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OD REDAKCJI

O POTRZEBIE ZMIAN KRYTERIOW OCENOWYCH
W PRODUKCJI MONTAZOWEJ

Jerzy LUNARSKI

Procesy montazowe nalezg do jednych
z najpowszechniej stosowanych w réznych sektorach
wytworczosci, jednak ich specyfika znacznie zalezy od
takich czynnikéw, jak: materiaty i gabaryty montowanych
elementéw, potrzeby zachowania doktadnosci
i sterylnosci proceséw, przeznaczenia produktéw i skali
ich produkcji, niezawodnosci i bezpieczenstwa wyrobow
oraz warunkéw w jakich majg by¢ eksploatowane.

Mimo tej réznorodnosci proceséw montazowych
dotychczasowe kryteria ocen tych proceséw przewaznie
dotyczyty zapewnienia bezpieczenstwa, wykonalnosci,
minimalizacji kosztéw i pracochionnosci, a niekiedy
réwniez takich kryteridw, jak: produktywnosci, wydajnosci,
trwatosci eksploatacyjnej, funkcjonalnosci i in.

Wzrastajgca aktywnos¢ wspotczesnych spoteczenstw
w zakresie gospodarki, konsumpcji, globalizacji,
wykorzystywania nieodnawialnych zasobodw itp. wywotaty
szereg globalnych zmian, ktérych narastanie moze
stanowi¢ zagrozenie dla istnienia przysztych pokolen
(zmiany klimatu, wyczerpywanie zasobow, wymieranie
gatunkéw fauny i flory, degradacja gleb, wylesianie,
wzrastajgce zanieczyszczenia $rodowisk odpadami
(statymi, ciektymi, gazowymi, w tym o duzej szkodliwosci
dla zdrowia itp.) stwarzajg konieczno$¢ wprowadzenia
radykalnych zmian w systemach gospodarczych,
politycznych, spotecznych, etycznych i in.

Produkcja montazowa nie nalezy do liderow
generujgcych powyzsze negatywne skutki, lecz konieczna
jest zmiana podejscia do procesow projektowania,
wytwarzania i eksploatowania systeméw montazowych
i obiektdow montowanych.

Zmiany te powinny dotyczy¢ wyboru kryteriéw ocen
i ich rang w trakcie formutowania zatozen projektéw,
nadzoru nad ich realizacjg i koncowej ich weryfikaciji
i walidacji. Mozna tu przytoczy¢ kilka przyktadowych,
wazniejszych zalecen, ktore w konkretnych dziataniach
mogg by¢é znacznie rozszerzone, uszczegotowione
i dostosowane do specyfiki montowanych produktow
i stosowanych w tym celu systeméw montazowych, tzn.:
1. Preferowanie stosowania materiatow nie deficytowych,

fatwych do ponownego wykorzystywania i recyklingu,

z ktérych elementy bytyby tgczone sposobami

fatwymi do demontazu, zas sposoby ich ponownego

wykorzystania bytyby mato energochfonne.
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2. Stosowanie rozwigzan i potgczen montazowych
umozliwiajgcych  maksymalne ograniczenie,
w procesach wytwarzania i eksploatacji, generowania
odpadow nie znajdujgcych wtérnego zastosowania
lub wykorzystania w odrebnych procesach.

3. Wykorzystywanie metod i rozwigzah zapewniajgcych
maksymalizacje sprawnosci energetycznej,
mechanicznej, cieplnej i in. dzieki czemu
mozliwym bedzie lepsze, diuzsze i efektywniejsze
wykorzystywanie wyrobéw i urzgdzen systemow
montazowych.

4. Preferowanie rozwigzan modutowych (w konstrukcji,
technologii, organizacji) umozliwiajgcych tatwe
przeprowadzanie modernizacji i rewitalizacji wyrobow
i systemow w trakcie ich eksploataciji, bez koniecznosci
fizycznej likwidacji i wydtuzajgcych ich przydatnosc
eksploatacyjna, produktywnos$¢, bezpieczenstwo i in.

5. W rozpatrywaniu rdéznych wariantow rozwigzan
konstrukcyjnych i technologicznych celem ich
optymalizacji, oprécz kosztéw, pracochtonnosci
i bezpieczenstwa, nalezy uwzglednia¢ rowniez
takie, jak: energochtonnos$é, materiatochtonnos$é,
ilo§¢ generowanego dwutlenku wegla oraz ilosci
generowanych odpadow (zwtaszcza niebezpiecznych
i nie podlegajgcych utylizacji) i inne.

Istnieje juz obszerna literatura naukowa,
normatywna i prawna wskazujgca na preferowane
kryteria postepowania, lecz jest ona w ograniczonym
stopniu wykorzystywana w procesach projektowania.
Do wazniejszych mozna zaliczy¢ nastepujgce: norma
ISO 26000 (o spotecznej odpowiedzialnosci biznesu),
wytyczne ONZ w sprawie tzw. czystszej produkcji
(CP), normy serii 1ISO 14000 (systemy zarzgdzania
srodowiskowego), zasady szczuptego zarzadzania
i wytwarzania (LM, LP), wiele ré6znych aktéw prawnych
dotyczacych poszczegdlnych dziatan i in.

Redakcja TiAM oraz jej czytelnicy bedg szczegdinie
zadowoleni jesli Autorzy opracowan naukowych
prezentowanych w TiAM naszego kwartalnika beda
w swoich pracach uwzgledniali powyzsze wytyczne.
Globalne znaczenie postepujgcych zmian degradacyjnych
wymaga powszechnego zaangazowania i kreatywnosci
— wiele matych i drobnych inicjatyw moze sumowac sie
w istotne efekty, z pozytkiem dla naszej cywilizaciji.




HEURISTIC METHOD OF ASSEMBLY SCHEDULING OF MULTI-OPTION
PRODUCTS FOR ASSEMBLY LINE WITH INTERMEDIATE BUFFERS

Heurystyczna metoda harmonogramowania montazu wielowariantowych produktéow
linii montazowej z buforami miedzyoperacyjnymi

EBpucTuyeckuin Metoa YepenoBaHusi COOPKI MHOTOBapUaHTHBIX M3Aenuin B cOOPOYHOIA
NIMHUN C MeXonepaLoOHHBIMW MarasuHamMy

Marek MAGIERA DOI: 10.15199/160.2019.3.1

Abstract: The method intended to build the possibly shortest assembly schedules is presented in the paper. The method is
constructed for assembly lines without parallel machines. The intermediate buffers are located between the assembly machines.
A flow of products of different types is unidirectional in the assembly line. The proposed method is a heuristic because the
fixed tasks are characterized by a large size and considerable computational complexity. It is a relaxation heuristic. The linear
mathematical model is used in the mentioned heuristic method. The method is constructed for assembly scheduling for multi-
option products. Assembly of various types of products in different variants is the reply to the contemporary challenges faced by
the manufacturers, who try to satisfy the demands of individual customers. The planned downtimes of machines are regarded
in the method, for example downtime of machines connected with maintenance. The results of computational experiments with
proposed heuristic method are presented. The described heuristic method is compared with optimal method based on the integer
programming. The fixed makespans and computational fixed times using heuristic method and optimal method are compared.
Keywords: heuristic, relaxation, assembly line, optimization, scheduling, linear programming

Streszczenie: Przedstawiono metode przeznaczong do budowy najkrétszych harmonogramoéw montazu produktow w liniach
montazowych bez maszyn réwnolegtych. Konfiguracja linii montazowej uwzglednia obecnos¢ buforéw miedzyoperacyjnych
pomiedzy maszynami. Przeptyw rownoczesnie montowanych produktéw réznych typow jest jednokierunkowy. Ze wzgledu na
rozmiary rozwigzywanych problemow i zwigzang z tym ztozonos$¢ obliczeniowg metoda jest heurystyka. Jest to heu-rystyka
relaksacyjna, w ktorej wykorzystano model zadania programowania liniowego.Metoda dotyczy produktow wielowariantowych.
Produkty danego typu mogg rézni¢ sie warian—tami wykonania — specyficznymi cechami, uwzgledniajgcymi wymagania odbiorcéw.
Metode wyrdznia takze uwzglednienie planowanych przestojéw maszyn, np. przeznaczonych na konserwacje. Zaprezentowano
wyniki eksperymentéw obliczeniowych, za pomoca ktérych oceniono jakos¢ opracowanej metody. Dlugosci harmonogramow
wyznaczanych za pomocg przedstawionej metody poréwnano z dtugosciami harmonograméw optymalnych, znanymi dzieki
zastosowaniu modelu zadania programowania catkowitoliczbowego. Poréwnano takze czasochtonnos¢ obliczen.

Stowa kluczowe: heurystyka, relaksacja, linia montazowa, optymalizacja, szeregowanie operacji, programowanie liniowe

Introduction - the reasons for construction of heuristic

The method for construction of assembly scheduling,
as suggested in the present paper, may be assigned to
the approximate methods; it is the heuristics. The term
heuristic originates in Greek language, it comes from
the word heurisko, that means [ find, | discover. The
heuristics are employed first of all in the cases where the
complete algorithms are too expensive due to technical
reasons [2]. The mentioned expensiveness — in the case
of the submitted method — concerns the dimensions of the
problems to be solves and the computational complexity.

In construction of the possibly shortest assembly
scheduling, the multi-option products were considered.
The products of a given type that are assembled in various
variants differ in respect of their distinguishing features,
e.g. additional componential parts (e.g. handlers),
shape and dimensions of case, or other factors affecting

4

their external appearance and utility properties. The
consideration of individual requirements of customers,
being the undoubted advantage of the developed
method, results in relatively great extent of the problems
to be solved. The extent of the problem is understood
as integer number, being a measure of the quantity of
input data which characterize a given problem [6]. The
input data include, inter alia, parameters concerning
various variants of the products and, also, parameters of
assembly line. The extent of the problem has an influence
on the quantity of computer resources, being necessary
for solving the problem, that is, computational complexity.
The mentioned resources include memory (memory
complexity) and time (time complexity).

In connection with the above, in case of the problems
of a great extent, the search for the optimum solution
is often unprofitable. Due to this reason, the heuristic
method was constructed owing to which it is possible

TECHNOLOGIA | AUTOMATYZACJA MONTAZU nr 3/2019




— in a relatively short time — to find the solutions which
may be charged with a certain deviation from optimum.
It is significant in the case of the necessity to repeat the
scheduling — to determine a new scheduling in a short
time.

The examples of the application of heuristics in
the assembly scheduling may be found in the research
papers [1], [3] and [6]. The method suggested in the
present study is distinguished by the consideration of
multi-option products and, also, the planned downtimes.

The heuristic method was described in chapters
2 and 3. The successive chapter is dedicated to the
evaluation of the discussed heuristic — the comparison of
the set optimum solutions and the heuristic ones.

Formulation of the problem and the concept of its solution

Unidirectional assembly line without parallel
machines is given. Between the machines, there are
intermediate buffers with limited capacities where the
products may wait for performance of the successive
operations. In the assembly line system, we may have
simultaneously assembled multi-option products of
different types. Some machines may be omitted by the
product. The exemplified configuration of assembly line
which the developed method is referred to is illustrated
in Fig.1.

¥

| b2 o m2 | b3 —Il_ni_]—f—t
B pam e iy

ml, m2, m2 - emsembly mackases, B2, 13- uffers

Fig. 1. Unidirectional assembly line with intermediate buffers
Rys.1. Jednokierunkowa linia montazowa z buforami
miedzyoperacyjnymi

In case of the above assembly line, the shortest
scheduling of performing the assembly operations should
be constructed.

The method concerning the solution of the described
problem is based on the monolithic approach. The
assignment of operations to machines and distribution of
operation in time is performed simultaneously. The block
diagram of the discussed method is given in Fig.2.

A bt il o

: L T linies s il
¥ L
: “Scieruling of resembly opsermions
~ ihtriliaon o tiitlal oo and e, i veificson and miadifcating

Scheduls

Fig. 2. Block diagram of the heuristic method
Rys.2. Schematy blokowy heurystycznej metody
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Table 1. Summary of sets, parameters and variables
Tabela 1. Zestawienie oznaczen zbiorow, parametrow
i zmiennych

Sets.

1 — Set of assembly machines: 7 = {1, ..., M};

J — Set of types of assembly operations: J = {1, ..., N};

K — Set of types of assembled products: K = {1, , W},

L — Set of time intervals: L = {1, ..., H};

S — Set of indices of multi-variant products;

Ij — Set of machines capable of performing the operation ; 1 J;

J! — Set of basic operations, J'i J;

P — Set of additional operations (rendering the specific features to the multi-
option products), 2 1 J;

Jc — Set of assembly operations consisting in additional assembly of a part,
taken from feeder, J° 1 J;

o' — Set of pairs (k, j), in case of which the basic operation j /7 concerns the
product of k I K type;

o’ — Set of pairs (s, /), in case of which additional operation j I.J2 concerns
51 product;

R! — Set of ordered triples (k r j), in which performed successively basic
operations 7, j I J/ concern product of k type;

R2 — Set of ordered triples (s, 7 j), in which successively performed operations
1, j 1.J concern product s and at least one operation belongs to set .2

T — Set of ordered pairs (s, k), where product s is of & type;

Parameters:

aij — Working space of machine i utilised for performing operation of j type;

b — Working space of machine i, where feeders of componential parts may

i be placed;

di — Capacity of intermediate buffer placed before machine i;

e — Time of product’s transport between machines 7 and i;

ijk — Time of performing basic operation j i.J’ concerning product of  type;

-7].5 — Time of performing additional operation j i /> concerning s product;
ny =1, if machine i is available in time interval /, otherwise nil = 0;

Variable, the values of which are determined in the particular iterations e:

X< =1, if type of operation j is assigned to machine i, otherwise x*;

=1, of in time interval / operation j concerning product s is performed in

machine i; otherwise ¢°;;

= 1,if in time interval | product s is found in intermediate buffer placed
before machine i, otherwise <, = 0;

— Time of commencing performance of operations concerning product s
in machine i;

— Time of completing the performance of operations concerning product
s in machine i;

Fig.2 shows that the parameters, describing machine
ark and multi-option products, are utilized in the
procedure, intended for assessment of machine duties. It
results from the consideration of the planned downtimes
of machines. In the heuristic destined for solving the
problem, the linear mathematical model, constructed
by the author of the present paper, concerning the
scheduling of assembly line with intermediate buffers
was employed. In the discussed model, the conditions of
integer numbers of decisive variables were omitted. It is
a characteristic of relaxation heuristics. In the developed
method, the rules of rounding of variables, informing on




assignments of particular assembly operations to the
machines in given time intervals, were specified. The
discussed method includes also procedures of verification
and modification o the schedule to be constructed, e.g.
those ones concerning behaviour of sequence limitations
(performance of operations in accordance with each
sequence, in unidirectional assembly line), lack of
collision in assembly (in a given moment on a specified
machine there is no more than one operation performed;
in the case of the product, also, in a given moment no
more than only one assembly operation assigned to this
product is performed).

The detailed description if the method is given in
the next chapter. Omitting of the conditions of integer

Step 1. Linear relaxation of mathematical model, initial solution

numbers of variables in mathematical model affected very
positively the time consumption of the calculations what
was indicated in chapter 3 concerning the computational
experiments, carried out on the developed method.

Mathematical description of relaxation heuristic

In the relaxation heuristic, the sets and parameters
compiled in Tab.1 were considered.

The parameters described in Tab.1 are the input
data considered in the heuristic algorithm. The values
of variables, being defined in the mentioned table,
determined in the last iteration are the solution. Here we
have the relaxation heuristic:

Apply the procedure for determination of the number of time intervals H, as published in the paper [5]. Adopt the
number of iteration e = 1 and solve the task formulated in linear mathematical model which the function of aim concerns

(1) and constraint (2) — (20).

Minimize:

Subject to:

I, lel.seh

Zg%;@. )

IZZ:I <m: iel;lel .

