using the horizontal device.

1 Introduction

The tensile modulus (also callecelastic modulusr
Young modulysis in here the centre ohterest. This
quantity belongs to the most important material
constants; we can say it is a measure of the stiffness of
matter. It determines the relation between stfessng

the axis, and straia at axial loading, in the form =

E.e, which is valid in the range of Hooke's law.

There exist several possibilities how to measure this
qguantity. The most commonly used way is the static
method - by stretching /shortening the sample under its
force stress. In the case of thin non-linear specimens,
such as bent wires, sticks, rods, columns, fibres, and the
like (with arc, circular etc. shape) however, its use is
problematic; a permanent shape deformation of the
material may occur. In such cases, it is advantageous to
use some of the dynamic non-destructive methods that
are based on the investigation of the intrinsic vibrations
of the substances.

One such classical device is a horizontal flywheel set
(also known asearle's pendulumBasically, here are
sample oscillations at the three-point bend, which are
still damped by flywheels. However, it should be noted
that this method is only applicable to partially circular
(it means arcuate) samples. For full circular and hoop
patterns, the situation is more complicated.

~ 13 ~

And just creating a device for full circular and
hoop samples was the goal of our work. For this
purpose, we designed a vertically oriented flywheel
assembly.

2 Horizontal coupled flywheel set

as an interface to vertical assembly
Since the horizontal device represents a starting step
on the path to the vertical set, we will describe it in more
details, and the corresponding references and
comparison will be related to it, according to scheme

partially circular samples—— fully circular samples
and
horizontal set — vertical set.
Horizontal structure consists of three main parts
(Figure 1). There are two horizontal flywheels (mostly
cylindrical) 2, fixed to two hinge yarns 1. They are

connected by the measured arc-shaped sample 3; this
one basically represents the element of "coupling".

Copyright © Acta Mechatronica, www.actamechatronica.eu
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Figure 1 Horizontal flywheel set.
1 — hanging threads, 2 — cylinder flywheels, 3— measured
wire (arrows indicate the direction of the oscillations)

—~

Symmetrical deflection of the flywheels in the
horizontal direction by the angéeperforms the bending
oscillating movement of the sample, that is reversely
transmitted to the oscillating rotary motion of flywheels
- and vice versa. Both parts of a pendulum - i.e.
flywheels and sample - oscillate synchronously, with the
same frequency and phase. Tensile modilesn be
calculated from a relationship [1], [2] as

8mlj

E= 1)

472!

wherein lis the length of the sample with the radius

T means the oscillation period of the system, auisl

the moment of inertia of the flywheel with respect to
the perpendicular axis passing through the centre.

We present a detailed analysis of the measurement
procedure using this device - including experimental
measurements - in ttegticle [3]. Here (in current paper)
we reporta comparison of results with vertical set (in
Section 4.Results of measurements

3 Our work
3.1 Aim of our work

We have suggested new equipment for examination
of flexure properties of full circular samples by slowed
oscillations — a vertically coupled gravitation set (also
known ascoupled reverse pendulunsUnlike the
previous device, the slowing flywheels are located in the
vertical direction; the purpose is also to use gravitational
forces. A direction the measured sample can be arbitrary

~ 14 ~

— horizontal or vertical; we used a horizontal way.
However, the theoretical analysis is more complicated —
we need to consider — except for gravity — also the
contribution of next factors {see Section 3.3).

3.2 Measuring equipment

A sketch of equipment being used is shown in figure
2. Both reverse pendulums were hung so that they were
vibrating in a common vertical plane. When using a
classical spring connection for demonstration of
composition of parallel oscillations, thus we can
determine the spring's stiffness, too.

@ %

Ly

~_ A

/®\
O 6,

Fig. 2 Measuring equipment scheme.
(1 - pendulums, 2 — circular hoop connecting pendulums)

In our experiment an elastic wire shaped like a
horizontal hoop was used as a connection. Deviation of
the pendulums in their common plane gave rise to
bending vibrations of the wire, while the same
phenomenon as in the case of spring connection (i.e.
energy transfer from one pendulum to another) could be
observed.

