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Abstract:	

The	digitalization	of	manufacturing	fuels	the	application	of	sophisticated	virtual	product	models,	which	are	
referred	to	as	digital	twins,	throughout	all	stages	of	product	realization.	Particularly,	more	realistic	virtual	
models	of	manufactured	products	are	essential	to	bridge	the	gap	between	design	and	manufacturing	and	
to	mirror	the	real	and	virtual	worlds.	In	this	paper,	we	propose	a	comprehensive	reference	model	based	on	
the	 concept	 of	 Skin	Model	 Shapes,	which	 serves	 as	 a	 digital	 twin	of	 the	physical	 product	 in	 design	 and	
manufacturing.	 In	 this	 regard,	model	 conceptualization,	 representation,	 and	 implementation	 as	 well	 as	
applications	along	the	product	life-cycle	are	addressed.		
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1.	Introduction	
	
In	today's	highly	competitive	markets,	the	ambitions	for	shortening	the	time	to	market	and	for	increasing	
the	product	development	performance	fuel	the	application	of	sophisticated	virtual	product	models,	which	
are	 frequently	referred	to	as	digital	 twins.	Enabled	by	the	digitalization	of	manufacturing,	cyber-physical	
production	 systems,	model-based	 system	engineering,	 and	a	 growing	endeavour	 for	data	 gathering	and	
processing,	 these	models	are	 increasingly	enriched	with	production	and	operation	data.	Moreover,	 they	
allow	the	efficient	prediction	of	the	effects	of	product	and	process	development	as	well	as	operating	and	
servicing	decisions	on	the	product	behaviour	without	the	need	for	costly	and	time-expensive	physical	mock-
ups	[1-3].	Particularly	in	design,	such	realistic	product	models	are	essential	to	allow	the	early	and	efficient	
assessment	of	the	consequences	of	design	decisions	on	the	quality	and	function	of	mechanical	products.	
However,	 current	 approaches	 to	 the	 implementation	 of	 digital	 twins	 lack	 of	 a	 conceptual	 basis,	 which	
hinders	the	applicability	of	the	digital	twin	vision	to	various	activities	in	design	and	production	engineering.		
Motivated	by	this	need,	this	paper	proposes	a	comprehensive	reference	model,	which	serves	as	a	digital	
twin	 of	 the	 physical	 product	 in	 design	 and	 production	 engineering.	 In	 this	 regard,	 important	 model	
properties,	such	as	scalability,	interoperability,	expansibility,	and	fidelity,	as	well	as	different	operations	on	
this	 reference	model	 along	 the	 product	 life-cycle,	 such	 as	 composition,	 decomposition,	 conversion,	 and	
evaluation	 are	 addressed.	Moreover,	 the	 application	 of	 this	 reference	model	 to	 geometrical	 variations	
management	is	highlighted.		
The	paper	 is	 structured	as	 follows.	 In	 the	next	 section,	 the	vision	of	 the	digital	 twin	and	 its	evolution	 is	
reviewed.	After	 that,	 a	 comprehensive	 reference	model	 for	 the	digital	 twin	 is	 introduced,	which	 is	 then	
applied	to	geometrical	variations	management.	Finally,	a	conclusion	and	an	outlook	are	given.		
	
	
	



 

 

2.	The	Vision	of	the	Digital	Twin	
	
It	has	been	argued,	that	“the	vision	of	the	digital	twin	itself	refers	to	a	comprehensive	physical	and	functional	
description	of	a	component,	product	or	system,	which	includes	more	or	less	all	information	which	could	be	
useful	in	all	-	the	current	and	subsequent	-	lifecycle	phases”	[4].	In	the	following,	the	evolution	of	this	vision	
is	briefly	 illustrated,	 recent	definitions	of	 the	digital	 twin	are	discussed,	and	several	viewpoints	on	 it	are	
addressed.		
	
