6 | VOLUME 19, No.2,2015

Acta Mechanica Slovaca 19(2):6-11, 2015

Acta Mechanica Slovaca
ISSN 1335-2393
www.actamechanica.sk

Bristled Micromachines

Nagy Lajos*

University of Miskolc, Faculty of Mechanical Engineering and Informatics, 3515, Miskolc-Egyetemvaros, Hungary

Abstract: The paper deals with specific problems in area of the in-pipe machine
design. Main purpose of the machine is to locomote inside pipe for pipe wall
inspection otherwise for cable drawing into the pipe. The main attention is
concentrated to the bristle, which has the key influence to the machine locomotion.
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1. Introduction

Paper deals with in-pipe machines which are able to locomote inside pipe with
aim to realize inspection of inner pipe wall or cable drawing inside pipes. There
are many pipe systems which require periodical inspection of inner pipe wall as
prevention of disaster (steam generator of nuclear power plant, heat exchanger,
gas pipeline, etc.

The in-pipe machine is explored from the viewpoint of locomotion effectiveness.
State of the inner pipe wall has the most significant impact to locomotion efficiency
(traction force and steady traction velocity of machine). Consequently, deviation
of inner pipe diameter and shape deviation of inner pipe surface are dominant
disturbance quantities from the viewpoint of locomotion controlling [1].

Wheeled in-pipe machines tend to slipping when dirty wall occurs, so
unconventional carrying elements are preferred mainly for using inside pipe with
small diameter (less then 25mm).

Bristles are one of the possible carrying elements for in-pipe locomotion. The
contact forces are generated between tips of pre-loaded elastic bristles and inner
pipe wall. Elasticity of bristles eliminates the influence of these geometric deviations
of inner pipe surface which can cause the locomotion troubles.

Producers of the pipe have no mention about production tolerances of inner pipe
surface and these deviations also can changes because of settling of sediments on
inner pipe wall.

Bristled in-pipe machines (fig. 1) use the inertial stepping principle, anisotropic
friction difference principle, inchworm principle etc. All these principles use the
elastic bristles or similar parts for obtaining of contact force between the machine
body and inner pipe wall for generating of locomotion.

Fig. 1: Bristled in-pipe micromachines.
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Bristles play the key role for locomotion of
machine inside pipe. From the viewpoint of
functional principle, bristles can be arranged as
passive elastic beam otherwise as controlled active
bristles. Active controlling of bristles is complicated
and expensive. First step is to examine passive
bristles and main task is to find optimum geometry
and arrangement of them.

2. Passive Bristle as Elastic Beam
Bristles are attached diagonally at angle of
machine body. Bristle is as elastic beam with
large deflection (approximately 25% of its length).
Bristles are arranged around the machine body
and span of free ends of these bristles are bigger
than inner pipe diameter (fig. 2).
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Fig. 2: Bristle loading caused with rigid pipe wall [1].

It means that deformation of bristles are
forced and defined with inner pipe diameter.
Consequently, deflections of bristles are as result of
pipe wallrigidity. Analysis of the force situation leads
to obtain of normal force between bristle tip and
inner pipe wall. Friction force occurs between the
bristle tip and pipe wall. Experience and previous
analysis show that if the bristle is attached at
angle, then friction force has anisotropic character.
Bristle deflection is very large in comparing with
bristle length. It means that it is not possible to
use conventional simplified Bernoulli differential
equation for bristle deflection description. It is
necessary to use exact form of Bernoulli differential
equation or different kind of description [1-6].

3. Bristle Deflection Description Via using of
Exact form of Bernoulli Differential Equation of
Deflection Curve

Deformation of beams is described via using of
simplified Bernoulli equation (1):
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Fig. 3: In-pipe micromachine bristle [7].

This equation is valid only in case of deformation
of conventional beams with low deflection,
consequently deflection curve only lightly differs
from straight line. Declination angle of this line is
very low and it is defined as:

@ = arctg (ﬂj (2)

dx

Equation 1 - simplified Bernoulli equation comes
from exact Bernoulli equation (3). In case of large
deformation the equation 1 is not valid and it is
necessary to use exact form — equation 3.
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Many references listed the value of validation of
equation 1 [6, 7, 8, 9]. Small deflection is assumed
in case when deflection is less than 2% of length
of beam and maximum deflection of declination
angle of deflection line is less than 1° If one of
these conditions is overcome, then the deflection
is big and the exact form of Bernoulli equation has
to be used for description of beam.

Deflection of bristles reaches the values up to
40% of the bristle length. It means that bristle



deflection is big and we have to use the exact form
— equation 3. This equation is differential equation
of second order. Analytical solution of this equation
leads to elliptical integrals and solving of them is
complicated also for simple forms of function of
momentum M(x) [6, 7].

4, Description of Bristle Via using of Pseudo Rigid
Body Model

Concept of pseudo rigid body model has
been developed for simplification of analysis of
compliant mechanisms [3]. Compliant mechanisms
are modeled as rigid bodies coupled with springs.
Normally, flexible parts show the large deflection
and solving of them needs methods of solving of
nonlinear systems.

Pseudo rigid body theory enables to make model
composed from rigid bodies and consequently it
is possible to use conventional Newton's methods
of force analysis. Main advantage is that using of
this method brings the information about force
situation for overall mechanism.

