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Manufacturing	products	tailored	to	the	individual	requirements	of	customers	
is	a	must	if	companies	want	to	compete	effectively	on	the	market.	The	produc‐
tion	of	customized	goods	poses	new	challenges	for	all	areas	of	functioning	of	
production	systems.	It	is	necessary	to	adopt	such	rules	and	methods	that	will	
allow	a	flexible	response	to	product	design	changes	and	their	demand	In	the	
organization	of	production	flow	(materials	and	information).	The	article	pre‐
sents	research	carried	out	in	the	SmartFactory	laboratory	of	the	Poznań	Uni‐
versity	of	Technology	regarding	the	impact	of	the	structure	of	products	(cus‐
tomization)	on	the	realization	of	current	production	orders.	The	research	was	
carried	 out	 using	 the	 FlexSim	 simulation	 environment.	 Based	on	 simulation	
experiments	for	three	forms	of	organization	of	production	flow	with	varying	
degrees	 of	 flexibility	 of	 production	 resources,	 an	 analysis	 was	made	 of	 the	
time	of	execution	of	various	sets	of	production	orders	and	the	level	of	use	of	
available	working	time.	The	results	of	research	indicate	that	in	the	production	
of	products	with	low	and	high	planned	labor	consumption,	the	use	of	univer‐
sal	production	station	is	the	most	advantageous.	For	such	a	solution,	the	de‐
gree	of	utilization	of	the	available	working	time	of	production	stations	is	also	
the	 highest.	 It	 was	 also	 found	 that	 the	 principles	 of	 scheduling	 production	
orders	affect	the	effectiveness	of	the	production	system.	The	best	results	were	
obtained	 for	 the	 production	 schedule,	 where	 the	 sequence	 of	 production	
orders	was	established	from	the	lowest	planned	time	of	resource	loading.	
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1. Introduction

Manufacturing	companies	try	to	meet	growing	demands	and	changing	customer	demand	in	var‐
ious	ways.	 Some	 of	 them	 try	 to	 improve	 production	 processes	 by	 implementing	 various	 con‐
cepts,	e.g.	Lean	Manufacturing	or	Six	Sigma,	so	as	to	be	able	to	produce	products	of	the	required	
quality	 in	a	 short	 time	and	at	 relatively	 low	costs	 [1].	Others,	however,	decide	 to	manufacture	
products	 designed	 for	 individual	 customer	 orders,	 i.e.	mass	 customization	 (MC)	 [2].	 The	 term	
mass	 customization	was	 first	used	by	Stan	Davis	 in	Future	Perfect	 [3]	 and	 then	developed	by	
Pine	 II	 [4].	 In	 this	 paradigm	 it	 is	 extremely	 important	 to	 offer	 products	 tailored	 to	 individual	
customer	needs	while	maintaining	mass	production	efficiency	[5‐7].	The	purpose	of	mass	cus‐
tomization,	however,	 is	not	 to	provide	different	product	variants,	but	 to	design	 the	product	 in	
accordance	with	 the	 individual	 requirements	of	 the	recipient	 [8].	The	 implementation	of	mass	
customization	is	very	attractive	 from	the	customer's	point	of	view,	but	for	the	company	it	cre‐
ates	 the	 risk	of	 failure,	 especially	due	 to	 the	 increase	 in	 costs	of	designing	and	manufacturing	



Żywicki, Rewers 
 

 

468  Advances in Production Engineering & Management 15(4) 2020

 

products.	The	MC	strategy	can	give	a	competitive	advantage	on	the	market	only	if	the	company	
is	able	to	quickly	respond	to	changing	expectations	and	requirements	of	customers,	i.e.	it	is	able	
to	 combine	 the	MC	 strategy	with	 the	Quick	Response	 (QR)	 strategy.	 The	 combination	 of	 both	
strategies	 is	 only	 possible	 if	 the	 company	 has	 a	 flexible	 production	 system	 (including	 flexible	
production	 resources)	 and	 is	 able	 to	 quickly	 design	 and	 implement	 new	 products	 and	 their	
manufacturing	processes	[9‐12].	
	 Mass	customization	is	also	one	of	the	basic	goals	of	industry	4.0	[13,	14].	Industry	4.0	refers	
to	the	Digital	Manufacturing	System	provided	by	the	effective	integration	of	production	process‐
es,	information	technologies	and	equipment	[15,	16].	The	main	goal	of	industry	4.0	is	to	improve	
the	efficiency	and	reactivity	of	the	production	system	[16].	In	industry	4.0,	production	processes	
must	also	be	more	flexible,	combining	high	efficiency	and	diversity	of	the	production	range,	and	
intelligent	 to	be	able	 to	successfully	meet	 the	challenges	of	dynamically	changing	demand	and	
individual	customer	needs	[18‐20].		
	 A	measure	of	the	flexibility	of	the	production	process	is	its	ability	to	perform	operations,	as	
well	as	the	"speed"	at	which	it	can	be	prepared	to	perform	a	new	task.	However,	a	high	degree	of	
production	flexibility	causes	problems	with	organization	and	production	control	[21‐24].	These	
problems	result	primarily	from	the	dynamic	conditions	of	customer	demand,	the	production	of	
various	 products	 and	 the	 failure	 to	 use	 the	 available	 production	 capacity	 of	 production	 re‐
sources.	One	of	the	factors	affecting	the	use	of	the	available	production	capacity	of	machines	and	
technological	 devices	 in	 flexible	 production	 systems	 is	 the	 degree	 of	 specialization	 of	 work‐
stations	[25].	This	means	that	in	the	case	of	flexible	production	processes,	the	use	of	special	and	
specialized	work	stations	(i.e.	having	dedicated	equipment	for	the	production	of	specific	types	of	
products	and	production	operations	on	these	products)	carries	the	risk	of	not	using	the	available	
production	capacity	of	these	stations	[26].	Therefore,	 in	the	case	of	mass	customization	strate‐
gies,	universal	work	stations	that	can	carry	out	different	production	tasks	on	different	products	
are	more	 often	 used.	 These	 universal	work	 stations	 can	 be	 assembled	 into	 a	 production	 line,	
manufacturing	cell	or	take	the	form	of	a	workplace	organization	of	production	[27].	
	 In	 turn,	dynamic	conditions	of	demand	and	the	production	of	various,	customized	products	
force	production	companies	to	look	for	the	best	solutions	in	the	field	of	organization	and	control	
of	production.	To	this	end,	many	of	them	decide	to	use	simulation	methods	that	allow	the	analy‐
sis	and	evaluation	of	different	variants	of	the	organization	of	production	flow	[28,	30,	31].	The	
term	"simulation"	means	imitating	the	real	situation,	real	objects	and	connections	that	exist	be‐
tween	these	objects	[29,	32].	Simulation	is	a	research	method	and	enables	research,	analysis	and	
evaluation	of	introduced	changes	outside	of	real	processes	[33,	34].	In	a	simplified	way,	the	sim‐
ulation	is	carried	out	in	three	steps	[35]:	