:3: Z.,l,’,_ =p, 1 jedilskleT Ak fled) @)
TR SELFL |
E.. Er,: =p* : jeS sl s fled? -
Pt S Tiel; jeli L fel; sl r+i ©6)
gy = Faoy S D@5, + i, )41+ (H + 1M =47,
iirel; s.k)eT, Lfel: (k.r.j)eR vis.r jleR’ @
xizq, fel, jeJ; Iel; el ®)
;=0 igl; jeJ ©)
ax <6, fel, jed (10)
6 2 Moy —H + gl — s irel (sk)eT; [.fellkr.jleR vis.r.f)e R (11)
Iy~ fany 21+ g, — (H+1)1-gg, )
eely fuel (s k)er;(x,r Ne R e=k)visr, j)e (12)
Wizl =Y N gt +1-(H+1)ll=ql )} il jeJilel: ses 13

felred
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wh Slge, +(H +1 il -¢° ) iel, jed;lel; se§ (14)
o zlgl, —H +1 :l,'_] ~ . L tel; jet:lel; 58§ (15)
o~ oy =158, Y lgarai, )+ Xos 0+ H =g, )

del fea

ried; 1<7, ‘I‘--':':"E - ftels =k [J,r _f|=|= R vy r, _f:lu: II:," (16)
b zzo+leg, ~(H+=)5 ) riel el ses i (17)
Wosw —1+{H+1\l-yk el lel; 58 (18)

ZJ',':, <d; lel; vel; ixl (19)

The presented model is intended for determination of the shortest schedules owing to minimization of sum (1).
The constraints concerning the discussed model ensure: (2) — performance in a given moment of no more than one
assembly operation concerning a defined product; (3) — performance of no more than one operation by assembly
machine in a given moment if the machine is available in this moment; (4) and (5) — distribution of basic (4) and
additional (5) operations into machines; (7) — indivisibility during the operations concerning a given product, performed
in a specified machine; (8) — determination of the assignment of types of operations to the machines; (9) — elimination
of the assignment of operations to the wrong machines; (10) — preservation of the limited working space of each
of machines: (11) — unidirectional flow of products throughout the assembly line; (12) — consideration of sequence
limitations in performing the operations and ensuring the time for transportation of the products between the machines:
(13) and (14) — determination of the times of commencing the performance of operations concerning the specified
products in the particular machines and (15) — determination of the times of completing the performance of these
operations; (16) — determination of time intervals in which the assembled product must remain in buffer during the
time period, preceding the next operation — owing to relation (17) and after transportation to this machine — owing to
condition (18) with consideration of limited capacity of buffers what ensures dependence (19).

In the described model, the integer number conditions were omitted. To determine the initial solution, the auxiliary
variables have been introduced:

v;=1, if operation j concerning product s is performed in machine j, otherwise v, = 0;

P

sip €y - times of: commencing, completing of operation ; for product s, performed in machine i

To determine values of the mentioned variables, assign v, to the mentioned machine i capable of performing

is

operation j concerning product s, in the case of which value q;ls is the highest one. If value of this sum is the
lel 1%

same in case of few machines, choose the machine capable of performing operation ;j with lower index i.

Assume number of iteration e: = 2. Make acc. to (20) rounding of the variables, determine the times of commencing
the operations (21) and times of completing the operations (22).

g5 = r-;:-und{r,r.f_:._' . ief: jed:-lel:se8 (20)

e =V 0 i {'r'[.".l.u:t iel. jeJ. 58 1)

" lel.rel

|8+ pl =1 iel; jeJ': (s.k)eZ: k. j)eO

e l.f +pt =1 iel, jel’: se8: (s.jle? 22
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Assume e: = e + 1 and remember loads of particular machines in the particular / periods, using 23 and go to step 2.

&

f.lfllulu

(Lgdye zl<e
=1 =L ciel, jeJ:Jel: seb (23)
| O, inacze]

Step 2. Verification of direct succession of operations performed in a given machine concerning the same product

a) Check whether in the case of each pair of successively performed operations r, j, concerning s product of & type
where (k, j, 7) € R' or (s, 1, j) € R’ performed in the same machine, the equation (24) is satisfied. If so, go to step
5; if not — go to step 5b.

{ = ]

et ml delsk)el rjed, v, =v, =1k i)eR vsri)e R (24)

Let e: =e + 1. Remember each product s’ (mark it in such a way) that does not satisfy condition (24) in case of
machine i’ (mark it in such a way) and then, determine the set of operations performed in this machine, mark it as J".
Mark with j ’the first operation, performed in machine i’concerning s’ product. The times of commencing and completing
of these operations, in the case of which the equation (24) is satisfied remain unchanged and are remembered owing to
(25) and (26). In the case of i operations of the products which have not met the constraint (24), there are determined
acc. to (27) and (28) such times of beginning and ending the operations as to satisfy constraint (24)

1= =f!;'1| diatie ! ,ra"}; jedivli=i jed\Jvi={') sl (25)
. |t ps—1dla el itk jed' v {:‘ i jed \JIvi=it (vkeT
2 f, + -”.i —1 dia (.l' el }.l; [E= .f:}v{f =i j& TN I = _..'"}', 3 (26)

= +idlai=itred; eVt s=s"lkr. ) eR Als.k)eT v(sr jle R 27

. i +pn —ldlai=i' jet\j'} (s.hleZ; s=5'
s Y a e 5o pafah, G e (28)
et —ldlai=i; jed Wik sES, §=3

Update acc. to (29) information on loading of machines. Then, undo denotation of machines, operations, products
and set of operations (i’,j’, s, J’) and go to step 3.

_|Lgdyn, 21 <

iy

el feld: lel; se§ (29)

|0, inaczej

Step 3. Verification of collision-free condition of performing the operations

a) Let machine index i : = 0. Go to step 3b.
b) Leti: =i+ 1 and index of time interval / : 0. Go to step 3 c.
c) Let/:7+1.If the condition (30) is met, i.e. in a given period /, machine i performs no more than one operation, go

to step 4; if not, go to step 3 d.
Z Z”--‘h =0, (30)

jef g

d) Choose only one product s which meets the equation ¢y;, =1 (je J) and determine s’ while making the choice
of this product according to lexicographic order: 1) the product which met the equation q;’_ls =1 (] = J) in the

previous iteration and was not marked with s’; 2) the product with the lowest value ti]e's (] c J) ; 3) the product

with the highest value Z _Z/ Lq;,s ; 4) the product with the lowest index s.
j&) el
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Determine j’ operation concerning s’ product, performed in the / period in i machine. Assume e: = ¢ + 1. When
applying (31), determine the number of time intervals b, in which ;j’ operation requires load of machine i in the period
from [ until completion of the discussed operation.

b=ci -1+1 (31)

On the base of (32), determine element of D set — ordered pairs (s, j) where j operation concerns s product. Set D
includes products and their relating operations in the case of which it is necessary to make modification of scheduling
— ascribe the later time of performing the operations for these products (prolongation of the scheduling by b periods).

To ensure the collision free condition of assembling, modify the scheduling acc. to (33). Update the times of
commencing and completing the performance of operations in accordance with the equations (21) and (22). Undo the
denotation of operations and products (;, s’) and go to step 4.

D= 'Iﬂ.'.'__j':l: se X jeld) :,r"}i_ e =L felll+h- IEI: (32)

i

i —

lgidla ((rel\iik(s.leDlv(r=i jet:(s.j)e D))
l:,r;".: dla r=ils.fleDipzi+h, f=p=b |

pelised (33)

Step 4. Verification of behaviour of limitations concerning the sequence of performing the operations

a) If the verified constraint (34) concerning the sequence limitations is satisfied for j operation performed in i machine
and its predecessor — operation r, performed in T machine, go to step 5, otherwise, go to step 4b.

0 —ct —lzg,; riel se8; 1, <l (ke )eR als.k)eZ)v(sr jleR’ @

b) Mark operation which does not satisfy constraint (34) with letter j’, and mark the product relating to the discussed
operation with letter s’. Determine » — minimum number of periods by which value t,-ejvs' , should be increased as
to preserve limitation (34). Assume e : =¢ + 1 and modify scheduling acc. to (35). Update the times of commencing
and completing the operations concerning products acc. to (21) and (22). Undo the denotation of operations and

products (5, s’) and go to step 5.
.ql‘.._.:_ dla ((ref\likjed)vir=ije Y pel:ses

g, = .
fri t,r"' dla r=i:j=j"pel: pzl+h, f=p-b 5=y (35)

Step 5. The condition of halting for the so-far existing stages of verification and improvement of scheduling
If f= _ max I‘L': ., go to step 3c, otherwise check: i <M (M — number of machines). If the relation is satisfied, go to

step 3b; otherwise go to step 6

Step 6. Verification of utilizing intermediate buffers and availability of machines

Assume e: = e + 1 and solve the system of inequalities (13) — (19) in order to determine the loads of intermediate
buffers. When analyzing the successive time intervals and loads of machines and loads of intermediate buffers as well
as a limited availability of machines (checking the constraint (3)), verify and modify a scheduling in such a way as to
have the admissible number of products in the particular buffers in a given moment and the machines loaded in the
periods of their availability. In the successive iterations, analogically as in the case of equation (31) in step 3, determine
the number of time intervals b, by which the operations which do not satisfy the described constraints, should be
“shifted”. If a few products do not meet the mentioned constraints (in a given iteration), employ lexicographic order,
as being described in step 3 in order to choose one product. Modify the scheduling analogically to constraint (33) and
update the times of performing operations, applying (21) and (22).

The times of commencing and completing the performance of the particular operations, as determined in the last
iteration — on the grounds of equations (21) and (22) are the solution.
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The computational experiments - relaxation heuristic and the
accurate method

The submitted heuristic algorithm (algorithm H) has
been subjected to verification. The determined schedules,
using the mentioned algorithm were compared to the
scheduling constructed with the use of the precise method
(method M). In the accurate method, there was solved
a task, formulated in mathematical model (1) — (19),
supplemented by the constraints, ensuring the binarity of
decision variables — thus, the integer programming was
employed.

The computational experiments included 4 groups
of test tasks. In the case of each of the groups, 25 test
tasks were solved. In the computation, GUROBI [6] was
used. The parameters of the groups of test tasks and the
results of the experiments were presented in Tab.2. In the
mentioned table, there were presented the mean values of
2 indicators, defined in the equations (36), indispensable
for evaluation of heuristic: f; — destined for comparison
of the length of scheduling, and f, — for comparison of
the computation times using heuristic method H and
accurate method M. in the mentioned equations C_,, is
a length of the scheduling and CPU represents the time
of computations.

P pap
f=lmm o o g =PV

t.._. 3 I:.Ir_,f.g,

(36)

00

Tab.2. Parameters of groups of tasks and the results of
computational experiment

Group of Parameters of group of tasks The results of experiments
tasks M N W S H £ 1%] £, [%]
1 3 10 3 6 16 3,5 0,37
2 4 12 4 8 18 3,7 0,33
3 4 14 5 10 20 3,6 0,27
4 5 16 6 12 22 4,3 0,26

Number of : M — machines, N —types of assembly operations, W — types
of products, S — products, H — time intervals

The mean values of indicators f, show multiple
abbreviation of the time of computations in the case of
applying hierarchic method for solution of test tasks — the
schedulings were determined by 270 — 380 times quicker
than in the case of the application of accurate method.
The discussed abbreviation of the time of computations
had however certain deviation from optimum, amounting
to 3.5 - 4.3 % what is shown by the values of f; indicators.

10

Final remarks

The unquestionable advantage of the presented
method consists in consideration of multi-option products,
in the assembly schedulings, constructed in a relatively
short period of time. A quick solution of the formulated
problem has been reached owing to the application of
relaxation technique. This relevant favourable feature of
the presented method has, however, certain deviation
from optimum what is characteristic of the approximate
methods. The conducted computational experiments
allowed measuring of defects and advantages of the
suggested method.

Owing to the described above features, the presented
method is recommended mainly for the operational
planning in the case of assembly of the products which
consider the individual requirements of customers. It is
also suitable in the case of re-scheduling — when there
is a necessity to construct a new scheduling in relatively
short time.

Mathematical model, as presented in this paper, and
supplemented by the conditions of integers of decision
variable, may be utilized in construction of optimum
schedulings, especially in the case of solving the small
dimension problems.

The discussed model may be modified, adopted to the
varying conditions of the assembly process and employed
in innovative operations in automated assembly [4].
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ROBOTIC EXECUTION OF HOLES FOR WELDING IN LARGE-SIZED
CYLINDRICAL BLANKS

Zrobotyzowane wykonywanie otworéw montazowych w cylindrycznych
wielkogabarytowych pétfabrykatach

P060TVI3VIpOBaHHOG BblINOJIHEHNE OTBepCTVIVI noa CBapkKy B UMIIMHAPWUYECKUX
prnHOFa6apVITHbIX 3arotoBkax

Asia GORELOVA, Mark KRISTAL,

Vladislav MARTYNENKO, Jurij BAZHENSKY DOI: 10.15199/160.2019.3.2

Abstract: The design of the shell and tube heat exchanger includes a tube-like shell with holes to which an inlet and outlet
pipes are welded. Radial and tangential holes are produced manual-ly by means of plasma cutting with the use of specialized
tools, which determines high labo-riousness of heat exchangers production. An automatic device is proposed to reduce the labo-
riousness of this operation. To produce the hole in the heat exchanger shell, two reversible motions are superimposed: linear
motion of the cutter along the longitudinal axis of the shell and the shell rotary motion. A mathematical model of the required
cutter motion is proposed, which describes the relative trajectories of the plasma cutter and the shell in parametric form. To verify
theoretical premises, a prototype of the device was produced using a 3D pro-totyping technology, a ball screw for the reversible
linear motion of the cutter and a stepper motor for the reversible rotary motion of the shell. The shell is fixed by means of a collet
chuck and rests on the pipe roller support.

Keywords: robotic execution, welding, cylindrical blanks

Streszczenie: Przedstawiono metode przeznaczong do budowy najkrétszych harmonograméw montazu produktéw w liniach
montazowych bez maszyn réwnolegtych. Konfiguracja linii montazowej uwzglednia obecnos¢ buforow miedzyoperacyjnych
pomiedzy maszynami. Przeptyw réwnoczesnie montowanych produktéw réznych typéw jest jednokierunkowy. Ze wzgledu na
rozmiary rozwigzywanych probleméw i zwigzang z tym ztozonos$¢ obliczeniowg metoda jest heurystyka. Jest to heu-rystyka
relaksacyjna, w ktérej wykorzystano model zadania programowania liniowego.Metoda dotyczy produktéw wielowariantowych.
Produkty danego typu mogg rézni¢ sie warian—tami wykonania — specyficznymi cechami, uwzgledniajgcymi wymagania odbiorcow.
Metode wyrdznia takze uwzglednienie planowanych przestojow maszyn, np. przeznaczonych na konserwacje. Zaprezentowano
wyniki eksperymentéw obliczeniowych, za pomoca ktérych oceniono jako$¢ opracowanej metody. Dtugosci harmonograméw
wyznaczanych za pomocg przedstawionej metody poréwnano z diugosciami harmonograméw optymalnych, znanymi dzieki
zastosowaniu modelu zadania programowania catkowitoliczbowego. Poréwnano takze czasochtonnos¢ obliczen.

Stowa kluczowe: heurystyka, relaksacja, linia montazowa, optymalizacja, szeregowanie operacji, programowanie liniowe

BBEJEHUE

Cpean pasnuyHbIX KOHCTPYKLWIA HEPTEXMMUYECKOTO
obopynoBaHus umeeTca OonbloOe  KONMUYECTBO
KpynHorabapuTHbIX 34envin, AuameTpbl LUAMHAPUYECKMNX
obevaek KoTopbIx BapbupytoTcst B gnanasoHe 800...4000
MM, a TonwmHbl — 10...100 mm. OgHon M3 onepauun npu
MX NPOU3BOACTBE ABMSETCH N3rOTOBMEHNE LieHTparnbHbIX
W TaHreHumanbHbIX OTBEPCTUIA NOA CBApKy C naTpybkamu
anameTtpom ot 200...1000 mm. 3Ty onepauwuio
BbIMOSHAT BPYYHYIO C MOMOLLbI MMAa3MEHHON pPesku
N OOMOSMHUTENBHBIX NMPUCNOCOBNEHUIA, YTO [OCTATOYHO
Tpyaoémko. [loatomy aBTOMaTusaumsa npouecca
obpaboTkm oTBepcTuM nog natpybknm B 3aroTtoBKax
kopnycoB TA aBnseTca akTyanbHoW 3agaden. B cBasu
C CepuWHbIM TUMNOM MPOM3BOACTBA, HeobxoauMmo,
4yTOObl YCTPOWCTBO, peanusylollee pacCMOTPEHHYIO
onepauumto, 6bINO cnocobHo K MepeHanagke Ha
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pasnuuHble TUNopasmepbl 3aroTOBOK, K PEryriMpoBaHuio
CKOPOCTM pe3aHusl, B 3aBUCMMOCTM OT matepuana u
TOSLWMHBI MeTanna 3aroToBKW, a Takke K BO3MOXHOCTU
WCMOMHEHMs, Kak LeHTpanbHbIX, Tak U TaHreHUManbHbIX
oTBepcTUit (puc. 1).. ONa CHUXEHWs KanuTanbHbIX 3aTpar
LenecoobpasHa He NonHasl, a YacTuyHasi aBToMaTmaaus,
rae BCriomoraterbHble Nepexofpl, Takue Kak: yCcTaHOBKa
3aroTOBKM OTHOCUTENbHO GasnpyloLmMX 31eMEHTOB,
NOABOA UHCTPYMEHTA K CEYEHUIO 3aroTOBKM, e JOMKHO
6bITb BbLINOMHEHO OTBEPCTWE, BbiCTaBneHne paboyero
3a30pa Mexay NOBEPXHOCTbIO 3aroTOBKM M TOPLIOM conna
rasoBOro pesaka, BbIMOHAIT onepaTopbl.

