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Abstract 
Advancements	in	material	science	research	have	resulted	in	so	called	2D-materials	to	

become	 increasingly	 more	 available.	 2D-materials	 are	 nano-materials	 that	 are	 only	

one	atom	thick,	and	the	first	of	these	materials	was	discovered	in	2004	and	is	called	

graphene.	Graphene	is	a	hexagonal	atomic	lattice	purely	made	from	carbon	atoms	and	

it	 is	 especially	 interesting	 due	 to	 the	 potential	 of	 its	 properties	 for	 a	wide	 range	 of	

industries	 and	 research	 areas	 including	 Human-Computer	 Interaction	 (HCI).	 High	

quality	 graphene	 conducts	 electricity	 and	 heat	 better	 than	 copper,	 is	 stronger	 than	

steel,	 more	 flexible	 than	 rubber,	 more	 dense	 than	 Helium,	 almost	 completely	

transparent;	all	this	while	at	the	same	time	being	the	lightest	material	in	the	world.		It	

is	not	hard	to	imagine	why	such	a	material	has	caught	the	eye	of	both	companies	and	

researchers.	A	lot	of	work	is	being	done	within	the	realm	of	graphene	research	at	the	

moment	 and	 this	 interest	 is	 also	 reflected	 by	 the	 magnitude	 of	 e.g.	 the	 Graphene	

Flagship.	With	a	budget	of	€1	billion,	the	Graphene	Flagship	represents	a	new	form	of	

joint,	coordinated	research	on	an	unprecedented	scale,	forming	Europe's	biggest	ever	

research	initiative	(Graphene	Flagship,	2018).	However,	even	though	a	lot	of	research	

is	 being	 done	 in	 creating	 and	 improving	methods	 for	 producing	 graphene	 in	 higher	

quality	 and	 larger	 quantity,	 not	much	 experimental	work	 has	 been	 done	within	 the	

field	of	HCI	to	utilize	graphene	for	practical	applications.		

	

The	work	presented	 in	 this	 dissertation	 is	 a	 product	 of	my	participation	 in	 a	 larger	

interdisciplinary	 research	 project	 called	 NIAGRA	 (National	 Initiative	 for	 Advanced	

Graphene	 Coatings	 and	 Composites).	 NIAGRA	 is	 primarily	 constituted	 by	 chemists	

and	 physicists	 and	 my	 role	 has	 been	 to	 explore	 how	 to	 apply	 the	 graphene,	 they	

produced,	for	interaction.	This	dissertation	explores	how	to	utilize	graphene	to	design	

and	 develop	 interactive	 applications	 that	 can	 bridge	 the	 gap	 closer	 between	 the	

physical	 and	 digital	 realm.	 This	 exploration	 has	 been	 carried	 out	 through	 two	

overlapping	 research	 tracks.	 The	 first	 research	 track	 includes	 visionary	 conceptual	

work	and	simulations	of	the	properties	of	graphene	with	existing	technologies,	as	no	

graphene	was	ready	 to	 leave	 the	 lab	 for	 the	 first	 two	years	of	 this	 four-year	project.	

The	second	track	involves	experiments	with	a	variety	of	different	types	of	graphene	as	

well	as	realizing	parts	of	the	ideas	from	track	one	that	was	not	possible	to	prototype	

without	having	actual	graphene	available.	Furthermore,	this	project	has	provided	me	

with	 a	 lot	 of	 experience	 regarding	 interdisciplinary	work	 and	 helped	 identify	 some	

fundamental	challenges	of	such	collaborations.		

	

This	 dissertation	mainly	 operates	 within	 the	 area	 of	 constructive	 play,	 as	 the	 Lego	

Company	was	one	of	the	main	partners	and	resources	in	NIAGRA,	however	several	of	

the	 findings	as	you	will	 see	are	applicable	beyond	 this	area.	The	 findings	derive	not	
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only	 from	 designing	 and	 developing	 applications	 but	 also	 from	 testing	 these	

applications	in-situ	with	real	users	to	identify	play	qualities.	We	have	held	numerous	

large-scale	workshops	with	several	hundred	children	to	evaluate	the	play	experiences	

we	 designed	 for.	 Through	 evaluation	 and	 analysis,	 the	 findings	 from	 research	 track	

one	 have	 been	 synthesized	 into	 concepts	 and	 conceptual	 models	 that	 provide	 an	

overview	 of	 different	 aspects	 of	 the	 design	 space	 for	 interactive	 constructive	 play,	

aiming	to	support	future	designs	in	bridging	the	gap	closer	between	the	physical	and	

the	 digital	 world.	 These	 models	 focus	 on	 balancing	 openended-ness,	 increasing	

expressivity,	and	inducing	creativity	and	collaboration.			

The	findings	 from	research	track	two	is	more	technical	 in	nature,	and	 illustrate	how	

graphene	 can	 help	 bring	 the	 applications	 from	 research	 track	 one	 closer	 to	 the	

visionary	 ideas	 they	 are	based	on.	These	 findings	 also	provide	 an	 indication	of	how	

mature	graphene	is	in	regard	to	its	properties	in	practice	at	this	moment.		

The	results	 indicate	 that	graphene	can	be	used	to	create	novel	applications	and	that	

graphene	in	the	future	will	play	a	significant	role	 in	adding	 interactivity	to	everyday	

objects	and	miniaturization	of	technology.		

	

Resumé 
Fremskridt	inden	for	materialeforskning	har	resulteret	i	såkaldte	2D-materialer,	som	

løbende	bliver	mere	og	mere	tilgængelige.	2D-materialer	er	nano-materialer,	som	kun	

er	 ét	 enkelt	 atomlag	 tykt,	 og	 det	 første	 af	 disse	 materialer	 blev	 opdaget	 i	 2004	 og	

hedder	 grafen.	 Grafen	 er	 	 et	 hexagonalt	 atomart	 gitter	 udelukkende	 bestående	 af	

kulstofatomer	og	det	er	særligt	 interessant	på	grund	af	de	egenskaber	det	har.	Disse	

egenskaber	har	potentiale	 for	 en	bred	vifte	 af	 industrier	og	 forskningsområder	 inkl.	

Human-Computer	Interaction	(HCI).	Grafen	af	høj	kvalitet	leder	elektricitet	og	varme	

bedre	en	kobber,	er	stærkere	end	stål,	mere	fleksibelt	end	gummi,	tættere	end	Helium,	

næsten	 helt	 gennemsigtigt;	 alt	 dette	 samtidig	 med,	 det	 er	 det	 letteste	 materiale	 i	

verden.	Det	er	nemt	at	forestille	sig,	hvorfor	sådan	et	materiale	har	fanget	interessen	

fra	 både	 virksomheder	 og	 forskere.	 Der	 bliver	 arbejdet	 meget	 inden	 for	

grafenforskning	 i	 øjeblikket,	 og	 denne	 interesse	 bliver	 også	 tydeliggjort	 gennem	

størrelsen	 på	 f.eks.	 the	 Graphene	 Flagship.	 Med	 et	 budget	 på	 €1	 milliard	

repræsenterer	the	Graphene	Flagship	en	ny	form	for	tværfaglig	forskning	på	en	hidtil	

uset	 skala	 og	 er	 dermed	 Europas	 største	 forskningsprojekt	 nogensinde	 (Graphene	

Flagship,	2018).	Selvom	der	er	meget	forskning	i	forbindelse	med	at	skabe	og	forbedre	

metoder	til	at	producere	grafen	i	bedre	kvalitet	og	større	mængder,	har	der	ikke	været	

meget	 eksperimentelt	 forskningsarbejde	 indenfor	 HCI	 ift.	 at	 udnytte	 grafen	 i	

applikationer.		
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Det	 arbejde	 som	præsenteres	 i	 denne	 afhandling	 er	 resultatet	 af	min	deltagelse	 i	 et	

større	tværfagligt	forskningsprojekt	kaldet	NIAGRA	(National	Initiative	for	Advanced	

Graphene	Coatings	and	Composites).	NIAGRA	består	primært	af	kemikere	og	fysikere	

og	 min	 rolle	 har	 været	 at	 undersøge,	 hvordan	 man	 kunne	 anvende	 den	 grafen	 de	

producerede	 i	 applikationer.	 Denne	 afhandling	 undersøger,	 hvordan	 man	 kan	

anvende	grafen	til	at	designe	og	udvikle	interaktive	applikationer,	som	kan	knytte	den	

fysiske	 og	 den	 digitale	 verden	 tættere	 sammen.	 Disse	 undersøgelser	 er	 blevet	

foretaget	 i	 to	 overlappende	 spor.	Det	 første	 spor	 indebærer	 visions-	 og	 konceptuelt	

arbejde	samt	simulationer	af	grafens	egenskaber	vha.	eksisterende	teknologier.	Dette	

var	nødvendigt,	fordi	grafenmaterialet	ikke	var	klar	til	at	forlade	laboratorierne	før	2	

år	 inde	 i	 dette	 4-årige	 forskningsprojekt.	 Det	 andet	 spor	 indeholder	 eksperimenter	

med	en	række	forskellige	typer	grafen	samt	at	realisere	nogle	dele	af	spor	1,	som	ikke	

kunne	 prototypes	 uden	 at	 have	 grafen	 tilgængeligt.	 Ydermere	 har	 dette	 projekt	

beriget	mig	med	 en	masse	 erfaring	med	 tværfagligt	 arbejde	 og	 hjulpet	mig	med	 at	

identificere	nogle	fundamentale	udfordringer	i	sådanne	samarbejder.			