 designing	the	simulation	model	of	the	actual	process	or	system, 
 conducting	experiments	using	the	simulation	model, 
 using	the	results	obtained	to	improve	the	actual	system	or	process. 

	 Simulation	models	 of	manufacturing	 processes	 are	 built	 to	 reduce	 the	 risk	 of	 failure	when	
making	significant	changes	to	the	actual	process	or	when	designing	a	new	process	to	be	able	to	
choose	the	best	variant	of	the	organization	of	production.	The	simulation	allows	you	to	gain	in‐
sight	into	complex	process	structures,	test	new	rules	for	the	organization	of	production,	or	flow	
of	 materials	 through	 the	 process,	 analyze	 production	 indicators	 or	 collect	 information	 and	
knowledge	without	violating	the	actual	process	[33,	36].		
	 This	article	presents	the	results	of	research	aimed	at	determining	the	impact	of	the	form	of	
the	organization	of	production	flow	on	the	efficiency	of	the	set	of	production	orders	for	custom‐
ized	products	 (with	different	construction	structure).	Three	groups	of	products	were	adopted,	
different	 in	 terms	of	 labour	 intensity	of	performance.	A	series	of	simulation	experiments	were	
carried	out	for	three	samples	of	production	order	sets	implemented	in	three	variants	of	forms	of	
organization	of	production	flow:	linear,	cell	and	station.	In	addition,	each	set	of	orders	was	sub‐
jected	 to	 experiments	 taking	 into	 account	 different	 rules	 for	 scheduling	 orders:	 in	 any	 order,	
from	the	longest	to	the	shortest	and	from	the	shortest	to	the	longest.	The	obtained	results	were	
analyzed	 in	 terms	of	 the	time	of	order	completion	and	the	degree	of	use	of	 the	available	work	
time	of	the	workstations.		
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2. Problem presentation and a goal of the research 

2.1 SmartFactory laboratory at Poznan University of Technology 

The	production	system	at	the	SmartFactory	laboratory	of	the	Poznan	University	of	Technology	
was	built	 to	 conduct	 research	works	 for	 various	 technical	 and	organizational	 solutions	 in	 line	
with	the	concept	of	Industry	4.0.	The	laboratory	equipment	allows	mapping	of	various	processes	
occurring	in	the	real	production	system.		

Research	work	carried	out	in	the	laboratory	focuses	on:	

 development	of	systems	supporting	the	design	and	configuration	of	customized	products, 
 additive	production	of	parts	and	production	instrumentation,	 
 application	of	virtual	 reality	and	augmented	 reality	 solutions	 in	production	and	 training	

processes, 
 development	 and	 testing	 of	 methods	 and	 information	 systems	 supporting	 production	

planning	and	control, 
 implementing	technical	solutions	to	supervise	and	control	material	flow,	e.g.	RFID,	RTLS. 

The	main	element	is	the	automatic	assembly	line.	It	consists	of	three	transport	loops	at	which	
work	stations	are	located.	The	loops	are	equipped	with	switches	that	enable	the	redirection	of	
the	pallet	being	 the	carrier	 transporting	 the	product	 to	any	 transport	 loop.	Each	pallet	has	an	
RFID	 tag	enabling	 its	 identification	and	directing	 its	movement	by	 the	RFID	head	 reading	and	
switches	 steering.	 The	 line	 is	 controlled	 by	 a	 control	 cabinet	 equipped	with	 power	 elements,	
protection	systems,	power	supply,	PLC	controller,	and	security	system	module.	The	system	uses	
two	industrial	networks	AS‐interface	and	ProfiNet	for	controlling	devices.	

Production	system	management	is	carried	out	by	an	IT	system	called	4Factory.	Communica‐
tion	 between	 system	 elements	 takes	 place	 via	 the	 Internet	 of	 Things.	 The	 4Factory	 system	 is	
built	of	a	number	of	modules	whose	functionalities	enable	production	planning,	supervision	of	
material	flow,	and	control	of	the	production	line	operation	(Fig.	1).	

The	production	process	in	the	SmartFactory	laboratory	involves	the	assembly	of	parts	prod‐
ucts	in	the	form	of	lego	blocks.	They	were	adopted	as	a	basic	element	of	the	construction	of	fin‐
ished	products	so	that	the	flexibility	was	provided	in	the	field	of	product	construction	in	accord‐
ance	with	the	idea	of	customization	of	production.	The	flow	of	products	on	the	production	line	is	
carried	out	according	to	the	principle	of	one	piece	flow,	where	a	transport	pallet	is	the	carrier.	
Work	stations	are	equipped	with	flow	racks	that	allow	storage	of	containers	with	parts	and	as‐
semblies	for	assembly	of	finished	products.	The	shelves	were	also	equipped	with	RFID	reading	
heads	enabling	their	identification.	The	basis	for	starting	the	production	process	is	the	schedule	
developed	 in	 the	 4Factory	 program.	 It	 provides	 information	 about	 the	 order	 of	 production	 of	
products	and	their	assembly	sequence	at	 individual	positions.	The	assembly	process	 is	carried	
out	manually	by	operators	who	carry	out	 tasks	 in	accordance	with	 the	schedule	and	assembly	
instructions.		

