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Urgency of the research. Inspection of pipe systems are needed, because of prevention of damages and disasters. Also
repairing and cleaning can be done without any earth works.

Target setting. Pipe machine is suitable to move inside gas pipe, water gas, oil gas, waste water pipes, chemical pipes,
steam generator pipes, boiler pipes etc.

Actual scientific researches and issues analysis. Wheeled or tracked machines are currently used for motion inside
pipes. Wheeled type tends to slipping when wall is dirty or rudiments are exposed on inner side of pipe wall.

Uninvestigated parts of general matters defining. The question of the design of adaptable pipe machines are uninvesti-
gated, because the next research will be focused to this are.

The research objective. The main aim is to optimize structure of machine for improving the overall properties as motion
velocity and traction force. Cary items are bristles, which has any structural and material properties.

The statement of basic materials. Montage angle and initial displacement and also bristle length can be identified for setting
the machine. Bristles are placed at angle on machine body in two groups (front and back). Linear actuator is placed between these
groups of bristles. Periodical actuator stroke generates forward motion inside pipe.

Conclusions. Phenomenon of friction difference is a key factor for motion of machine inside pipe. Beside of it, a contact
phenomenon between bristles and pipe wall is important for analysis in design process of this machine. Real bristles have a
limitation of their deflection. In every case, deformation should be in flexible area of loading.

These bristles flexibility is used as device for compensation of pipe wall irregularities during the machine motion inside pipe.
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Introduction. Machine for motion inside pipe has various purpose. It can be used for pipe
inspection, also pipe repairing and also there are several application for cables installation into
underground pipe.

There are several solution of machines (fig. 1) able to move inside pipe. Several of them
uses wheels, tracks, legs, inchworm-style etc. [1-10].

Fig. 1. Wheeled machine for motion inside pipe

Next possible application is machine for motion inside pipe with helical motion of wheels.
It has better motion, but still it tends to slipping when wall is dirty (fig. 2).

Described machine (fig. 3) uses thin bristle for contact with pipe wall instead of wheels or
tracks. The motion is affected by dirties inside pipe, geometrical deviations and deformation
of pipe wall. Bristles are cantilever beams in front and back of machine body. Drive actuator
is placed between the front and back bristles. Actuator generates the periodical change of dis-
tance between bristle groups. These periodical change of distance are transferred to groups of
bristles. It causes that bristles vibrates in both directions (in front and back direction). Bristles
are bonded at angle and this way causes the different friction force in front and back direc-
tions. This effect is raised with large elastic deformation of bristles. One of the most im-
portant key factor is elastic and geometric properties of bristles (length, preloading, angle of
slope). These properties is the target of optimization. The deformation should be only elastic,
because plastic deformation will decrease the normal friction to wall of pipe.
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Fig. 2. Wheeled machine with helical motion inside pipe

Actuator has rectilinear motion output and it is possible to select arbitrary type according
the needed output force and stroke. Our solution has been proposed with piezostack actuator
and also with linear electromagnetic actuator.

- Motion

Fig. 3. Solved machine for motion inside pipe with bristles

1. Machine model and optimization of its properties. Analysis and previous experi-
ments shows the large effect of the bristle properties to machine motion. The followed param-
eters are steady state velocity and traction force of machine. The traction force depends on
normal force F and friction forces between pipe wall and bristles F'7; a F'r2 and also depends
on actuator excitation force F4. Velocity v of the machine also affect the traction force:

F = f(Fy,F,,F . Fpyv). (1)

Velocity of machine is analogically as function of normal force Fy, of actuator force Fy,
of friction forces Fr; and Fr> and of traction force F. Also it depends on velocity of actuator
stroke v4:

V:g(FN9 T19FT2’F’VA)' 2)

Equation (1) and equation (2) composes the overall math model of machine from the
viewpoint of optimization of motion efficiency. It results from this model, that interaction of
bristle and wall of pipe has key impact to machine behaviour. Friction forces have significant
role for this studied effects.

The aim of machine optimization is to obtain the maximum of difference between the fric-
tion forces for motion to front or back. Previous experiences shows that geometry of bristles
directly also influences to this difference. Another point is reaching of insensitivity to pipe
geometrical deviations and pipe sediments.

F., —F, = max, 3)
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Optimization can be executed via using of mapping of phase space. The main advantage
of this method is that it enables to find all possible solutions in selected interval of input vari-
ables values. Input variables for optimization are:

- angle of montage of bristles a7,

- span of the free bristles Ag,

- length of bristles L.

2. Optimization of machine. Followed output variables are friction forces. Mapping of
this forces has been executed for defined input intervals of them.

Dependence of friction force for motion to front is shown in fig. 4. It is computed for round
cross-section of bristle. Friction force raises up when bristle length is decreased. Minimal values
of friction forces are still on angle 1.5 rad. Decreasing of bristle length (fig. 5) rapidly influences
to normal force and also friction force for movement to front.
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Fig. 5. Friction force for movement to front for various bristle length
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Friction force for movement to back has different character (fig. 6). There is area of dis-
continuity shown as extremely rapid raising up of friction force to positive values and imme-
diately falling down to negative values. In real the friction values for specified values raises to
infinity and machine with bristles is blocked against the motion to back direction. If we will
smooth the mapping mesh then the values will raises up very fast.