	

Afhandlingen	 bevæger	 sig	 primært	 inden	 for	 området	 byggeleg	 (Constructive	 Play),	

idet	Lego	har	været	en	af	de	største	partnere	og	ressourcer	i	NIAGRA,	dog	er	der	flere	

af	mine	forskningsbidrag	som	også	er	anvendelige	uden	for	dette	område.	Bidragene	

stammer	fra	at	designe	og	udvikle	applikationer	og	teste	disse	i	virkelige	omgivelser	

med	brugere	for	at	identificere	legemæssige	kvaliteter.	Vi	har	afholdt	en	række	store	

workshops	 for	 flere	hundrede	børn	 for	at	evaluere	de	 legeoplevelser	vi	har	designet	

for.	Gennem	evaluering	og	analyse	er	bidragene	fra	spor	1	blevet	syntetiseret	ned	til	

koncepter	og	konceptuelle	modeller,	som	giver	et	overblik	over	forskellige	aspekter	af	

designrummet	for	interaktiv	byggeleg.	Målet	med	dette	har	været	at	hjælpe	fremtidige	

designs	 i	 at	 knytte	 det	 fysiske	 tættere	 til	 det	 digitale.	 Modellerne	 fokuserer	 på	 at	

balancere	 rammerne	 for	 frihed	 i	 leg	 (open-endedness),	 øge	 udtryksfuldheden	 og	

opfordre	til	kreativitet	og	samarbejde.		

Structure of Dissertation 
This	dissertation	is	divided	into	two	parts.	Part	1	presents	and	overview	of	the	work	

that	 has	 been	 carried	 out	 during	 the	 last	 four	 years	 and	 how	 this	 work	 is	

interconnected.	 It	 explains	 the	 key	 findings	 from	 my	 research	 papers	 and	 projects	

how	 these	 are	 related.	 In	 addition,	 part	 1	 positions	my	PhD	project	with	 respect	 to	

similar	work	and	sums	the	overall	key	findings	up	to	point	in	future	directions.	 
Part	2	includes	five	research	papers,	which	this	dissertation	is	based	upon.	Each	paper	

holds	 its	 own	 contributions,	 yet	 they	 are	 tied	 together	 either	 on	 an	 inspirational	 or	

practical	basis	by	the	domain	of	graphene-based	interaction	design.	Four	of	these	five	

papers	are	published	and	the	last	one	is	still	spending	for	review	at	this	moment.			 
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PART I 

OVERVIEW 
	

1 INTRODUCTION 

	“The	best	way	to	predict	the	future	is	to	invent	it”	–	Alan	Kay,	1971	

	

The	 research	 in	 this	 dissertation	 is	motivated	by	 a	 general	 interest	 in	 exploring	 the	

opportunities	 and	 challenges	 of	 applying	 the	 properties	 of	 graphene	 for	 novel	

interaction	design	that	can	facilitate	 interesting	new	types	of	experiences.	Currently,	

not	much	work	has	 been	done	within	HCI	 to	 utilize	 the	properties	 of	 graphene	 and	

graphene	is	still	hardly	commercially	available	in	any	applicable	forms.	New	materials	

like	graphene	are	relevant	for	interaction	design	on	a	fundamental	level,	because	they	

hold	the	potential	to	change	the	way	we	interact	with	physical	artifacts	or	even	to	add	

new	ways	entirely.	It	has	been	an	overall	objective	throughout	the	project	to	explore	

how	graphene	can	help	bridge	the	gap	between	the	physical	and	digital	realm	in	a	way	

that	leverages	our	natural	abilities	and	empowers	us	immediately	through	technology	

without	 the	need	 for	prior	complex	skill	acquisition.	As	 the	Lego	Company	has	been	

one	 of	 the	 primary	 partners	 in	 NIAGRA	 it	 has	 been	 natural	 to	 center	 this	 goal	 of	

empowerment	 in	 creativity,	 expressivity	 and	 playfulness.	 Therefore	 the	 project	 has	

two	 distinct	 starting	 points	 both	 in	 terms	 of	 domain,	 but	 also	 in	 terms	 of	 physical	

materials	 and	 resources	 –	 the	 first	 being	 graphene	 and	 the	 second	being	play.	They	

are	depicted	as	blue	circles	in	Figure	1.	The	research	fields	for	these	two	domains	are	

framing	an	essential	part	of	my	PhD-project	in	their	intersection.	Graphene	and	Lego	

as	 materials	 can	 be	 relevant	 for	 research	 in	 a	 variety	 of	 ways,	 many	 of	 which	 has	

nothing	to	do	with	each	other	nor	with	interaction	design,	such	as	e.g.	anti-corrosive	

coding	or	strong	body	armor.	In	Figure	1	I	have	included	some	examples	of	directions	

that	I	have	not	been	involved	in	during	this	project	in	order	to	provide	an	overview	of	

the	 diversity	 and	 vastness	 of	 the	 design	 spaces	 within	 these	 areas.	 The	 NIAGRA	

project	 has	been	 involved	with	numerous	directions	 for	 graphene	 research,	 and	my	

role	as	part	of	the	applications	work	package	has	been	to	link	the	graphene	research	

domain	and	the	Lego/play	domain	in	order	to	create	novel	interactive	experiences.	To	

focus	 the	 research	 further	 a	 third	 circle	 is	 introduced	 representing	 the	 domain	 of	

music.	 It	 is	 common	 for	 Lego	 to	 theme	 their	 play	 experiences	 within	 some	 sort	 of	

universe	such	as	city	construction	(Lego	City),	ninjas	(Ninjago),	or	styling	and	interior	

design	(Lego	Friends).		

When	I	entered	the	project	some	work	had	already	been	done	within	 the	domain	of	

music	and	some	of	the	key	benefits	of	working	with	musically	themed	play	is	that	it	is	
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gender	neutral	and	appeals	to	a	large	span	of	age	groups,	which	together	makes	music	

as	a	theme	useful	for	large-scale	workshops.	

Personally,	 I	 also	 have	 a	 great	 interest	 and	 competence	 in	 digital	 sound	 and	music	

composition,	 which	 turned	 out	 to	 be	 a	 major	 asset	 in	 terms	 of	 qualifying	 and	

developing	the	musical	part	of	the	interaction	on	a	more	complex	level.	My	numerous	

years	 of	 experience	 within	 that	 area	 have	 helped	 not	 only	 in	 the	 development	 of	

sound-oriented	 applications	 but	 also	 to	 provide	 more	 detailed	 analyses	 and	

evaluations.	 This	 has	helped	me	better	 identify	 some	of	 the	 shortcoming	of	 existing	

work	 on	 tangible	 music	 making,	 especially	 in	 relation	 to	 children’s	 play.	

Understanding	the	complex	parts	does	not	only	enable	more	sophisticated	interaction,	

it	also	helps	in	determining	what	parts	should	be	hidden	or	abstracted	away	and	how	

they	should	be	so.	I	would	argue	it	is	easier	to	make	a	good	or	interesting	movie	about	

Chess	if	the	director	himself	knows	a	lot	about	the	game.		

	

On	 a	 fundamental	 level	 I	 wanted	 to	 utilize	 the	 properties	 of	 graphene	 to	 create	

constructive	 play	 experiences	 that	 enabled	me	 to	 explore	 qualities	 of	 new	ways	 of	

expressing	 oneself	 through	 an	 interface.	 I	 focused	 primarily	 on	 enhancing	

expressivity,	 empowerment	 and	 collaboration.	 There	 are	 many	 ways	 to	 do	 so,	 and	

many	of	which	does	not	have	to	include	graphene.	However,	the	scope	of	this	project	

was	to	explore	where	graphene	could	contribute	in	interaction.		