	

 
Fig.	1	View	and	visualization	of	the	SmartFactory	laboratory	
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2.2 The aim of the test 

The	technical	equipment	and	possibilities	in	the	scope	of	product	construction	influence	the	high	
flexibility	of	the	production	system.	Therefore,	one	of	the	research	directions	is	the	development	
of	a	dynamic	method	of	scheduling	and	controlling	production	flow	for	high	variability	of	prod‐
uct	variants	(customized	products).	The	presented	research	is	one	of	their	stages.	
	 The	aim	of	the	research	was	to	determine	the	impact	of	the	form	of	the	organization	of	pro‐
duction	flow	on	the	efficiency	of	the	realization	of	a	set	of	production	orders	for	products	with	
different	constructional	structures.		

The	study	assumed	three	variants	of	the	production	flow	form	(Fig.	2):	

 Variant	1	(variant	1‐6):	 linear	 form	–	 the	production	process	 for	each	product	 is	carried	
out	at	all	six	subsequent	workstations.	

 Variant	2	(variant	1‐2‐2‐1	):	nest	form	–	the	production	process	of	a	given	product	is	car‐
ried	out	at	station	1,	manufacturing	cell	1	or	2	containing	two	stations	and	station	6.	

 Variant	3	 (variant	1‐4‐1):	workplace	 form	–	 the	process	of	producing	a	given	product	 is	
carried	out	at	station	1,	then	at	one	of	the	universal	stations	from	2	to	5	and	station	6.	

18	different	parts	with	different	numbers	and	assembly	configuration	were	the	basis	for	the	
construction	of	product	variants.	 In	this	way,	products	with	different	constructional	structures	
and	thus	different	planned	load	times	for	work	stations	are	created.	The	standard	assembly	time	
for	one	part	 is	4	[s],	and	the	same	time	to	manufacture	1	piece	of	product	 is	a	multiple	of	 this	
time	and	the	number	of	pieces	of	product	components.	

Variants	1‐6	 include	 the	assumption	 that	each	product	with	any	constructional	 structure	 is	
implemented	at	all	six	subsequent	work	stations.	At	the	given	work	station,	3	types	of	parts	that	
are	assembled	are	strictly	defined.	

Variants	1‐2‐2‐1	assume	the	occurrence	of	2	mutually	replaceable	manufacturing	cells	con‐
sisting	of	 two	stations.	 In	this	variant,	stations	1	and	6	provide	for	the	assembly	of	parts	as	 in	
option	1,	while	the	assembly	of	other	parts	is	possible	in	manufacturing	cells.	
Finally	in	variant	1‐4‐1,	at	stations	1	and	6,	the	assembly	of	parts	is	carried	out	as	in	the	previous	
variants.	Stations	2	to	5	are	replaceable/universal,	where	it	is	possible	to	install	other	parts.	

The	presented	scope	of	tests	was	conducted	in	the	FlexSim	simulation	environment	and	the	
obtained	results	were	the	basis	for	developing	the	production	schedule	in	the	4Factory	program,	
controlling	the	assembly	line	in	real	conditions.	

	
Fig.	2	Schemes	of	variants	of	forms	of	organization	of	production	flow	
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3. A simulation‐based approach 

The	research	involved	conducting	a	number	of	simulation	experiments	in	the	FlexSim	environ‐
ment	and	included	the	implementation	of	production	order	sets	for	the	assumed	three	variants	
of	the	organizational	form	of	production	flow.	They	were	carried	out	according	to	the	following	
stages:	 execution	 and	 verification	 of	 simulation	models	 of	 variants	 of	 production	 flow	 forms,	
design	of	products	and	their	technological	processes,	development	of	sets	of	production	orders,	
conducting	simulation	experiments,	and	analysis	of	results.	

3.1 Simulation models of different forms of production flow 

Simulation	 models	 for	 the	 SmartFactory	 laboratory	 reflected	 all	 the	 necessary	 technical	 and	
functional	 elements	 of	 the	production	 system.	Objects	 representing	 the	necessary	 elements	 of	
the	production	process	(e.g.	order	 list)	but	also	technical	elements	ensuring	the	proper	opera‐
tion	of	 the	models	have	been	 implemented.	These	elements	 include	 tables	containing	parame‐
ters	and	results	of	the	model's	operation	as	well	as	objects	visualizing	its	operation.	An	example	
of	the	visualization	of	the	simulation	model	for	one	of	the	variants	of	the	form	of	organization	of	
the	flow	is	shown	in	Fig.	3.	

The	operation	of	the	simulation	model	is	determined	by	the	parameters	contained	in	the	"pa‐
rameters"	table.	This	table	contains	both	general	parameters	for	the	model	and	detailed	parame‐
ters	 for	each	of	 the	products.	The	 list	of	production	orders	 is	 represented	 in	 the	model	 in	 the	
form	of	an	appropriate	 table	of	 the	 "orders"	object	 ‐	 a	 single	 row	 in	 this	 table	 represents	one	
order	and	contains	the	following	parameters:	product	name,	order	size,	and	sequence	of	its	exe‐
cution.	 The	 results	 of	 the	model	 operation	 are	 represented	 by	 output	 tables,	messages	 in	 the	
simulator	console	window,	and	graphs	updated	during	the	model	operation.	
	

