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1. Introduction

Automated assembly requires precisely alignment
of the parts in assembly position. Methods and means for
interdependent alignment of the parts being assembled
considerably depend on parts shape, dimensions, symmetry
rank and complexity of orientation motion [1].

One of the most frequently performed assembly
operations is peg-hole type parts assembly. Insertion is a
process of discretic type, when it is necessary to eliminate
existing errors of the parts (components) misalignment, i.e.
to align the components to be assembled. It is possible to
align the components being assembled providing a peg or a
hole with corrective motion. Recently quite a number of
new part alignment techniques are introduced and widely
applied. Most of the techniques are relatively complex and
expensive, since for alignment robot wrists, complex laser
positioning systems, information from feedback sensors,
neuron net controllers or complex vision systems are used.

Commonly relative part-to-part position error in
assembly workspace is characterized by linear and angular
axial misalignment. If linear error exists, axis of the peg is
perpendicular to the end surface of the bush, and only posi-
tioning error exists. Angular misalignment of the axes oc-
curs when axis of the peg is tilted relatively to the axis of
the bush. In this case both the positioning and angular er-
rors commonly exist [2].

A method for alignment is known, when one of
the components being assembled, i.e. a bush, is vibrated
relative to the inserting part in a plane orthogonal to the
direction of part insertion, while the peg is incrementally
moved in the direction of insertion towards the bush till
contact is made with the vibrating edge of the bush hole.
Contact of the parts is fixed by the sensors and interde-
pendent position of the parts is adjusted till the parts get
aligned and afterwards joined [3]. This method of align-
ment is rather not efficient and the process of alignment
has particular random nature.

In modern engineering sometimes it is necessary
to perform automated assembly of the parts having espe-
cially small dimensions, therefore various vibratory tech-
niques for parts alignment are applied in more large scale,
as miniature parts are passed into assembly position by
means of vibrated replaceable elements [4]. In works [5, 6]
vibrations are applied to orient automatically the parts of
two types. Parts of the first type are passed over pallet and
because of vibrations fall into the depressions formed on
the pallet.

Vibrating the pallet with plurality of the first type
parts, second type parts matingly engage corresponding
irregularities in the first type parts by passing the second

type parts over the vibrated with different parameters pal-
let.

This paper analyzes vibratory alignment tech-
nique, based on directional matching of connective sur-
faces of the being assembled components. The directional
matching of the surfaces occurs because of initial tilt of the
components being assembled relatively one to the other.
This tilt is predetermined by nonrigid fixturing of one of
the components and applied initial pressing force of inter-
acting components. In order to improve alignment mag-
netic, pneumatic or other forces should be used. The men-
tioned means allow achieving directional matching of the
parts without position sensors detecting interdependent
position of the parts being assembled.

Vibratory matching and assembly of the compo-
nents is carried out as one of the components to be assem-
bled is subjected to the excitation by low frequency vibra-
tions along the parts joining axis. When vibratory align-
ment technique is used, there are no strict precision re-
quirements for initial location of the components in assem-
bly position. Reaction forces, arising at the points of part-
to-part contact, provide assistance in parts matching.

Vibratory part-to-part alignment technique for
circular and rectangular cross-section parts being assem-
bled automatically is analyzed in presented paper and veri-
fying experimental data with performed analysis of ob-
tained results are given.

The obtained results of experimental investigation
verified that vibratory alignment of peg-hole type compo-
nents is simple, reliable and inexpensive technique for
parts assembly.

2. Experimental setup and investigation method

To perform experimental analysis of parts align-
ment experimental setup was designed and made (scheme
is shown in Fig. 1). Besides the listed elements of experi-
mental setup presented in Fig. 1 low frequency generator,
which was used to excite vibrations of the peg along the
direction of parts joining, is not shown in the picture. On
the surface of locating table a photodiode is mounted (not
shown in the experimental setup scheme) used to fix
start/end state of component alignment process. Indicators
were used to determine both the initial preload force and
axial misalignment of the components being aligned. The
photodiode via a resistance is connected to oscilloscope,
which transforms the analog signal into the digital one.
The signal from oscilloscope is transferred to personal
computer and using proper software is displayed on the
screen of the computer. To clarify interconnection of the
mentioned equipment a simplified structural scheme of



experimental setup is presented (Fig. 2).

