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Abstract. Applied for automated assembly the displacemerthefpart under controlled dry
friction is analyzed. The paper deals with vibratibnon - impact displacement of a mobile -
based body when the body is subjected to kinematigeitement. Based on a simplified
dynamic model of vibratory displacement under calfed dry friction the areas of the system
and excitation parameters sets exist with diffemaotion regimes and when controlling dry
friction at particular time intervals. There wererhed dependencies of vibratory displacement
from dynamic system and excitation parameters. @aseperformed part—to—part positioning
analysis were designed schemas of vibratory assedwlices under controlled of the dry
friction those may be used for joining of the cliical parts.
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Introduction

Recently scientific and technical innovation, rethto mechanical aids and manufacturing
automation (orientation of the parts in respecthef predetermined basic surfaces, feeding of
the oriented blank parts to the assembly posipants location, interdependent orientation and
matching), deserves more attention. In order taumnshe successful implementation it is
necessary to develop efficient and reliable teabgiohl mechanisms and assembly devices [1].

Assembly is the final stage of the production, whiem parts are arranged in respect of the
each other according to the predetermined orderfoff@ng the arrangement of machines,
devices or other product manufacturing process \iery important to use an efficient assembly
technology and equipment to gain production quaditygl productivity. Development of any
complex product involves sequential joining of frerts, assembly units and other components
into overall product. Assembly operations in medt@nengineering carry 20 to 50 % of the
total production time in mentioned industry [1, 2].

The process of automated assembly involves two ret@Eges: mutual positioning of the
connective surfaces and joining of the parts [3]rily the automated assembly different size
parts must take such a position, which makes plessibjoin them. Positioning of the being
assembled parts is one of the most important takkse automated assembly process. During
positioning, the parts are located in respect che@ther conforming predefined accuracy so,
that it is possible to perform automated assembly 7].
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A method of vibratory positioning of the being ass&ded parts under controlled dry
friction, which makes automated assembly more lotiais analyzed in this article. Applying
this method, vibratory excited movably based pdspldces and turns in respect of the
immovably based part and so connective surfacesnggthed. Based on the mentioned
method, it is possible to design new schemas ofhem@sms and assembly devices, which
assure feeding of the parts into assembly positianual positioning and joining [8].

Vibratory displacement controlling dry friction déieient by high frequency elastic
vibrations was examinedThis is the most simple control method, when by mseaf
piezoelectric vibrators stationary or running waeé®lastic strains are excited in the bodies.
Applying this technique it is easy to control themrents of vibration occurrence or stopping
and so control the values of friction coefficiehpeedetermined intervals [8].

Dynamical model and equations of motion
To investigate vibratory displacement controlling friction a simplified dynamic model of

vibratory assembly device, which was made not takimo account turn of the movably based
part during the displacement, is enough to obtasults (Fig. 1).

Fig. 1. Dynamical model of vibratory assembly device

Movably based part represented bynamass body which displacement is restricted due to
elastic and damping forces, characterized respytivy the stiffnessC, and dampingh,,
coefficients. Elastic fixing elements of the gripgee characterized by, and h, coefficients

and are preventing vertical displacement of the ybo8hanging the position of static
equilibrium of the platform, it is possible to coolt the initial pressing force of the parts.
Besides, the body is influenced by gravitatiBn kinematical excitation forc& sinw t (where

F =c,-A) and dry friction forceF,, .

The equation describing the motion of movably bagedt m can be written in
dimensionless form (Eq. 1):

E+né+y*E =sinesing - f(7)x

x (ucosa +v —sinzcosp)+ usina, whené >0
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E+hé+y% =sintsing+ f(z)x )
x (ucosa +v —sinzcosp)+ usina, whené < 0.

where dimensionless parameters are introduced:

2
r:wt;fzmw x;v:y—s‘;y:@;
c, A A c,A
h c
h, =—* ;kzz—x,yzk.
Mo a

In Eq. 1 the expressiorf (7 )ucosa + v —sinzcosp) determinable the friction forcd-

between the body and the platform.

Vibratory displacement is examined controlling diyction force at particular time
intervals, turning-on/off high frequency vibraterhich excites elastic vibrations. Actuating and
stopping moments are determined with respect te@xic@ation period of the body [8].

If elastic vibrations of the platform are inducedty friction coefficient decreases and
smaller friction force prevents the displacementhef body. Turning off the vibrations results a
stepwise increase in friction coefficient. Time memts when high frequency vibrations are

excited or stopped are denotedigsand 7, (Fig. 2).
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Fig. 2. Stepwise change in dry friction coefficierﬁt(z') versus to the perio@z of the excitation force
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Fig. 3. Jerking displacement of the body as:14=0.01,5=0.2; 1=3.0;1=0.3; 2 -h;=0.01,=0.01; 1=0.4;
v=1.0; 3 -h;=0.01,»=0.2; 1=1.0; v=1.0;f=(0.1; 0.3)
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Fig. 4. Stick - slip displacement of the body and vibratie@ar the position of dynamic equilibrium when
7=0 andz=z h;=0.01;0=0.1; f=0.3; »=0.5; 1=1.0; v=0.05;f=(0.1; 0.3)