Frz (NI
015
0.2 -,
0.15 01
0.1+
_. 0054 10.05
Z
o
o ¢}
£ 0054 o
o
P 0.1
[} =01 -
5
S o (a
2 2 T et 5 .
B s i <
= 19 Tl o A1 xq0°
w : Bl o g
T i -0.1
Bristle angle ' e :

of mantage (rad) 0 2 Bristle end displacement (m)

Fig. 6. Dependence of friction force for movement to back

For movement to back, also it is necessary to know influence of bristle length to friction
force for this case (fig. 7). For smaller bristle length is situation similar as before. The value
of friction force is raised up for decreased length of bristle. Decreasing of bristle length also
causes the increasing of normal force and also friction force for this case of movement.
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Fig. 7. Friction force for movement to back
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Selection of bristle length also should be make in accordance with space possibility inside
pipe. Length of bristle directly influenced bristle stiffness and also normal force against the
pipe wall. There is an effort to make the bristle more elastic with low stiffness for ability to
adapt to the pipe wall irregularities. It is necessary to make any compromise. The flexibility
of bristle helps compensate wall deviations and sediments, which can complicate the motion
of machine inside pipe. Efficiency of machine motion is also affected by difference between
the friction forces for movement to front and back. Montage angle is another factor, which
also affects these friction forces.

Figure 8 shows the dependence of friction force difference for movement to front and
back on changed montage angle of bristle, radial position of bristle end.

Limit value for montage angle is value where friction force obtain extreme value. Optimal
parameters of bristle is in case where is a maximum difference between friction forces.
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Fig. 8. Difference of friction forces for machine movement

Conclusion. Phenomenon of friction difference is a key factor for motion of machine
inside pipe. Beside of it, a contact phenomenon between bristles and pipe wall is important
for analysis in design process of this machine. Real bristles have a limitation of their
deflection. In every case, deformation should be in flexible area of loading.

These bristles flexibility is used as device for compensation of pipe wall irregularities
during the machine motion inside pipe.

The paper shows the typical case for design of mechatronic product, where optimization
of mechanical parts are necessary for obtaining of best properties. Only best prepared me-
chanical design allows to reach optimal synergistic combination of mechanics, electronics and
controlling [11-17].
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VIIK 004.4
Mixan Kenemen
OINTUMIBALIA PYXY MEXAHI3MY

Axkmyanvnicms memu Oocnioncennn. Ilepesipka mpyOHux cucmem HeOOXIOHA Onid 3aNO00IAHHA YUIKOONCEHbL Md
aesapiil. Taxodic ix peMOHmM | OUULWEHHST MOJICYNb BUKOHYSAMUCSL 6e3 0)0b-5IKUX 3eMIISTHUX POOIM.

ITocmanoexka npoonemu. TpyOHi mexauismu npuoamui Ons nepemiujeHHs 8CepeOUHi 2a30npoBody, 6000NPOEOJY,
Hagmonposody, mpybonposoodie Onst CMIYHUX 600, MPYOONPOBOOI& OISl MPAHCHNOPIMYBAHHS XIMIYHUX NPOOYKMIB, NapozeHe-
pamopis, mpy6 Komuie moujo.

Ananiz ocmannix 0ocnioxcens i nyonikayii. Huni ons pyxy ecepeouri mpyo ukopucmosyomscs KORicHi abo 2ycenuy-
Hi mexanizmu. Konu cmina mpybu 3abpyonena abo na eHympiuniil CmopoHi cminy mpyou HAsIGHI HAMYIU, KONICHULL mun
MEXAHIZMY CXUTbHULL 00 NPOKOB3VBAHHS.
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Buoinenns neoocnioycenux uacmun 3acanvhoi npoonemu. ITumants npoekmyeants KOHCMPYKYIi aoanmusHux mpyo-
HUX MeXAHIZMIG 3aTUUIAEMbCA HEBUBHEHUM, NMOMY HACMYNHe 00CTIONCeHHS OYOe COKYCOBAHO HA YbOMY.

ITocmanoeka 3ae0aunsn. OCHOBHA Mema — ONMUMIZY8AMU CIPYKIMYPDY MeXAHIZMY Ol NONINUEHHS 3A2AIbHUX 61aCTU-
socmetl sIK weuokocmi pyxy, max i cunu msieu. Ilepecyeni O10Kku s671s110mes o600 WemuHKY, SIKi MAOmMb PI3HI CIMPYKMYPHI
ma mMamepianbHi 61aCmu8oCHiL.

Buknao ocnoenozo mamepiany. Jis yCmMaHo8KU MEXAHIZMY MONICYMb OYMu 6USHAYEH] MOHMANCHUL KYmM | noYyamxkose
GIOXWIEHHS, A MAKONC Q08ICUHA wemunky. Lllemunku po3miwgylomscsi nio Kymom Ha KOpnyci Mexamizmy 6 06L epynu (cnepe-
9y i 33a0y). JIinitiHutl npueio posmiugyembcst MidIC yumu cpynamu wemutok. IlepioOuynutl xXio 6UKOHABY020 MEXAHIZMY CMBO-
DIOE NOCMYNANLHULL PYX YCEPEOUHi mpyou.

Bucnoeku 6ionoeiono 0o cmammi. @eromer pisHUYI MeEPMs € KIIOYO8UM DAKMOPOM OlsL PYXY MEXAHI3MY 6CepeOuti
mpyou. Kpim moeo, ons ananizy 6 npoyeci npoekmy8anHs Yb020 MEXAHI3MY 8ANCTUBUM € AGUUE KOHMAKIY MINC WemUHKAMU
i cminkoro mpyou. Peanvi wemunku mMaoms oOMedxcenHs 8 ix eueuni. ¥ KoocHomy eunaoky oeghopmayis nosunna 6ymiu 6
SHYUKIT 0011aCmi HAGAHMAIICEHHSL.

THyukicms wemuHoK 8UKOPUCTNOBYEMbCSL SIK 3ACLO OISl KOMNEHCayii HepieHOCmell CIIHKU mpyou nio Yac pyxy Mexamis-
My 8cepeouni mpyou.

Knrouosi cnosa: mexauizm, onmumizayis, mpyoa, mepms, pyx.
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