One of the parts to be assembled, i.e. a bush 4, is
immovably fixed on locating table 5. Peg 3 is attached to
resilient element 2, which is attached to electromagnetic
vibrator /. Due to existing resilient element being aligned
the peg has a possibility to move towards the bush and
slightly turn. Experiments were performed using resilient
element having the following characteristics: 38 mm length
and 28 mm outside diameter metallic bellow, having axial
rigidity 0.04 N/mm and the number of bellow coils is 17. It
is possible to shift vertically the bellow with the attached
electromagnetic vibrator and in such a way to change the
force by which the parts to be aligned are pressed. Power
circuit is turned on using a switch; power and registration
circuits are synchronized. Experiments were performed
using peg and hole test-pieces made of aluminium.

Fig. 1 Experimental setup: a — for circular parts alignment,
b —for rectangular cross-section parts alignment:
1 - electromagnetic vibrator; 2 - resilient element
(metallic bellow); 3 - peg; 4 - bush; 5 - locating ta-
ble

It is possible to connect peg-hole type parts us-
ing various techniques and the main problem here is elimi-
nation of parts positioning and angular errors. Very often
solution of such type tasks is defined as a problem of the
peg directional motion towards the hole of the receiving
part (bush) by possibly optimal trajectory. But in presented
work the main attention is devoted to parts alignment
analysis. The investigation starting from a moment, as the
peg contacts with the edge of receiving part (i.e. bush) hole
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at two points (for circular parts case) or part to part contact
by the edge is made (for the parts of rectangular cross-
section). Interdependent position of thus contacting parts is
determined by error vector, drawn from the center of the
peg’s bottom surface to the center of the bush hole. Inves-
tigated is the influence of the system and excitation pa-
rameters on the process of parts alignment.

Applied experimental technique differs from
techniques used to solve similar type tasks so, that in this
case parts position sensors have not been used. On the lo-
cating table, where one of the components being aligned is
based, a photodiode is mounted, which purpose is to fix the
duration of alignment process, having no influence on the
progress of the process. Experiments were performed vary-
ing the initial preload, parameters of kinematical excitation
and initial axial misalignment of the components being
aligned. Part-to-part contact state and intensity of acting
contact forces between the peg and the hole is especially
important information, when for peg-hole type parts
alignment force sensors are used [7].
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Fig. 2 Structural scheme of experimental setup: / - electro-
magnetic vibrator; 2 - resilient element (metallic
bellow); 3 - peg; 4 - bush; 5 - locating table; 6 - ge-
nerator of low frequency vibrations; 7 - oscil-
loscope; & - personal computer

Part alignment technique, based on kinematical
excitation of movably based peg and dynamic properties of
two contacting bodies is analyzed in presented paper.

Vibratory alignment of chamferless circular parts
and parts having rectangular cross-section was investi-
gated. The experiments were performed trying to align a
peg of 29.9 mm diameter in respect of receiving part hole
having diameter 30.0 mm. Therefore, cylindrical joint has
clearance ¢ =0.1 mm. A peg of rectangular cross-section
15x 10 mm was aligned in respect of 15.1 mm width hole
opening.

As a performance criterion to evaluate the effi-
ciency of alignment process was chosen time, within which
movably based part moves from an initial position to such
a position, where connective surfaces of the parts get
matched, i.e. the parts get aligned.

3. Experimental investigation of parts alignment

During experimental investigation the following pa-
rameters were varied:
preload force F from 0.5 to 3 N;
amplitude A of vibratory excitation from 0.5 to
1.5 mm;



e frequency f of vibratory excitation from 50 to

100 Hz;

axial misalignment of the components to be
aligned A from 0.5 up to 2.5 mm.

Initially the peg is pressed downward to the bush
by predetermined magnitude force and so axial misalign-
ment of the parts to be aligned is made. Because of resil-
ient element the peg is tilted at a particular angle in respect
to the bush axis. Thus, advantageous conditions are made
for elastic restoring moment to arise and to match connec-
tive surfaces of the parts. Due to measured by means of an
indicator axial misalignment of the components being
aligned and because of existing initial preload, the peg
initially is slightly tilted in respect to the bush (Fig. 3), but
this tilt angle was not measured.