The body on an inclined plane moves from the pmsitf static to dynamic equilibrium.
The law of motion depends both on system and eimitgparameters and may be of different
character (Fig. 3 — 7). Those graphs are obtaised-a0, 7, =7 .
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Fig. 5. Nearly periodical motion near the position of dyn@ equilibrium:h;=0.01; ¢=0.1; 5=0.3; »=1.0;
4=1.0;1=0.05;f=(0.1; 0.3)
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Fig. 6. Decrease of body displacemeini=0.01; o=0.1; #=0.3; »=0.85;,=1.0; 1=1.0;f=(0.1; 0.3)
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Fig. 7. Vibration of the body near the position of sta@uilibrium:h;=0.01;=0.1; #=0.3; =0.85; 14=1.0;
v=1.0;f=(0.1; 0.3)

The analysis of motion graphs indicates, that théybcan take jerking motion of the body
(Fig. 3), stick-slip displacement of the body anibration near the position of dynamic
equilibrium (Fig. 4), nearly periodical motion nehe position of dynamic equilibrium (Fig. 5),
decreasing displacement regime of the body mottag. 6) and vibration of the body near the
position of static equilibrium (Fig. 7).

It was determined by analysis, what higher ampétuibrations near the position of static
equilibrium occur only if dry friction coefficienis variable. Furthermore, the character of
displacement §(r) dependencies changes, and displacement of the haing the

predetermined time interval obtains bigger valugg.(7).
According to the simulation results existing areastion regimes of the body gt —v

parameters plane, presented in Fig. 8, are detedniParameter is proportional to the static
force of the body pressing to the plane. Furtheenbrand 2 areas are largest when dry friction
coefficient has smaller meaning=0.1; 0.2). Also change the 4 and 3 areas, whighenids
from the range of the friction coefficient: whemge of coefficient is bigger the third and
fourth areas are increases. Expanding the rangfgedfiction coefficient, results disappear the
area, where growing amplitude vibrations of theybondar the position of static equilibrium are
taking place (5 area).

Determined areas assist in selection of design exuitation parameters of vibratory
assembly devices in order to obtain such a charaétthe movably based part displacement
during the matching, which optimally meets techgatal requirements of the assembly.

e 5 Y
0.85
0.6t

0.45

0.25

0'050.05 0.25 045 0.65 0.851'/ 0'050.05 0.2t 045 0.6t 0.85?

a) b)
Fig. 8. Areas ofy and v parameters sets, which characterize regimes dfdbg motion: a =(0.1; 0.2);
b -f=(0.1; 0.4), whemy=0 and =7
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Connecting surfaces could be matched only if movdidsed part can move from the
position of static equilibrium by a distance, whishnot less than misalignment between the
axes of the parts that are located on the assepaisiyion. Thus it is important to determine the
influence of system’s parameters on the body diggtent. Dependencies of maximum
displacementé, ,, on the system parameters, when predetermined dyfirdt areamotion
regime is taking place, are identified. As elastisistance force along the direction of the body
motion, depending on rigidity of locating elemeniscreases, displacemert,,, rapidly

decreases (Fig. 9). The dependencies are nonlinear.
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Fig. 9. Graphs of¢,_ (7): h,=0.01;0=0.1; 4=0.3; Fig. 10.Graphs ofé,, (v): h=0.01;0=0.1;
4=1.0;1=0.05; 1 £=(0.1; 0.2); 2 =(0.1; 0.3); /=0.32=1.0; 7=0.20; 1 £=(0.1; 0.2);
3 =(0.1; 0.4) 2=(0.1; 0.3); 31=(0.1;0.4)

Displacement &, is related to parameter by linear dependencies (Fig. 10). This

parameter characterizes the force of normal prgssirthe body to the plane. Having aim to
avoid impacts, it is necessary to apply such pngsg&irce, that the body does not loses contact
with the plane due to vibratory excitation.

Because of initial pressing force, movably based filés by particular angle in respect to
mating part. This angle in dynamic model is presérs the plane tilt angle . At small values
of «, dependencieg, ., («) are not completely linear and displacemépt, changes a little
(Fig. 11).

As high frequency vibrations are not running, fdotforce acting against the displacement
depends not only on normal pressing fofdét), but also on friction coefficientf,, which is
determined by the material of contacting parts guodlity of their surfaces. When elastic
vibrations are excited, friction coefficient obtaivalue f, that is always smaller thaf, . The

character of dependencesmax(fl) changes, depending on mass of the body taking
displacement, which is characterized by dimensemfpmrametep: (Fig. 12).
The value of coefficientf, depends on the technique the excited high frequeibcations

and on the amplitude of mentioned vibrations. Asssnaf the body obtains bigger values,
dependencies,, (f,) change, as compared to graghg, (f,) (Fig. 13).
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Fig. 11.Graphs of,.(a): h;=0.01;¢0=0.1; 5=0.3; Fig. 12.Graphs o5 (f1): h=0.01;¢0~0.1;
4=1.0;=0.10;v=0.10; 1 f=(0.1; 0.2); $=0.3; 1=1.0; »=0.10; v=0.20;,=0.05
2 ¥=(0.1; 0.3); 3 ¥=(0.1; 0.4)
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Fig. 13.Graphs o, (f2): h;=0.01;0~0.1; 5=0.3; Fig. 14.Graphs ofé_ (¢): h,=0.01,5=0.3,
4=1.0; =0.40;1=0.20;f;=0.4 14=1.0,=0.05,1+=0.05

