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ANYLSIS OF PIPE MECHANISM LOCOMOTION

Urgency of the research. Inspection tasks are frequently and very important from the view of safety. From this reason
the topic is very actual.

Target setting. The aim of the study is to investigate new kind of pipe mechanism based on differential frictions of bristles.

Actual scientific researches and issues analysis. There are many mechanisms for inspection of narrow or hard-to-reach
areas. Many of them are based on wheels or tank belt. This research investigates bristle-based pipe mechanism.

Uninvestigated parts of general matters defining. Nowadays, the SMA materials or different kind of memory materials
are always in the focus of researchers.

The research objective is to develop and experimental test the new kind of mechanism based on SMA as well as steel
spring mechanism.

The statement of basic materials. The locomotion divided into two phases is introduced. Based on this locomotion the mathe-
matical model was derived. Assuming mathematical model was developed control system for experimental pipe mechanism.

Conclusions. The results of the experiments shows problems with cooling phase due to its long time consumption. For
cooling was used external device. The cooling phase significantly decrease average velocity of pipe mechanism. The advantage
of this kind of mechanism is simple control and utilization for the pipe with small diameters.
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Introduction. There are many hard-to-reach areas which need to be inspected because of
detection of escaping gas or monitoring of obstacle presence etc. From this reasons the re-
searchers develop many years the mechanisms suitable for these tasks [1]. Within this re-
search will be investigated pipe mechanism. There are several kind of mechanisms for these
purposes like wheel-based or tank-belt based mechanisms. In the research we will discuss
about bristle-based mechanism. Bristle-based mechanism works on the difference of friction
in forward and backward motion [2; 3]. In other words, the friction coefficient in one direc-
tion is different in comparison of friction coefficient in another direction [4]. So, by suitable
designing of mechanisms bristles it can be achieved this friction differentiation [5; 6].

In our case as actuator will be used SMA spring in cooperation with conventional steel
spring. There are some similar solution in the works [10][11]. The paper is divided as follows.

The second chapter deals with mechanical design of our pipe robot. Next, mathematical model
is introduced. It deals with pipe mechanism motion in the narrow space like pipe. Within the paper
the mechanism is investigated by experiments. The conclusion shows the results of the analyses.

Design of mechanical parts of pipe mechanism. One of the most important issues within
the pipe mechanism designing is design of actuator. There were investigated many mecha-
nisms in the past based on DC motor actuators or actuators based on magnetism principles.
This study investigated SMA (shape memory alloy) actuator [7; 8; 9].

So, entire actuator consists of SMA as well as steel spring actuator. SMA spring behaves
based on the temperature of the spring. By heating of the SMA spring, it expands. When the
SMA springs is cooled, it shortens. By these two cycles can be driven mechanism based on
SMA spring. Steel spring plays the role of the helper of shortening of the SMA spring.

As can be seen in the Fig. 1, the red colour represents SMA spring in heating phase and
blue colour SMA spring in cooling phase. The black one represents steel spring.
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Fig. 1. Phases of SMA spring (red — heating, blue — cooling)
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Based on concrete type of used SMA spring, during cooling phase it shortens to 16 mm.
On the other hand, during the heating phase, it extends to 30 mm.
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Fig. 2. CAD model of in-pipe robot
In the Fig. 2 the CAD model is shown.
Design of our pipe mechanism arise from the inspiration from the nature by inchworm. In
the Fig. 3 is introduced the locomotion of the mechanism.
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Fig. 3. Locomotion of the pipe mechanism

From fig. 3, zero phase is initial position of pipe mechanism. During the first phase, the
first module moves forward by maximum extension. The first phase is heating phase. While
the first module moves forward, the friction coefficient of this module in forward direction is
smaller than friction coefficient of second module in backward motion. During the second
phase, so called cooling phase, the second module moves forward while the first module is
static because of friction differentiation.