2.1.	The	Origin	and	Evolution	of	the	Digital	Twin	
	
Prior	to	the	industrial	revolution,	physical	artefacts	were	predominantly	manufactured	by	artisans	resulting	
in	unique	instances	of	a	given	template.	However,	with	the	introduction	of	the	concept	of	interchangeable	
parts	in	the	18th	century,	the	way	products	were	designed	and	manufactured	rapidly	changed	as	companies	
began	to	strive	for	building	copies	of	their	products	 in	mass	production.	Recently,	the	paradigm	of	mass	
customization	aims	at	combining	these	two	established	manufacturing	concepts	to	achieve	low	unit	costs	
for	customized	products.		
However,	 though	such	manufacturing	paradigms	allow	 the	 fabrication	of	 large	quantities	of	 similar,	 i.	e.	
customized,	parts	or	products,	these	manufactured	instances	are	mere	unrelated	copies.	In	contrast	to	that,	
the	idea	of	building	a	twin	refers	to	producing	a	copy	of	a	part	or	product	and	using	it	for	reasoning	about	
other	instances	of	the	same	part	or	product	-	thus	establishing	a	relation	between	multiple	copies.	This	idea	
is	said	to	originate	from	NASA’s	Apollo	program,	“where	at	least	two	identical	space	vehicles	were	built	to	
allow	mirroring	the	conditions	of	the	space	vehicle	during	the	mission”	[5].		
However,	over	the	past	decades,	advancements	in	computer	technology	enabled	establishing	increasingly	
sophisticated	 virtual	 models	 of	 physical	 artefacts	 as	 well	 as	 the	 fusion	 of	 such	 models	 for	 systems	
engineering	 [6].	 These	models	 not	only	 serve	 for	 the	design	 verification	 and	 validation	 [7],	 but	 are	 also	
increasingly	used	as	the	master	product	model	comprising	the	model-based	definition	of	required	product	
characteristics	[8].	Moreover,	the	evolvements	in	“microchip,	sensor	and	IT	technologies”	[9]	paved	the	way	
for	the	advent	of	smart	products,	which	track	and	communicate	their	operating	conditions	and	thus	allow	
to	“feed”	their	product	models	with	data	about	their	status,	such	as	environmental	conditions	and	loads.	s	
Beside	this,	modern	sensing	routines,	which	go	even	beyond	geometrical	measurement	and	scanning,	allow	
the	easy,	quick,	and	reliable	collection	of	large	sets	of	data	from	physical	artefacts.	Pattern	recognition,	data	
mining,	deep	learning,	reverse	engineering,	and	other	data	analysis	approaches	make	use	of	these	data	sets	
and	unveil	dependencies	between	product,	process,	and	operational	characteristics	that	used	to	be	hidden.		
The	vast	developments	 in	 simulation	 technology	as	well	 as	 the	 increasing	possibilities	 for	gathering	and	
exchanging	data	from	products	thus	allowed	for	building	virtual	twins	of	physical	products,	which	finally	led	
to	the	present	understanding	of	the	“digital	twin”	vision.	Probably	the	first	definition	of	it	was	given	by	NASA	
in	their	integrated	technology	roadmap	(Technology	Area	11:	Modeling,	Simulation,	Information	Technology	
&	Processing	Roadmap;	 2010),	which	has	been	 slightly	 adapted	 in	 [10]:	 “A	Digital	 Twin	 is	 an	 integrated	
multiphysics,	multiscale,	probabilistic	simulation	of	an	as-built	vehicle	or	system	that	uses	the	best	available	
physical	models,	sensor	updates,	fleet	history,	etc.,	to	mirror	the	life	of	its	corresponding	flying	twin”	(Fig.	1).	
With	some	similarity	to	this,	Grieves	defines	the	digital	twin	as	“a	set	of	virtual	information	constructs	that	
fully	describes	a	potential	or	actual	physical	manufactured	product	from	the	micro	atomic	level	to	the	macro	
geometrical	level”	[11].		



 

 

	
Fig.	1.	The	Vision	of	the	Digital	Twin	throughout	the	Product	Life-Cycle	following	[11].	