Fig. 3 Initial part-to-part position at the beginning of
alignment: a — parts of circular cross-section con-
tacting at two points; b — parts of rectangular cross-
section, edge contacting

Through the gap between cylindrical components
the light from external source freely reaches the photodi-
ode, as the later is not shaded by the peg. After the low
frequency generator is turned on (low frequency signal
generator G356/1 have been used), axial vibrations along
the direction of components joining axis are transferred to
the peg. The photodiode via the resistance is connected to
Pico ADC 212 oscilloscope, and the later is connected to
personal computer. As sufficient light emitted from an ex-
ternal source reaches the photodiode, then the output signal
of the later is current. Voltage jump on computer screen
indicates the start of alignment process. Kinematically ex-
cited peg moves towards the axis of the bush, and the parts
get aligned. After the connective surfaces of the parts are
matched, the peg shades the photodiode and the light has
no possibility to reach the photodiode. Reversed polarity
voltage jump indicates ending of the alignment.

By oscilloscope an analog signal is transformed
into digital signal and by means of application software is
processed on the screen of personal computer. From ob-
tained oscillogram the duration of parts alignment is pre-
cisely defined (Fig. 4).

Alignment experiments with the parts of rectan-
gular cross-section were performed using the same ex-
perimental setup. The parts to be aligned were fixed and
excited in the same manner as during the alignment of cir-
cular parts. In this case the photodiode was mounted at a
sidewall of the opening. The same resilient element (metal-
lic bellow) as for circular parts alignment has been used.

Using the obtained results of experimental inves-
tigation for the parts of circular and rectangular cross-
section alignment duration dependencies on excitation fre-
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quency (Fig. 5-6), initial pressing force (Fig. 7) and initial
axial misalignment of the parts (Fig. 8) were made. In the
mentioned graphs mean values of alignment duration ob-
tained from 5-7 attempts were applied.
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Fig. 4 Experimental oscillogram indicating duration of
parts alignment (V—volts, s — seconds)
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Fig. 5 Dependence of alignment duration ¢ on excitation
frequency f, under applied different initial press-
ing force F: a — for the parts of circular cross-
section; b — for the parts of rectangular cross-section

Excitation frequency has high influence on dura-
tion and reliability of alignment. In frequency range 50 to
60 Hz, under initial pressing force ' =1 N (initial press-
ing force is not large enough to force the peg move to-
wards the hole), the parts of circular cross-section not al-
ways get successfully aligned (Fig. 5, a). When excitation
frequency is from 70 to 90 Hz and under higher pressing



force F (from 2 to 3 N) the peg performs stable transla-

tional motion towards the hole axis, the alignment is suc-
cessful and lasts approximately from 60 to 100 ms. There-
fore, it is necessary to match properly the magnitudes of
excitation frequency and applied pressing force.

In Fig. 5, b, alignment duration dependencies on
the excitation frequency f are given for the parts of rec-

tangular cross-section. For the range of frequencies from
50 to 60 Hz the process is unstable and lasts relatively long
time (300 ms to 3 s). Under higher frequencies (60 to 80
Hz), similarly like it was noticed for the alignment of cir-
cular cross-section parts, the process is stable and has short
duration (approximately 70 + 100 ms). When excitation
frequency is equal to 90 Hz and even higher, different vi-
bratory regimes of resilient element and peg attached are
taking place and duration of the alignment significantly
increases.