[N MUHUMM3aLIMK KONMYEeCTBa NPUBOAOB YCTPOMCTBA
MPennoXeHO TPaeKTOpUID NepeMeLleHnss MHCTPYMeHTa
peanu3oBaThb CMOXEHUEM [ABYX PEBEPCUBHBIX ABUKEHUI:
pesaka Boonb o6pasylolen 3aroToBKM B MIIOCKOCTM
OCEBOro LIeHTParibHOro MpoOAOMbHOMO €e CeyYeHuss W
3aroTOBKM BOKPYr ee COBCTBEHHOW OCM.
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Puc. 1. PacnonoxeHue otBepcTuin B 3arotoBke TennioobMeHHoro annapara

Peux 9

O nesirpen

Puc. 2. BasuposaHue obeyaek 3aroToBOK pasnuyHoro gnametpa

B 3aBucmMmocTy oT Toro, kKakoe oTBepcTue TpebyeTcs
Bblpe3aTb, 3aroTOBKY B Ha4aslbHbIi MOMEHT HeobxoanmMo
NMOBEPHYTb BOKPYr €e NMPOAOSIbHON OCY Takum 06pasom,
4YTOObl HavanbHas To4Kka BbINOMHEHNS OTBEpPCTUSA
nexana Ha LeHTpanbHON OCK MOMNEepPeYHOro CeYeHust
obeyvanku. [ina o6paboTkn 3aroToBOK pas3HOro AnameTpa
C HEeU3MeHHbIM MONOXEHNEM OCU LIEHTPOB MPEAOXKEHO
MCMoMb30BaTh TPEXKYNayKoBbI/ MaTPoOH B COYETAHUM C
pasaBuraeMbiMy PONIMKOBBLIMU ONOPaMU KUHEMAaTUYECKON
npuamsbl (puc. 2).

Ky narposia U O nestpon

POamEn Kupesarnvecsod
e el

Takass cxema 6a3vpoBaHUSA MO3BOMNSET NEPENTU
K (dOpMUMpPOBaHUI  MaTeMaTU4Yeckon  mMonenu,
onucbiBallWen OTHOCUTENbHOE  MNepemelleHne
MHCTPYMEHTa (pe3aka) 1 3aroTOBKU.

MATEMATUYECKAS
OTBEPCTUH

MOLENb  ®OPMUPOBAHUA

B obwem cnyvyae oTBepcTMe CMeELLEHO Ha
BENWYMHY OTHOCUTENbHO BEpTUKanbHOM ocu obevawkn
TennoobMeHHoro annapata (puc. 3).

Puc. 3. OGpasoBaHme OTBEPCTUA B 3arotoBKe: a, 6 — BO3MOXHbIE MONOXEHUS TaHreHLManbHbIX OTBepCTVIIZ OTHOCUTEJTIbHO OCEBOI0

LeHTparibHOro npoaosibHoro cevyeHusa
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Cuctema ypaBHEHWA CBA3W [OBMXEHME B [ABYX
NMOCKOCTAX ZOX U yox umeet sug [1]:

|.I.' (Rl A R R

1o PRAT R

(1)

- ..;I.l'i"- A= |'I
z=xtg(B) )

rae R — paguyc kopnyca TennoobmeHHoro annapara;
7' — paguyc oTBepcTUsi; d — CMeLLeHMe OCK OTBEpCTUS
OT BEPTUKAmbHOM OCu; 3 — yror, Noj KOTOPbIM B KaXAblil
MOMEHT BpEMEHM HaxoOQUTCsi CceKylas MoCKOCTb
OTBEpPCTMS B MIIOCKOCTU ZOX; O— Yrom, nog KOTOpbIM
B KaxAbli MOMEHT BPEMEHW HaxoauTCHa Ccekylias
MMOCKOCTb OTBEPCTUS B MIIOCKOCTU JOX.

B u4actHom cnyyae, Kkorga LeHTp OTBepcTuA
HaxoOMTCs Ha BepTUKanbHOM OCU CEeYEeHUsI 3aroTOBKW
BenunynHa a=0, a cuctema ypaBHeHui (1) npnobpetaet

BUA:
N - NG X,

+ F=riina,

| pd z -
z=yRT—rTomT a

Torpa ArieMeHTapHble npupatleHuss KoopanHat z n 'y
MoryT ObITb npeacraBleHbl Kak:

PP A 510 ol

12 —{a & reosol

oy = reoosoefe (3)

Mcxopgs un3 (3), oanemeHTapHoe npupalleHue
TPaeKTopuM OTHOCUTENBHOIO NepeMeLLLEHNS] 3aroTOBKU U
rasoBoro pesaka:

m

[ Fa r - ;
f s s o
1 i P s
| 1 -| + — cosi |
X R R I

Torga, ¢ y4eTom TOro, YTO i ={iif , N3 BblpaXKeHUsI
(4) cnenyert, UTO CKOPOCTb NEPEMELLEHMS pe3aka BOOSb
TpaekTopumn pesa byaeT pasHa:

ol = -||||ef:]: ‘-Hrl:' =i

b b1 1
A +reosa ) cos” o |

1(5)

Lol ol ' I."i'z
e ——me—— — FREl] |
df o . 1|

%

= 5
B =g +reoso )

Mockonbky BbipaxeHune (5) npenctaensier cobow
HenpepbIBHY (YHKUMIO, TO MOXHO onpefenutb
napameTp w, KOTopbIi B Touke a=0 NpUBOAUT ypaBHEHNE
(6) k Buay:

V =ztro.

AHanorn4yHoe BblpaXeHve nony4yaem npu 3HavyeHum
napametpa a=0 B BbipaxxeHuu (3):

v da

I'=
oy o

= PSR (6)

Paspenus ypaBHeHne (4) Ha BenuunHy R, nony4um
anemeHTapHoe npupalieHmve yrma [3:

Il |'|.l
|

B
I

Tor,u,a and yFJ'IOBOVI CKOpPOCTHN WU3MEHEHUA yrna
noBOpOTa 3aroToBKU B, I'IOJ'IyLWIMZ

& = ;Il-\.l.lb'\-f .!'\-\."'R."'"i-l L& (7)
%171

£-] =
]

[ & i 1"
| 5 casa |
LR R | |

II [ 4 F | .

i v v -
:IT| ..lﬁ et ranl | [ S i -LI'“ g3 (8)
ey rl'l'_l: dr | i o r |:

R
1 - M
\ ll [

[MonyyeHHble BblpaxeHus (6) n (8) nossonser
peanu3oBaTb 3aKOHbl YMNpaBNeHUs pPeBEPCUBHbLIMU
OBWKEHUSIMU: NIMHEWHBIM — pe3aka, BpallaTerbHbIM
— obeyankn LMNMHOPUYECKON 3aroTOBKM.

CnepoBaTenbHO,  MNOMYyYeHHble  BbIpaXeHus
Nno3BonsAloT paspaboTaTb TakoW MPUHUMN yNpaBneHus
npoueccom o6paboTkm OTBEPCTUN, KOTOPLIN 0becneyunt
nogaepXxaHne pesynsTUpYyoLWen CKopocTn V' pesaka
NMOCTOSIHHOW B @aBTOMaTUYECKOM PEXUME.

MAKET POBOTU3UPOBAHHOIO YCTPOWUCTBA.

[NpeanoXeHHbI MakeT, N3rOTOBIEH C MPUMEHEHNEM
3D — npototunupoBaHus [2, 3]. OH CoaepXUT LLaHroBbIN
3aXMM, B KOTOpbIN 3akpenrneHa TpybuaTtas 3aroToBka,
fGasupyrwasaca B KUMHEMATUYECKMX npusaMax C
BO3MOXXHOCTbK) PEBEPCMBHOIO BpALLEHUS BOKPYr €ro
npogoneHor ocu. Mogynb MHCTPYMEHTa AN NNa3MeHHOM
pe3Kn MMeeT BO3MOXKHOCTb MPOAOSIbHOrO nepemMeLLeHns
BOOb 3aroTOBKM.

Puc. 4. Y3sen BpalleHuss 3arotoBku: 1 — oOCHOBaHue; 2
— perynvipyemble onopbl; 3 — poriMKOBbIE ONOpbI; 4 — AepXKaTenb
onsa npuBoga; 5 — npvBod; 6 — y3en NOALWMHUKOBBLIW; 7
— LaHroBbIN 3aXunm; 8 — 3arotoBka
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YcTaHOBKa COOEPXUT [Ba NPMBOAA: BpaLLeHMs U
FIMHENHOro NepeMeLLeHns, KoTopble, paboTas COBMECTHO,
MO3BONSOT NONY4UTb TPEOYEMbIE TPAEKTOPUM 1 CKOPOCTU
nepemMeLleHns pesaka, HeobxoaMmble ANs BbINOMHEHUS
OTBEPCTUI pa3HOro Avamerpa v pasnnyHoro NonoXKeHuns
Ha NOBEPXHOCTU 0beYanku.

Y3en peBepcUBHOrO
npegcTaBneH Ha puc. 4.

3arotoBky 8 3akpennslT B LAHIOBOM 3axume
(7) v npuBogAT BO BpaweHue npusogom (puc. 3).
Y3en BpawatenbHoro AswkeHus (puc. 1) BbINOMHEH
cneaytowmm obpaszoMm. OcHoBaHue (1) ycTaHOBNEHO
Ha perynvpyembix onopax (2) Ansi ero BbICTaBMEHNS B
ropuM3oHTanbHOM nonoxeHun. TpybuaTas 3aroToBka (8)
yCTaHaBNMBAETCS B LL@HroBbIN 3aXWM (7), 3aKpenneHHbIN
Ha Bany npueoga (5), n onnpaeTcs Ha pOrMKOBbIE OMNOPbI
(3). Mpueog (5) yctaHoBneH Ha KpoHLWTeWHe (4). Ban
npveoga (3) ycTaHOBMEH B NOALIMNHMKOBOM y3ne (6).

Moaynb npoponbHoro nepemelleHus pabodyero
opraHa (puc. 5) yctaHoBneH Ha onopbl (3), OCHOBaHUA
(1). Mpueog (4) yctaHosneH B gepxartene (5). Yepes
MydTy (7) BpalleHus OT npuBoda nepefaeTca Ha
LIapMKOBUHTOBYIO nepegdayy (8), npuBogswylo B
OBVXKEHVE MO UMAMHAPUYECKUM Hanpasnswoowmm (11),
3aKkpenneHHbIMU B KpoHWTenHax (6) wu (13), ysen
paboyero opraHa (9). Oba KpOHLITENHA YCTaHOBMEHbI
Ha onopax (3). Ban wapwukoBuHTOBOM nepepayn (8)
yCTaHOBMeH B nogwwunHukax (12). B makeTe, B kayecTBe
MHCTPYMeHTa mcnonb3osaH Mapkep (10) 3akpennéHHbIn B
y3ne pabouyero opraHa (9).

Pa6oTta onuncaHHOro yctponcrtsa cMogenupoBaHa B
WHXEHEepPHOM MPOrpaMMHOM KOMMNeKce, rae Ans AByX
ABuraTtenei 3afaHbl 3aKOHbl OBMXKEHMSI U MonyyYeHa
pesynbTupylolWas TpaekTopusa aswxeHus (puc. 6).
PeanbHbIn MakeT npeacTaBneH Ha puc. 7.

BpaweHna 3aroToBKwu,

Puc. 5. Y3en npogonbHoro nepemelleHus paboyero opraHa
MakeTa pobOoTW3MPOBaHHOrO ycTpoWcTBa Ans 06paboTkn
oTBepcTun: 1 — perynupyemasi onopa; 2 — OCHOBaHwue; 3
— onopsbl; 4 — NpuBod; 5 — Aepxxartens And npveoaa; 6 — ysen
NOALINMHUKOBLIA; 7 — MydTa; 8 — wnunbka pe3bboBas; 9
— y3en pabo4yero opraHa; 10 — mapkep; 11 — HanpaBnswLwue
uunuHAapuyeckue; 12 — ynop nogwmnHMKoBbIv; 13 —kpenneHve
Ons NOALUMIMHUKOBOTO ynopa
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Puc. 7. PaspaboTaHHbli W WU3rOTOBIEHHbIN

aKcnepmmeHTaanon YCTaHOBKU

MakeT

YNPABNEHWE POBOTU3UPOBAHHOW OBPABOTKOW
OTBEPCTUM

B 3aBMCMMOCTY OT MapKu U TOMLLMHbLI paspe3aemoro
maTtepuana 3arotoBKW, TeXHONoramMmu HasHavyaeTcs
Tpebyemasi CKOPOCTb pe3aHusi, 3a30p MeX/y 3aroTOBKOWM
1 pesakoM. o BenmymHe CKOPOCTU BbIYUCTIAOT NapaMeTp
w.

3 M
Dyive coneed |[] 0
O O
Coameller | == I
g-code _@__{_r ey
O-code .
gencralion P
Insad data

Puc. 8. Cxema ynpaBneHusi npoieccoMm obpaboTky 0TBEPCTUS:
1 3aroToBKa; 2 pe3ak; 3 nnata ¢ ApanBepamu

3ateM, B COOTBETCTBUM C UCXOAHLIMU AaHHLIMU:
NMonoXeHWeM 1 pasMepamMu BbINONHSEMOrO OTBEPCTUS,
M NONMyYEHHbIMW  Bblle  MNapamMeTpUyecKkumm
3aBMCUMMOCTSIMWU KOOPAMHAT M CKOPOCTEN NepemeLleHmst
WHCTPYMEHTA, BbIXOAHblEe MapameTpbl npeobpasytT B
Tak HasbiBaemblh G-Code. G-Code — 310 Habop KomaHa,
copepXawmi nHpopmaumio o nepemeLleHmax paboumx
OpraHoB, KOTOPas 3arpyXaeTcs B NaMaTb KOHTponnepa.
[anee koHTponnep nepenaeT ynpaensioLwyo nporpaMmmy
OpariBepaM WCMNOMHUTENbHBIX MEXaHU3MOB, KOTOpble
npvBoaaT cuctemy obpaboTkm OTBEpCTUM B OEWCTBUE
(puc. 8).
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AUTOMATED UNIT FOR NAIL AND THIN-WALLED WASHER ASSEMBLING

Zautomatyzowane stanowisko do montazu gwozdzia w cienkosciennej podkfadce

P060TM3V|pOBaHHoe BbINOJIHEHUE OTBepCTMVI noa CBapkKy B UMITMHAPWUYECKUX

Kpyn |-|ora6apvm-| bIX 3arotoBkax

Konrad KLUSEK, Janusz KOBIALKA, Marcin WELC

DOI: 10.15199/160.2019.3.3

A b stract: Inthe paper, the automated unit for nail-washer assembling has been presented. The nails with the same diameter

and different lengths are inserted to the thin metal washer.

Keywords : automated machine design, assembly process, joining elements, washer, weldable nail

Streszczenie: W artykule przedstawiono w sposdb syntetyczny zautomatyzowane stanowisko do montazu wybranego
typoszeregu metalowych gwozdzi (o tej samej srednicy i réznych dtugosciach) w metalowej, okragtej i cienkosciennej podktadce
Stowa kluczowe: stanowisko montazowe, proces montazu, tgczenie elementéw, podktadka, gwézdz zgrzewalny

Introduction

The contemporary times have charged the humanity
with a special duty of taking care of the environmental
protection. We segregate the rubbish; we leave the waste
electronic and electric equipment at the special points,
or we run organic cultivations in our household gardens.

Also, in the field of industry, we try to reduce the
energy losses, when applying different types of thermal
insulation. We limit the emission of vibrations and noise
to the environment by insulation of their sources, as well.
The most popular insulating materials, as employed in
a form of mats, rollers and coatings (Fig.1) must be fixed
to the protected objects.

Assembling with the application of nails (Fig.2 and
4), struds (Fig.3), and mandrels from weldable wire are
a relatively new and more and more popular method for
fixing the insulating layers in the case of metal casing of
the objects.

Demand on such assembly elements is constantly
increasing; hence, there is a need of their mass production.
Responding to the request of NEWIR Company with the
seat in Warsaw, which supplies the assembling, and
constructional accessories and pre-fabricated products
for construction of ventilation, heating and air-conditions
equipment, Institute of Mechanized Construction and
Rock Mining undertook the work on development and
performance of automated unit for assembly of weldable
nail and thin-walled washer.