	
2.2.	Viewpoints	on	the	Digital	Twin	
	
Based	on	these	definitions,	it	can	be	found,	that	there	exist	different	viewpoints	on	the	vision	of	the	digital	
twin.	In	this	context,	it	has	been	argued,	that	“from	a	simulation	point	of	view	the	digital	twin	approach	is	
the	next	wave	in	modelling,	simulation	and	optimization	technology”	[5].	However,	the	digital	twin	is	not	
one	complete	model	of	the	physical	product,	but	a	set	of	 linked	operation	data	artefacts	and	simulation	
models,	which	are	of	suitable	granularity	for	their	intended	purpose	and	evolve	throughout	the	product	life-
cycle	[4].	Thus,	the	digital	twin	not	only	serves	representation	purposes	but	is	also	applicable	for	making	
predictions	about	the	expected	product	behaviour	[4],	while	the	granularity	of	the	simulation	models	fits	to	
their	purpose	and	evolves	from	early	design	stages,	where	simple	product	models	are	used	to	decide	about	
product	concepts,	to	detail	design,	where	sophisticated	simulation	models	support	the	dimensioning	and	
design	of	parts	and	subassemblies.		
As	a	result,	from	a	product	life-cycle	management	point	of	view,	there	is	a	strong	need	to	integrate	all	life-
cycle	data	artefacts	 into	a	comprehensive	management	system,	which	can	be	used	by	various	actors	 for	
querying	data,	such	as	through-life	performance	 information,	and	making	predictions	about	the	physical	
product	from	the	digital	twin	for	design	optimization	and	manufacturing	system	improvement	[5].		
	
2.3.	Current	Industrial	Understanding	and	Applications	
	
Different	understandings	of	 the	“digital	 twin”	can	be	observed	 in	 industrial	practice,	particularly	by	PLM	
software	vendors.	In	this	regard,	it	has	been	argued,	that	PTC	is	focusing	on	establishing	a	link	between	the	
virtual	product	model	and	the	physical	part	to	increase	the	manufacturing	flexibility	and	competitiveness,	
while	 Dassault	 Systèmes	 targets	 the	 product	 design	 performance	 by	 creating	 a	 platform	 that	 enables	
designers	to	virtually	build	and	interact	with	complex	systems.	Moreover,	the	digital	twin	understanding	of	
General	Electric	focuses	on	forecasting	the	health	and	performance	of	their	products	over	lifetime,	whereas	
SIEMENS	 strives	 for	 improved	 efficiency	 and	 quality	 in	 manufacturing	 by	 exploiting	 the	 possibilities	 of	
today’s	manufacturing	digitalization	in	the	context	of	Industry	4.0.	TESLA	aims	at	developing	a	digital	twin	
for	every	built	car,	hence	enabling	synchronous	data	transmission	between	the	car	and	the	factory,	while	
other	companies	increasingly	use	complex	product	models	to	boost	the	immersion	in	virtual	and	augmented	
reality	applications.	
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2.4.	Synthesis	and	Discussion	
	
As	it	has	been	highlighted,	the	vision	of	the	digital	twin	evolved	during	the	last	decades	and	describes	the	
vision	of	a	bi-directional	relation	between	a	physical	artefact	and	the	set	of	its	virtual	models.	In	this	context,	
the	 virtual	 “twinning”,	 i.e.	 the	 establishment	 of	 such	 relations	 between	 physical	 parts	 and	 their	 virtual	
models,	 enables	 the	 efficient	 execution	 of	 product	 design,	 manufacturing,	 servicing,	 and	 various	 other	
activities	 throughout	 the	product	 life-cycle.	 Particularly	 in	 design,	 such	digital	 twins	 allow	 the	 check	 for	
conformance	of	the	product	specifications	with	the	design	intent	and	customer	requirements.		
However,	 as	 it	 has	 been	 reported	 in	 scientific	 literature	 and	 in	 practice,	 current	 limitations	 to	 the	
implementation	of	the	vision	of	the	digital	twin	are	insufficient	possibilities	for	synchronization	between	the	
physical	and	the	digital	world	to	establish	closed	loops,	the	missing	of	high-fidelity	models	for	simulation	
and	virtual	testing	at	multiple	scales,	the	lacking	uncertainty	quantification	for	such	models,	the	difficulties	
in	the	prediction	of	complex	systems,	as	well	as	the	challenges	for	gathering	and	processing	large	data	sets.	
Indeed,	 these	 challenges	 can	 only	 be	 mastered	 based	 on	 a	 sound	 conceptual	 framework	 and	 a	
comprehensive	reference	model	for	the	digital	twin.		
	