I	 did	not	 start	 off	 by	 establishing	 goals	 and	 then	 afterwards	 tried	 to	 figure	out	how	

graphene	could	help	us	reach	them.	The	initial	approach	was	to	look	at	the	properties	

and	 then	with	 help	 from	 existing	 research	 try	 to	 identify	which	 of	 these	 properties	

could	 be	 useful	 for	 interaction	 and	 how.	 The	 context	 for	 this	 task	 was	 framed	 by	

resources	 in	 the	 overall	 project	 (constructive	 play)	 as	 well	 as	 areas	 of	 personal	

competence	and	passion(music	and	sound).	In	addition,	it	soon	became	framed	by	the	

gradual	advancements	 in	the	degree	to	which	the	theoretical	properties	of	graphene	

could	be	manifested	in	actual	real	life	samples	that	were	able	to	leave	a	chemistry	or	

physics	 lab.	 Finally,	 the	 design	 work	 itself	 also	 helped	 framing	 the	 direction	 even	

narrower,	 as	 I	 gradually	 refined	 the	 goals	 through	 analysis,	 evaluation	 and	

conceptualization.	 We	 found	 there	 was	 an	 interesting	 expressive	 potential	 in	 the	

intersection	 between	 constructive	 music	 making	 and	 the	 conductive	 qualities	 of	

graphene,	as	conductivity	 is	paramount	for	sensing.	Various	types	of	sensing	help	us	

express	different	things	through	an	interface,	and	I	wanted	to	explore	how	graphene	

could	add	to	or	increase	this	expressivity	through	new	ways	of	interacting.	In	this	way	

the	top-down	and	bottom-up	research	approach	informed	not	only	the	overall	project,	

but	 also	 each	 other	 interchangeably	 in	 parallel	 through	 workshop	 findings	 and	

material	experiments.		
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The	center	of	Figure	1	is	where	all	three	research	areas,	graphene,	play,	and	musical	

interaction	 overlap.	 That	 is	where	 I	 have	 aimed	 to	 contribute	with	my	 research.	 As	

shown	my	 research	 is	 primarily	 positioned	 in	 the	 cross	 sections	 between	Graphene	

and	Play	and	between	Play	and	Musical	Interaction.	Combining	the	findings	for	all	this	

research	is	what	constitutes	the	contributions	in	the	center.		

It	is	not	yet	clear	what	impact	graphene	will	potentially	have	on	future	technology	and	

its	potential	is	still	vastly	unexplored	within	the	field	of	HCI.	The	exploration	done	in	

the	scope	of	this	dissertation	have	been	driven	by	four	questions	that	seek	to	initially	

understand	the	current	applicability	of	graphene	in	interaction	design	as	well	as	some	

of	its	potential	for	the	world	in	the	future.	

	

	

	
	

Figure	1.	Three	intersecting	research	fields:	Graphene	research,	play	research,	and	musical	
interaction	research.	Together	the	show	where	the	research	for	this	dissertation	is	positioned	

an	provides	examples	of	themes	outside	the	scope.				 
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Research Questions 
Main	question:	How	can	graphene	research	help	create	expressive	interactive	

experiences	within	the	domain	of	musically	themed	constructive	play? 
	

• How	can	graphene	add	sensing	capabilities	to	constructive	materials	in	order	

to	help	bridge	the	gap	closer	between	the	physical	and	digital?	

• How	can	we	simulate	relevant	properties	of	graphene	in	a	way	that	allows	for	

investigating	its	potential	for	applications	beyond	its	current	capabilities?			

• How	 can	 “tangible	 interaction	 design”-theory	 help	 inform	 the	 design	 and	

development	of	constructive	play	applications	and	vice	versa?	

• How	can	interactive	constructive	play	empower	children	to	musically	express	

themselves	beyond	their	current	ability?		

	

Context of Research: Graphene-based Interaction 
Design for Constructive Play 
	

The	following	two	sections	outline	how	the	work	behind	this	dissertation	was	divided	

into	 two	 parallel	 research	 tracks:	 A	 simulation	 track	 and	 a	 material-driven	 track.	

Following	 that	 is	 an	 overview	 of	 the	 PhD-project	 as	 a	whole	 and	 how	 the	 research	

tracks	and	publications	are	related.		

	

Research Track 1: Property Simulations through 
Prototypes  
 
This	 track	 is	 focused	 on	 creating	 actual	 play	 experiences	 through	 the	 development	

and	deployment	of	functioning	prototypes.	While	these	prototypes	are	not	integrating	

actual	 graphene,	 they	 are	 inspired	 by	 the	 attempt	 to	 simulate	 or	 approximate	

graphene’s	properties	through	other	materials.	They	are	all	centered	on	embedding	a	

digital	layer	into	physical	play	with	bricks.		

The	tradition	I	come	from	and	the	primary	way	of	driving	my	thinking	as	a	researcher	

is	that	of	research	trough	design,	where	the	design	process	and	its	outcome	is	part	of	

research	(Gaver,	2012).	The	reasoning	behind	focusing	on	prototypes	is	derived	from	

the	research	through	design	methodology.	Here	it	is	essential	to	the	research	to	create	

something	functional,	in	order	to	inform	a	research	question	and	prototypes	allow	us	

to	engage	in	wicked	problems	in	meaningful	ways.	

	

This	 track	 contains	 two	 larger	 projects	 where	 prototypes	 were	 using	 different	

materials	 to	 augment	 physical	 bricks.	 These	 prototypes	 were	 tested	 at	 workshops	
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with	 children.	 The	 first	 is	 the	 Lego	World	 Fair	 Project	 (Petersen	 et	 al.,	 2016)	 that	

enabled	children	to	build	and	play	their	own	musical	 instruments.	The	second	is	the	

Hitmachine	Project	 (Jakobsen	 et	 al.,	 2016)	 that	 is	 based	upon	 the	 findings	 from	 the	

first	project	and	 is	more	sophisticated	platform	 for	musical	 instrument	construction	

focusing	on	enhancing	the	expressive	and	social	aspects	of	musical	play	with	Lego	to	

create	a	richer	play	experience.	 In	 the	Hitmachine	project	we	 try	 to	resolve	some	of	

those	 issues	 we	 discovered	 in	 the	 Lego	 World	 fair	 project.	 More	 specifically	 these	

issues	were	linked	to	an	imbalance	in	expressivity	between	the	physical	materials	and	

the	 digital	 output.	 Our	 approach	 to	 this	 was	 to	 (a)	 balance	 out	 the	 complexity	 by	

adding	more	 output	 opportunities	 and	 (b)	 try	 to	 provide	 richer	 and	more	 dynamic	

interaction.		

	

Research Track 2: Material Exploration and 
Graphene Experiments  
 
As	 a	 part	 of	 the	 Niagra	 Project,	 I	 am	 fortunate	 to	 have	 connections	 within	 the	

chemistry	and	physics	departments	as	well	as	the	Lego	organization.	This	means	that	

not	only	can	 I	 follow	 the	commercial	progress	 regarding	graphene,	 I	 can	also	 follow	

the	material	research	in	the	scientific	community	closely.	I	am	especially	interested	in	

the	use	of	graphene’s	electrically	conductive	properties	and	how	to	 integrate	 that	 in	

the	 creation	 of	 new	 types	 of	 bricks.	 In	 the	 beginning	 of	my	 project	 this	 track	were	

running	 in	 parallel	 with	 research	 track	 1,	 and	 in	 practice	 it	 was	 all	 about	 doing	 as	

many	 experiments	 with	 graphene	 as	 possible	 and	 visit	 different	 labs	 to	 gain	

knowledge	and	access	to	equipment.	In	the	beginning	of	my	PhD-studies	the	graphene	

we	could	get	out	of	the	lab	was	either	in	very	low	quality	or	in	microscopic	amounts.	

This	meant	that	a	lot	of	my	initial	experiments	in	this	track	were	dead	ends.	I	worked	

with	ink,	3D-print	and	transparent	graphene	flakes,	but	all	of	these	experiments	failed	

because	 the	 conductivity	 was	 almost	 non-existing.	 When	 we	 managed	 to	 injection	

mold	 high	 quality	 graphene	 powder	 into	 ABS	 to	 create	 conductive	 Lego	 Bricks	 this	

track	 really	 took	 off.	 I	 used	 these	 conductive	 bricks	 to	 implement	 some	 of	 the	

functionality	that	was	hard	to	simulate	in	research	track	1.		

 

In	 an	 attempt	 to	 exploit	 the	 conductivity	 of	 the	 bricks	 I	 have	 conducted	 a	 range	 of	

different	experiments	at	the	chemistry	department	at	Aarhus	University	together	with	

a	 nano-scientist	 specialized	 in	 the	 graphene,	 Emil	 Bjerglund	Pedersen	 and	 a	Master	

student	in	organic	chemistry,	Kristian	Damgaard	Schøler	Sørensen.	At	this	point	only	

the	 3D	 printed	 bricks	 existed.	 We	 did	 impedance	 spectroscopy	 on	 the	 3D	 printed	

bricks,	which	 is	a	method	where	an	alternating	current	 is	sent	 through	one	or	more	

bricks	 at	 various	 frequencies	 using	 electrodes.	 This	 creates	 a	 kind	 of	 profile	 for	 the	
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brick	where	you	can	see	how	the	resistance	changes	as	a	result	of	the	frequencies.	The	

idea	 is	 to	use	 this	profile	as	a	way	 for	 the	 computer	 to	 classify	different	 shapes	and	

sizes	of	Lego	models.	This	method	does	not	need	the	conductivity	to	be	very	good,	it	

just	needs	the	conductivity	to	be	different	relative	to	something	else,	e.g.	one	brick	vs.	

two	 bricks	 on	 top	 of	 each	 other.	 Ideally	 this	 profile	 should	 be	 consistent	 for	 every	

measurement,	 however	 we	 found	 that	 the	 heterogeneity	 of	 the	 3D	 printed	 bricks	

made	 it	 impossible	 to	 obtain	 the	 same	 profile	 twice.	 3D	 printed	 bricks	 are	made	 of	

several	layers	of	material	and	while	the	conductivity	in	one	layer	is	good	enough	the	

conductivity	from	one	layer	to	another	suffers	severely.	 