Additionally, there was designed and started up the
unit for punching of metal sheet in a form of tape. The
punching unit consists of the following elements:

16
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Rys. 1. Maty, rolki i otuliny izolacyjne (zrédto: materiaty firmy
NEWIR [1])
Fig. 1. Mats, rollers and insulating coatings (source: NEWIR

1D

Rys. 2. Mata izolacyjna zamocowana do kanatu wentylacyj-
nego przez zgrzewalny gwézdz, wyposazony w dodatkowg
podktadke izolacyjng (zrodto: materiaty firmy NEWIR [1])

Fig. 2. Insulation mat attached to the ventilation duct by a weld-
able nail equipped with an additional insulating pad (source:
NEWIR [1])

Eccentric press with pneumatic conveyor of tape, the
task of which is to shift the tape under the stamp, with
the constant stroke of the tape (Fig. 5),

Mechanism, allowing to unwind the tape of steel sheet
( Fig.6),

System of buffer of the unwound tape (Fig.7) together
with the sensors of the tape situation
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Rys. 3 . Szpilki stuzgce do mocowania poprzez zgrzewanie lub
spawanie izolacji termicznych i akustycznych na powierzchni-
ach stalowych - gtéwnie kottéw, zbiornikéw (zrédto: materiaty
firmy NEWIR [1])

Fig. 3. Struds for fixing by welding thermal and acoustic insula-
tion on steel surfaces - mainly boilers, tanks (source: NEWIR

1D

Rys. 4. Gwo6zdz zgrzewalny z klipsem samozaciskowym
wykorzystywany w instalacjach wentylacyjnych, grzewczych
i klimatyzacyjnych do mocowania na gtadkich powierzchniach
(zrédto: materiaty firmy NEWIR [1]).

Fig. 4. Weldable nail with self-locking clip used in ventilation
installations, heating and air conditioning for fixing on smooth
surfaces (source: NEWIR [1])

The punching unit supplies the washers to production
of ready connector in the automated unit.

Analysis of the existing solutions of the automated machine
for assembly of weldable nails

The weldable nails have been known in the industry
for many years and in spite of this fact, in general
literature concerning production automation as well
as in publications of nail producers, any information
on automated assembly units serving for production of
such type of product has not been found. From available
information, it is followed that manufacture of weldable
nails takes place most frequently in the manual work sites
or in semi-automated units. It is connected with many
problems relating to the automation of the discussed
process.

The problem itself concerning combination of the
object of roller type and another object, possessing the
roller-like opening is widely met in the industry [2}. For
example, there are automatic devices for assembling the

TECHNOLOGIA | AUTOMATYZACJA MONTAZU nr 3/2019

Rys. 5 . Prasa mimosrodowa z pneumatycznym podajnikiem,
przesuwajacym tasme w przyrzadzie narzedzia wykrawajgcego
podktadki, z lokalnym pulpitem sterujgcym (zrédto: wtasne)
Fig. 5. Eccentric press with pneumatic conveyor, for moving the
tape in the instrument of a washer punching tool, with a local
control panel (source: own)

Rys. 6. Odwijak tasmy blachy stalowej z lokalnym pulpitem
sterujgcym (zrédto: wiasne)

Fig. 6. Belt sheet unwinder with a local control panel (source:
own)
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Rys. 7 . Bufor z czujnikami minimum-maksimum kontrolujgcymi
ilo$¢ odwijanej tasmy stalowej (zrodto: wiasne)

Fig. 7. Buffer with minimum-maximum sensors for controlling
the amount of unwound steel tape (source: own)

nails and washer, for molder’s sprigs, for applicators with
caps or for expansion bolts. The dimensional specificity
of the defined detailed parts causes that the discussed
processes may run with a different speed; the methods
for solving the basic assembly problems are similar.

In spite of the fact that the presented below
automated assembly units produce the detailed parts
with a somewhat different shape and dimensions as
compared to those required ones, their constructors had
to solve many similar problems, beginning from supply
and addressing the details, ensuring the appropriate
quality of joining, separation of the correctly joined details
from the defective ones and receipt of the finished details.

The assembly of the nails with the washer may
be investigated in the device, presented in Fig.8 and
in the materials of the producers [4], [5]. It is a special
machine, destined for production of paper nails, the so-
called umbrella nails. The nails are made of a wire which
is wounded by the system of rollers. Flat washers with
opening, placed in vibrating conveyor are then stacked in
a pile from where a single washer falls down to matrix. The
washer is nailed on a cut piece of wire and then a part of
head of the nail is formed. Next, the wire conveyor pulls
out the wire with washer in appropriate distance which is
a set length of the nail and after it, there is a movement
of two lateral scissors which shape the edge of the nail
and, also, cut off the shaped nail which falls down to
a storage bin. Subsequently, the washer is driven on the
cut part of a wire and the process is cyclically repeated.
The performance of automates of the discussed type is
50 +70 [pcs/min.] [2], depending on the length of the nail.
The presented process is easy in respect of automation
because the details have an uncomplicated shape — a
drawn wire and relatively high washer and with a small
external diameter. Owing to such solution, the detailed
parts are quickly and perfectly oriented and by this, all
units of the machine may be driven from one engine, using
a set of gears and cams. Control consists only in change
of rotary speed of the engine. The washer is driven in the
end of the nail having a length of several millimeters and
is formed in the shape of umbrella, with the simultaneous
forming of the end of the nail. It is probably connected
with a smaller force necessary for joining than in the case
of pushing out the whole length of the nail throughout the
washer because the processes of friction and punching
of the washer’s material do not occur in such length.
Generally, the force required for such type of joint is
dependent on mutual relation of diameter of the nail and
diameter of a hole in the washer and on the materials
from which these elements are produced.

Another example of automate which implements
similar tasks is machine for assembling paper nails (Fig.2)
described in publication [1]. The mentioned automat joins

Rys. 8. Automat do produkcji gwozdzi papowych tzw. "parasolek”. Po lewej stronie: widok ogdlny automatu, w srodku: widok na
strefe ksztattowania gwozdzia, po prawej: uzyskany ksztatt gwozdzia (zrédto: po lewej i po prawej: materiaty firmy MANEK [4] ,w

srodku: materiaty firmy ABM Tools [5])

Fig. 8. Assembly automat for the production of paper nails "umbrellas". On the left: general view of the machine, in the middle: view
of the nail shaping zone, on the right: the obtained shape of the nail
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Rys. 9. Automat do montazu gwozdzi papowych z podktadka. Po lewej: widok z przodu, po prawej: widok na strefe montazu (zrodto:
wiasne) Automatic machine for tar paper nail and washer assembly.
Fig. 9. On the left: front view, on the right: view of the assembly zone (Source: own)

the nails of the length up to 36 [mm] and the washers of
diameter of 30 [mm].

The nails and washers are oriented and conveyed to
buffer strips using vibratory feeders. The cluster, driven by
pneumatic servo-motor contains two sockets which are
alternatively positioned under the mechanism of a single
dispensing of washers. After taking a correct position,
the washer falls down to the socket of the cluster. At the
same time, a single nail falls down into the centering
head, being situated above the socket. After positioning of
these two details, there is a movement of stamp, causing
joining of nail and washer together. Then, the cluster is
shifted into another extreme position and the extractor
situated under the socket throws the linked detail from
the socket away. At the same time, in the neighboring
socket, the simultaneous process of assembly is carried
out, owing to which the capacity of the machine is equal
to 2 pieces per second.

In the both presented above automates, the nail-
washer joint is assured by flanging of the sheet on the
nail. For the plate of 1+2 [mm] thickness, the discussed
type of joint is durable. In the case of weldable nails, the
washers are very thin, they have 0.5 [mm] thickness; due
to this fact such type of joint cannot be performed. The
joining is obtained, therefore, by appropriate formation of
the bottom of the nail which is tightened on the both sides
on the opening of the washer.

A thin washer causes also many other problems.
A small thickness of the metal plate excludes a series
feeding of the washers, one next to another. A small
weight causes that the process of inserting the washer
to the socket must run slower and more precisely; it
is not enough to base upon the gravitation forces or
compressed air.

The assumptions to development and performance of the au-
tomated assembly unit
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The assumptions concerning details intended for assembly

A view of the nail and washer and their basic
dimensions are given below in Fig. 10.

The joint between the nail and washer should
be durable and aesthetic. The nails should not lose
a permanent contact with the nail during their packaging
into cartoons and during transportation. The nail should
be positioned rectangular to the surface of the washer
with tolerance of +5 [0] in relation to the axis of the
washer. The embossed head of the nail should be faced
with the front surface of the washer. It is allowed to flange
the edge of the washer during the assembly.
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Rys. 10. Widok gwozdzia i podktadki (zrédio: wtasne)

Fig. 10. View of the nail and washer (source: own)

The nails differ in length which is found within the interval of
18 — 63 [mm]. The washers are flat, not moulded.
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The assumptions of the construction of automated work
stand for assembly of the nail and washer

Construction of the automating device has been
based upon the multi-position, indexing-rotary table on
which the sockets will be fixed in a constant distance
each other. The table will perform, each time, the rotation
by one position, carrying the detailed parts for further
operations. By this, the time for performance of one
complete detail piece will be a sum of performing the
longest operation and the change of the table position
into the successive one. The operations to be performed
in the successive working positions include:

» Delivery of washers to the sockets of the table — the
washers will be manually placed in the vibrating
feeder, from where they will be stacked in a tube of
buffer; the buffer will be equipped with two tubes: the
empty tube will be filled from the vibrating feeder and
from the full tube, the single washers will be selected
and inserted with the manipulator to the socket in the
indexing-rotary table,

» Preliminary association of the washer and nail (putting
the nail in the washer) — the nails will be manually
fed to the vibrating feeder of nails where they will
oriented and directed to the buffer strip of the nails;
the guiding part of the feeder may be utilized for the
nails in the total range of their length, without the
necessity of rearming or additional regulation; at the
end of buffer strip, there will be a mechanism of single
release of a nail the task of which will be to pick up
a single nail from the strip and put it in the opening
in the washer; to simplify the service, it was assumed
that the association of all types of the nails with the
opening in the washer will be performed with the use
of the same servo-motor with the constant stroke,

+ Formation of joint of the nail and washer — the stamp
of the pneumatic-hydraulic actuator will perform the
tightening of the nail and the washer,

* Release (pushing out) of the ready assembled detail
from the socket matrix — the pneumatic actuator will
perform the release of the detail from the socket by
breaking the friction forces of the detail in relation to
the socket matrix,

* Removal of the detail from the socket - the manipulator
will take a final detail from the socket and throw it to
the container of good products.

The additional assumptions

Between the particular working positions of the table,
a series of sensors, supervising the correct functioning of
the machine in the particular positions will be installed.

In the case of discovering the irregularities, the
operation will be informed about the existing problem by
a light and sound signal.

All mobile elements of the machine will be protected
in accordance with the obligatory rules and good
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engineering practice, with assurance of a free access to
subunits of the equipment.

All actuators, being present in the equipment, as well
as manipulators will possess pneumatic or electric drive.

The automated assembly station for assembly of
the weldable nail and thin-wall washer and the selected
problems occurring during its performance

After approval of the assumptions of the project of
the working unit by the Orderer, i.e. NEWIR Company,
the implementation of the project was commenced.

At the beginning, the time was dedicated to designing
of the model of assembly sockets with matrixes and after
a series of the trials, the appropriate type and shape of the
matrix was selected. In the situation of thin-wall washer
and the set shape of the nail head, the construction of
such matrix that would ensure — after assembly — the
stable inseparable joint of the nail and washer was a big
problem. It is very important for the later process of
welding the nail to the metal surface e.g. of the insulated
reservoir or ventilation system. The mentioned joint must
ensure as small as possible resistance for the current
during the welding process. It became successful.

The shape of matrix was so selected that after
performance of the joint, the detailed part may be removed
from the matrix without the necessity of its opening and,
at the same time, not causing any damages of the detail
itself.

It allows time saving and decreases the costs of
constructing the machine.

The successive challenge included transport of the
separated washers between the cylindrical vibrating
feeder and the tube of their buffer. Due to zinc coating
of the washers, their flow on the transporting gutter was
difficult. The problem was however solved owing to the
passage of the details of the air cushion.

A lot of time was also dedicated to the appropriate
modelling of mechanism of a single release of the nail.
Selection of its shape and geometric parameters requires
especially much work. A capture of a single dispatched
mail by the magnetized prism and its introduction to
centring jaw head occurred to be a helpful operation. The
mentioned head facilitates placement of the nail in the
central hole of the washer — the preliminary association
of the nail and the washer.

Owing to, inter alia, the mentioned above operations
it was possible to give a final shape to the device (Fig.11
and 12).

Conclusions

The described work caused construction of the
automated station for assembly of the weldable nail and
thin-wall washer for the most frequently sought series
of types of the nail lengths i.e. from 188 mm to 63 mm.
The capacity of the machine is equal to 1.5 seconds
up to 1.6 seconds per one piece. During constructional
and implementing stage it was possible to develop such
shape of matrixes which guarantees the repeatability.
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The unit for cutting the washers as the auxiliary  thickness using fours-socket device from the tape of the
device, supplying the detailed parts to the process of 70 mm width and six-socket unit from the tape of 102
the assembly of the nail and the washer is working with mm width. The both devices are adapted to the work with
the output not lower than one piece per second. It cuts  the press stroke equal to 20 mm and stroke of the tape
out the washers from galvanized steel tape of 0.5 mm feeder equal to 33 mm.

Rys. 11. Widok zaprojektowanego zautomatyzowanego stanowiska montazowego sktadajgcego sie z: podajnika podktadek, po-
dajnika gwozdzi, rynny transportujgcej rozseparowane podkfadki, bufora podktadek z magazynkami tubowymi, stacji pobierania
podktadki z tuby bufora do gniazda stotu obrotowego, stacji wydania pojedynczego gwozdzia i umieszczenia go w podktadce, prasy
montujagcej gwozdz z podkiadka, stacji zdejmowania gotowego detalu ze stotu obrotowego (zrédto: wiasne)

Fig. 11. A view of designed automated assembly station - washer feeder, nail feeder, gutter for transporting separated washers,
washer buffer with tube magazines, unit for collecting washers from buffer, and placing in rotary table socket, unit for the release
of a single nail, and placing it inside the washer, the press for nail and washer assembling, unit for removing finished part from the
rotary table (source: authors)

Rys. 12. Widok wykonanego zautomatyzowanego stanowiska montazowego (zrédto: wtasne)
Fig. 12. A view of automated assembly station (source: authors)
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E-CAR’S DOOR BEAM OPTIMIZATION

Optymalizacja belki bocznej drzwi kabiny pojazdu elektrycznego

OntTumMu3auma 6okoBou Ganku aBepen KabuHbI ANEeKTpoMoobusnba

Andrzej BARSZCZ, Mirostaw CHLOSTA DOI: 10.15199/160.2019.3.4

Abstract: The design of the shell and tube heat exchangr includes a tube-like shell with holes to which an inlet and outlet
pipes are welded. Radial and tangential holes are produced manual-ly by means of plasma cutting with the use of specialized
tools, which determines high labo-riousness of heat exchangers production. An automatic device is proposed to reduce the labo-
riousness of this operation. To produce the hole in the heat exchanger shell, two reversible motions are superimposed: linear
motion of the cutter along the longitudinal axis of the shell and the shell rotary motion. A mathematical model of the required
cutter motion is proposed, which describes the relative trajectories of the plasma cutter and the shell in parametric form. To verify
theoretical premises, a prototype of the device was produced using a 3D pro-totyping technology, a ball screw for the reversible
linear motion of the cutter and a stepper motor for the reversible rotary motion of the shell. The shell is fixed by means of a collet
chuck and rests on the pipe roller support.

Keywords: passive safety, simulations, FEM

Streszczenie: Bezpieczenstwo bierne pojazdéw jest jednym z wazniejszych probleméw konstrukcyjnych. Rozwigzuje sie
go poprzez zastosowanie odpowiednich materiatéw, gtéwnie stali o bardzo wysokiej wytrzymatosci i odpowiednie uksztattowanie
elementéw konstrukcyjnych. Niniejsze opracowanie przedstawia wyniki optymalizacji belki drzwi kabiny pojazdu N-Truck,
projektowanego w ramach programu INNOMOTO, projekt nr: POIR.01.02.00-00-0194/16. Jako kryterium przyjeto graniczne

wartosci dopuszczalnych odksztatcen elementéw usztywniajgcych oraz wartosci naprezen.
Stowa kluczowe: bezpieczenstwo bierne, symulacje, MES

Introduction

Steels with miscellaneous mechanical properties are
the basic construction materials of the modern passenger
cars body structure.The construction elements of the
passenger car body are shown by the types and grades of
their material on the Fig.1. The main construction material
in the automotive industry is steel, despite the increasing
use of aluminium alloys, magnesium, composite materials
and plastics. This is mainly due to economic factors
and the possibility of changing the properties of steel in
a wide range. This helps to reduce vehicle weight and
thus reduce fuel consumption while providing passengers
with an adequate level of car passive safety. The hot and
cold rolling stainless steels are common used in car body
manufacturing. Annealing and normalizing after forming
leads to ferritic steel structure. On the other hand the new
steel generation needs the innovative forming process to
get the more complex structure.

The traditional spot-welding technology is most popular
until today, meanwhile laser welding and soldering, hybrid
laser gluing, riveting technologies growing up [1].