	
Fig.	3	Schemes	of	variants	of	forms	of	organization	of	the	flow	of	production	

3.2. The aim of the research 

The	study	assumed	the	existence	of	three	groups	of	products	with	different	numbers	of	compo‐
nents	forming	the	constructional	structure	and	thus	with	different	planned	load	times	for	work	
stations.	 This	 time	 is	 understood	 as	 the	 required	 standard	 lead	 time	 for	 assembly	 tasks	 at	 all	
work	stations.	Product	groups	were	defined	as:	

 products	with	a	small	planned	load	time	–	products	containing	10	to	20	parts,	
 products	with	an	average	planned	load	time	–	products	with	20	to	40	parts,	
 products	with	a	high	planned	load	time	–	products	containing	from	40	to	70	parts.	

For	each	product	group,	30	structurally	different	products	were	designed	and	technological	pro‐
cesses	were	developed	for	them,	taking	into	account	the	assumed	variants	of	production	flow.	

Product	 groups	were	 then	 the	 basis	 for	 generating	 sets	 of	 production	 orders	 to	 be	 imple‐
mented	in	simulation	models.	Three	sets	of	production	orders	were	generated	for	each	group	of	
products:	
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 for	products	with	low	labor	intensity	(designations	L	1‐3),	
 for	products	with	low	average	labor	consumption	(designations	M	1‐3),	
 for	products	with	low	high	labor	consumption	(designations	H	1‐3	),	

which	differed	in	the	occurrence	of	product	variants,	 in	their	share	in	the	collection	and	in	the	
number	of	pieces.		

Sets	of	production	orders	included	restrictions:		

 the	maximum	number	of	items	in	the	set	of	production	orders:	100	items,		
 the	number	of	items	in	the	production	order:	5‐20	items,		
 the	number	of	production	orders	in	the	set:	30,	
 production	orders	in	the	set	may	refer	to	a	given	product	many	times.	

Table	1	presents	the	general	characteristics	of	production	order	sets.	
	

Table	1	Characteristics	of	production	order	set	
Set	of	orders		 Total	planned	time	

load	workstation	
Minimum	planned	
duration	of	load	
workstation	

Maximum	estimated	
time	of	load	work‐
station	

Minimum	number	
of	pieces	

Maximum	number	
of	pieces	

L1	 246,67 3.33 17.33 5 20	
L2	 248.93 3.33 17.07 5 20	
L3	 238.13 3.33 15.20 5 19	
M1	 682.07 12.00 47.50 5 20	
M2	 682.80 13.53 48.00 5 19	
M3	 674.53 12.00 40.53 5 19	
H1	 1293.73 41.33 84.00 5 20	
H2	 1294.93 44.80 88.00 6 20	
H3	 1290.93 41.67 79.80 5 19	

3.3. Simulation experiments 

Simulation	experiments	were	carried	out	for	three	samples	of	each	of	the	production	order	sets	
with	the	characteristics	described	above	for	each	variant	of	the	organization	of	production	flow.	
Each	set	of	orders	was	also	subjected	to	experiments	taking	into	account	different	rules	for	their	
ordering	(establishing	the	order	of	implementation	in	the	production	schedule),	namely:	in	ran‐
dom	order,	 from	 the	 largest	 to	 the	 smallest	 and	 from	 the	 smallest	 to	 the	 largest	planned	 load	
time	of	work	stations.	In	total,	81	simulation	experiments	were	carried	out.	
	 In	 the	 research,	 the	 production	 execution	 time	was	 assumed	 as	 the	main	 indicator	 for	 the	
assessment	of	production	flow	variants.	However,	the	degree	of	utilization	of	the	available	work‐
ing	time	of	work	stations	was	also	introduced	as	an	additional	indicator.		

4. Results and discussion 

4.1. Production order processing time 

The	results	of	the	research	were	the	result	of	simulation	tests.	The	analysis	of	these	results	in‐
cluded	the	time	of	execution	of	production	orders	and	the	degree	of	use	of	the	available	working	
time	at	work	stations.	
	 The	production	order	group	execution	time	covers	the	period	from	the	beginning	of	the	first	
operation	of	the	first	order	to	the	end	of	the	last	operation	of	the	last	order	included	in	the	pro‐
duction	schedule.	
Based	on	the	analysis	of	the	results,	it	can	be	concluded	that	for	products	with	a	small	planned	
load	 time,	 the	 shortest	 order	 fulfillment	 times	were	 obtained	 for	 variant	 1‐4‐1	 of	 the	 form	of	
production	 flow	 for	 three	 samples	 and	 for	 three	 rules	 for	 order	 scheduling	 in	 the	 production	
schedule.	The	 linear	 form	(variants	1‐6)	turned	out	to	be	the	worst	 for	all	 three	sets	of	orders	
and	each	of	the	three	variants	of	the	production	schedule.	Data	analysis	also	showed	no	signifi‐
cant	impact	of	scheduling	on	order	processing	time	(Fig.	4).	
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Fig.	4	Comparison	of	production	order	fulfillment	times	for	products	with	low	planned	resource	load	

For	products	with	an	average	planned	load	of	workstation,	the	time	of	order	sets	are	comparable	
for	all	three	variants	of	organization	of	production	flow.	The	analysis	did	not	show	in	this	case	a	
significant	correlation	of	the	analyzed	factors.	Only	a	comparison	within	a	given	set	of	produc‐
tion	orders	allows	to	indicate	the	best	variant.	For	the	set	of	orders	1,	the	results	are	comparable	
with	 the	 indication	 for	option	1‐4‐1.	Variant	1‐2‐2‐1	allows	the	shortest	order	 fulfillment	 time	
for	the	set	of	orders	2	and	3	(Fig.	5).	
	