This	made	us	believe	 that	 if	we	could	 just	obtain	a	more	homogenous	structure,	 the	

problem	might	be	solved.	Therefore,	we	requested	such	bricks	from	Lego,	and	shortly	

after	 they	produced	 the	 injection	molded	bricks	 from	 the	 same	 type	of	 granulate.	A	

badge	of	these	bricks	was	delivered	to	a	nano-scientist	from	University	of	Copenhagen	

(KU),	 Adam	 Carsten	 Stoot.	 Adam	 and	 I	 repeated	 the	 experiment	 on	 the	 injection	

molded	bricks	and	achieved	some	promising	and	more	consistent	results.	At	this	stage	

more	 experiments	 need	 to	 be	 done	 in	 order	 to	 confirm	 whether	 the	 profiles	 are	

actually	consistent,	but	these	are	brand	new	result	that	we	plan	on	following	up	on	in	

the	 nearest	 future.	 Ultimately,	 I	 ended	 up	 using	 another	 method	 of	 combining	

capacitive	and	 resistive	data	with	SVM	machine	 learning	 to	 classify	 the	models.	The	

classification	accuracy	for	these	experiments	was	97,5%	(Jakobsen	et	al.,	2018).	

The	interesting	link	to	interaction	design	is	that	 if	we	are	able	to	obtain	a	consistent	

classification	 for	 a	 certain	 combination	 of	 bricks,	 it	 means	 we	 can	 recognize	 these	

structures	and	then	provide	some	kind	of	feedback	accordingly.	In	relation	to	research	

track	1	this	could	be	letting	the	shape	of	a	model	determine	the	timbre	of	the	sound	on	

an	instrument	or	even	more	generically	use	physical	Lego	to	build	digital	CAD	models.	

Figure	2	illustrates	how	papers,	projects	and	research	tracks	are	related	to	each	other.			

	

PhD-Project Overview 
 
The	grey	lines	in	Figure	2	represent	the	two	research	tracks.	Track	1	is	the	simulation	

track	 and	 Track	 2	 is	material	 track.	 The	 circles	 represent	 academic	 papers	 and	 the	

squares	 represent	 other	 work	 that	 did	 not	 result	 directly	 in	 papers.	 The	 arrows	

indicate	 the	 connection	 I	 have	 focused	 on	 mostly	 in	 this	 dissertation,	 namely	 the	

findings	 from	 Paper	 1	 leading	 to	 Paper	 2	 and	 the	 findings	 from	 Paper	 2	 leading	 to	

Paper	5.	My	PhD-studies	started	with	creating	an	initial	 idea	catalogue	that	sketched	

out	different	ideas	for	directions	and	graphene-based	components.	Figure	3	shows	an	

extract	of	these	ideas.	The	catalogue	inspired	not	only	the	following	work	but	also	the	

separation	 into	 two	 research	 tracks.	 The	 projects	 in	 Track	 1	 are	 centered	 on	
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simulating	 the	 properties	 of	 graphene	 and	 try	 to	 facilitate	 experiences	 based	 on	

prototypes	that	mimic	actual	interactive	materials.		

	

 
Figure	2.	Project	overview.	This	figure	shows	the	relationship	between	my	papers	and	the	two	
research	tracks.	Note	that	these	numbers	do	not	show	the	order	of	the	papers	in	part	II	of	the	

dissertation.	 

Paper	1	is	called	“Framing	Open-ended	and	Constructive	Play	with	Emerging	Interactive	

Materials”	and	is	based	on	the	findings	from	a	workshop	at	the	Lego	World	fair	with	

more	than	500	children.	At	this	workshop	the	children	could	build	their	own	musical	

instruments	from	Lego,	copper	tape	and	Makey	Makey-boards	(Petersen	et	al.,	2016).		

	

Paper	 1	was	 published	 as	 a	 full	 paper	 and	presented	 by	me	 at	 the	 IDC	 conference,	

2015.	The	 findings	 from	Paper	1	 inspired	 the	next	project	 called	Hitmachine,	which	

tried	to	resolve	some	of	the	issues	that	we	found	in	the	first	project.	Hitmachine	also	

allowed	 children	 to	 build	 their	 own	 musical	 instruments	 but	 this	 time	 with	 Lego	

Mindstorms	and	a	range	of	different	sensors	like	ultra-sound	sensors,	gyroscopes	and	

color	sensors.	These	instruments	were	designed	to	be	richer	in	terms	of	both	musical	

expressivity	 as	well	 as	 interactive	 flexibility	 and	 customization.	 This	was	 evaluated	

through	a	workshop	in	a	primary	school	with	more	than	150	children	at	the	age	from	

3-13.	 The	 Hitmachine	 workshops	 were	 a	 comprehensive	 user	 study	 as	 well	 as	 a	

collaborative	effort	between	myself	and	two	master	students	Jakob	Winge	and	Jeppe	

Stougaard	 as	 well	 as	 another	 PhD	 student,	 Jens	 Emil	 Grønbæk.	 These	 workshops	

resulted	in	three	different	papers:	Paper	2,	Paper	3	and	Paper	4.		
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Paper	 2	 is	 called	 “Expressivity	 in	Open-ended	Constructive	Play:	Building	and	Playing	

Musical	Lego	Instruments”	and	focuses	on	the	play	experience	itself	and	explores	how	

the	children	utilize	the	Hitmachine	Platform	to	build	and	play	musical	instruments.	It	

investigates	 the	 details	 of	 how	 the	 children	 designed	 for	 or	 influenced	 their	 own	

interaction	and	how	well	Hitmachine	empowered	the	children	to	create	music	beyond	

their	 usual	 ability.	 Both	 Lego	 construction	 and	 music	 making	 can	 be	 two	 very	

expressive	languages.	However,	it	is	not	a	mundane	task	to	have	the	two	compliment	

each	 other.	 Paper	 2	 digs	 deep	 into	 the	 term	 expressivity	 both	 on	 a	 practical	 and	

conceptual	 level	 and	 shows	 how	 tangible	 interaction	 can	 facilitate	 an	 immediate	

empowerment.	 My	 experiences	 at	 the	 workshops	 emphasize	 that	 tangible	 music	

making	 is	 a	 promising	 application	 area	 for	 graphene	 to	 become	 the	 foundation	 for	

new	interactive	materials.	Paper	2	was	published	as	a	full	paper	and	presented	by	me	

at	the	IDC	conference,	2016.	

	

Paper	 3	 is	 called	 “Designing	 for	 Children’s	 Collective	 Music	 Making:	 How	 Spatial	

Orientation	 and	 Configuration	Matter”	 and	 focuses	 on	 the	 social	 aspects	 of	 creating	

musical	instruments	and	music	together	(Grønbæk,	J.	E.,	et	al.,	2016).	Paper	3	provides	

a	detailed	analysis	of	the	orientation	of	access	points	as	well	as	spatial	configuration,	

system	design,	and	interior	design	and	their	 influence	on	collaboration.	Paper	3	was	

published	 as	 a	 full	 paper	 and	 presented	 by	 Jens	 Emil	 Grønbæk	 and	 myself	 at	 the	

NordiChi	conference,	2016.		

	

Paper	 4	 is	 called	 “Hitmachine:	 Collective	 Musical	 Expressivity	 for	 Novices”	 and	 is	 a	

technical	paper	focusing	on	the	music	theory	that	is	the	foundation	for	the	backend	of	

Hitmachine	(Jakobsen,	2016).	Being	able	 to	choose	their	own	sensors	and	their	own	

sound	 for	 the	 instrument	 create	 freedom	 that	 lets	 the	 children	 customize	 their	

instruments	to	look,	sound,	and	be	played	like	they	want	to.	Hitmachine	implements	a	

musical	 framework	 developed	 by	 Jakob	 Winge	 and	 myself,	 which	 is	 based	 upon	 a	

combination	of	our	own	years	of	practical	 experience	with	music	making	as	well	 as	

knowledge	 gained	 from	 Hooktheory	 (Hooktheory,	 2018).	 This	 framework	 abstracts	

away	the	need	for	theoretical	knowledge	or	refined	motor	skills	on	the	user’s	part.	As	

a	result	the	user	is	immediately	empowered	to	create	music	that	are	always	harmonic,	

in	time	and	fits	to	what	else	music	is	played	in	the	room.	Paper	4	explains	how	this	is	

possible	 and	 how	 it	 works	 in	 practice.	 In	 addition	 we	 use	 industry	 standard	

synthesizers	 so	 the	 quality	 of	 sound	 matches	 the	 sounds	 used	 in	 professional	 pop	

music	today.	Paper	4	was	published	as	a	full	paper	and	presented	by	me	at	the	NIME	

conference,	2016.		