Average velocity of the body displacement fromistad dynamic equilibrium position
determines the duration of connecting surfaces hmajc and the duration of vibratory
assembly. Average velocity could be calculatedqitfie dependence:

éwa = fﬂ )

T
where ¢, ., is maximum displacement of the body;is time the body moves, ,, distance.
The nature of dependenci€s, (7), &,,(v) and &,, (), when friction coefficientsf, and
f, and time moments for the actuation and de-actoatio high frequency vibrations are

predetermined, is similar to the dependencies okimam displacementé,,, on same
parameters.
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Schemas of vibratory assembly mechanisms

Based on results of performed investigation, wersighed schemas of vibratory assembly
mechanisms for automated assembly parts, havingdridal cross-section. Mutual orientation
of the parts, applying vibratory alignment to orfetle parts, ensures reliable positioning of
both parts and their joining. Applied method of reitory assembly under dry friction control
allows inaccurate location of the parts in assengagition. Here are presented example of
schema of the vibratory assembly device for cylcalrparts assembly.

In assembly mechanism (Fig. 15) for cylindrical tpgpositioning, a shaft is based in
prisms attached to the gripper jatds mounted within the lever elemerit8, which containing
elastic element8. The basé& of the assembly mechanism through elastic elengistattached
to vibrating platform9. The bushing is movably (freely) based on the springing ba3ge
whereas shatft is grasped by the gripper and located above tehibg2. Piezoelectric vibrator
15 is attached to the bad8&, to provide high frequency elastic vibrations be thase. Under
existing axial misalignment of the connective scefs lower end of the shdftcontacts the rim
of the bushing’s hole, while the upper end is prdds the elastic eleme8t The electromagnet
5 through the elastic elemeBtexcites axial vibrations of the shaft, as a rethdt bushing2
displaces along the ba8 and so the parts are positioned and connectifacas get matched.
Due to elastic vibrations of the ba%8, dry friction force between the bushing and theeba
diminishes and therefore, positioning duration disties.
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Fig. 15.Schema of vibratory device for Fig. 16.Schema of vibratory device for cylindrical
cylindrical parts assembly shpp#s with chamfers assembly: 1 — shaft;
2 —robot gripper; 3 — bushing; 4, 5 —etasti
elements; 6 - piezoelectric vibrator

The other schema of mechanism is designed for ddgarhthe cylindrical shape parts with
chamfers (Fig. 16). Having chamfers mobile baseshimg 3 is on a base, with located here
elastic (spring) elemen®, 5, which ensure plane transverse displacement otdmmective
surfaces along the horizontal plane. The shaft) slitamfersl at a lower end, is gripped in the
to the robot grippe2, whereas to the other end of the shaft a pieztseladbrator6 is attached,
which excites elastic vibrations of the shaft. Migrator excites the radial and axial vibrations
of the shaft. Therefore, the end of the shaft wésaalong an elliptic trajectory. The driving
friction force emerges, which pushes the bushimgatds the axial alignment and thus the shaft
under the influence of assembly force is insentgd ithe hole of the bushing.
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Conclusions

New vibratory method for mutual positioning of theing assembled parts is proposed in
this work, as one of the parts is rigidly basedemglas the other is based movably and vibratory
excited, while dry friction coefficient is contrelll by high frequency elastic vibrations:

1. Vibratory displacement of the elastically coasted and damped part was analyzed, as
dry friction coefficient is controlled at particuldime intervals, exciting elastic vibrations.
Based on made model, by numerical simulation it determined, that under controlled dry
friction, the areas of the system and excitatiorapeters sets exist, with 5 possible motion
regimes: jerking motion of the body, stick-slip mlscement of the body and vibration near the
position of dynamic equilibrium, nearly periodicalotion near the position of dynamic
equilibrium, vibration of the body near the pogiti@f static equilibrium and decreasing
displacement regime of the body motion.

2. It was determined, that increasing amplituderatibns near the position of static
equilibrium occur only under varying coefficient dfy friction. Most suitable for automated
assembly are regimes of the periodical motion tieaiposition of the dynamic equilibrium and
vibrations of the body near the position of theistequilibrium.

3. It was explored, that maximum displacemgpt, controlling dry friction, always is

longer, than that under constant friction coeffitidviost influence on displacement of the body
has the frequency ratio of the system’s naturatatibn along thef direction to excitation

frequency and initial force of the body pressinghte plane.

4. Based on performed part-to-part positioning ysia) were designed vibratory assembly
devices, under control of the dry friction, thosaynibe used for joining of the cylindrical cross-
section parts. Due to directional vibratory displaent of the one part from the mating pair, no
need for high accuracy of the parts placementsemably position.
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