FS+F/S_FSMA=0 (1)

where Fs is force of steel spring, Ffs is static friction and Fsay is SMA spring foce, respectively.
Static friction force can be set as

Fys = ugFyn )

where s and Fly are static friction coefficient and load force, respectively. Variable # represents

following function
OVv 0
77 =
IVv =0

The second module motion is expressed as follows

Fyy—Fy=F, >0

3)

4
where Funa is SMA spring force, Fs is steel spring force and Fr is friction force. Considering
Coulomb friction model between mechanism modules and pipe, friction force is

Ff = ﬂCFN Sgn(V) (5)
where uc and FN are Coulomb friction coefficient and load force, respectively. Sgn(v) is signum

function, described by equation (6).

37



Ne 4 (18), 2019 TEXHIYHI HAYKHM TA TEXHOJIOTI

TECHNICAL SCIENCES AND TECHNOLOGIES
IvVv>0
sgn(v) =< 0Vv=0
-1vv<0

(6)

Coulomb friction force depends on the direction of module velocity. From the equations (1)
and the equation (4) we can derive

F, —F
ILJS — SMA S
wgn (7)
F, —F
ph <3t s
wg sgn(v) ®)

where w is weight of pipe mechanism module. The required difference between forward and
backward friction coefficients can be set by suitable design of pipe mechanism bristles.

SMA spring is cooled by external device during its second phase. In this phase, it loses its
force and steel spring helps to shorten the distance between two modules.

The second phase could be described as

FS
< —_—
wg sgn(v) ©)
FS
Hg =
wgn (10)

The first phase duration is

- 20w
1 Fou—Fs—pewg Sgn(V)

(11
The second phase duration is
26w
G )
— u-wgsgn(v
s~ Hcwgsgn (12)
From both eqautions (11) and (12) can be set average velocity of pipe mechanism
v o= 0
L=
l+t, (13)

Theoretical average velocity of the pipe mechanism in the Fig. 4 is shown.

Average veloeity [m/s]
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Fig. 4. Pipe mechanism average velocity
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Experimental on SMA spring. As have been mentioned, SMA material changes its
properties by heating or cooling it. The heating of SMA can be achieved by supplying it by
electrical current. By connecting SMA to supply voltage different potentials, the current
would flow through it.

For experimental testing was SMA spring connected to supply voltage from 0.2 V up to
2 V. The results in the Fig. 5 are shown.
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Fig. 5. SMA spring extensions based on different voltage level
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From the Fig. 5 it is clear, the higher supply voltage is the more extension of SMA spring
occurs. The load force for measurements were gained by different steel springs.
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Fig. 6. SMA spring and electrical current
The current flowing through the SMA is too high. For the voltage 2 V it is roughly 4 A.
As have been mentioned, friction force is very important for this kind of mechanism. Design
of the bristles is important task. Friction coefficient in the forward as well as backward direc-
tion can be determined by tribometer.
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Fig. 7. Friction coefficient measuring stand
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By any kind of motor with screw the angle of inclined surface can be changed, (see Fig. 7).

F, —wgsina =0

(14)
Fy,—wgcosa =0 (15)
The static friction coefficient can be set by following term
Mg =18 (16)
From measuring of friction there were found following values
Hrorwara = 0-449 (17)
Hpaciorara = 0-589 (18)

As can be seen, the friction coefficient in forward direction is lower than friction if
backward direction. By this difference the forward motion is achieved.
Experimental analysis with pipe mechanism. According to CAD model mentioned

above was designed pipe mechanism for experimental purposes. The mechanism is designed
for 13 mm diameter of the pipe, see Fig. 8.

Fig. 8. Experimental pipe mechanism

During the experiments the electrical current consumption was measured. The measure-

ments were done by input/output measuring cad MF624 connected with MATLAB / Sim-
ulnik, see Fig. 9.
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Fig. 9. Electric current consumption during Fig. 10. First phase of locomotion
the first phase of locomotion for several supply voltage levels

It can be seen, the first phase of locomotion characterized by SMA spring heating, last
roughly 40 seconds.