In	this	dissertation	my	main	focus	is	to	provide	an	overview	on	how	graphene	started	

off	inspiring	projects	and	ended	up	help	realize	some	missing	parts	of	those	projects.	

As	Paper	2,	Paper	3	and	Paper	4	are	all	based	on	the	Hitmachine	project,	I	have	chosen	
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to	only	include	discussions	of	Paper	2	in	part	1	of	this	dissertation.	Paper	3	and	Paper	

4	 are	 still	 included	 in	 part	 2,	 but	 the	 findings	 in	 Paper	 2	 are	 the	 ones	 directing	my	

following	project	of	implementing	actual	graphene	in	a	prototype	leading	to	Paper	5.	

The	findings	in	Paper	3	and	4	are	both	interesting	and	important	on	their	own	merits	

but	are	not	very	closely	related	 to	graphene,	besides	 the	 fact	 that	 they	are	based	on	

the	Hitmachine	workshops.		

	

Paper	 5	 is	 called	 “BrickSense:	 Exploring	 Sensing	 Techniques	 for	 Graphene-enhanced	

Bricks”	 and	 is	 a	 paper	 finally	 implementing	 actual	 graphene	 in	 the	 prototype	 (Note	

how	Paper	5	 is	placed	 in	 the	buttom	of	Track	2	 in	Figure	2).	At	 this	point	graphene	

was	 mature	 enough	 in	 both	 quality	 and	 quantity	 to	 be	 applicable	 for	 creating	

conductive	 injection	 molded	 Lego	 bricks.	 Paper	 5	 shows	 how	 these	 graphene-

enhanced	 bricks	 can	 be	 used	 as	 sensors	 to	 recognize	 shapes	 of	 different	models	 as	

well	 as	 touch	 and	 proximity	 from	 a	 human.	We	 demonstrate	 two	 different	 sensing	

techniques.	 The	 first	 technique	 combines	 capacitive	 and	 resistive	 data	 with	 SVM-

machine	 learning	 to	 create	 a	 classifier.	 The	 second	 are	 initial	 experiments	 with	

Impedance	Spectroscopy	that	creates	an	impedance	profile	for	a	model	by	sweeping	it	

with	a	wide	range	of	frequencies.	Being	able	to	classify	models	without	a	camera	but	

solely	on	 their	 electrical	properties	and	without	 instrumenting	 the	 individual	bricks	

or	 a	 board	 beneath	 them	 is	 a	 huge	 step	 towards	 new	 types	 of	 applications.	 In	 the	

BrickSense	project	I	implemented	some	of	the	functionally	that	Hitmachine	lacked	due	

to	 its	more	 loosely	 coupled	material	 integration.	 Paper	5	 is	 submitted	 to	 the	TEI’19	

conference	pending	for	review.		

If	we	take	a	look	at	some	of	the	other	activities	in	Figure	2(The	squares)	the	first	one	

in	Track	2	after	 the	 Initial	 Idea	Catalogue	 includes	Material	Research,	Lab	Work	and	

Graphene	 experiments.	 These	 activities	 cover	 learning	 about	 different	 types	 of	

graphene	 and	manufacturing	 processes,	 Collaborating	 with	 other	 scientists	 in	 their	

labs	 getting	 hands-on	 experience	 with	 graphene,	 and	 conducting	 experiments	 with	

graphene-based	 ink,	 conductive	 3D-print	 and	 later	 also	 transparent	 cvd-graphene	

flakes.	 In	 the	 buttom	 right	 corner	 of	 Figure	 2	 is	 a	 square	 labeled	 CVD-graphene	

sensors.	 This	 represent	 some	 experiments	 happening	 at	 the	 same	 time	 as	 the	

BrickSense-project	 where	 we	 achieved	 CVD-graphene	 of	 a	 good	 enough	 quality	 to	

create	 transparent	 capacitive	 touch-	 and	 proximity	 sensors.	 The	 graphene	 sheets	

were	 chemically	 transferred	 to	Plexiglas,	 and	 the	 transferring	process	 created	 some	

small	wrinkle-like	defects	in	the	plastic.	However,	the	graphene	was	not	damaged	at	in	

this	process	and	 it	was	almost	 impossible	 to	 spot	 that	anything	was	attached	 to	 the	

surface	of	the	Plexiglas.	
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Figure	3.	Initial	Idea	Catalogue	for	Components.	

	

Publication Overview   
Paper	 1:	Petersen,	M.	G.,	Rasmussen,	M.	K.,	 Jakobsen,	K.	B.	Framing	Open-ended	and	
Constructive	Play	with	Emerging	Interactive	Materials.	Published	as	full	paper	at	ACM	
SIGCHI,	Interaction	Design	and	Children,	IDC,	2015,	Medford,	Massachusetts.		
	
Paper	 2:	 Jakobsen,	 K.	 B.,	 Stougaard,	 J.,	 Winge,	 J.,	 Grønbæk,	 J.	 E.,	 Rasmussen,	 M.	 K.,	
Petersen,	 M.	 G.	 Expressivity	 in	 Open-ended	 Constructive	 Play:	 Building	 and	 Playing	
Musical	Lego	Instruments.	 Published	as	 full	paper	at	ACM	SIGCHI,	 Interaction	Design	
and	Children,	IDC,	2016,	Manchester,	UK.	
	
Paper	 3:	Grønbæk,	 J.	E.,	 Jakobsen,	K.	B.,	Petersen,	M.	G.,	Rasmussen,	M.	K.,	Winge,	 J.,	
Stougaard,	 J.	Designing	for	Children’s	Collective	Music	Making:	How	Spatial	Orientation	
and	 Configuration	 Matter.	 Published	 as	 full	 paper	 at	 NordiChi,	 2016,	 Gothenburg,	
Sweden.	
	
Paper	 4:	 Jakobsen,	 K.	 B.,	 Winge,	 J.,	 Stougaard,	 J.,	 Grønbæk,	 J.	 E.,	 Rasmussen,	 M.	 K.,	
Petersen,	M.	G.	Hitmachine:	Collective	Musical	Expressivity	for	Novices.	Published	as	full	
paper	at	New	Interfaces	for	Musical	Expression,	NIME,	2016,	Brisbane,	AU.	
	
Paper	 5:	 Jakobsen,	 K.	 B.,	 Rasmussen,	 M.	 K.,	 Hogan,	 E.,	 Petersen,	 M.	 G.	 BrickSense:	
Exploring	 Sensing	 Techniques	 for	 Graphene-enhanced	 Bricks.	 Pending	 for	 review,	
Tangible	Embedded	and	Embodied	Interaction,	TEI,	2019,	Tempe,	Arizona.		
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2 RESEARCH APPROACH 

As	an	interdisciplinary	interaction	design	research	project	involving	material	science,	

my	 work	 has	 been	 multifaceted	 and	 required	 me	 to	 inhabit	 several	 different	 roles	

from	lab	worker,	to	interaction	designer	as	well	as	facilitator	of	in-situ	studies	through	

workshops.		

This	means	that	multiple	methods	have	been	necessary	in	order	to	obtain	the	results	

presented	in	my	research	papers	and	this	dissertation.		In	the	following	section	I	will	

elaborate	on	this	multi-method	comprised	of	the	three	dominant	research	methods	of	

this	project:	Research	through	design,	empirical	studies	and	laboratory	experiments.		

	

Map of Design Research 
Liz	Sanders	lays	out	a	map	of	design	research	(Figure	4)	in	order	to	bring	clarity	and	

light	 to	 the	 landscape	of	 the	design	 research	 space	 (Sanders,	 2008).	The	purpose	of	

this	map	 is	 to	visualize	and	hold	still	 the	 relationships	between	existing	approaches	

derived	from	different	perspectives	(y-axis)	and	mind-sets	(x-axis).	The	research-led	

perspective	 has	 the	 longest	 history	 and	 has	 been	 driven	 by	 applied	 psychologists,	

anthropologists,	 sociologists	 and	 engineers,	 while	 the	 design-led	 perspective	 has	

come	 into	 view	 more	 recently	 and	 is	 where	 the	 growth	 in	 design	 research	 was	

happening	 ten	 years	 ago	 (Sanders,	 2008)	 and	 is	 still	 currently	 happening.	 I	 myself	

have	experienced	this	 throughout	 the	courses	at	Aarhus	University	as	many	courses	

has	looked	to	arts	and	design	for	inspiration	and	involved	tools	and	methods	that	has	

been	 crucial	 to	 the	 carrying	 out	 of	 my	 Ph.D.	 project,	 such	 as	 visualization	 and	

storytelling	and	video	prototyping	 for	 the	early	stages	of	a	design	project	 to	explore	

the	design	space.		