	

Fig.	5	Comparison	of	delivery	times	for	production	orders	for	products	with	average	planned	resource	load	

For	products	with	high	planned	load	of	stations,	the	shortest	times	were	obtained	in	option	1‐4‐
1	forms	of	production	flow	for	three	samples	and	three	rules	for	order	scheduling	in	the	produc‐
tion	schedule.	The	linear	form	(variants	1‐6)	turned	out	to	be	the	worst	for	all	three	samples	and	
for	each	of	the	three	variants	of	the	production	schedule.	Analysis	of	the	results	indicates	that	for	
variant	 1‐6	 the	 shortest	 times	were	 achieved	 in	 the	 case	 of	 order	 scheduling	 from	 the	 lowest	
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load	time	for	work	stations.	However,	in	the	case	of	variants	1‐2‐2‐1	and	1‐4‐1,	the	shortest	or‐
der	 fulfillment	 times	were	 obtained	 for	 scheduling	with	 the	 largest	 planned	 load	 of	 positions	
(Fig.	6).	
	

	
	

Fig.	6	Comparison	of	delivery	times	for	production	orders	for	products	with	high	planned	resource	load	

4.2 Use of available working time  

The	reference	value	for	analyzing	the	degree	of	use	of	 the	available	working	time	of	work	sta‐
tions	was	the	time	of	implementation	of	a	given	set	of	production	orders.		
	

	
	

Fig.	7	Comparison	of	the	use	of	available	working	time	for	products	with	low	planned	resource	load	
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For	orders	with	a	low	planned	load	on	work	stations,	the	largest	use	of	available	working	time	
was	obtained	for	the	variant	1‐4‐1	of	organization	of	production	flow.	Similar	values	were	ob‐
tained	for	variant	1‐2‐2‐1,	while	variant	1‐6	has	the	lowest	level	of	use	of	available	working	time.	
These	results	apply	to	all	rules	for	scheduling	the	implementation	of	production	orders	(Fig.	7).	
	

	
	

Fig.	8	Comparison	of	use	of	available	working	time	for	products	with	average	planned	resource	load	

Simulation	experiments	 for	sets	of	orders	with	an	average	planned	 load	time	of	production	
positions	did	not	 indicate	clear	correlations	between	 the	examined	 factors.	 In	 the	case	of	 ran‐
dom	orders,	the	results	are	comparable	for	each	variant	of	the	organization	of	production	flow.	
Variants	1‐2‐2‐1	and	1‐4‐1	allow	 to	obtain	 slightly	better	 results	 for	production	 schedules	 set	
according	to	the	rules	from	the	smallest	and	the	longest	planned	load	time	of	work	stations,	Fig.	8.	
	

	
	

Fig.	9	Comparison	of	the	use	of	available	working	time	for	products	with	high	planned	resource	load	



Żywicki, Rewers 
 

 

476  Advances in Production Engineering & Management 15(4) 2020

 

Analysis	of	results	for	order	sets	with	high	planned	load	of	stations,	the	largest	use	of	availa‐
ble	working	 time	occurs	 for	 variants	1‐4‐1	of	 organization	of	 production	 flow.	 Similar	 values	
were	 obtained	 for	 variant	 1‐2‐2‐1,	 while	 variant	 1‐6	 has	 the	 lowest	 level	 of	 use	 of	 available	
working	time.	These	results	apply	to	all	rules	for	scheduling	the	implementation	of	production	
orders	(Fig.	9).	

	

	
	

Fig.	10	Production	system	blockade	for	products	with	low	planned	resource	load	

	
	

Fig.	11	Production	system	blockade	for	products	with	average	planned	resource	load	
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The	basic	factor	affecting	the	degree	of	use	of	the	available	working	time	of	work	stations	was	
the	so‐called	"blockade".	It	refers	to	the	situation	in	which	it	is	not	possible	to	continue	with	the	
production	 orders	 for	 a	 given	 position	 due	 to	 the	 occurrence	 of	 the	maximum	 level	 of	 inter‐
operational	stock.	This	is	due	to	the	technical	limitations	of	the	assembly	line,	as	mentioned	ear‐
lier,	where	a	maximum	of	10	transport	pallets	(product	carrier)	can	be	on	a	given	transport	loop	
between	stands.	

The	results	of	the	simulation	experiments	carried	out	indicate	that:	

 in	the	case	of	production	orders	for	products	with	a	 low	resource	load	time,	station	1	of	
variants	1‐6	most	often	had	downtime	caused	by	blockade	for	all	three	types	of	production	
schedules	(Fig.	10),	

 for	orders	for	products	with	medium	load	time	the	longest	downtime	occurred	at	stations	
4	and	5	for	all	variants	of	the	organization	of	production	flow	(Fig.	11),		

 the	execution	of	orders	for	products	with	a	high	resource	load	time	in	variants	1‐6	and	for	
all	variants	of	their	scheduling	resulted	in	stops	of	positions	2	and	3	(Fig.	12).		

The	reason	for	such	states	of	operating	of	the	production	system	is	the	lack	of	load	balancing	of	
work	stations	and	synchronization	of	product	flow	for	the	production	line.	

	
	

Fig.	12	Production	system	blockade	for	products	with	a	high	planned	resource	load	

4.3 Comparison of the results 

A	summary	of	the	results	of	the	tests	is	presented	in	Table	2.	It	contains	a	summary	of	average	
parameter	values	of	assessment	for	three	sets	of	production	orders.	