Despite the expansion of technologies such as
welding and laser soldering, hybrid laser, gluing, riveting
and crimping resistive spot welding remains the main
method of assembling the car bodies [1].
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The steels used in the automotive industry can be
divided into the following groups:

I.  mild, plastic, low carbon steels (DQSK, IF) with
an ultimate strength of Rm below 300 MPa and
elongation A of 30 + 60%;

Il. Conventional steels with high strength HSS (BH, C
Mn, IF with microadditives, HSLA) of 300 < Rm< 700
MPa and reduced A compared to the previous group;

Ill. Steels with very high strength AHSS (Rm above 700
MPa, up to 2000 MPa) and elongation range of 5
+ 30%, with the increase in strength goes with the
reduction of plasticity;

IV. High manganese steel TRIP/TWIP with very heavy
strength up to 1200 MPa and very high plasticity.

The first two groups, known for many years, are
materials used to build self-supporting car bodies
on a mass scale manufacturing, due to good plastic
properties. The steels of group Il and IV are successively
implemented into manufacturing and their share is steadily
increasing, mainly in the passive safety elements.

The body structure consists of different profiles.
By selecting their sections, shapes and materials,
a controlled crushing zone accumulating the impact
energy is obtained. A car body stiffness shall ensure the
survivability of passengers. Guidelines for structural work
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STRUCTURAL SAFETY ENMHANCEMENTS

Y - - — ———

Fig. 1.The main structuralmaterials of the cars bodiesparts [3].

Rys. 1. Materiaty konstrukcyjne uzyte do produkgji istotnych elementéw nadwozia pojazdu

g

Fig. 2. Left doors of the N-Truck car and reinforce elements

Rys.2. Drzwi lewe kabiny pojazdu N-Truck oraz element wzmacniajgce

are obtained of crash test results. Their methodology
and evaluation criteria have been determined by the
NCAP organization since 1996, which aims to harmonize
the criteria used globally. It contains frontal, lateral and
pedestrian impact tests. The results are announced to
them after the completed attempts.

Verification test procedures

Spot tests and crash tests are the final verification of
the solutions adopted. The General Motors' procedures
have been adopted as guidelines for calculation
methodology and criteria for assessing their performance
in this work [6]. Vertical displacement f of the stamp at
a constant speed of v< 12.7 mm/s (0.57s) is inflicted on
the final value fk = 152.4 mm (6 "). For displacements
value fmax = 115 mm, the beam reaction force F should
be greater than F(fmax) = 10 kN. The maximum beam
strength (Fmax) and the mean force (fav), calculated as
the ratio of the field under the F(f) curve to fk, shall also
be determined. The simulation studies described below in
the study are intended to shorten the time of finding the
optimum shape and stiffness of the beam. In this work,
the elastic modeling of the door frame was omitted due
to lack of data.
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Scope of the work

The work is carried out in the POIR. 01.02.00-
00-0194/16 grant aiming to develop the design and
manufacture of a prototype of an electric modular vehicle,
with a DMC 3.5 t for transport in urban and industrial
areas. This vehicle is temporarily named N-Truck.

Simulation works

Reinforce elements

The N-Truck door model was developed by MELEX
and delivered as a step file to IMBIGS. The door view is
shown in Fig. 2.

The possibility of mounting additional safety elements
in the door space has not been provided, due to limited
space. Therefore, the functions of the safety beam must
be taken over the other parts, such as the window guide
brackets and the door lock. These are shown in Fig. 2 by
selecting green and brown.

Material properties

The each element of the beam were made of 2 mm
thick Strenx 700 MC steel sheet. This is a hot rolled
structural steel, with a minimum yield strength of ReH =
700 MPa, dedicated for cold forming, enabling the more
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Table 1. Strenx 700 MC Steel properties
Tabela 1. Wiasciwosci mechaniczne stali Strenx 700 MC

Yield strength () min [MPa]  Ultimate strength Rm [MPa]

700 750 - 950

I SWess APl

ElongationA80min % Probe thickness t < 3mm

Elongation A5min % Probe thickness t <3mm

10 12

Stal Strenx 700 MC

Fig. 3. Strenx 700 MC steel characteristic [5] and its model for simulation
Rys. 3. Charakterystyka stali Strenx 700 MC oraz model przyjety do obliczen.

powerful and lighter structures manufacturing. Strenx 700
MC meets and even exceeds the requirements for steel
S700MC as in EN 10149-2 standard. The mechanical
properties and the model of this steel adopted for the
calculations are shown in tab. and in Fig. 3

MELEX beam simulation
Load

The door frame stiffness has not been taken into the
model due to the lack of sufficient information. Due this,
the fixed hinge and the fixed geometry were applied as
the model constrains. The simulations were done for the
conditions described in point “Simulation works”. Such
a model has been applied in the other cases concerned
in this paper. The boundary conditions were worse than
the real.
Results of simulation

Results of simulation were shown below.

A

The calculation results shown above show that the
MELEX beam carries higher than recommended loads in
the GM test. Unfortunately, its stiffness is too small, which
is illustrated in two consecutive drawings.The stiffness
criterion does not meet. Too little force was reached for
115 mm punch displacement. Its value is 1 740 N, which
is more than 6 times less than required.

Conclusion

The door beam proposed by MELEX does not meet
the requirements of these types of car components. First,
it is not a technologically optimal design. It introduces
additional operations to the manufacturing process,
increasing its time and material intensity and thus the cost
of manufacturing. Second, the results of the calculations
carried out that the safety components made of STRONX
700 MC steel are capable of transferring higher than
normative loads but do not meet the stiffness condition,
which should eliminate them from the use. For this

A

Fig.4. MELEX beam. Stress distribution (Huber-Mises) and displacement
Rys. 4. Belka MELEX. Naprezenia zredukowane wg hipotezy Hubera-Misesa oraz przemieszczenia
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Fig. 5. MELEX beam. Displacement and reaction force in following calculation steps and force vs displacement
Rys. 5. Belka MELEX. Przemieszczenia i wypadkowa sita reakcji w kolejnych krokach obliczen oraz sita w funkcji przemieszczenia

reason, change their shape is necessary . The goal is to
achieve more optimal stress distribution and improve the
technology of the parts. In this second aspect it is about
restrict the number of welding operations and replacing
them with plastic machining or bending.

Beam optimizing. Beam No. 1.
Geometric model

The N.Truck door beam was based on a windshield
lifting mechanism. As previously stated, additional space
for reinforcing elements was not included. Therefore, they
must fulfill a dual role: to protect the driver's space from
lateral impact and to act as a support function for the
mechanisms located inside the door (lock, windshield
lifting mechanism, etc.). An additional assumption was the
variability of the beam dimensions and the fixing points
(Fig.6.). Therefore, the beam was made as a monolithic
element of a steel sheet with 2 mm thickness. This
parameter has a fixed value because it is the smallest
thickness available at the supplier of the sheet.

et

e

Fig. 6. The new shape of the beam, the primary in the back-
ground

Rys. 6. Nowy ksztatt (kolor zielony) belki wzmacniajgcej na tle
pierwotnej
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The first concept of solution against the MELEX in
the background is shown in Fig.6. The new reinforcement
elements are marked with green color.

Simulation results
Results of simulation were shown below on Fig. 7.

»-

Fig. 7. Stress value. Stress distribution (Huber-Mises) and
displacemant

Rys. 7. Naprezenia zredukowane wg hipotezy Hubera-Misesa
oraz przemieszczenia

[ =
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Force and displacement variation in time were show
on Fig 8.
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Fig.8. Displacement and reaction force in following calculation steps and force vs displacement
Rys. 8. Zmienno$¢ sity i przemieszczenia w kolejnych krokach rozwigzania (czasu) oraz sita w funkcji przemieszczenia

Conclusions

The simulation results presented above show that the
beam carries loads greater than those recommended in
the GM test. Unfortunately, beam stiffness is too small,
as illustrated in Fig. 8. The stiffness criterion is therefore
not met. Force value at the 115 mm punch displacement
is approx. 7 800 N, i.e. representing 78% of the minimum
required value.

Beam optimizing. Beam No 2.
Geometric model

The optimization first step conclusions are used to
new beam shape design. The goal is to make lower the
beam cross section to obtain the plastic deformation at
the smaller displacement values. A basic dimensions of Fig. 9. Main beam dimensions — version 2

the beam were shown on Fig. 9. Rys. 9. Podstawowe wymiary belki bocznej — wersja 2

Fig. 10. Beam 2. Stress distribution (Huber-Mises) and displacement
Rys. 10. Belka 2. Naprezenia zredukowane wg hipotezy Hubera-Misesaoraz przemieszczenia

Results

Force and displacement variation in time were show
on Fig 11.
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Fig. 11. MELEX beam. Displacement and reaction force in following calculation steps and force vs displacement
Rys. 11. Zmiennos$¢ sity i przemieszczenia w kolejnych krokach rozwigzania (czasu)

Conclusions

The simulation results, as illustrate above, show that
the "Beam 2" does not meet the strength requirements.
Although for the punch displacement of 115 mm, the
force value exceeds the minimum (almost threefold),
however, the maximum strain is not achieved. The beam
is destroyed before the 152.4 mm displacement value.
The concentration of stresses with the highest values
occurs at the beam fixing points. Hence it is necessary
to redesign this beam area. It seems, the clamps are the
critical part of beam.

p — |

Fig. 12. Main dimension of the beam — version 3.
Rys. 12. Podstawowe wymiary belki bocznej — wersja 3
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Beam optimizing. Beam No 3.
Geometric model

Using the conclusions of the second optimization step,
a new shape in the beam fixing area was designed. It
was primarily driven by a change the damage mechanism
of the element from the buckling to bending. Thus, the
reinforcement of the upper surface (stiffening) was
introduced by a 600 mm ball rolling of the with R =7, 5
mm radius in two beam areas and a 450 mm ball rolling
with a radius of 10 mm, and a change of the tilt angle of
the fastening feet from 900 up to 1000. A drawing with
basic dimensions is shown below.

Fig. 13. Beam 3. Stress distribusion (Huber-Mises) and
displacement

Rys. 13. Belka 3. Naprezenia zredukowane wg hipotezy
Hubera-Misesaoraz przemieszczenia

TECHNOLOGIA | AUTOMATYZACJA MONTAZU nr 3/2019




Fig. 14. Displacement and reaction force in following calculation steps and force vs displacement
Rys. 14. Zmiennosc¢ sity i przemieszczenia w kolejnych krokach rozwigzania (czasu) oraz zmiennos¢ sity w funkcji przemieszczenia

Simulation results

Stress and displacement distribution of the “beam 3”
are shown on Fig.13.

Force and displacement variation in time are shown
on Fig 14.

Conclusions
The calculation results shown that the "Beam 3" meets
the strength requirements. As foreseen, the concentration
of the stresses highest values occurs at the beam fixing
holes. Tensile strength has been exceeded in the beam
anchorage area. This can be caused by:
1. mesh errors, due to incorrect shape coefficient of
elements generated near holes;
2. shell elements using instead of volumetric elements.
Thus, the final verification must take place on the
stand tests.
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A COMPARATIVE STUDY OF THE MECHANICAL PROPERTIES OF
A CONSTRUCTION TOOL HANDLE

Badania poréownawcze wfasciwosci mechanicznych uchwytu recznego narzedzia
budowlanego

cpaBHMTeﬂbele nccnenoBaHMs CBOMCTB MeXaHW4YeCKOro 3axBaTa py4HOro
CTPOUTENNIbHOIro MHCTPYMEHTA

Stanistaw KOZIOL, Tomasz SAMBORSKI,

Andrzej ZBROWSKI DOI: 10.15199/160.2019.3.5

Abstract: The article presents a method and the results of a comparative study related to the mechanical properties
of a construction manual tool handle, namely, the mason trowel. The study was conducted on behalf of Comensal, a tool
manufacturer, and it was a part of the process to improve and modernize the construction and manufacturing technology of the
product. In the study, strength tests were conducted for three different constructions of the handles, which were made of different
materials, and for the connections between the handles and the working plate of the tool. The results of the study and the
manufacturer’s information on the production cost and manufacturing conditions became the basis in the decision making process
to implement the most advantageous solution and to purchase appropriate manufacturing equipment.

Keyword s : manual construction tools, destructive tests, strength tests, strength

Streszczenie: W artykule przestawiono metodyke oraz wyniki badan poréwnawczych wtasciwosci mechanicznych uchwytéw
rekojesci recznego narzedzia budowlanego - packi tynkarskiej. Badania wykonane na zlecenie firmy Comensal - producenta
narzedzi, byly czescig procesu doskonalenia i modernizacji konstrukcji i technologii wytwarzania produktu. Przeprowadzono
badania wytrzymatosciowe trzech réznych konstrukcji uchwytu wykonanych z réznych materiatéw oraz wytrzymatosci ich
potaczenia z plytkg roboczg narzedzia. Wyniki badan oraz posiadane przez producenta dane dotyczace kosztow i warunkéw
wytwarzania, staty sie podstawg do podjecia decyzji o wdrozeniu najbardziej korzystnego rozwigzania i zakupie odpowiedniego

wyposazenia technologicznego.

Stowa kluczowe: reczne narzedzia budowlane, badania niszczace, badania wytrzymatosciowe, wytrzymatos$¢

Introduction

The aim of the studies was to analyze the possibility
of replacing the plastic or mixture of plastics which would
allow replace the aluminum alloy, used for manufacture
of supporting parts of construction tools. The range of the
work included determination of the strength parameters
of the tool elements, manufactured from the selected
materials and a comparative analysis of the obtained
results of the tests [5, 6].

The object of the tests concerned the handles of
the mason trowels, produced by Comensal company.
The mentioned trowel consists of a flat working plate,
made of stainless sheet, the fixed holder of the handle
and the handle. The holder of the handle is fixed with
the application of press-fitting connection on four pegs
welded to the working plate (Fig.1). The handle is pressed
into the end of the holder with the appropriate pressure
as to ensure the carrying over of the work loads.

Comensal Company, the Orderer of the tests,
is a producer of mason trowels, in which there are
employed the holders of the handle, which are pressure
die cast of aluminum alloy (Fig.2 a) or, alternatively,
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Fig. 1. Using welded pegs for a press-fitting connection of the
handle with the plate

Rys. 1. Zastosowanie kotkow zgrzewanych do wciskowego
potaczenia uchwytu z plytkg

made of pressed polystyrene (Fig.2 b). In commercial
practice of Comensal, the aluminum holders are
characterized by high manufacturing costs that make
the market competition difficult. Their replacement with
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the polystyrene pressed holders has caused a significant
change in a shape, resulting from the necessity of
ensuring the required strength of the tool. The new shape,
in spite of the approvable manufacturing costs, does not
find, however, the recognition of the customers due to
insufficient stiffness and strength, making the effective
and comfortable work of the craftsman difficult.

a)

b)

c)

Fig. 2. Mason trowels: a) with the handle made of aluminum
alloy, b) with the handle made of pressed polystyrene, c) with
the handle made of polyamide

Rys. 2. Packa tynkarska: a) z uchwytem rekojesci wykonanym
ze stopu aluminium, b) z uchwytem prasowanym z polistyrenu,
¢) z uchwytem prasowanym z poliamidu

When bearing in mind the market requirements,
Comensal Company decided to consider the possibility
of replacing the so-far employed solutions by the handle,
made of pressed polyamide (Fig 2 c). The trowel with
the polyamide handle has a shape and construction
traditionally approved by the market, similarly as in the
case of aluminium handle.

The main purpose of the tests was to compare the
strength parameters of the handle, as being performed
using three mentioned above technologies. The results
of the tests were the basis for undertaking the decision
on the change of the technology producing the handles,
employed in the Comensal Company.
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The research method

The strength tests of the handles of the mason trowels
were carried out with the utilization of the strength testing
machine INSTRON 5582 which facilitates:

+ Performance of the tests with the application of
measuring heads, range : 2 kN and 100 kN,
* Measurement of load and elongation in accuracy

class 0.5

In the trials, the following measuring procedures,
reproducing the working loads of the tool, were employed:
* Bending and compression trials with the load,

directed perpendicularly to the working surface of

the trowel (Fig.3),

Fig. 3. A diagram of the load during a bending and compres-
sion trial with the load directed perpendicularly to the working
surface of the trowel: P - load, z —the fragment of the handles
with normal stress [2, 4].

Rys. 3. Schemat obcigzenia podczas préby zginania ze
Sciskaniem przy obcigzeniu skierowanym prostopadle do
ptaszczyzny roboczej packi: P - sita obcigzajgca, z - fragment
uchwytu, w ktérym wystepuja naprezenia normalne [2, 4]

+ Bending and torsion trial with the load directed parallel
to the working surface of the trowel (Fig.4)

Fig. 4. A diagram for the load during a bending and torsion trial
with the load parallel to the working

Rys. 4. Schemat obcigzenia podczas préby zginania ze
skrecaniem przy obcigzeniu skierowanym réwnolegle do
ptaszczyzny roboczej packi: P - sita obcigzajgca, x-x - przekroj
uchwytu, w ktérym wystepujg najwieksze naprezenia zredu-
kowane [2, 4]
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The trials consisted in the application of the load P
(Fig. 3 and 4) with preliminary value equal to 30 N and its
increasing at the speed of deformation amounting to 10
mm/min. The software of the testing machine registered
the diagram of relationship of the load and the sample
deformation. The trial was stopped at the moment of
damage of the sample (breaking of the holder of the
handle) or obtaining the highest possible deformation,
resulting from the construction conditions.