Tensile modulus of the wire can be determined
similarly as the spring stiffness can be specified.
Corresponding basic circular frequencies and >
necessary for calculation can be determined by
experiments from Fig. 3a and 3b examining concordant
and/or discordant oscillations of the pendulums.

Copyright © Acta Mechatronica, www.actamechatronica.eu
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Fig. 3 Vibrational modes of coupled pendulums
a) 1st mode - concordant vibrations, b) 2nd - discordant vibrations

3.3 Dynamic Analysis - the flywheels do not rotate around their central axes
In theoretical analysis - compared to a horizontal set ~ but around the pendulum ones
- we need to incorporate into our calculations three - the samples are full circular in shape and they are

significant realities: sufficiently thin (for shape deformation)
- the pendulum forces are a mixture of elastic and It is necessary to specify the range of the wire circular
gravitational activities deformation caused by the foregFigure 4).

7 ’,

a) b)
Fig. 4. Deformation diagram at transfer of force F: a) to the circular wire, b) to the pendulum.
(G is weight of pendulumy is a wire deformatiori; is To do so we used strain enerdythe quantity of
distance of the pendulum centre from the rotation axis, which is given by bending effects in particular.
¢ is angle of the pendulum deviation drisl distance of Regarding perpendicular axes symmetry, the calculation
the wire connection from the pendulum point). was done only for a quadrant (Figure 5).
~15 ~
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To=T(¢=0)=0
No = N(¢/ = 0) =F/2

Fig. 5. The analysis of internal forces during deformation of circular wire

Strain energy of the guadrant is as follows: wheremis pendulum weight anglis gravity acceleration.
Supposing that the pendulums are oscillating in the
A__I M2 )Ry (2) field of small oscillations¢ < 5°), sinp U andu = 2lp.
2E], Thus, using expressions (7) and (8) we can obtain a new
where relation:
8rl’EJ,
M) =M, —% R(1-cosy) 3) M=mgl.g + R )¢ 9)

andE is tensile modulusl; is area moment of inertia about ~ Setting this relation into motion equation of the
wire neutral axisM(¢) is bending momenR s arc radius pendulum we can calculate circular frequency for
andyrepresents the angle of turning of the arc. The valugiscordant oscillations of the connected pendulums:

of TandN correspond to tangential and normal component 1 Stl’EJ
of the forceF. b == mgly +— % (10)
Before the calculations it is necessary to determine the | R(n" -8

value of bending momeml,, which corresponds to zero h l=m 2 . " dul inert ¢ A
rotation at the poiny = 0, i.e. where | =mLlg is the pendulum inertia moment.

similar relation applies for circular frequency of
oA _ 1 I[M _FR(]__Cog//)}Rd(//:O (4) concordant vibrations of two pendulums:

ER(TE_Z) (5) o
2 L Having treated the relations (10), (11) and using
vibration periodd; = 2/¢y, T, = 21/ ey, and the well-

known relation for area moment of inertia (with respect to
the axis lying in the bending plane)

4
u=A_-9 [ ! (|v| N,R(L- cosyp))? Rdl,l/](e) Jzznd (12)

(11)
M, =

The value of displacement at the pointy = 0 can
be determined from the following condition:

N, 9N, | 2EJ, " 64

whered is a wire diameter, we can obtain final relation for
Total displacement is the given by the equation: ~ calculating tensile modulus of wire in the form of:

3 2 2 _ 2
u=2u = FR™[=°~8) (1) E= 8n 28)2m49|"R3 T—12—l (13)
4BJ,\ = nld T,
Tensile modulus can be determined also from
frequenciesua andaw of the connected pendulums. If the3.4 Results of measurements
interaction between connecting circle element and The measurements were carried out by means of
pendulums is replaced by its force effect, then morient connected pendulums as shown in figure 2. We have
applied on the pendulum (Figure 3b) can be determinediasestigated the elastic properties of several materials —
M =mgl,sing + Fl , (8) metallic and plastic - all with the same geometric

~ 16 ~
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parameters (lengthand diameted). These parameters are
summarized in table 1.