Based	on	these	values	it	can	be	concluded	that	the	use	of	universal	positions	in	the	produc‐
tion	system	(variants	1‐4‐1	form	of	organization	of	production	flow)	allows	to	shorten	the	time	
of	implementation	of	production	orders	for	products	with	small	and	large	planned	resource	load	
time.	For	such	solution,	the	degree	of	utilization	of	the	available	working	time	is	also	the	highest.	
The	obtained	results	of	the	effectiveness	of	functioning	of	the	production	system	are	influenced	
by	the	rules	for	scheduling	production	orders.	The	best	results	can	be	obtained	for	the	produc‐
tion	 schedule,	 where	 the	 schedule	 of	 work	 is	 set	 starting	 with	 the	 orders	 with	 the	 lowest	
planned	resource	load	time.		
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Table	2	Summary	of	test	results	
Orders	with	low	planned	resource	load	time

Assessment	
parameters	

Random	order	scheduling	
Ordering	from	the	shortest	

resource	load	time	
Ordering	from	the	longest	

resource	load	time	
1‐6	 1‐2‐2‐1	 1‐4‐1	 1‐6	 1‐2‐2‐1	 1‐4‐1	 1‐6	 1‐2‐2‐1	 1‐4‐1	

Order	processing	time	
[min]	

53.60	 48.26	 47.66	 54.05	 48.47	 46.84	 52.68	 48.69	 48.08	

Utilization	of	available	
working	time	

[%]	
76.1	 86.6	 87.7	 75.4	 86.3	 89.3	 77.4	 85.8	 86.9	

Orders	with	average	planned	resource	load
Order	processing	time	

[min]	
135.79	 134.74	 134.47	 133.82	 132.48	 132.30	 134.15	 131.17	 134.88	

Utilization	of	available	
working	time	

[%]	
85.2	 85.3	 85.5	 84.7	 87.0	 87.1	 84.4	 86.3	 85.1	

Orders	with	high	planned	resource	load
Order	processing	time	

[min]	
236.68	 226.11	 223.31	 238.02	 226.91	 223.17	 236.33	 227.07	 224.06	

Utilization	of	available	
working	time	

[%]	
91.1	 95.3	 96.5	 90.6	 95.0	 96.6	 91.8	 94.9	 96.2	

	
The	variant	of	organization	of	production	flow	based	on	universal	manufacturing	cells	(vari‐

ant	1‐2‐2‐1)	allows	to	obtain	the	best	results	of	order	processing	time	and	the	degree	of	use	of	
work	 stations	 in	 the	manufacturing	of	products	with	medium	 load	 time.	 In	 this	 case,	 it	 is	 also	
beneficial	to	set	the	order	of	execution	of	orders	from	those	with	the	largest	planned	load	time.	
This	variant	also	gives	 results	 slightly	worse	 than	variant	1‐4‐1	 in	 the	production	of	products	
with	different	characteristics.	

The	use	of	a	linear	form	turns	out	to	be	the	worst	solution	in	the	production	of	this	type	of	
products	with	constructional	and	quantitative	characteristics	as	adopted	in	the	research.	How‐
ever,	 for	products	with	an	average	 resource	 load	 time,	 the	 simulation	 results	obtained	do	not	
differ	significantly	from	the	other	variants	of	the	form	of	organization	of	the	production	flow.	
	

5. Conclusion 

Production	flexibility	is	a	basic	feature	of	production	systems	that	allows	meeting	customer	re‐
quirements	in	the	manufacturing	of	customized	products.	The	article	presents	the	results	of	re‐
search	on	determining	how	the	form	of	organization	of	production	flow	affects	the	implementa‐
tion	of	production	orders.		

The	research	were	carried	out	in	the	FlexSim	simulation	environment	and	constitute	the	be‐
ginning	of	research	works	related	to	the	use	of	simulation	methods	 in	production	control.	The	
results	of	 the	simulation	experiments	 for	the	set	of	production	orders,	 technological	processes	
and	evaluation	parameters	for	the	analyzed	variants	of	the	production	system	were	obtained	in	
a	very	short	time.	Nevertheless,	it	should	be	borne	in	mind	that	the	amount	of	input	data	and	the	
complexity	of	the	production	system	will	increase	the	time	it	takes	to	obtain	simulation	results.	
This	is	also	indicated	by	the	authors'	research	in	research	projects	commissioned	by	companies,	
where	the	results	of	simulation	experiments	were	obtained	after	a	few	hours.	This	is	undoubted‐
ly	a	critical	factor	to	consider	when	applying	simulation	methods	to	operational	production	con‐
trol.	

The	indicated	results	indicate	a	direct	correlation	between	the	flexibility	of	used	production	
resources	and	the	time	of	order	processing.	According	to	the	concept	of	the	Intelligent	Factory,	
production	resources	constituting	a	key	factor	in	the	manufacturing	of	products	should	be	based	
on	modularity	in	order	to	obtain	the	possibility	of	flexible	configuration	depending	on	the	needs	
determined	by	design	and	technological	changes	in	the	manufacturing	of	products.	

Undoubtedly,	this	flexibility	of	resources	will	contribute	to	increasing	the	use	of	their	availa‐
ble	 working	 time	 and	 thus	 affect	 their	 efficiency.	 Finally,	 flexible	 and	 replaceable	 production	
resources	will	allow	for	faster	and	comprehensive	execution	of	customer	orders,	especially	for	
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customized products. And this will have an impact on the increase in the competitiveness of en-
terprises. 

The SmartFactory laboratory is a research facility that allows for testing various technical, IT, 
and organizational solutions and analyze their impact on the efficiency of the production system. 
The presented subject and scope of research is related to ongoing works in the field of dynamic 
production control methods. Research results also indicated directions for further work that will 
be related to the implementation of production for products with even greater assortment and 
quantity.  

Acknowledgement 
The presented results are derived from a scientific statutory research conducted by Faculty of Mechanical Engineer-
ing, Poznan University of Technology, Poland, supported by the Polish Ministry of Science and Higher Education from 
the financial means in 2020. 