The first trials were conducted when applying the load
to the handle of the trowel, as it was illustrated in Fig.3 and
4. It was found that it caused the uncontrolled changes in
a real load, resulting from the destruction of the material
of the handle due to a high stress concentration in the site
of the quasi-point application of strength and instability
of the contact of the loading element and surface of the
handle at the great deformations of the sample.

As a result of the conducted preliminary ftrials, the
research procedure was changed. The change consisted
in the removal of the handle from the handle and
application of the load directly to the mandrel on which
it was mounted. To ensure the stability of the contact of
the loading element connected with the testing machine
and the surface of the sample, a special mandrel with the
fork-shaped termination was performed (Fig.5).

For the both measuring procedures, three series of
the tests for each procedure were carried out; the trials
included three mason trowels in each series, with the
handles made from the particular materials.

a)

The run of the trials and the recorded results

Fig. 5 shows the photographs of the illustrating the
method of loading and mechanism of destruction of the
handle holders during the bending and compression trial,
with the load directed perpendicularly to the working
surface of the trowel.

The tested tool was mounted on the table of the
testing machines in a strictly determined position,
ensuring the repeatable distance of the point of the load
application from the neutral axis of vertical segment of the
bent cross-section of the handle.

Fig.6 shows the example of the diagram of the
relationship between the load of the tested handles and
the deformation. The vertical segment of the diagram is
the end of the trials as a result of the destruction of the
tested sample.

Fig.7 presents the photographs showing the way of
loading, mounting of the samples and Fig.8 contains the
images of destruction of the handles during bending and
torsion trial, with loading directed parallel to the working
surface of the trowel. The tested tool was mounted on
the vertical surface of a special holder, combined with
the table of the testing machine in a strictly determined
position, ensuring the repeatable distance of the point of
the load application from the neutral axis of the segment
of cross-section of the handle perpendicularly directed to
the working surface.

b)

Fig. 5. The bending and compression trial with the load directed perpendicularly to the working surface of the trowel: a) the mount-
ing of the trowel and load application, b) the destruction image of the aluminum handle, c) the destruction image of the polyamide

handle, d) the destruction image of the polystyrene handle

Rys. 5. Préba zginania ze $ciskaniem przy obcigzeniu prostopadtym do ptaszczyzny roboczej packi: a) sposéb zamocowania packi
i przytozenia obcigzenia, b) obraz destrukcji uchwytu ze stopu aluminium, c) obraz destrukcji uchwytu poliamidowego, d) obraz

destrukcji uchwytu polistyrenowego
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Fig.6. Diagram of the relationship between the load in the test-
ed handles and the deformation registered for the load perpen-
dicular to the working surface of the trowel

Rys.6. Wykresy zaleznosci obcigzenia badanych uchwytéw od
odksztatcenia zarejestrowane przy obcigzeniu prostopadtym
do ptaszczyzny roboczej packi

a)

Fig. 7. Bending and torsion trial with a load parallel to the work-
ing surface of the trowel (polyamide handle): a) the mounting
of the trowel and the load application, b) termination of the trial
— handle breaking

Rys. 7. Proba zginania ze skrecaniem przy obcigzeniu
réwnolegtym do ptaszczyzny roboczej packi (uchwyt z poliami-
du): a) sposdb zamocowania packi i przytozenia obcigzenia, b)
koniec proby - ztamanie uchwytu

Fig. 8. Images of the trowel handle destruction during the bending and torsion trial with the load parallel to the working area of the
trowel: a) and b) aluminum alloy handle, c) polyamide handle, d) polystyrene handle

Rys. 8. Obrazy destrukcji uchwytéw rekojesci packi przy prébie zginania ze skrecaniem przy obcigzeniu réwnolegtym do ptaszczyzny
roboczej packi: a) i b) uchwyt ze stopu aluminium, c) uchwyt poliamidowy, d) uchwyt polistyrenowy
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Fig. 9. Diagrams of the relationship between the load in the
tested handles and the deformation registered for the load per-
pendicular to the working surface of the trowel

Rys.9. Wykresy zaleznosci obcigzenia badanych uchwytéw od
odksztatcenia zarejestrowane przy obcigzeniu réwnolegtym do
ptaszczyzny roboczej packi

Fig.9 shows the examples of diagrams of the
relationship between the load of the tested trowels and
the deformation. The vertical segment of the diagram is
the end of the trial as a result of the destruction of the
tested sample.

The comparative analysis of the strength parameters

Table 1 and 2 contain a summary and the calculated
mean values of the results of the measurements, carried
out during the strength trials

When analyzing the obtained results, the run of the
trials and mechanisms of destruction of the particular
handles of the tested tools, the following conclusions
have been formulated:

1. The handle made of aluminum alloy by the method
of pressure die casting is characterized by the best
strength properties. The mean destructive load in
the bending and compression trials is equal to more
than 3 kN what exceeds more than 3 times the load

Table 1. A summary of the measurements obtained for bending and compression trials with the load directed perpendicularly to the

to the working area of the trowel

Tabela 1. Zestawienie wynikow pomiaréw otrzymanych w prébie zginania ze sciskaniem przy obcigzeniu skierowanym prostopadle

do ptaszczyzny roboczej packi

Test with load perpendicularly
directed to working surface of the
trowel

Maximum load [N]

2661

Aluminum handle 3 502 3136

3244
2068

Polyamide handle 1953 1915

1723
2135

Polystyrene handle 2098 2117

2118

Mean maximum load [N]

Mean destructive displacement

Destructive displacement [mm] [mm]

41
59 48
4,4
3,8
39 4,0
4,2
18,7
20,3 18,8
17,3

Table 2. A summary of the measurements obtained for the bending and torsion trial with the load directed parallel to the to the

working area of the trowel

Tabela 2. Zestawienie wynikéw pomiaréw otrzymanych w prébie zginania ze skrecaniem przy obcigzeniu skierowanym réwnolegle

do ptaszczyzny roboczej packii

Test with load parallel directed to
i Maximum load [N]
working surface of the trowel

706,1

Aluminum handle 576,0 643,8

649,3
560,8

Polyamide handle 524,5 521,0

477,7
176,5

Polystyrene handle 172,1 175,5

177,8
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Mean maximum load [N]

Mean destructive displacement

Destructive displacement [mm] [mm]

30,7
23,6 25,8
23,0
34,7
36,5 34,9
33,6
25,5
24,3 24,9
24,9
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of average man. The destructive deformation in the
discussed trial results from the limited plastic properties
of the cast and is comparable with the deformation of
polyamide handle. In the bending and torsion trial, the
aluminum handle is also characterized by the highest
strength and a big recorded destructive displacement
is caused by pulling out of the pegs linking it with the
sheet of the working part of the trowel (Fig.8a). The
tendency to pull the pegs out during the trial results
from a small width of the handle’s foot adjacent to the
sheet what causes the generation of a great pulling
out force, caused by lateral load. Defective structure
of the cast, caused most probable by utilization of
a cheap, recycled alloy with non-identified composition
and doubtful purity does not affect negatively the
strength properties of aluminum handles as compared
to the remaining constructions (Fig.10).

Fig. 10. Internal structure of the aluminum alloy
Rys. 10. Struktura wewnetrzna odlewu aluminiowego

The manufacturing costs are a defect of aluminum
handles. Brittleness of the cast alloy [1, 3] limits also
the possibility of regulating the bearing capacity of the
press-fitting connection and peg connectors that could
be increased by the change in pressing or imposing of
plastic deformation e.g. by knurled pegs.

2. The handle made of polyamide by pressing method is
characterized by good strength properties. The mean
destructive strength in the bending and compression
trial is equal to almost 2 kN what is value being
quite sufficient for use of the trowel during typical
plastering and bricklaying work. The results of the
measurements of destructive load and deformation
as obtained in the bending and torsion trial are
very similar to the parameters of aluminum handle.
The material of the handle contains filler which
improves its strength what limits the susceptibility to
deformations. The advantage of the handle includes
the increased cross-section at the basis as marked in
Fig. 4 as x-x. It causes a considerable increase of its
strength in the site of incidence of the highest reduced
stress, caused by operating lad. The advantage
resulting from the discussed solution gives a lower
cost and lower energy consumption of the process
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of the manufacture of the discussed elements by the
method of pressure injection of plastics.

3. The handle made of polystyrene by the pressing
method is characterized by the worst strength
properties. It is mainly determined by low destructive
load in the bending and torsion trial. There is
a concern that in the case of certain typical operations
during construction work e.g. removal of dried glue
remnants or of mortar, the resistance of the handle
will be insufficient. The handle is characterized by
a high formability on bending and compression trial
what results from the application of ribs, increasing
the resistance to bending in the plane of the trowel’s
symmetry. A high susceptibility to deformation does
not give any practical advantage. The construction
of the polystyrene handle indicates distinctly the
action of constructor whose purpose was to stiffen
the product in the plane of the tool's symmetry; it
did not however bring a similar result as in the case
of being endangered to other operating loads. The
disadvantage of the polystyrene handle includes
a higher amount of plastic being indispensable for its
manufacture as compared to the polyamide handle.

Summing up

As a result of the conducted work, the possibility
of improving the innovativeness of the products,
manufactured by Comensal Company and the innovative
character of technological processes of their production
has been confirmed.

In manual construction tools, produced by Comensal
(mason trowels), the so-far applied aluminum or,
alternatively, polystyrene element joining the stainless
working plate of the trowel with the handle should be
replaced by the handle made of polyamide. The pressed
polyamide handle is characterized by good strength
parameters, comparable with the parameters of the best
aluminum handle. It is more resistant than the employed
alternatively handle, made of pressed polystyrene.

Apart from the revealed good strength, the polyamide
handle has the following advantage, being significant
form the viewpoint of the tool producer and user which
decide on its innovativeness:

* Smaller cost of manufacture as compared to aluminum
handle;

» Shape consistent with the tradition of the market of
construction tools;

» Possibility to produce the handles in the own factory;

+ Positive effect of technology on implementation
of the principle of the sustainable development of
economy via limitation of the energy consumption in
manufacture and elimination of material (Al alloy) the
obtaining of which is especially burdensome for the
environment.
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PREDICTION OF ADHESIVE JOINTS STRENGTH BASED ON THE
MODIFIED DE BRUYN METHOD USING THE NUMERICAL METHODS

Przewidywanie wytrzymatosci pofagczen klejowych w oparciu o modyfikowang metode
De Bruyna z wykorzystaniem metody numerycznej

MporHo3upoBaHMe MNPOYHOCTU KNeeBblIX COEAMHEHUWW Ha OCHOBe
moaudmumposaHHon metoabl [le BpénHe ¢ ucnonb3oBaHUeM HOMEPUYECKOro
meToaa

Jacek DOMINCZUK DOI: 10.15199/160.2019.3.6

Abstract: The paper presents a numerical model, based on artificial intelligence, to predict the strength of adhesive joints
on basis of the modified De Bruyn method. The model was built using the results of research on destructive force of adhesive
joints of steel sheets. Input variables for the model were: the thickness of the materials to be joined, the length of the overlap, the
geometrical development of the surface and the thickness of the adhesive layer. The obtained model was tested on correctness
of representing of the impact of individual variables on the strength of the joint, represented by the value of stress from the
destructive force of the adhesive joint in the combined material. Based on the obtained results, it was possible to extend this
forecasting method with further factors affecting the strength of adhesive joints, including energy parameters.

Keywords: joint strength, adhesive joint, numerical model

Streszczenie: W artykule przedstawiono model numeryczny oparty na sztucznej inteligencji stuzacy przewidywaniu
wytrzymatosci potgczen klejowych w oparciu o modyfikowang metode De Bruyna. Model ten zbudowano postugujac sie wynikami
badan laboratoryjnych pomiaru sity niszczacej potaczenie klejowe blach stalowych. Jako zmienne wejsciowe przyjeto grubos¢
faczonych materiatéw, dtugosé zaktadki, rozwinigcie geometryczne powierzchni i grubosé spoiny klejowej. Uzyskany model
poddano ocenie poprawnosci odwzorowania wpltywu poszczegoélnych zmiennych na wytrzymato$¢ potgczenia reprezentowang
przez warto$¢ naprezenia w tgczonym materiale pochodzgcego od sity niszczgcej potaczenie klejowe. W oparciu o uzyskane
wyniki stwierdzono mozliwos¢ poszerzenia tej metody prognozowania o kolejne czynniki majgce wptyw na wytrzymatos$é potaczen

klejowych w tym o parametry energetyczne.

Stowa kluczowe: wytrzymatos¢ potaczenia, potgczenie klejowe, model numeryczny

Introduction

Technology of glue bonding plays a very big role in
development of modern constructions. In many cases,
it is an alternative to the so-far employed methods of
joining, sealing or regeneration of parts of machines.
Gluing creates the new possibilities in respect of
combining materials with different physical and
geometrical properties; it allows also linking the parts with
different dimensions what contributes repeatedly to the
simplification of their construction. Combination of gluing
and other technologies e.g. riveting or welding allows
obtaining joints with different properties, favourable for
improvement of bearing capacity or tightness of joints.
Such wide possibilities of adhesive bonding application
cause the necessity of seeking for the optimum
conditions for implementation of the discussed process
and determination of factors, affecting significantly the
resistance of adhesive joints.

The so-far employed single-factor models do not give
a full image of the influence of independent variable on
dependent variable, i.e. joint strength. The complexity
of the discussed problem in combination with the
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expectations of the constructors causes the necessity of
constructing a model which would consider the effect of
the particular properties, relating to the way of formation
of the upper layer state, including the energy properties
as well as constructional parameters.

We still seek for better methods for forecasting
the adhesive joint strength based upon the set of
constructional and technological factors. The developed
and published formulas of relationships between the
independent parameters affecting the quality of joint, as
obtained on the basis of empirical analyses, consider
greater and greater number of factors. They are limited,
however, by the interval of the values of variables in which
they may be utilized. The alternative to such approach
includes application of numerical methods, based on the
artificial intelligence. The mentioned method gives a lot of
new possibilities in respect of conducting the complicated
analyses and construction of prognostic models. The
ability of appropriate describing the state of the joint gives
the possibility to improve the quality of the products as
well as affects the lowering the cost of their manufacture
owing to the limitation of technological operations to the
indispensable minimum and their optimal selection. Apart
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from this, the application of numerical methods gives the
possibility of constant improvement of the model.

The described above factors have caused that the
attempts were undertaken to construct a prognostic
model of joint strength based upon the modified De
Bruyn method, with the consideration of the following
initial parameters: length of the adhesive lap, thickness
of adhesive joint, thickness of the joined materials, the
square mean of coarseness profile ordinates.

Numerical analysis of the adhesive lap joints

A quick method for determination of the adhesive
joints strength is facilitated owing to the modified De
Bruyn method, presented in the paper [3]. As a result of
the method’s modification, the nomographs of the bearing
capacity of the lap joints were created on the grounds
of the experimental ftrials. In the submitted studies,
the samples were made from the sheets of different
thickness. They were joined, using different lengths of the
laps and then, the level of tensions in the joined elements
was determined at the moment of destruction of the joint
(0,=P/db), (where: P- force, d —thickness of sample,
b-width of sample) (Fig. 1.) [3].
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Fig. 1. Nomograph of single lap joints strength of PA7 sheets of
four different thickness, joined using Epidian57 resin, cured by
TECZA hardener at 328 K during 1,5 hour (surface of sheets
cleaned with abrasive cloth, 80 Grit) [3]

Rys. 1. Nomogram nosnosci jednozaktadowych potaczen blach
z materiatu PA7 o czterech grubosciach, klejonych Epidianem
57 utwardzanym TECZA w temperaturze 328 K w czasie
1,5 h (powierzchnia blach czyszczona ptétnem $ciernym
o ziarnistosci 80) [3]

Nomograph in such form is true for the specified
species of adhesive, the determined conditions of
hardening the adhesive lap, the determined type of the
joined material and a specified way of preparing the
surface for joining as well as for the specified type of joint.

The set of the initial factors of the analysis of the
adhesive joints strength was determined based upon the
experimental data, as presented in the publications [5,
2, 6,7, 8,9, 13] and the noticeable relationship of the
dispersive part of a free surface energy, determined by
Owens-Wendt method [5, 14] and the strength of the joint.

To obtain the input data for construction of the
numerical model, serving the forecasting of short term
strength of adhesive joints, the trials of resistance of the
lap adhesive joints to shearing force were carried out.
The plan of the studies was based on the complete set,
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constituting a combination of the mentioned below input
factors. Five repetitions of the strength measurement
in the system were conducted. The tests were carried
out on the basis of PN-EN 1465:2003 [11]. The joined
elements included steel sheets, made of the steel 1.0330.
The shape and dimensions of the samples, used in the
tests are given in Fig.2.
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Fig. 2. Shape and dimensions of the test samples
Rys. 2. Ksztatt i wymiary probek stosowanych do badan.