The Fig. 10 shows, that the higher current flowing through the SMA spring is, the lower

time it takes. The second phase, cooling phase, was takes a long time. From this reason was
used blower for faster cooling phase.

The significant disadvantage of this kind of mechanism is SMA spring heating but espe-

cially cooling phase which takes a lot of time what causes very slow locomotion, in our case
only 2 mm/min.

Conclusion. The paper dealt with motion analysis of pipe mechanism in the pipe with di-
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ameter 13 mm. At first mathematical model of locomotion was designed. From mathematical
model of both phases the average velocity of mechanism was derived. Then SMA spring was
experimentally tested in cooperation with steel spring. In the conclusion, there was designed
pip mechanism according to CAD model mentioned in the beginning of the paper. The exper-
iments were done with this experimental pipe mechanism. The results show problems espe-
cially with cooling phase which takes a lot of time. From this reason is this kind of mecha-
nism very slow. The advantage of the mechanism is very simple control system, small weight
and possibility to use the robot in very small diameters of pipe.

Acknowledgement. The authors would like to thank to Slovak Grant Agency — project
VEGA 1/0872/16.
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Dinin Dinaxoscokuii, lean Bipeana
AHAJII3 HEPEMIHNIEHHA TPYBOITPOBIITHOI'O MEXAHI3MY

Axmyanvnicme memu 0ocnioycenna. Incnexyiiini 3a80anms yacmi i Oydice 8adcIusi 3 mouxu 3opy besnexu. 3 yiei npu-
YUHU meMa OYdice AKMYAIbHA.

Ilocmanogxa npoonemu. Memoio pobomu € 00CHiONCEHHs HOB020 MUNy MPYOHO2O0 MEXAHi3My HA OCHOSI Ougepen-
YianbHO20 Mmepms WEemuHoOK.

Ananiz ocmannix 0ocniodcens i nyonikauii. Icruye bacamo mexanizmie 02150y 8y3bKUX A00 8ANCKOOOCMYNHUX MICYb.
binvwicmy 3 nux marome xonicny abo eycenuuny 6azy. B yiti po6omi docnioxcyembcs mpyoonpogionull Mexamism 3 nogepx-
Hero y 8uensiol wemuHu.

Buoinenns neoocnioycenux uwacmun 3azanwvnoi npoonemu. Y naw uac SMA mamepvianu abo piznozo poody 3a-
nam ’siImoeyroyi Mamepianu 3a68x4#cou 3HAX00SMbCsl Y YeHmpi yeazu O0CAIOHUKIE

Ilocmanogka 3a80anua nonaeac 8 po3podyi ma eKcnepuMeHmanrbHOMy 8UNPOOYBAHHI HOBO20 MUNY MEXAHI3MY HA OC-
Ho6i SMA, a maxoc cmaneso2o npysiCUHHO20 MEXAHIZMY.
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Buknao ocnosnozo mamepiany. Ilepemiwenns mexanizmy posoinene na 06i gpazu. Ha ocnosi yboco nepemiugenns 6yno
BUBCOCHO MAMeMamuyHy Mooelb. Bukopucmogyouu mamemamuymy mooeins, 6yia po3pobiena cucmema ynpagiiHHs ekcne-
PUMEHMATILHUM MPYOHUM MEXAHIZMOM.

Bucnoexu eionosiono 0o cmammi. Pe3yivmamu excnepumenmis nokazyioms npooiemiu 3 ¢pazoin oxonoodicents uepes
mpusany excniyamayiro. Jis OX0N00iHCeHHs UKOPUCMOBYBABCA 308HIWHIL npucmpill. Daza 0X0N00MNCEHHA 3HAYHO 3HUICYE
cepedno weuokicms mpyonozo mexanizmy. Ilepesaca ybo2o mexanizmy nouseac 6 RPOCMoMy Kepy8anhi ma GUKOPUCTAHHL
013 mpyou HesenuKux diamempis.

Kniouosi cnosa: mpyonuii mexanizm; SMA; npyoicuna.
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