References 
[1] Liker, J.K., Meier, D. (2005). The Toyota way fieldbook: A practical guide for implementing Toyota’s 4Ps, 1st edi-

tion, McGraw-Hill, London, United Kingdom. 
[2] Wang, Y., Ma, H.-S., Yang, J.-H., Wang, K.-S. (2017). Industry 4.0: A way from mass customization to mass person-

alization production, Advances in Manufacturing, Vol. 5, 311-320, doi: 10.1007/s40436-017-0204-7. 
[3] Davis, S.M. (1987). Future perfect, Addison-Wesley Publishing, Boston, USA. 
[4] Pine II, B.J. (1993). Mass customization: The new frontier in business competition, Harvard Business School Press, 

Boston, USA. 
[5] Kamble, S., Gunasekaran, A., Dhone, N.C. (2020). Industry 4.0 and lean manufacturing practices for sustainable 

organisational performance in Indian manufacturing companies, International Journal of Production Research, 
Vol. 58, No. 5, 1319-1337, doi: 10.1080/00207543.2019.1630772. 

[6] Tseng, M.M., Jiao, J., Merchant, M.E. (1996). Design for mass customization, CIRP Annals, Vol. 45, No. 1, 153-156, 
doi: 10.1016/S0007-8506(07)63036-4. 

[7] Gilmore, J.H, Pine II, B.J. (1997). The four faces of mass customization, Harvard Business Review, Vol. 75, No. 1, 
91-101. 

[8] Tian, X., Huang, L., Jia, X., Zhang, Z. (2008). Exploring parameterised process planning for mass customisation, In: 
Yan, X.T., Jiang, C., Eynard, B. (eds.), Advanced Design and Manufacture to Gain a Competitive Edge, Springer, Lon-
don, United Kingdom, 643-652, doi: 10.1007/978-1-84800-241-8_65. 

[9] Żywicki, K., Zawadzki, P., Hamrol, A. (2017). Preparation and production control in smart factory model, In: 
Rocha, Á., Correia, A., Adeli, H., Reis, L., Costanzo, S. (eds.), Recent advances in information systems and technolo-
gies, WorldCIST 2017. Advances in Intelligent Systems and Computing, Vol. 571, Springer, Cham, Switzerland, 519-
527, doi: 10.1007/978-3-319-56541-5_53. 

[10] Ko, E., Kincade, D., Brown, J.R. (2000). Impact of business type upon the adoption of quick response technologies 
– The apparel industry experience, International Journal of Operations & Production Management, Vol. 20, No. 9, 
1093-1111, doi: 10.1108/01443570010339172. 

[11] Lebosse, S., Taghipour, A., Canel-Depitre, B. (2017). Quick response to fluctuations in supply chains: A review, 
Journal of Advanced Management Science, Vol. 5, No. 5, 394-400, doi: 10.18178/joams.5.5.394-400. 

[12] Tseng, M.M., Wang, Y., Jiao, R.J. (2017). Mass customization, In: Laperrière, L., Reinhart, G. (eds.), CIRP Encyclope-
dia of Production Engineering, Springer, Berlin, Germany, doi: 10.1007/978-3-642-35950-7_16701-3. 

[13] Schwab, K. (2017). The fourth industrial revolution, World Economic Forum, New York, USA. 
[14] Żywicki, K., Zawadzki, P., Górski, F. (2018). Virtual reality production training system in the scope of intelligent 

factory, In: Burduk, A., Mazurkiewicz, D. (eds.), Intelligent systems in production engineering and maintenance – 
ISPEM 2017, Advances in Intelligent Systems and Computing, Vol. 637, Springer, Cham, Switzerland, 450-458, doi: 
10.1007/978-3-319-64465-3_43. 

[15] Lasi, H., Fettke, P., Kemper, H.-G., Feld, T., Hoffmann, M. (2014). Industry 4.0, Business & Information Systems 
Engineering, Vol. 6, 239-242, doi: 10.1007/s12599-014-0334-4. 

[16] Gajsek, B., Marolt, J., Rupnik, B., Lerher, T., Sternad, M. (2019). Using maturity model and discrete-event simula-
tion for Industry 4.0 implementation, International Journal of Simulation Modelling, Vol. 18, No. 3, 488-499, doi: 
10.2507/IJSIMM18(3)489. 

[17] Ahuett-Garza, H., Kurfess, T. (2018). A brief discussion on the trends of habilitating technologies for Industry 4.0 
and smart manufacturing, Manufacturing Letters, Vol. 15, Part B, 60-63, doi: 10.1016/j.mfglet.2018.02.011. 

[18] Zhong, R.Y., Xu, X., Klotz, E., Newman, S.T. (2017). Intelligent manufacturing in the context of Industry 4.0: A 
review, Engineering, Vol. 3, No. 5, 616-630, doi: 10.1016/J.ENG.2017.05.015. 

[19] Shen, W., Norrie, D.H. (1999). Agent-based systems for intelligent manufacturing: A state-of-the-art survey, 
Knowledge and Information Systems, Vol. 1, No. 2, 129-156, doi: 10.1007/BF03325096. 

 
Advances in Production Engineering & Management 15(4) 2020 479 
 

https://doi.org/10.1007/s40436-017-0204-7
https://doi.org/10.1080/00207543.2019.1630772
https://doi.org/10.1016/S0007-8506(07)63036-4
https://doi.org/10.1007/978-1-84800-241-8_65
https://doi.org/10.1007/978-3-319-56541-5_53
https://doi.org/10.1108/01443570010339172
https://doi.org/10.18178/joams.5.5.394-400
https://doi.org/10.1007/978-3-642-35950-7_16701-3
https://doi.org/10.1007/978-3-319-64465-3_43
https://doi.org/10.1007/978-3-319-64465-3_43
https://doi.org/10.1007/s12599-014-0334-4
https://doi.org/10.2507/IJSIMM18(3)489
https://doi.org/10.2507/IJSIMM18(3)489
https://doi.org/10.1016/j.mfglet.2018.02.011
https://doi.org/10.1016/J.ENG.2017.05.015
https://doi.org/10.1007/BF03325096


Żywicki, Rewers 
 

[20] Hermann, M., Pentek, T., Otto, B. (2016). Design principles for Industrie 4.0 scenarios, In: Proceedings of the 49th 
Annual Hawaii International Conference on System Sciences HICSS 2016, Koloa, Hawaii, USA, 3928-3937, doi: 
10.1109/HICSS.2016.488. 