3.	A	Reference	Model	for	the	Digital	Twin	
	
The	need	for	realistic	virtual	product	models	for	design	and	manufacturing	activities	is	ubiquitous.	However,	
current	 approaches	 to	 the	 implementation	 of	 digital	 twins	 lack	 of	 a	 conceptual	 basis.	 This	 hinders	 the	
applicability	of	the	implementations	to	various	activities	in	design	and	production	engineering	and	hence	
handicaps	 the	 efforts	 for	 building	 integrated	 digital	 twins	 of	 physical	 artefacts.	 Motivated	 by	 this	
shortcoming,	we	propose	a	reference	model	for	the	digital	twin,	which	can	be	considered	as	a	template	for	
the	implementation	of	digital	twins	for	specific	applications	while	ensuring	important	model	properties,	such	
as	model	scalability,	interoperability,	expansibility,	and	fidelity.		
	
3.1.	Background	
	
The	conceptual	background	of	the	reference	model	is	borrowed	from	classical	solid	modelling	and	recent	
developments	 in	 ISO	 standards	 for	 Geometrical	 Product	 Specifications	 (GPS),	 which	 offer	 a	 widely	
acknowledged	 framework	 for	 the	 modelling,	 specification,	 and	 verification	 of	 product	 geometry.	 Solid	
modelling	has	 introduced	 the	abstraction-representation	 schema	 to	 conceptualize	 the	 idealized	physical	
product,	and	to	implement	it	on	computers	with	a	suitable	representation.	ISO	GPS	standards	evolved	from	
industrial	best-practices	and	examples	to	more	rigorous	concepts	and	a	language	with	consistent	syntax	and	
semantics	with	the	aim	of	transferring	them	into	the	age	of	digitalization.	These	conceptualization	efforts	
have	led	to	the	development	of	the	GeoSpelling	“language”	[12]	which	is	based	on	sound	concepts	to	allow	
the	 unambiguous	 definition	 of	 geometrical	 specifications	 and	 to	 mirror	 specification	 and	 verification	
operations	on	the	grounds	of	a	duality	principle.	One	of	these	basic	concepts	is	the	Skin	Model,	which	is	an	
abstract	model	of	 the	physical	 interface	between	a	workpiece	and	 its	environment	 [13].	The	Skin	model	
permits	a	mental	model	and	 thought	experiments	 to	develop	a	 theoretical	 inspection	procedure,	hence	
connecting	 the	 specification	world	 to	 the	physical	world.	 Furthermore,	 several	mirrored	operations	 and	
uncertainties	(ambiguities,	method	uncertainty,	implementation	uncertainty)	were	defined	[14].	
	
	
	
	
	



 

 