The	 Expert	mindset	 (left)	 and	 Participatory	mindset	 (right)	 on	 the	 x-axis	 represent	

two	opposing	ways	of	 viewing	 the	 role	of	 the	designer	 and	 the	people	 the	designed	

artifact	or	service	is	 intended	for.	The	left	side	of	the	map	describes	a	culture	where	

design	 researchers	 are	 considered	 experts	 that	 are	 concerned	 with	 designing	 for	

people.	Here	people	are	often	referred	to	as	“users”,	“subjects”,	“consumers”	etc.	The	

right	 side	 of	 the	map	 describes	 a	 culture	 of	 participatory	 design,	where	 people	 are	

involved	as	co-creators	in	the	design	process	and	regarded	as	the	true	experts	in	their	

own	 domains	 of	 experience	 such	 as	 living,	 learning	 and	 working.	 Here	 the	 design	

researcher	 designs	with	 people	 and	 people	 are	 often	 referred	 to	 as	 “participants”,	

“partners”,	“co-creators”	etc.				
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Figure	4.	Map	of	Design	Research	–	Research	Types.	

	

According	to	Sanders	the	largest	and	most	developed	are	is	the	user-centered	design	

zone.	The	 traditional	way	of	user-centered	design	 is	 to	use	 research-led	approaches	

with	 an	 expert	 mind-set	 to	 collect,	 analyze	 and	 interpret	 data	 in	 order	 to	 develop	

specifications	to	guide	or	principles	to	inform	the	design	development	of	products	and	

services	 (Sanders,	 2008).	My	 own	 research	would	 be	 positioned	 somewhere	 in	 the	

upper	 left	 quadrant	 within	 the	 zone	 of	 user-centered	 design.	 My	 background	 is	 in	

product	 development	 and	 interaction	 design	 and	 not	 in	 psychology,	 anthropology,	

sociology	or	engineering,	and	therefore	my	expertise	are	more	naturally	aligned	with	

that	 of	 the	 design-led	 perspective	 than	 the	 research-led	 perspective	 for	 traditional	

user-centered	design.	At	the	same	time	I	would	position	my	research	somewhat	close	

to	the	middle	of	the	x-axis	as	I	do	view	the	“users”	as	being	the	experts	of	their	own	

experience,	and	have	focused	on	and	prioritized	facilitating	in-situ	workshops	where	

children	could	design	on	their	own.	It	is	a	bit	complicated,	because	when	working	with	

designing	for	constructive	play,	we	are	not	as	such	designing	a	product,	but	rather	a	

platform	 for	 creation.	This	 creates	 a	 kind	of	 layered	 structure	 in	 the	design	process	

itself.		

At	 the	 bottom	 layer	 we	 have	 the	 user-centered	 design	 approach	 of	 me	 and	 my	

colleagues	 designing	 a	 platform	 for	 interactive	 constructive	 play.	 Here	 we	 utilize	

knowledge	 about	 interaction	 design,	 music	 theory	 and	 play	 theory	 to	 design	

something	 for	the	 “users”.	The	design	 space	within	 the	 scope	of	 these	platforms	are	

framed	thematically	and	bounded	by	the	materials	and	possible	interactions	available	
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(music,	bricks	and	sensors).	However,	the	findings	in	my	papers	are	not	only	a	result	

of	evaluating	how	our	platform	changes	the	world	of	 the	children	but	also	how	they	

use	 the	 platform	 to	 change	 their	 own	 world.	 This	 creates	 a	 kind	 of	 participatory	

design	 layer	 on	 top	 of	 the	 user-centered	 one.	 This	 should	 not	 be	 understood	 as	

participatory	design	in	an	archetypical	sense,	as	the	children	do	not	actively	function	

as	co-creators	of	the	platform	itself,	but	within	the	scope	of	the	workshop	the	outcome	

is	 a	 collaborative	 effort	 among	 the	 children	 themselves	 and	 between	 us	 and	 the	

children,	through	us	guiding	and	helping	them.	This	is	the	inherent	nature	of	research	

based	on	designing	tools	or	platforms	for	creation	rather	than	products	or	services	for	

use	or	consumption.						

So	 on	 one	 hand	 we	 design	 something	 for	 the	 “users”	 and	 at	 the	 same	 time	 this	

empowers	them	to	become	“participants”	and	design	with	us.		

The	children	also	become	co-creators	on	an	inter-project	level	as	the	findings	from	my	

individual	 research	 projects	 informed	 the	 development	 of	 each	 other	 as	 showed	 in	

Figure	 2.	 It	 is	 not	 only	 how	 the	 children	 used	what	we	 created	 but	 also	what	 they	

created	themselves	that	have	helped	guide	and	inform	the	projects	that	followed.		

	

	

Empirical Studies – Large-scale Workshops 
Throughout	 my	 work,	 I	 have	 conducted	 multiple	 empirical	 studies	 in	 the	 form	 of	

large-scale	workshops	with	children.	One	workshop	had	more	than	500	participants	

and	another	had	about	150	participants.	These	workshops	have	been	combined	with	

observations	and	to	a	large	extend	documented	with	video	recordings	and	pictures	for	

later	analysis.		

Both	 teachers	 and	 children	 were	 also	 interviewed	 to	 provide	 more	 in	 depth	

knowledge	 about	 their	 personal	 experience	 at	 the	 workshop.	 Interviewing	

participants	 (in	 our	 case	 children)	 can	 provide	 qualitative	 insight	 into	 their	mental	

model	 of	 their	 experience	 on	 and	 how	 they	 think	 about	 the	 interaction	 in	 terms	 of	

abstraction.	 An	 example	 of	 this	 was	 some	 of	 the	 children	 describing	 their	 musical	

instruments	as	robots.		

Interviewing	 the	 teachers	 that	 observed	 the	 workshop	 was	 valuable	 as	 well.	 Their	

knowledge	 about	 and	 prior	 history	 with	 the	 children,	 enables	 them	 to	 identify	

differences	 in	behavior	 compared	 to	what	 they	 are	used	 to.	An	 example	of	 this	was	

that	teachers	told	us	that	some	of	the	normally	shy,	cautious	or	hesitant	children	were	

observed	 in	 an	 unusual	 role	 at	 the	 workshop,	 when	 performing	 on	 stage	 for	 the	

others.	Some	of	the	most	hesitant	children	were	the	hardest	to	get	to	leave	the	stage	

again.	Had	we	 relied	 only	 on	 observations	 and	 interviewing	 the	 children,	we	would	

not	have	been	able	to	detect	these	changes	in	behavior	at	the	workshop.		
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Analyzing	data	from	such	large-scale	workshop	is	an	enormous	task	in	itself.	In	order	

to	 properly	 get	 an	 overview	 of	 the	 data	 we	 developed	 a	 software	 application	 that	

allowed	us	to	tag	pictures	with	keywords	and	link	these	pictures	to	video	clips.	In	this	

way	 we	 were	 able	 to	 sort	 all	 musical	 instruments	 in	 terms	 of	 information	 like	 the	

children’s	age,	the	choice,	number,	and	direction	of	sensors,	the	characteristics	of	the	

physical	 form	 etc.	 By	 linking	 pictures	 of	 instruments	 to	 video	 clips	 we	 could	 then	

compare	the	nature	of	the	instrument	to	the	way	it	was	played,	and	get	a	sense	of	the	

mood	 and	 collaboration	 around	 each	 individual	 instrument.	 This	 cumbersome	

analytical	 phase	was	 essential	 to	 understanding	 the	qualities	 of	 the	play	 experience	

and	what	aspects	affected	them	along	with	ensuring	that	I	was	informing	my	research	

questions.		

	

The	ideas	and	prototypes	constituting	the	basis	for	the	workshops	have	been	inspired	

from	four	main	areas:	Graphene	research,	play	theory,	music	theory,	and	state-of-the-

art	technologies	in	HCI	research.	Altogether,	knowledge	from	these	areas	has	guided	

both	the	design	and	development	process	on	a	theoretical	as	well	as	practical	level.	

Our	findings	have	helped	assist	the	knowledge	gained	from	theory	and	related	work.	

The	 findings	 manifest	 as	 both	 domain	 specific	 insights	 within	 graphene-based	

interaction	 design	 and	 constructive	 play	 as	 well	 as	 some	 more	 generalizable	

considerations	 for	 designing	 for	 constructive	 interaction.	 As	 mentioned	 earlier,	 the	

individual	projects	have	been	 feeding	 into	 the	next	ones	and	 in	many	ways	serve	as	

multiple	iterations	on	exploring	areas	such	as	expressivity	and	mapping	strategies	for	

sensors.	 However,	 even	 though	 it	 is	 possible	 to	 make	 generalizations	 to	 a	 certain	

degree,	design	as	a	practice	comes	with	some	 intrinsic	challenges	 in	 this	regard	as	 I	

will	discuss	in	the	following	section.		