Table 1 Geometrical parameters used in our experiments
Lo [m] m [kg] d [mm] R [m] I [m]
0.8¢4 0.87 15 0.1¢ 0.2t

Also the period of concordant vibrations was the sanperiods of discordant vibrations are summarized in table 2,
for all materials -T:= 1.040 s. together with the relevant values of tensile modies
So, the only varying parameter had been the period célculated from the formula (13).
discordant vibrationsl,. The corresponding results for

Table 2 Quantities measured for the determination of elastic modulus.

Sample T, [s] E [GPa Eiab [GPa
Stee 0.61( 203.¢ 200- 21C
Aluminium 0.80¢ 69.¢ 67-7C
Coppe 0.70; 124.] 110-12C
Bras: 0.75¢ 101.% 90- 10C
Polyamice (nylon) 1.03¢ 1.8 09-14
Polystyrine 1.03] 1.6 1.5-1.¢

As we can see the results being obtained are in good quantities being measured. Therefore, we made a
agreement with material-table values (last column); the statistical evaluation of the uncertainties, according to
differences from mean table values represent no more as the degree of accuracy of the measurements of the
several per cents. individual variables.

We also measured - for comparison purposes - the It is a rather complicated statistical task. Here we must
specimens using a classic horizontal assembly. The take into account that the tensile modulus - as can be
results obtained were similar to the measurements seen from equation (13) —is a function of four quantities
described, their deviation was a maximum of 10 % X being measured directly, namdty= f(R,,T;, T2); the

compared to the vertical set. values ofm, Lo and d were entered directly by the
manufacturer and we considered them as constants. In
3.5 Statigtical evaluation this case — in accordance with theory of measurements -

Another evaluation can be presented in terms of the uncertainty is given by a root, containing partial
statistical view, based on the accuracy of the single derivatives with respect to all of the relevant variables
and uncertainties of these variables:

Up = i\/Z?zl (:_iuxi)z _ i\/(g—iu,;)z + (Z—ful)z + (:%un)z + (:%uTZ)Z (14)

The relevant partial derivatives of (14) are Ur, U, Ur1 and up) as the size of the smallest pieces
on their scales. So:

ur=1 mm (ruler)

0E _ 24(m? — 8)mgL,R? le 1]

R m2l2d4 T} u = 1 mm (ruler)
0E —16(m? —8)mgLyR? [Tf l urt, U= 0,01 s (stopwatch)
ol m2l3d TZ2 After fitting all the variables being relevant we shall

oE _16(n2—8)mgL0R3 T, get a final value for the resulting uncertainty

oT. 12124 T2 Ue + 8 %. Thus, the final result can be written — for
165 —16(n?-8)mgLoR® T? z steel, for example — as
0Tz mezalt T E =203.3 GPat 8 %.

Here we have set up the precision of measuring
instruments for applying the uncertainties of them (e.g.

~17 ~
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4 Conclusion

The described equipment is simple and illustrative,
completing the range of pendulum-based methods for
the measurements of elasticity constants. Regarding
below 10 % accuracy it ranges to the (relatively)
accurate methods. It does non-require intricate
measuring equipment and works without destruction,
practically. Even extremely thin samples can be
measured without a risk of damage or permanent
deformation. The activity of pendulums is stable, the
system phases do not “tune out” or dump even after
several tens or hundreds of oscillations. This method can
be successfully used as a demonstration specimen in a
university textbook (chapter “Vibrating Movements” or
“Solids Physics”), or a task for laboratory exercises.
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