For the analysis of the obtained results and construction
of the model, the artificial neuron nets were used. As
a result of the conducted analysis of the effectiveness
of the network’s functioning it was found that the best
prognostic model was obtained in the case of MLP
network — Multilayer Perceptron with a structure (4:4-11-
1:1). The mentioned network was learnt with utilization of
algorithm CG - Conjugate Gradient Descent, with logistic
function of activating neurons of the hidden layer and
linear with the saturation with function of activation the
input layer and output layer with the application of linear
function of postsynaptic potential [1, 12].

The schematic plan of the model's construction is
given in Fig.3.

e e c—— N O
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Fig. 3. Diagram of mathematical model of predicting strength of
adhesive joint, based on modified De Bruyn method

Rys. 3. Schemat planu budowy modelu numerycznego do
przewidywania wytrzymatosci potgczenia klejowego w oparciu
o modyfikowang metode De Bruyna

Where:

Input factors:

X, = length of the lap (I - 5, 10, 15 [mm]),

X, — degreeofgeometricaldevelopmentofsurface(characterizedby
parameter R,- 2.4, 1.9, 1.8, 2.4 [um]),

X3 — thickness of adhesive joint (8k — 0.06, 0.11, 0.17, 0.24
[mm]),

X4 — thickness of joined materials (5 - 1, 1.5, 2 [mm])

Output factor:
Z — normal stress in the joined material (50 [MPal).
Constant factors:
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C, — type of joined material,

C, — time of hardening (72h)

C; — type of the applied adhesive (Epidian 57/PAC-100/80),
C, — type of degreaser Loctite 7061

Disturbing factors:

Y, — unrepeatability of the measurement conditions
Y, — unrepeatability of technology of joint performance
Y, — inaccuracy of measurements stands

Y, — inaccuracy of measurement

The conducted own studies allowed building — based
upon the neural networks — of the multi-parameter
model in a form of implicit function. When assuming
the homeostasis of the selected input parameters, the
discussed model gives also a possibility of constructing
the three-dimensional nomographs. Such approach
allowed extending the range of analysis and considering
the effect of the changes in stereometric parameter Rq
and thickness of adhesive layer dk on the adhesive joint
strength.

Table 1 shows the results of regression statistics
of MLP network, as given in Fig.4. Value of a strength,
destructing P joint ([N] was presented here as an input
variable.

Uc, P, Wa, P, Te, P — Information concerns,
successively, the following sets: training dataset,
validation data set and testing dataset, connected with
the analysis of the destructive strength value P [N]

Tab.1. Regression statistics of destructive strength value for
MLP network (4:4 — 11 — 1:1)

Tab. 1. Statystyki regresyjne wartosci sity niszczgcej P dla sieci
MLP (4:4-11-1:1).

Uc. P Wa. P Te. P

Mean 4668 4628 4418
Standard deviation 1914 1957 2139

Mean error -6,6 41,9 -102,1

Error deviation 746,1 739,9 883.,9

Mean absolute error 538,9 5258 651,7
Deviation quotient 0,39 0,38 0,41
Correlation 0,92 0,93 0,91

Where:

Mean: the mean value of the input variable, calculated
on the basis of the set values of the discussed variable,
collected — respectively — in training dataset, validation
dataset or test dataset.

Standard deviation: standard deviation, calculated for the
set values of the input variable

Mean error: mean error (understood as module of
difference between the expected value and the obtained
output value

Standard deviation of error. standard deviation of errors
for the output variable
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The mean absolute error: the mean absolute error
(difference between the set value and the obtained output
value) for input variable

Quotient of standard deviations: quotient of standard
deviations for the errors and the data. It is the main
indicator of the quality, constructed by the network of
regression model

Correlation: standard correlation of R Pearson correlation
for the set value and the obtained output value

Fig.5 shows the surfaces of the responses if the net, as
illustrated in Fig.4. The mentioned surfaces represent the
stress in the joined material, corresponding to the stress
destructing the adhesive joint, with the consideration of
the changes in the length of the lap and the changes of
the remaining input parameters.
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Fig. 4. MLP structural diagram (4:4-11-1:1)
Rys. 4. Schemat strukturalny sieci MLP (4:4-11-1:1)

Fig. 5. Predicted change of stress in joined material depending
ona)dk—1I,b)d-I, c)Rag-l

for dk=0,1 [mm], d=2 [mm], Rq=2 [mm]

Rys. 5. Prognozowany przebieg zmian naprezenia w tgczonym
materiale w funkgji:

a)dk — I, b) d = I, ¢) Rg-l. Przypadek chwilowy dk=0,1 [mm],
d=2 [mm], Rq=2 [mm]
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Fig. 6. Nomograph of single lap joints strength of d=1 [mm]
thick sheets, where thickness of adhesive layer dk=0,1 [mm],
parameter Rg=1,7 [mm], joined using Epidian 57/PAC/100:80
Rys. 6. Nomogram nosnosci jednozaktadowych potgczen
blach stalowych o grubosci d=1 [mm], grubosci spoiny klejowej
dk=0,1 [mm], parametr Rq=1,7 [mm], klejonych klejem Epidian
57/PAC/100:80

The analysis of the mutual relations between the
thickness of the joined elements and the length of the lap
based upon the De Bruyn coefficient (4) does not impose
any limitations concerning the increase of the lap’s
length. It has been revealed, however — as it is followed
from the diagram on fig.6 — that the increase of the lap’s
length above a certain limitary value is aimless. It does
lead to the increase of the joint strength. The obtained
numerical model is deprived of the errors, resulting from
the theory of Volkersen [10] which assumed omitting the
deformations, resulting from the bending of the joined
elements and the resulting normal stress.

Summary

From the presented effects of the model functioning,
it is followed that the introduction of modifications in
De Bruyn method gives the possibility of conducting
the analysis of the strength of the lap adhesive joints
as well as forecasting of their strength, described by
normal stress, generated in the joined material, with the
consideration not only of the lap’s length and thickness
of the joined materials but also including the thickness of
the adhesive layer and geometric features of the joined
surfaces. The run of the relationship, as being presented
in the model corresponds to the current state of the
knowledge on the effect of the analysed variables on
value of the joint strength. When designing the adhesive
joints, the consideration of the effect of the changes of the
particular factors and their noticeable non-linear influence
on bearing capacity of the joint gives the possibility to
improve the quality of the joints as well as allows more
precise forecasting of their strength.

Based upon the conducted analyses, we may
formulate the following cognitive conclusions:

1. Inthe case of the length of the lap, the thickness of the
joined materials as well as thickness of the adhesive
layer, the non-linear effect of the mentioned factors on
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the strength of the adhesive joint has been revealed;

the nature of the mentioned effect and by this, the run

of the relationship function is changing together with
the change of each of the input parameters.

2. The threshold length of the lap should not be
determined with omitting of the geometric (stereo)
features of surfaces of the joined materials in the site
of joint. The results of analysis, using the artificial
intelligence show that the real threshold length of
the lap is higher than that one determined with the
utilization of the known strength equations which
are charged with the errors, resulting from the
simplifications, adopted in the theory of Violkersen.

3. There is a possibility of optimizing the strength of the
lap adhesive joint due to the thickness of adhesive
layer, its length, geometric status of the surface for
a specified adhesive (glue) and the joined material,
with the set thickness of the joined materials and
width of the joint.

The presented model may be further modified
and improved owing to introduction of the successive
parameters affecting the strength of the joint. Based upon
the conducted research work, it may be supposed that the
improvement of the quality of the model may be reached
via introduction of the energy parameters, describing the
state of the surface layer of the joined materials [5] as
well as compositional elements of a surface free energy
of the adhesive substance.
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ADHESIVE MIXING AND APPLYING DEVICE

Urzadzenie do mieszania i nakfadania klejow

YcTaHOBKa ons CMeLWUBaHUA U HaKnagku Knees

Anna RUDAWSKA DOI: 10.15199/160.2019.3.7

Abstract: The aim of the present article is to present the design concept of a specialized device for mixing and applying
adhesives (one and two-component ones) intended for unit production or laboratory use. The paper presents the initial assumptions
of the device design, such as the type of production, application method and adhesive properties. Technological requirements
for the adhesive mixing and applying device were enumerated. The technological requirements will include the characteristics of
the method of adhesive application. The construction requirements of the designed device are also presented. The design of this
device has been presented in the form of a 3D model, made with use of the SolidEdge software. The advantages and limitations
of the concept of the designed device were also presented.

Keywords: bonding, device, mixing, application, adhesive

Streszczenie: Celem niniejszej pracy jest przedstawienie koncepcji projektu specjalizowanego urzadzenia do mieszania
i naktadania klejow (jedno- i dwusktadnikowych), przeznaczonego do produkcji jednostkowej lub do zastosowan laboratoryjnych.
W pracy przedstawiono zatozenia wstepne projektu urzgdzenia, takie jak: rodzaj produkcji, sposéb naktadania oraz wtasciwosci
kleju. Przedstawione zostang takze wymagania technologiczne stawiane urzadzeniu do mieszania i naktadania kleju. Wsrod
wymagan technologicznych wymienia sie m.in. sposéb nakladania kleju. Przedstawiono takze zatozenia konstrukcyjne
zaprojektowanego urzgdzenia klejarskiego. Projekt tego urzadzenia zostat przedstawiony w formie modelu 3D, wykonanego za

pomocg programu SolidEdge. Zaprezentowano takze zalety oraz ograniczenia koncepcji zaprojektowanego urzgdzenia.
Stowa kluczowe: klejenie, urzgdzenie, mieszanie, nakfadanie, klej

Introduction

The process of bonding technology includes
a series of operations aimed at obtaining an adhesive
joint with specific characteristics [3, 6, 7]. The bonding
technology process includes the following operations:
surface preparation, adhesive preparation, adhesive
application, fixing and bonding the elements, curing the
adhesive joint, joints control, finishing operations [5, 8,
13]. The bonding technology process described in the
aforementioned operations also includes several indirect
activities, and the whole process is carried out with use
of various tools and devices (often the specialised ones)
that are necessary to make a proper adhesive joint [9,
10, 11].

The stages of the bonding process analysed herein
are the adhesive mixing and applying, whereas they may
be analysed both separately and together. Due to this
fact it is possible to enumerate both the tools and devices
dedicated to specific operations of the bonding technology
process and those that combine the functionalities of
mixing and applying the adhesives [4, 10, 12].

The adhesive preparation process is a key stage of
the bonding technology process. The appropriate mixing
of the adhesive components plays a vital role in the
bonding process [4, 5, 7]. In case of the two-component
adhesives it is important to make sure that all the
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components (added in proper amounts, often based on
the stoichiometric ratio of some components) are mixed
properly and thoroughly so that the adhesive mixture
obtained is homogenous [2, 5]. Also, it is necessary to
ensure that the adhesive compound does not contain any
air bubbles as it may result in improper bonding of the
joined materials and affect the adhesive joint’s strength.
In this type of operation both the manual and mechanical
methods are used. Both of them require proper tools and
devices, though. In order to obtain a proper adhesive
joint, it is necessary to apply the appropriate adhesive
layer on the bonded surfaces. For different types of
production (piece or batch), the process of applying the
adhesive may be automated by using proper devices,
tools or appliances [4, 5, 8, 11].

There are lots of devices used in the operations
of adhesive preparing and applying. They are offered
by different producers (in most cases the producers of
adhesives). Also, they are sometimes designed especially
for the purposes of a specific bonding process [1, 2, 8,
9, 12].

The present article is aimed at elaborating a concept
of the project of a specialised device for mixing and
applying adhesives (one and two-component ones)
aimed at piece production and laboratory work, based on
the existing construction solutions.
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The concept of the adhesive mixing and applying device

* Technological, construction and performance assumptions

The condition for the proper design of the adhesive
mixing and applying device is to meet numerous
construction and technological requirements affecting
the correctness of the adhesive application process. The
designed device should serve the specified functions, as
well as enable to obtain the repeatability of the adhesive
application process. The following technological and
performance assumptions were made:

+ the possibility of mixing two components of an
adhesive (e.g. resin and curing agent in case of epoxy
adhesives),

+ precise dosage of the prepared (mixed) adhesive,

» the repeatability of the adhesive application process,

» the possibility of applying the adhesive on the surfaces
of irregular shapes,

» the possibility of changing the way of applying the
adhesive (tracks, drops),

« the possibility of a quick adhesive refill,

» the possibility of quick cleaning the adhesive
containers after the application process, due to the
use of additional "inserts" in the form of disposable
containers placed in the adhesive containers,

» ease and speed of maintenance.

The assumptions presented hereinabove enable to
elaborate the concept of design of a device that, when
used properly, will improve and rationalize the adhesive
application process. Setting a proper amount of the
adhesive compound to be applied, as well as shorter
application time will enable to apply the adhesive mass
properly in the form of drops or tracks.

* Construction assumptions

A 3D model of the adhesive mixing and applying
device presented in Figure 1 was designed based on the
construction of devices produced by ABM [1], specialised
in, among others, construction and production of
devices for the bonding process. The basic elements
of this specialised tool are presented in Figure 2. The
concept elaborated included some changes in terms
of dimensions and construction of containers for the
adhesive’s components (or the adhesive itself in case
of one-component adhesives). Also, there were some
changes in the construction of the mixing-dosing nozzle
and the possibility of two variants of the adhesive
application on the surface was added.

The construction assumptions of the adhesive mixing
and applying device included, among others, the overall
dimensions of the device (Fig. 2), i.e.:

» total height: 410 mm,
¢ base dimensions: 300 x 400 mm,
» adhesive containers total spacing: 327 mm,

The adhesive containers are made of stainless steel

(1.4301) and contain additional "inserts" in the form of
disposable containers placed inside of them. In addition,
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Fig. 1. A 3D model of the adhesive mixing and applying device
Rys. 1. Model 3D urzadzenia do mieszania i naktadania kleju

Fig. 2. General arrangement diagram of the adhesive mixing
and applying device

Rys. 2. Schemat ogdélny urzadzenia do mieszania i naktadania
kleju

they are equipped with lids protecting the adhesive
from external conditions and impurities (e.g. dust). The
containers’ capacity is 1.5 I.

The device’s base is equipped with a special work
table (stand) that can be used to place the objects being
covered with the adhesive firmly and directly under the
dosing head.

The head’s fastening is made of stainless steel
(1.4301). The hole made in the fastening together with
the knob enable to adjust the head’s height in order to
cover the objects of bigger dimensions with the adhesive.

The hoses supplying the adhesive are made of
silicone with the diameter of 10 mm, which makes them
more flexible. The compressed air pipe with a diameter
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of 12 mm is a universal pipe aimed at pneumatic devices
with the operating pressure of up to 1.5 MPa, made
of combination of rubber with polyvinylchloride (SBR
+ PVC). It is characterised by high wear and bending
resistance.

* Description of adhesive mixing and applying

The process of adhesive mixing in the designed device
takes place in the dosing nozzle. Its special construction
allows for proper mixing of the two-component adhesives
directly before the operations of dosing and applying the
adhesive on the bonded surfaces. Thanks to that it takes
much less time to bond the elements as an additional
operation of preparing the adhesive is eliminated. The
adhesive that flows off from the containers is forced
through by a small piston located in the head. It is driven
by compressed air supplied from the compressor to the
head. When the proper pressure is obtained, the adhesive
flows into the dosing-mixing nozzle where it is mixed by
a mixer located in the dosing nozzle.

The designed device is equipped with a proper
dosing-mixing head (Figure 2), which, with use of a proper
controller, enables to adjust the amount of adhesive and
the way of its application on the bonded surface. The
dose of the adhesive is strictly related to the amount
of the compressed air supplied, which steers the small
piston in the dosing head. The piston opens, i.e. feeds the
adhesive and, at the same time, pushes it out through the
nozzle onto the bonded surface. When the piston closes
it makes it impossible to supply an undesirable dose of
adhesive and, as a result, eliminates so called dripping.

The component parts of the adhesive spreader that
is the key element of the adhesive mixing and applying
device are presented in Figure 3, whereas the 3D model
is shown in Figure 4.