	

The Scientific approach vs. the Designerly Way 
Working	with	hundreds	of	children	and	large-scale	workshops	comes	with	large	data	

sets	 as	 well.	 Anyone	 who	 has	 been	 involved	 in	 a	 project	 with	 large	 data	 sets	 for	

qualitative	studies	will	be	aware,	that	there	is	a	difficult	challenge	in	figuring	out	how	

to	analyze	this	data	as	well	as	doing	the	analysis	 itself.	 In	the	case	of	our	workshops	

we	 are	 not	 testing	 for	 well-defined	 parameters	 such	 as	 building	 speed,	 number	 of	

bricks	 used	 or	 anything	 directly	 measurable.	 Instead	 we	 have	 been	 interested	 in	

exploring	 how	 to	 design	 platforms	 that	 allowed	 for	 children’s	 co-design	 and	 co-

creation	and	how	these	designs	and	creations	were	reflected	with	regard	to	musical	

expressivity	 as	 the	 outcome	 of	 interacting	 with	 the	 self-made	 artifacts.	 In	 order	 to	

evaluate	the	workshop	experience	under	these	conditions	we	had	to	choose	what	to	

look	 for.	The	workshops	were	recorded	on	video	and	workshop	activities	as	well	as	

the	children’s	instruments	were	photographed.	For	the	Hitmachine	project,	in	order	to	
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analyze	this	we	built	a	software	application	that	could	link	a	picture	of	an	instrument	

to	 a	 video	 of	 that	 same	 instrument	 in	 use.	 In	 addition	 our	 application	 could	 tag	

instruments	with	 tags	 that	we	 created	 in	 the	 design	 team.	 To	 do	 this	we	needed	 to	

choose	 what	 to	 look	 for.	 These	 tags	 could	 e.g.	 be	 how	many	 sensors	 were	 used	 or	

whether	the	children	collaborated	when	playing	it.	Creating	tags	like	this	is	no	trivial	

task.	 The	 decisions	 for	 the	 content	 of	 the	 tags	 are	 inevitably	 judgement-based,	 and	

creating	 them	 encompasses	 a	 complex	 range	 of	 decisions.	 We	 had	 some	 goals	

regarding	 expressivity,	 empowerment	 and	 collaboration,	 so	 first	 we	 needed	 to	

determine	which	parts	of	the	experience	would	best	give	insight	into	these	aspects.				

	

We	 looked	 for	patterns	and	ways	 to	generalize	what	certain	design	decisions	meant	

for	 the	 outcome	 in	 terms	 of	 expressivity,	 empowerment	 and	 collaboration.	 This	

turned	out	 to	 be	more	 complicated	 than	we	 initially	 expected	because	 the	designed	

models	were	unique	in	so	many	various	ways.	This	“problem”	touches	upon	the	very	

foundation	of	what	 research	 through	design	 is,	 how	 it	operates,	 and	how	 it	 can	and	

should	be	used.		

The	 phenomenon	 can	 be	 described	 with	 Stolterman’s	 suggestion	 that	 designed	

artifacts	 should	 be	 seen	 as	 ultimate	 particulars,	meaning	 that	 design	 is	 usually	 not	

concerned	 with	 the	 universal	 or	 general	 but	 rather	 with	 particulars	 (Stolterman,	

2008).		This	makes	it	hard	to	study	designs	in	the	format	of	“many”,	sums	or	averages,	

which	is	the	basic	approach	of	science.	Gaver’s	metaphor	for	the	ultimate	particular	is	

that	designs	can	be	seen	as	occupying	a	point	in	design	space	or	as	creating	a	design	

space	 around	 themselves	 (Gaver,	 2011).	 In	 this	 account,	 the	 relationships	 between	

designs	 are	 acknowledged	 as	 well,	 as	 points	 closer	 to	 each	 other	 in	 that	 space	

resemble	 each	 other	 more.	 Stolterman	 points	 out	 that	 it	 is	 evident	 in	 the	 modern	

academic	world	of	HCI	 that	 a	huge	majority	 is	 engaged	with	particulars	and	how	 to	

deal	with	them,	while	at	the	same	time	the	pursuit	of	the	universal	is	considered	most	

valuable.	

This	 dichotomy	 creates	 a	 methodological	 and	 maybe	 even	 more	 importantly	 a	

paradigmatic	 conflict.	 Because,	 in	 reality,	 most	 practicing	 designers,	 do	 not	 engage	

with	major	 theoretical	 approaches	 in	HCI	 (Gaver,	 2012).	 Instead	 the	 techniques	 are	

more	 eclectic	 and	designers	 often	 rely	 on	 existing	 examples	of	 design	 to	 inform	 the	

development	of	their	own	ideas.	Gaver	supports	the	claim	that	a	there	is	a	desire	for	

agreed	 upon	methodological	 standards	 and	 a	 firm	 theoretical	 foundation	 evident	 in	

HCI,	while	he	himself	remains	skeptical.	On	one	hand	we	have	a	community	that	will	

more	 easily	 accept	 contributions	 from	 research	 through	 design	 if	 it	 has	 an	 agreed	

upon	form	of	practice,	evaluation	and	outcome	(Zimmerman	and	Forlizzi,	2007),	and	

on	the	other	hand	the	tendency	for	design	processes	to	produce	ultimate	particulars	

poses	an	intrinsic	problem	for	developing	generalizable	theories.		
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According	to	Popper	the	criterion	of	the	scientific	status	of	a	theory	is	dependent	on	

its	 falsifiability,	refutability	and	testability	(Gaver,	2012).	However,	design	processes	

often	addresses	wicked	problems	(Rittel	and	Webber,	1974),	which	are	problems	that	

are	difficult	or	impossible	to	solve	because	of	incomplete,	contradictory,	and	changing	

requirements.	 Even	 describing	wicked	 problems	 can	 be	 just	 as	 difficult	 as	 trying	 to	

solve	them.	Furthermore	design	processes	are	generative,	in	the	sense	that	something	

is	created	 in	 the	process,	 that	changes	 the	world	and	 thereby	 the	context	of	 its	own	

activities.	We	do	not	try	to	conceptually	describe	something	that	is	already	exists,	but	

we	produce	something	new.	Both	of	these	characteristics	tell	us	something	important	

about	 the	 relationship	 between	 theory	 and	 design.	 Dealing	 with	 wicked	 problems	

means	 that	 design	 always	 under-specifies	 theory,	 as	 many	 aspects	 of	 a	 successful	

design	can	never	be	captured	by	any	given	theory.	At	the	same	the	generative	nature	

of	design	processes	means	that	 theory	also	under-specifies	design	(Gaver,	2012).	 	 In	

practice,	 this	 means	 that	 no	 matter	 which	 theory	 is	 applied,	 the	 practitioners	 are	

always	 faced	by	 an	 additional	 infinite	 number	 of	 decisions.	 This	makes	 room	 for	 so	

much	variance,	that	we	can	never	say	that	something	will	lead	to	successful	outcomes,	

but	 only	 that	 it	 can.	 Statements	 like	 these	 are	 fundamentally	 not	 falsifiable	 either	

theoretically	or	practically,	so	from	a	Popperian	perspective	research	through	design	

is	clearly	not	a	scientific	process.				 

However,	 Popper’s	 criterion	 of	 falsifiability	 has	 been	 heavily	 critiqued	 e.g.	 by	 Kuhn	

who	argues	 that	science	 is	 framed	within	a	conceptual	paradigm,	and	 that	scientists	

will	 and	 should	 often	 defend	 this	 paradigm	 against	 falsification.	 None	 of	 these	

traditional	 approaches	 are	 very	 applicable	 in	 a	 design	 context.	 Instead	 of	 trying	 to	

falsify	or	develop	hypotheses,	I	have	used	the	generative	nature	of	design	to	explore	

the	qualities	of	specific	types	of	experiences	in	situ.	The	result,	however,	has	not	only	

been	 context	 specific	 findings	 even	 though	 such	 findings,	 according	 to	 Gaver,	 have	

scientific	 value	 in	 themselves.	 It	 also	 includes	 a	 deeper	 and	 more	 generalizable	

understanding	 and	unpacking	of	 concepts	 stemming	 from	my	design	processes	 as	 a	

whole.	 The	 findings	 of	 a	 project	 such	 as	 mine	 does	 not	 take	 the	 form	 of	 proving	

something	 right	 or	 wrong	 or	making	 value	 judgments	 according	 to	 future	 practice.	

Rather	 they	 are	 the	 intrinsically	 valuable	 insight	 into	 a	 domain	 and	 context	 on	 a	

practical	 as	 well	 as	 conceptual	 level	 that	 adds	 to	 the	 body	 of	 design	 based	 work,	

serving	as	inspiration	for	the	designerly	eclecticism	within	the	field	of	HCI.				

		

Laboratory Experiments 
Contrary	 to	many	 other	 HCI	 design	 projects,	my	 project	 is	 inspired	 by	 and	 directly	

involved	with	advances	in	material	science.		