[21] Ojstersek, R., Lalic, D., Buchmeister, B. (2019). A new method for mathematical and simulation modeling interac-
tivity: A case study in flexible job shop scheduling, Advances in Production Engineering & Management, Vol. 14, 
No. 4, 435-448, doi: 10.14743/apem2019.4.339. 

[22] Sethi, A.K., Sethi, S.P. (1990). Flexibility in manufacturing: A survey, International Journal of Flexible Manufactur-
ing Systems, Vol. 2, No. 4, 289-328, doi: 10.1007/BF00186471. 

[23] Krolczyk, J.B., Krolczyk, G.M., Legutko, S., Napiorkowski, J., Hloch, S., Foltys, J., Tama, E. (2015). Material flow 
optimization – A case study in automotive industry, Tehnički Vjesnik – Technical Gazette, Vol. 22, No. 6, 1447-
1456, doi: 10.17559/TV-20141114195649. 

[24] Hajduk, M., Sukop, M., Semjon, J., Jánoš, R., Varga, J., Vagaš, M. (2018). Principles of formation of flexible manu-
facturing systems, Tehnički Vjesnik – Technical Gazette, Vol. 25, No. 3, 649-654, doi: 10.17559/TV-201610121 
32937. 

[25] Terkaj, W., Tolio, T., Valente. A. (2009). A review on manufacturing flexibility, In: Tolio, T. (ed.), Design of Flexible 
Production Systems, Springer, Berlin, Heidelberg, Germany, 41-61, doi: 10.1007/978-3-540-85414-2_3. 

[26] Terkaj, W., Tolio, T., Valente, A. (2009). Focused flexibility in production systems, In: ElMaraghy, H. (ed.), 
Changeable and reconfigurable manufacturing systems, Springer series in advanced manufacturing, Springer, 
London, United Kingdom, 47-66, doi: 10.1007/978-1-84882-067-8_3. 

[27] Singh, S.P. (2014). Production and operations management, Vikas Publishing House, Noida, India. 
[28] Zülch, G., Jonsson, U., Fischer, J. (2002). Hierarchical simulation of complex production systems by coupling of 

models, International Journal of Production Economics, Vol. 77, No. 1, 39-51, doi: 10.1016/S0925-5273(01)00 
198-0. 

[29] Brey, P. (2008). Virtual reality and computer simulation, In: Himma, K.E., Tavani, H.T. (eds.), The handbook of 
information and computer ethics, John Wiley & Sons, New York, USA, 361-384, doi: 10.1002/97804702818 
19.ch15. 

[30] Yang, S.L., Xu, Z.G., Li, G.Z., Wang, J.Y. (2020). Assembly transport optimization for a reconfigurable flow shop 
based on a discrete event simulation, Advances in Production Engineering & Management, Vol. 15, No. 1, 69-80, 
doi: 10.14743/apem2020.1.350. 

[31] Saez-Mas, A., Garcia-Sabater, J.P., Morant-Llorca, J. (2018). Using 4-layer architecture to simulate product and 
information flows in manufacturing systems, International Journal of Simulation Modelling, Vol. 17, No. 1, 30-41, 
doi: 10.2507/IJSIMM17(1)408. 

[32] Straka, M., Malindzakova, M., Rosova, A., Trebuna, P. (2016). The simulation model of the material flow of munic-
ipal waste recovery, Przemysl Chemiczny – Chemical Industry, Vol. 95, No. 4, 773-777, doi: 10.15199/62.2016. 
4.12. 

[33] Mourtzis, D., Doukas, M., Bernidaki, D. (2014). Simulation in manufacturing: Review and challenges, Procedia 
CIRP, Vol. 25, 213-229, doi: 10.1016/j.procir.2014.10.032. 

[34] Straka, M., Khouri, S., Lenort, R., Besta, P. (2020). Improvement of logistics in manufacturing system by the use of 
simulation modelling: A real industrial case study, Advances in Production Engineering & Management, Vol. 15, 
No. 1, 18-30, doi: 10.14743/apem2020.1.346. 

[35] Istokovic, D., Perinic, M., Dobovicek, S., Bazina, T. (2019). Simulation framework for determining the order and 
size of the product batches in the flow shop: A case study, Advances in Production Engineering & Management, 
Vol. 14, No. 2, 166-176, doi: 10.14743/apem2019.2.319. 

[36] Pedgen, C.D., Shannon, R.E., Sadowski, R.P. (1995). Introduction to simulation using SIMAN, McGraw Hill, New 
York, USA. 

 
480 Advances in Production Engineering & Management 15(4) 2020 
 

https://doi.org/10.1109/HICSS.2016.488
https://doi.org/10.1109/HICSS.2016.488
https://doi.org/10.14743/apem2019.4.339
https://doi.org/10.1007/BF00186471
https://doi.org/10.17559/TV-20141114195649
https://doi.org/10.17559/TV-20161012132937
https://doi.org/10.17559/TV-20161012132937
https://doi.org/10.1007/978-3-540-85414-2_3
https://doi.org/10.1007/978-1-84882-067-8_3
https://doi.org/10.1016/S0925-5273(01)00198-0
https://doi.org/10.1016/S0925-5273(01)00198-0
https://doi.org/10.1002/9780470281819.ch15
https://doi.org/10.1002/9780470281819.ch15
https://doi.org/10.14743/apem2020.1.350
https://doi.org/10.2507/IJSIMM17(1)408
https://doi.org/10.15199/62.2016.4.12
https://doi.org/10.15199/62.2016.4.12
https://doi.org/10.1016/j.procir.2014.10.032
https://doi.org/10.14743/apem2020.1.346
https://doi.org/10.14743/apem2019.2.319