Such construction of the adhesive head enables to
apply the adhesive in two possible variants presented
below:

Fig. 3. Construction of the adhesive spreader’s head
Rys. 3. Budowa gtowicy naktadarki do kleju

44

_
e

Fig. 4. A 3D model of the adhesive spreader’s head
Rys. 4. Model 3D gtowicy naktadarki do kleju

* in the form of single adhesive doses (drops) - Figure
5a, application of adhesive in the form of single drops
enable to bond, among others, small objects,

* in the form of a uniform stream (track) - Figure 5b.
The designed device is equipped with a controller

with a manometer that controls the device. The controller

enables to regulate the operating pressure in the adhesive
spreader’s head pneumatic system and prevents from
deviations related to the pressure decrease and the
change of the adhesive dose. Thanks to the manometer
used in the device it is possible to observe the pressure
in the pneumatic system that steers the head and to set

a proper dose of adhesive. The device control switch

enables to set the right dose of adhesive from two ranges:

25 ml and 50 ml.
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Fig. 5. Adhesive’s application: a) in the form of single drops, b)
in the form of a continuous track (stream)

Rys. 5. Aplikacja kleju: a) w postaci pojedynczych kropel, b)
w postaci jednostajnego strumienia
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* Advantages and limitations of the device
The advantages of the adhesive applying device

concept described herein include:

» the possibility of dosing adhesive from two ranges: 25
ml and 50 ml,

» simple and functional construction,

+ the possibility of changing the way of applying
adhesive (tracks, drops),

» simple and user-friendly interface,

» dosing accuracy,

» the possibility of applying two-component adhesives
without the need of mixing them beforehand,

» stable and durable device base,

« small dimensions,

+ the construction made of stainless steel to eliminate
possible corrosion of different elements,

» a standard adhesive container capacity for multiple
dosing without the need of refilling the adhesive,

» the use of disposable nozzles to shorten the cleaning
time after finishing the bonding process,

» shorter time of adhesive application thanks to the use
of a mixing-dosing nozzle,

+ simple construction for faster cleaning of the whole
device,

» the possibility of setting the head height for bonding
the elements of different dimensions.

The limitations of the adhesive mixing and applying

device are the following:

« the overall dimensions of the elements covered with
adhesive depend on the dimensions of the work table,

» the possibility of applying the adhesive only in two
specified doses,

* no possibility of heating up the adhesive during
application,

* no possibility of connecting the device to external
sources for feeding the adhesive,

» limitations related to using fillers.

Summary

The concept of device presented herein allows
for mixing and applying both one and two-component
adhesives. Thanks to the use of a special head, two
variants of adhesive application are possible - in the
form of tracks and drops. The possibility of regulating
the adhesive application variant enables to increase the
possibilities of the device’ usage in the bonding process.
Applying the adhesive in the form of single drops makes
it possible to bond small elements precisely as the
adhesive dose is small and accurate. In turn, applying
the adhesive in the form of tracks (stream) enables to
bond bigger and much longer elements. Precise dosing
of the adhesive compound prevents from different issues
related to insufficient bonding. It is due to the fact that
the adhesive fed in the form of tracks through the dosing
nozzle is applied in a continuous way, which eliminates
the shortages that result from improper dosing.

The small overall dimensions of the designed device
are its considerable advantage as it takes up very little
space in properly managed workshop and production
spaces.
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ABSTRACTS:

1. Assembly tolerance analysis based on the
Jacobian model and skin model shapes
Authors: Ting Liu, Yan-Long Cao, Qijian Zhao,
Jiangxin Yang, Lujun Cui

The purpose of this paper is to carry out an assembly
tolerance analysis by means of a combined Jacobian
model and skin model shape. The former is based on
small displacements modeling of points using 6 x 6
transformation matrices of open kinematic chains in
robotics. The latter easily models toleranced features with
all kinds of geometric deviations.

This paper presents the procedure of performing
tolerance analysis by means of the Jacobian model
and skin model shape for assemblies. The point cloud-
based discrete representative is able to model the actual
toleranced surfaces instead of the ideal or associated
ones in an assembly, which brings the simulation tools
closer to reality.

The proposed method has the advantage of skin
model shape which is suitable for geometric tolerances
management along the product life cycle and contact
analysis of kinematic small variations, as well as, with the
Jacobian, enabling transformation of locally expressed
parts deviations to globally expressed functional
requirements. The result of the case study shows the
accuracy of the method.

The proposed approach has not been developed
fully; other functional features such as the pyramid are
still ongoing challenges. It is an effective method for
supporting design, manufacturing and inspection by
providing a quantitative analysis of the effects of multi-
tolerances on the final functional key characteristics and
for predicting the quality level.

2. Modeling of assembly systems with complex
structures for throughput analysis during
transients
Authors: Yukan Hou, Yuan Li, Yuntian Ge, Jie Zhang,
Shoushan Jiang
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The purpose of this paper is to present an analytical
method for throughput analysis of assembly systems with
complex structures during transients.

Among the existing studies on the performance
evaluation of assembly systems, most focus on the
system performance in steady state. Inspired by the
transient analysis of serial production lines, the state
transition matrix is derived considering the characteristics
of merging structure in assembly systems. The system
behavior during transients is described by an ergodic
Markov chain, with the states being the occupancy of all
buffers. The dynamic model for the throughput analysis is
solved using the fixed-point theory. This method can be
used to predict and evaluate the throughput performance
of assembly systems in both transient and steady state.
By comparing the model calculation results with the
simulation results, this method is proved to be accurate.

This proposed modeling method can depict the
throughput performance of assembly systems in both
transient and steady state, whereas most exiting methods
can be used for only steady-state analysis. In addition,
this method shows the potential for the analysis of
complex structured assembly systems owing to the low
computational complexity.

3. An adaptive ball-head positioning visual servoing
method for aircraft digital assembly
Authors: Hua Liu, Weidong Zhu, Huiyue Dong, Yinglin
Ke

To gain accurate support for large aircraft structures
by ball joints in aircraft digital assembly, this paper aims
to propose a novel approach based on visual servoing
such that the positioner’s ball-socket can automatically
and adaptively approach the ball-head fixed on the
aircraft structures.

Image moments of circular marker labeled on the ball-

head are selected as visual features to control the three
translational degrees of freedom (DOFs) of the positioner,
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where the composite Jacobian matrix is full rank. Kalman—
Bucy filter is adopted for its online estimation, which
makes the control scheme more flexible without system
calibration. A combination of proportional control with
sliding mode control is proposed to improve the system
stability and compensate uncertainties of the system.

The ball-socket can accurately and smoothly reach
its desired position in a finite time (50 s). Positional
deviations between the spherical centers of ball-head and
ball-socket in the X-Y plane can be controlled within 0.05
mm which meets the design requirement.

The proposed approach has been integrated into the
pose alignment system. It has shown great potential to
be widely applied in the leading support for large aircraft
structures in aircraft digital assembly.

4. Energy efficient modeling and optimization for
assembly sequence planning using moth flame
optimization
Authors: Arif Abdullah, Mohd Fadzil Faisae Ab Rashid,
S.G. Ponnambalam, Zakri Ghazalli

Environmental problems in manufacturing industries
are a global issue owing to severe lack fossil resources.
In assembly sequence planning (ASP), the research effort
mainly aims to improve profit and human-related factors,
but it still lacks in the consideration of the environmental
issue. This paper aims to present an energy-efficient
model for the ASP problem.

The proposed model considered energy utilization
during the assembly process, particularly idle energy
utilization. The problem was then optimized using
moth flame optimization (MFO) and compared with
well-established algorithms such as genetic algorithm
(GA), particle swarm optimization (PSO) and ant
colony optimization (ACO). A computational test was
conducted using five assembly problems ranging from
12 to 40 components. The results of the computational
experiments indicated that the proposed model was
capable of generating an energy-efficient assembly
sequence. At the same time, the results also showed that
MFO consistently performed better in terms of the best
and mean fitness, with acceptable computational time.

This paper proposed a new energy-efficient ASP
model that can be a guideline to design assembly station.
Furthermore, this is the first attempt to implement MFO
for the ASP problem.

5. A self-adaptive alignment strategy for large
components based on dynamic compliance center
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Authors: Fuzhou Du, Ke Wen, Hao Yu

Aiming at the problems of geometric precision
misalignment and unconsidered physical constraints
between large components during the measurement-
assisted assembly, a self-adaptive alignment strategy
based on the dynamic compliance center (DCC) is
proposed in this paper, using force information to guide
alignment compliantly.

First, the self-adaptive alignment process of large
components is described, and its geometrical and
mechanical characteristics are analyzed based on six-
dimensional force/torque (F/T). The setting method of
DCC is studied and the areas of DCC are given. Second,
the self-adaptive alignment platform of large components
driven by the measured six-dimensional F/T is constructed.
Based on this platform, the key supporting technologies,
including principle of self-adaptive alignment, coordinate
transfer, calculation of six-dimensional F/T and alignment
process control, are illustrated. Using the presented
strategy, the position and orientation of large component
is adjusted adaptively responding to measured six-
dimensional F/T and the changes of contact states are
consistent with the strategy. Through the setting of DCC,
alignment process runs smoothly without jamming.

This strategy is applied to the alignment experiment of
large components muff coupling. The experimental results
show that the proposed alignment strategy is correct and
effective and meets the real-time requirement.

6. Vision and laser fused SLAM in
environments with multi-robot system
Authors: Haoyao Chen, Hailin Huang, Ye Qin, Yanjie
Li, Yunhui Liu

indoor

Multi-robot laser-based simultaneous localization
and mapping (SLAM) in large-scale environments is
an essential but challenging issue in mobile robotics,
especially in situations wherein no prior knowledge is
available between robots. Moreover, the cumulative
errors of every individual robot exert a serious negative
effect on loop detection and map fusion. To address
these problems, this paper aims to propose an efficient
approach that combines laser and vision measurements.

A multi-robot visual laser-SLAM is developed to realize
robust and efficient SLAM in large-scale environments;
both vision and laser loop detections are integrated to
detect robust loops. A method based on oriented brief
(ORB) feature detection and bag of words (BoW) is
developed, to ensure the robustness and computational
effectiveness of the multi-robot SLAM system. A robust
and efficient graph fusion algorithm is proposed to merge
pose graphs from different robots. The proposed method
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can detect loops more quickly and accurately than the
laser-only SLAM, and it can fuse the submaps of each
single robot to promote the efficiency, accuracy and
robustness of the system.

Compared with the state of art of multi-robot SLAM
approaches, the paper proposed a novel and more
sophisticated approach. The vision-based and laser-based
loops are integrated to realize a robust loop detection.
The ORB features and BoW technologies are further
utilized to gain real-time performance. Finally, random
sample consensus and least-square methodologies are
used to remove the outlier loops among robots.

7. Track-based analysis for profile generation on
globoidal cam in automatic tool changer of CNC
machining center
Authors: Kuldeep Verma, R.M. Belokar, Vinod Kumar
Verma, Klimis Ntalianis

This paper aims to propose an elementary approach
towards the measurement of a globoidal cam profile used
in an automatic tool changer (ATC) of computer numerical
control (CNC) machines.

A simple and unique online method has been
designed for the profile metrology of the cam. This simple
methodology will replace the traditional methodology
of profile metrology of cam by coordinate measuring
machine (CMM). A globoidal cam with an indexable
turret and roller follower (rotating in an enclosed track)
has been evaluated in our analysis. This analysis plays
a significant role in the performance determination of the
cam as well as the ATC of CNC machines.

A novel model has been designed and implemented
to investigate the profile of a globoidal cam. The
proposed methodology becomes an enhancement over
the old methodology, i.e. measurement through CMM.
Theoretical analysis and practical implementation prove
the significance of the method.

An enhanced methodology to effectively measure the
globoidal cam profile has been proposed. The practical
implication of the proposed methodology remains for
the CNC machine tool and ATC manufacturers. Finally,
analytical explorations have been carried out to prove the
validity of the proposal.

8. Assembly error propagation modeling and
coordination error chain construction for aircraft
Authors: Feiyan Guo, Fang Zou, Jian Hua Liu,
Qingdong Xiao, Zhonggi Wang
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Manufacturing errors, which will propagate along the
assembly process, are inevitable and difficult to analyze
for complex products, such as aircraft. To realize the goal
of precise assembly for an aircraft, with revealing the
nonlinear transfer mechanism of assembly error, a set
of analytical methods with response to the assembly
error propagation process are developed. The purpose
of this study is to solve the error problems by modeling
and constructing the coordination dimension chain to
control the consistency of accumulated assembly errors
for different assemblies.

First, with the modeling of basic error sources, mutual
interaction relationship of matting error and deformation
error is analyzed, and influence matrix is formed. Second,
by defining coordination datum transformation process,
practical establishing error of assembly coordinate
system is studied, and the position of assembly features
is modified with actual relocation error considering datum
changing. Third, considering the progressive assembly
process, error propagation for a single assembly station
and multi assembly stations is precisely modeled to gain
coordination error chain for different assemblies, and the
final coordination error is optimized by controlling the
direction and value of accumulated error range. Based
on the proposed methodology, coordination error chain,
which has a direct influence on the property of stealthy
and reliability for modern aircrafts, is successfully
constructed for the assembly work of the jointing between
leading edge flap component and wing component at
different assembly stations.

9. Variation propagation modeling and analysis of
automotive body outer cover panels assembly
systems
Authors: Wenwu Han, Qianwang Deng, Wenhui Lin,
Xuran Gong, Sun Ding

This study aims to present a model and analysis of
automotive body outer cover panels (OCPs) assembly
systems to predict assembly variation. In the automotive
industry, the OCPs assembly process directly influences
the quality of the automobile body appearance. However,
suitable models to describe variation propagation of
OCPs assembly systems remain unknown.

An adaptive state space model for OCPs assembly
systems is introduced to accurately express variation
propagation, including variation accumulation and
transition, where two compliant deviations make impacts
on key product characteristics (KPCs) of OCP, and
the impacts are accumulated from welding process to
threaded connection process. Another new source of
variation from threaded connection is included in this
model. To quantify the influence of variation from threaded
connection on variation propagation, the threaded
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connection sensitivity matrix is introduced to build up
a linear relationship between deviation from threaded
connection and output deviation in KPCs. This matrix is
solved by homogeneous coordinate transformation. The
final deviation of KPCs will be transferred to ensure gaps
and flushes between two OCPs, and the transition matrix
is considered as a unit matrix to build up the transition
relationship between different states.

The model can be used to predict assembly variation
or potential dimension problems at a preliminary assembly
phase. The calculated results of assembly variation guide
designers or technicians on tolerance allocation, fixture
layout design and process planning.

10. A coordination modelling approach for assembly
of multi-constrained objects based on measured
skin model
Authors: Yifan Jiang, Xiang Huang, Shuanggao Li,
Zhengping Deng

The purpose of this paper is to propose an assembly
coordination modelling approach based on measured data
for assembly quality control of multi-constrained objects in
aircraft assembly. This approach aims to establish a high-
precision digital mirror of physical assembly system in the
virtual environment, with which the assembly process in
the virtual environment can be performed synchronously
with that in the physical world.

This paper presents a realistic geometrical
representation model based on measured point cloud, as
well as the multiple constraints modelling methods for local
and global constraints with the proposed representation
model. For the assembly target optimization, a novel
optimization method based on the evaluation of multi-
dimensional tolerance zone is proposed, where the
particle swarm optimization and simulated annealing
algorithm are combined to calculate the optimal solutions.

As shown in the validation results, the minimum
easiness value for easiness model in global optimization
is 3.01, while the best value for weighting model by
adjusting weights for more than 10 times is 1.94. The
results verify that the proposed coordination modelling
approach is effective to the assembly of multi-constrained
objects, and the optimization model has an obvious
advantage over the traditional weighting method.

11. A discrete fireworks optimization algorithm to
optimize multi-matching selective assembly

problem with non-normal dimensional distribution

Authors: Zhenyu Liu, Zhang Nan, Chan Qiu, Jianrong
Tan, Jingsong Zhou, Yao Yao
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The purpose of this paper is to apply firework
optimization algorithm to optimize multi-matching
selective assembly problem with non-normal dimensional
distribution.

In this paper, a multi-matching selective assembly
approach based on discrete fireworks optimization
(DFWOQO) algorithm is proposed to find the optimal
combination of mating parts. The approach introduces
new operator with the way of 3-opt and also uses
a stochastic selection strategy, combines the discrete
selective assembly problem with firework optimization
algorithm properly and finds the best combination scheme
of mating parts with non-normal dimensional distributions
through powerful global search capability of the firework
optimization algorithm.

The effects of different control parameters, including
the number of initial fireworks and the coefficient
controlling the total number of sparks generated by the
fireworks on the evolution performance, are discussed,
and a promising higher performance of the proposed
selective assembly approach is verified through
comparison with other selective assembly methods.

The best combination of mating parts is realized
through the proposed selective assembly approach,
and workers can select suitable mating parts under the
guidance of the combination to increase the assembly
efficiency and reduce the amount of surplus parts.

12. The shortest-path spanning tree of assembly
dimension and its application
Authors: Youli Wang, Liming Dai, Xueliang Zhang,
Xiaohui Wang

The purpose of this paper is to obtain the reasonable
dimensioning for each part and a full-dimension model of
assembly dimensions.

The relational path graph of assembly dimension, the
shortest-path spanning tree of functional dimension and
a revised spanning tree are established in this paper.

The proposed method can obtain reasonable
dimensioning of parts and establishment of dimension
model in an assembly. The proposed method can easily
realise by computer and be more suitable to automatic
dimensioning and establishment of dimension model of
parts.
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