3.2.	Model	Abstraction	and	Representation	
	
The	 idea	 behind	 the	 comprehensive	 reference	 model	 is	 to	 extend	 and	 transfer	 the	 above	 conceptual	
framework	and	to	convey	the	scientific	fundamentals	of	the	geometrical	product	specification	language	to	
the	vision	of	the	digital	twin.	The	novelty	of	this	reference	model	is	the	particular	focus	on	the	“twinning”	
between	the	physical	and	the	virtual	realm.	In	this	regard,	we	propose	to	endow	the	digital	twin	with	an	
abstract	model	that	comprises	all	characteristics	and	fully	describes	the	physical	twin	at	a	conceptual	level	
throughout	 the	 whole	 product	 life-cycle.	 Based	 on	 this	 abstract	 model	 thoughts	 experiments	 can	 be	
performed,	which	 allows	 to	 capture	 and	understand	 as	well	 as	 to	 clearly	 describe	 the	physical	 twin,	 its	
behaviour	and	its	environment	at	an	abstract	level.		
The	experiences	from	GPS	standardization	and	recent	research	efforts	on	tolerancing	led	to	the	insight	that	
only	the	differentiation	between	the	real	workpiece,	its	abstract	and	conceptual	model	(Skin	Model),	and	
the	virtual	representation	of	this	abstract	model	allows	for	a	clear	understanding	as	well	as	a	forward-looking	
language	for	geometrical	variations	management.	Consequently,	the	concept	of	Skin	Model	Shapes	has	been	
developed	 for	 the	 virtual	 representation	 of	 the	 Skin	Model	 based	 on	 discrete	 geometry	 representation	
schemes	[15].	With	similarity	to	this,	we	propose	a	differentiation	between	the	abstraction	of	the	digital	
twin	and	its	representation	(Fig.	2).	In	this	context,	the	model	representation	may	depend	on	the	particular	
application	and	can	involve	various	representation	and	modelling	paradigms.		
	

	
Fig.	2.	Physical	Twin	and	Reference	Model	for	the	Digital	Twin	(Representation	and	Abstraction).	

	
The	differentiation	between	a	conceptual	model	and	its	virtual	representation	for	the	digital	twin	allows	
achieving	important	model	properties	(Table	1),	such	as	model	scalability,	interoperability,	expansibility,	and	
fidelity.	In	this	regard,	the	abstract	model	description	enables	the	definition	of	model	operations	at	different	
scales,	while	models	 for	 different	 interfaced	 parts	 and	 subassemblies	 of	 a	 product	 can	 be	 conceptually	
queried	and	digital	product	models	can	be	expanded	to	system	models.	
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Table	1	Properties	of	the	Reference	Model	for	the	Digital	Twin.	
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	 Ability	to	provide	an	insight	at	different	

scales	(from	fine	details	to	large	systems).	
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y	 Ability	to	convert,	to	combine,	and	to	

establish	equivalence	between	different	
model	representations.	
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ty
	 Ability	to	integrate,	to	add,	or	to	replace	

models.	

	

Fi
de
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y	

Ability	to	describe	the	closeness	to	the	
physical	product.	

	
	
3.3.	Operations	on	the	Reference	Model	
	
Beside	the	Skin	Model,	the	duality	principle	is	anchored	in	the	ISO	GPS	standards.	It	allows	the	differentiation	
between	 a	 specification	 operator,	 which	 covers	 a	 set	 of	 operations	 that	 are	 used	 to	 define	 certain	
geometrical	specifications	on	the	Skin	Model,	and	the	verification	operator,	which	mirrors	the	specification	
operator	and	comprises	the	operations	that	are	required	to	verify	the	specifications	on	the	real	part.	Though	
the	verification	operator	mirrors	the	specification	operator,	there	will	always	remain	uncertainties	whether	
the	verification	operations	fully	comply	with	the	specification	operator.		
This	duality	principle	as	well	as	the	concept	of	uncertainties	is	also	conveyed	to	the	reference	model	for	the	
digital	 twin.	 In	 this	 regard,	 the	application	of	 a	digital	 twin	 to	different	 scenarios	and	 tasks	 in	design	or	
production	engineering	dictates	to	apply	certain	operations	on	the	digital	twin.	These	operations	depend	on	
the	 specific	 application	 and	 are	 backed	 by	 physical	 counterparts	 (such	 e.g.	 manufacturing	 or	 assembly	
operations).	The	abstraction	of	the	digital	twin	allows	describing	these	operations	on	an	abstract	level,	while	
their	 virtual	 “representation”	 is	 performed	 employing	 specific	 simulation	models.	 Due	 to	 the	 nature	 of	
simulation	 models,	 obviously,	 uncertainties	 will	 remain	 between	 the	 abstract	 description	 of	 a	 certain	
operation	and	its	representation.	We	propose	here	to	classify	the	set	of	operations	in	four	broad	categories,	
namely	conversion,	composition,	decomposition,	and	evaluation.	
Moreover,	 the	 “twinning”	 between	 the	 physical	 world	 and	 the	 virtual	 world	 can	 be	 considered	 as	
observation	and	prediction	phases	at	a	conceptual	level	(Fig.	3).	While	the	information	transfer	from	the	
physical	to	the	digital	twin	is	related	to	the	observation	and	sensing	of	the	physical	twin,	the	information	
transfer	from	the	digital	to	the	physical	twin	originates	from	scientific	assumptions,	simulation	and	virtual	