The magnitude of the initial pressing force influ-
ences not only the tilt angle of movably based component,
but also influences duration of the alignment process. It is
seen from the given graphical dependences (Fig. 6), that
for axial misalignment A=0.5 mm, initial pressing force
F=1N, and excitation amplitudes A4=1mm,
A=1.5mm the process is stable and reliable, without
failures during parts alignment, and process duration is
relatively small (~80 to 150 ms). As the frequency in-
creases (> 90 Hz), alignment duration gets significantly
longer.
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Fig. 6 Dependence of alignment duration ¢ on excitation
frequency f, under different excitation amplitudes
A: a—for the parts of circular cross-section;
b — for the parts of rectangular cross-section (where
¢ —joint clearance)
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The dependencies of alignment process duration
on initial pressing force F for the parts of circular and
rectangular cross-sections are different (Fig. 7). Mentioned
dependencies for circular parts have minimum, which ex-
ist, when applied pressing force is approximately 2 N. As
pressing force increases, duration of the alignment also
significantly increases. Alignment process gets unstable,
because for the same set of excitation and system parame-
ters, the peg does not always get aligned relatively to the
bush. Duration of part alignment for rectangular cross-
section parts depending on pressing force is increasing, and
alignment process gets unstable when higher pressing force
is applied.
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Fig. 7 Dependence of alignment duration ¢ on initial

pressing force F':a— for the parts of circular cross-
section; b — for the parts of rectangular cross-section

Axial misalignment of the parts located in assem-
bly position is predetermined by positioning error of feed-
ing device, e.g. by positioning error of the robot. When
low precision robots are used the mentioned error of posi-
tioning is up to a few millimeters. As vibratory assembly
technique is applied, it is possible easily to compensate this
positioning error during the process of alignment. When
the error of axial misalignment for the parts of circular
cross-section is not exceeding 2.0 mm, duration of parts
alignment changes nonsignificantly (Fig. 8, a).

Positioning error higher than 2.0 mm leads to an



unstable alignment process, or, under smaller pressing
force, the duration of part alignment significantly in-
creases. For parts of rectangular cross-section the duration
of alignment within A=1.5 mm increases almost propor-
tionally to axial misalignment, but later, as F >1.5N,
starts increasing more quickly (Fig. 8, b).
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Fig. 8 Dependence of alignment duration ¢ on axial mis-
alignment A: a — for the parts of circular cross-
section; b - for the parts of rectangular cross- section

It was verified by an experiment that as movably
based peg is excited by predetermined frequency and am-
plitude vibrations, reliable alignment of circular parts and
the parts of rectangular cross-section is possible, as posi-
tioning error in assembly position is up to a few millime-
ters. Reliability of the alignment is dependent on rigidity
and dimensions of resilient element, which predetermines
mobility of the peg, and on initial force of parts pressing.

Based on data obtained from experiments areas of
parameters’ sets have been determined, where alignment of
the parts to be assembled is stable and reliable process
(Fig. 9).

When both the amplitude of excitation and initial
pressing force are not high enough to force the movably
based part move towards the other part to be aligned, the
process of alignment gets unstable or is not taking place.
To align the parts under higher part-to-part pressing force
it is necessary to subject movable based peg to excitation
of higher amplitude vibrations.

Performed experimental analysis and obtained
results verified that vibratory alignment of the parts to be
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assembled automatically is inexpensive and simple tech-
nique for peg-hole type parts alignment and joining. Hav-
ing properly defined values of the system and excitation
parameters, reliable and fast alignment of circular parts and
parts of rectangular cross-section is possible when their
positioning error is up to a few millimeters.
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Fig. 9 Area of stable alignment of the parts (unhatched area
of the graph) depending on the amplitude of excita-
tion and initial pressing force: a — for the parts of cir-
cular cross-section; b — for the parts of rectangular
cross-section)

4. Conclusions

1. Experimental data approved that duration of
parts vibratory alignment depends on axial misalignment
of the parts and magnitude of initial preload force, which is
predetermined by rigidity of resilient element.

2. Excitation frequency and amplitude influence
both the duration and character of the parts’ alignment
process. As frequency of vibrations is within the range of
60 to 80 Hz and amplitude of the excitation is from 0.5 to
1.5 mm, alignment of the parts is successful and lasts ap-
proximately 70 to 100 ms.

3. At higher excitation frequencies ( f >90 Hz)

and smaller amplitudes (0.5 mm) unstable and unreliable
regimes of vibratory alignment occur, duration of the
alignment significantly increases and repeated failures of
alignment take place.

4. It was determined, that due to arising parts sur-
face irregularities at the points of contact the process of



alignment may be unstable or even unsuccessful, as not
only conditions of parts contact are changing, but also
changes direction of resulting reaction force vector.