Bristle can be described as fixed beam and
pseudo-rigid body model of this beam consist
of two rigid beams connected through the
‘characteristic joint” and non-linear spring. The
characteristic joint presents displacement of centre
of arc radius which is as trajectory of end point of
deformed bristle (fig. 3). Non-linear spring presents
the stiffness or resistance to deformation of bristle
against the applied force. Position of characteristic
joint is defined with “factor of characteristic radius”
- y. Position of free end of bristle (x, y) is described
with parameters a and b (b — presents deflection of
bristle) [31:

a
4 1y (1-cos®

I 7(1-cos®) (4)
b .

) 5
L ¥ -sin 5)

where: Ls - length of bristle, y - factor characteristic
radius, © - angle of pseudo-rigid body.

Valid limitation of equations (4) and (5) is
expressed with angle of pseudo-rigid body [3, 41:

0<0,,, = 0,85-arctg(—%)

(6)
-0,5<n<10,0
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where: Ouax — maximum allowed angle of pseudo-
rigid body, n — ratio of values of horizontal and
vertical force applied on free end of bristle.

Ratio n can be expressed with angle of equivalent
load @:

O =arctg (—lj (7)

n
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Fig. 4: Bristle — beam and its pseudo-rigid body model [4, 10].

Factor of characteristic radius y can be derived
from equations (4) a (5):

a, 7 +a,-y+a,=0 (8)

where coefficients of equation are:

(a—LS)2+b2

a,=L, a=-aL,, a,=-
2
References [4, 10] have mention about the
factor of characteristic radius and it is presented
in graphical form (fig. 5). Factor of characteristic
radius is equal y = 0,85 for simple transverse load
n=0.
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Fig. 5: Dependence of the characteristic radius factor y on param-
etern[3, 10].

Factor of characteristic radius can be expressed
also with next equations:
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Fig. 6: Geometrical mapping of the bristle deflection trajectory [1].

7 =0,000438004-n” —0,0067807 - n+0,841655 for 0,5<n<10,0 )

y=—0.0182867-n+0.852144 for 0<n<0.5

with regression coefficients 0,94 and 0,99 for
equation 9 and 10.

5. Experimental Identification of Factor of
Characteristic Radius y

Factor of characteristic radius y is obtained via
using of experimental geometry mapping of
deflection trajectory for static mode of bristle
loading. Another way is using of finite element
method model.

Experimental apparatus (fig. 6) have been
developed. Geometry trajectory of free end of
bristle has been measured (with profilprojector)
also with load force of bristle (with force sensor).

Obtained trajectory (fig. 7) of end point of bristle
are fitted with arc and centre point of the arc is
searched characteristic joint and radius of this arc
is characteristic radius i.e. conjunction of bristle
length Ls and factor of characteristic radius y.

Measurement shows the possibility to identify of
factor of characteristic radius value y = 0,88+0,05
(Expanded uncertainty is obtained in accordance
with EAL-R2 standard with coverage factor 2, with
probability 0,95). Measurements also show that
this value is independent from cross-section area
and material property of bristle.

Finite element method has been used with
special solvers for large displacement work.
Characteristic radius factor obtained via using of

(10

finite element method is y = 0,87.

Theoretic value of characteristic radius factor
obtained through the solving of Bernoulli exact
differential equation has value y = 0,85. Deviations
between values are only small. Pseudo-rigid bodies’
methodology is useful for analytical solving of
various compliant mechanisms. Also finite element
method can be used for quick orientation in solved
problem. Source of deviations can be various as
uncertainty of measurement, representation of
beam constraint in finite element model etc.
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Fig. 7: Bristle deflection mapping [1].

6. Identification of Bristle Stiffness
A Stiffness of bristle is necessary to know because
of characteristic joint spring in pseudo-rigid model
theory. This identified stiffness will be used for



completed of pseudo-rigid body model of bristle.
Identification process gives also answer to question:
Where is the usage limit of bristle? It means how is
the maximum allowable limit of bristle deflection,
which causes only elastic deformation. Plastic
deformation of bristle can causes the malfunction
of in-pipe machine. Allowable deflection is value
for defining of working interval for elimination of
geometric deviation of inner pipe wall during the
in-pipe machine locomotion.

Designed experimental apparatus (fig. 6) can be
used also for identification of bristle stiffness and
elastic deformation limit. Principle of measurement
is based on cyclic loading/unloading of bristle and
measurement of deflection and load force. Every
step of cycling has bigger value of deflection.
Experiment stops when plastic deformation
occurs. Figure 8 shows the measured values. As it is
visible the plastic deformation occurs at deflection
with value 4,5Tmm. Linear area has been fitted
with linear approximation which gives information
about stiffness.
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Fig. 8: Dependence of transverse force on bristle deflection [1].

7. Conclusions

Paper shows the modeling of bristle used as
contact part in in-pipe machine. Bristle has large
deflection which causes the solving problems.
Pseudo-rigid body model has been also used as
suitable method of modeling of bristle. This model
will be used for optimizing of bristle geometry
for obtaining of maximum elimination of inner
pipe geometric deviation during the machine
locomotion. This geometry has key impact to
steady state locomotion velocity of machine and
traction force of machine [11-22].
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