 

 

testing	 models,	 with	 proper	 handling	 of	 uncertainty,	 used	 to	 predict	 certain	 characteristics	 and	 the	
behaviour	of	the	physical	twin.		

	
	

Fig.	3.	Different	Operations	on	the	Physical	and	the	Digital	Twin	throughout	the	Product	Life-Cycle.	
	
4.	A	Digital	Twin	for	Geometrical	Variations	Management	
The	aim	of	geometrical	variations	management	is	to	ensure	that	the	required	geometrical	characteristics	of	
the	product	are	met	despite	the	presence	of	geometrical	part	deviations.	The	implementation	of	a	digital	
twin	 for	 geometrical	 variations	 management	 hence	 requires	 the	 consideration	 of	 all	 different	 views	
throughout	the	product	life-cycle	that	relate	to	the	specification,	generation,	verification,	and	propagation	
of	geometrical	deviations.	For	each	of	these	views	and	applications,	specific	operations	on	the	digital	twin	
are	defined	and	mirrored	by	corresponding	virtual	representations.	For	this	purpose,	the	set	of	operations	
defined	in	GPS	[16]	are	exploited	and	mapped	to	those	that	operate	on	the	reference	model.	
The	 concept	 of	 Skin	Model	 Shapes	 as	 a	 paradigm	 shift	 in	 computer-aided	 tolerancing	 and	 geometrical	
variations	 management	 [17]	 serves	 as	 a	 first	 approach	 to	 connect	 these	 views	 and	 operations	 in	 a	
comprehensive	model	that	incorporates	manufacturing	process	planning	and	inspection	process	planning	
(Fig.	4).	Thus,	an	important	step	towards	the	“twinning”	between	the	physical	world	and	a	virtual	model	for	
a	 digital	 twin	 in	 geometrical	 variations	management	 has	 been	 taken,	which	 serves	 as	 a	 sound	basis	 for	
ongoing	research.	
	

	
Fig.	4.	Digital	Twin	for	Geometrical	Variations	Management	
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5.	Conclusion	and	Outlook		
	
The	ability	for	assessing	the	consequences	of	product,	process,	and	servicing	decisions	employing	virtual	
models	is	an	important	competitive	factor	for	modern	manufacturing	companies.	The	vision	of	the	digital	
twin	refers	to	an	entangled	relation	between	a	physical	artefact	and	the	set	of	such	virtual	models.		
In	this	paper,	the	history	and	evolvement	of	the	vision	of	the	digital	twin	as	well	as	its	current	understanding	
and	applications	have	been	portrayed.	Beside	this,	current	limitations	to	the	implementation	of	digital	twins	
have	been	discussed	and	a	comprehensive	reference	model	for	the	digital	twin	in	design	and	production	
engineering	 has	 been	 highlighted.	 Particularly,	 this	 reference	 model	 enables	 the	 clear	 differentiation	
between	 a	 conceptual	model	 and	 its	 virtual	 representation	 for	 the	 digital	 twin.	 The	 application	 of	 this	
reference	model	to	geometrical	variations	management	has	also	been	sketched.	The	benefit	of	this	paper	
for	research	as	well	as	industrial	applications	is	the	provision	of	a	first	theoretical	and	conceptual	framework	
for	the	digital	twin,	which	 is	to	be	enriched	by	the	design	and	production	engineering	community	 in	the	
future	 and	 which	 may	 lead	 to	 a	 scientific	 discussion	 about	 the	 vision	 of	 the	 digital	 twin	 and	 its	
implementation	throughout	the	product	life-cycle.		
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