5. Stability of alignment process is highly influ-
enced by initial pressing force. It is possible to align the
parts as initial pressing force is not less than 0.5 N. For
stable process of parts alignment the magnitude of initial
pressing force is predetermined by the amplitude of kin-
ematical excitation.

6. To perform more comprehensive analysis on
the application of vibrations for alignment of the parts to
be assembled automatically, it is necessary additionally to
perform experimental analysis of part alignment under
different conditions of vibratory excitation, i.e. providing
excitation along the part insertion direction to the bush
fixed in locating table.
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B. Baksys, J. Baskutiené, A. B. Povilionis

EKSPERIMENTINIS DETALIU VIBRACINIO
CENTRAVIMO, ESANT KINEMATINIAM
ZADINIMUI, TYRIMAS

Reziumé
Straipsnyje analizuojamas vibracinis automatiskai

renkamy detaliy centravimas esant kinematiniam zadini-
mui. ApraSytas eksperimentinis apvalaus ir staciakampio
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skerspjtivio detaliy centravimo stendas. Pateikti stacia-
kampio ir apvalaus skerspjivio detaliy be nuozuly centra-
vimo eksperimenty, atlikty esant skirtingiems Zadinimo
parametrams bei pradinei jvarZai ir skirtingam renkamy
detaliy aSiy nesutapimui, rezultatai. Gauti rezultatai leidzia
daryti iSvada, kad vibracinis veleno ir ivorés tipo detaliy
centravimas ir sujungimas yra paprastas, nebrangus ir
patikimas tokiy detaliy rinkimo buidas.

B. Baksys, J. Baskutiené, A. B. Povilionis

EXPERIMENTAL INVESTIGATION OF PARTS
VIBRATORY ALIGNMENT UNDER KINEMATICAL
EXCITATION

Summary

Presented paper investigates vibratory alignment
and matching of the parts to be assembled automatically.
Experimental setups for alignment of the parts having rec-
tangular and circular cross-sections are given. Results ob-
tained performing alignment of circular and rectangular
chamferless parts under different both the excitation, initial
pressing force and parts misalignment conditions are
given.

The obtained experimental results led to the con-
clusion that vibratory alignment of the parts to be assem-
bled is simple, reliable and inexpensive technique for peg-
in-hole operations.
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OKCIIEPUMEHTAJIBHOE UCCJIEJJOBAHUE .
BUBPAITMOHHOI'O HEHTPMPOBAHU A JJETAJIEU
IMTPY1 KWHEMATUYECKOM BO3BY>XKAEHNUN

PeszowMme

B HacTosmeil craThe mpoaHaTM3MpOBaH BHOpa-
LIMOHHBIA METOJ] HEHTPUPOBAHUSI U COIIPSKEHUsI cobupae-
MBIX KOMIOHEHTOB. IlpencraBneHa sKcHepUMeEHTaNbHas
YCTaHOBKA, KOTOpas ObLIa HCIOJIb30BaHA NPH AKCIEPH-
MEHTAJIBbHOM HCCIIEIOBAaHUU LIEHTPUPOBAHUS MU COMpPSIKE-
HUSI aBTOMaTHYECKH COOMPAEMBIX JIeTajel IpsSMOYTOJIEHO-
rO ¥ KpyTJoro momnepeyHoro cedeHus. IlpeacrasieHsl pe-
3yJIBTaThl HKCIIEPUMEHTAIBHOTO LIEHTPUPOBAHUS JeTaslel
IPU Pa3HBIX YCIOBUSX BHOPAIIMOHHOTO BO30YXICHUS,
NIPEABAPUTENHHOTO HATATa M PA3HOM pPacCOTIacOBAHUH
ocell coOMpaeMbIX KOMITOHEHTOB.

ITomydeHHble pe3ynbTaThl IO3BOJIAIOT CHENATh
BBIBOJI, YTO MCCJIEAOBAHHBIH BHOPALIMOHHBIA METOX IIeH-
TPUPOBAHUSI U COMNPSIKEHHs SIBISETCS MPOCTBIM, HEIOPO-
MM ¥ HaJIOKHBIM METOZIOM Juisi COOpDKHM JIeTaned Tumna
«BaJ-BTYJIKA».
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