Normally	one	would	realize	a	design	through	a	combination	of	existing	components	or	

technologies,	but	graphene	is	not	a	technology;	it	is	just	a	material.	Furthermore,	the	
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knowledge	of	its	existence	is	still	rather	new	to	us,	and	not	much	work	has	been	done	

with	regard	to	applying	it	for	interaction.	Chemists	and	physicists	alike	still	struggle	to	

find	 out	 the	 best	 methods	 for	 producing	 high	 quality	 graphene	 in	 large	 enough	

quantities	 to	 be	 applicable	 for	 interaction	 design,	 and	 equally	 important	 yet	 even	

more	 difficult	 task	 is	 finding	 out	 the	 best	 way(s)	 to	 get	 graphene	 out	 of	 the	 lab.	

Physicists	work	on	transferring	graphene	from	where	 it	 is	grown	to	where	 it	should	

be	 used.	 This	 implies	 transferring	 graphene-surfaces	 from	 one	material	 to	 another.	

Graphene	is	very	thin	and	cannot	be	handled	with	human	hands	and	fingers	unless	it	

is	 attached	 to	 something	 else.	 Thus,	 the	 transferring	 of	 graphene	 has	 to	 happen	

chemically	 and	 within	 a	 lab	 with	 the	 appropriate	 equipment.	 Chemists	 work	 on	

developing	 methods	 for	 isolating	 graphene	 in	 solutions,	 through	 a	 seemingly	

mundane	 process	 such	 of	 blending	 graphite	 to	 “cut	 loose”	 flakes	 of	 graphene.	 This	

method	can	result	in	a	powder	that	can	then	be	mixed	into	a	composite.	The	sacrifice	

for	avoiding	the	difficult	transferring	process	of	pure	graphene	sheets	is	a	significant	

drop	in	the	quality	of	graphene.	Still	applying	this	powder	for	interaction	is	no	trivial	

tasks,	 as	 e.g.	 the	 bricks	 used	 for	my	 BrickSense	 project	 had	 to	 be	 injection-molded	

with	dedicated	equipment	at	the	Lego	factory.			

Being	part	of	such	interdisciplinary	work	I	have	in	addition	to	the	methods	of	research	

through	 design	 also	 been	 involved	 in	 a	 number	 of	 more	 traditional	 laboratory	

experiments.	These	experiments	have	ranged	from	very	informal	ones	where	we	have	

explored	 the	 conductivity	of	 inks	 and	various	graphene	 samples	 to	more	 structured	

experiments	were	the	tests	have	been	rigorous	and	systematically	repeated	in	order	

to	assess	the	statistical	accuracy	of	the	measurements.	

	

Experimental Computer Science  
In	 practice	 my	 main	 approach	 have	 involved	 iteration	 through	 analysis,	 design,	

prototyping	and	evaluation.	Figure	5	depicts	how	experimental	computer	science	sets	

off	from	analysis	of	state-of-the-art	technologies	and	research	together	with	empirical	

data	 from	 e.g.	 interviews,	 workshops	 and	 observations	 (Grønbæk,	 2015).	 All	 four-

research	 questions	 in	 the	 Introduction	 section	 have	 been	 inspired	 by	 existing	work	

and	 initial	 analysis.	 However,	 the	 twofold	 characteristics	 of	 working	 with	 the	 a	

simulation	driven	and	a	material	driven	research	track	also	include	a	lot	of	bottom-up	

work	as	well,	where	existing	materials	have	been	investigated	for	their	utility	from	a	

more	 practical	 explorative	 perspective.	 This	 method	 is	 not	 encompassed	 in	 the	

experimental	 computer	 science	 model,	 however	 it	 fits	 well	 into	 the	 same	 loop	 of	

analysis,	design,	prototyping	and	evaluation	and	just	becomes	more	practically	rather	

than	 theoretically	 grounded	 to	 begin	with.	 This	 does	 not	 exclude	 the	 possibility	 for	

theory	to	inform	the	research	later	in	the	process	nor	does	it	hinder	a	combination	of	

the	 top-down	 and	 bottom-up	 approach	 as	 an	 initiator.	 The	 desired	 outcome	 for	
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experimental	 computer	 science	 is	 to	 advance	 state-of-the-art	within	 a	 domain	 or	 to	

produce	 generalizable	 results	 that	 can	be	useful	 in	 future	 research	 and	advance	 the	

field	further.		

 
Figure	5.	The	Experimental	Computer	Science	Approach	

	

If	we	 look	 at	 the	 research	 process	 as	 a	movement	 between	 empirical	 observations,	

theoretical	models	 and	design	of	 artifacts,	 it	 can	be	 represented	within	Mackay	 and	

Fayard’s	 framework	 of	 triangulation	 across	 disciplines	 (Mackay	 and	 Fayard,	 1997).	

HCI	crosses	both	natural	and	social	sciences	and	triangulation	is	a	way	to	understand	

and	represent	this	relationship.	Working	in	this	way	utilizes	theory	and	observations	

to	inform	the	design	of	future	artifacts	as	well	as	leverages	the	design	of	artifacts	as	a	

possible	means	to	develop	new	or	better	theoretical	models.		

Both	 Grønbæk’s	 experimental	 computer	 science	 model	 and	 Fayard’s	 triangulation	

framework	 focus	 on	 generalizability	 as	 an	 outcome	 from	 these	 processes.	 As	

discussed	in	relation	to	the	generative	nature	of	research	through	design	and	ultimate	

particulars	this	is	paradoxical.	However,	I	am	torn	as	I	do	find	design	frameworks	and	

models	useful	in	order	to	understand	design	spaces	better,	while	at	the	same	time	do	

not	 find	 them	 useful	 as	 generative	 or	 even	 very	 informative	 guidelines	 within	 an	

ongoing	 design	 project.	 Seen	 through	 a	 long-term	 iterative	 lens	 I	 feel	 like	 I	 benefit	

from	comparing	and	positioning	my	own	work	within	existing	frameworks,	in	that	it	

expands	 my	 way	 of	 thinking.	 However,	 within	 a	 current	 design	 process	 I	 am,	 like	

Gaver	suggests,	much	more	guided	by	the	research	question	itself	and	my	exploration	

of	concrete	existing	examples.		

 

3 THE DISCOVERY OF GRAPHENE 

Material	 sciences	 have	 been	 identifying	 and	 developing	 two-dimensional	 crystalline	

materials	 for	 over	 a	decade	now.	The	 first	material	 in	 this	new	class	was	 graphene,	
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discovered	by	Andre	K.	Geim	and	Konstantin	 S.	Novoselov	and	published	 in	 Science	

Magazine	in	2004	(Novoselov	and	Geim,	2004).	They	later	received	the	Nobel	Prize	in	

Physics	 in	2010	(Nobelprize,	2010).	Graphene	 is	often	referred	 to	as	 the	material	of	

the	21st	century	and	consists	of	a	single	atomic	 layer	of	carbon	and	has	a	number	of	

unique	properties,	which	makes	it	interesting	for	the	HCI	community	in	regard	to	the	

development	of	future	applications.	Graphene-like	structures	have	been	known	since	

the	1960’s	but	were	experimentally	difficult	to	isolate	as	a	single	layer	in	such	a	way	

that	 electrical	 measurements	 could	 be	 performed	 on	 them.	 In	 Figure	 6	 we	 see	

graphene	as	a	ball	called	buckyballs,	as	a	tube	called	carbon	nano-tubes	and	as	several	

layers	on	top	of	each	other	which	is	called	graphite	-	commonly	known	from	a	pencil.	

Graphene	was	discovered	by	 the	use	 of	 sticky	 tape	 to	 peal	 off	 layers	 of	 a	 sample	 of	

graphite	over	and	over	again	until	only	one	 layer	remained.	This	 relatively	 low-tech	

approach	 isolated	 very	 tiny	 flakes	 of	 graphene	 and	 it	 has	 since	 been	 an	 ongoing	

challenge	 for	material	 scientist	 to	develop	methods	 for	producing	graphene	 in	 good	

quality	 and	 large	 quantities.	 This	 has	 become	 a	 huge	 research	 area	 due	 to	 its	

incredible	potential	for	future	technology.	In	2013	the	Graphene	Flagship	was	started	

with	 a	 budget	 of	 €1	 Billion,	 thereby	 being	 EU’s	 biggest	 research	 initiative	 on	 an	

unprecedented	scale.	

	
Figure	6.	Graphene	can	be	arranged	as	other	known	structures.	Left:	Bucky	Balls,	Center:	

Carbon	nano-tubes,	Right:	Graphite.	(Nobelprize,	2010).	

The	interesting	properties	of	graphene	are	mechanical,	electrical	and	optical	in	nature.	

We	 are	 concerned	 with	 six	 material	 properties,	 where	 graphene	 stands	 out.	 These	

properties	 are	 conductivity,	 transparency,	 stretchability,	 weight,	 density,	 and	

robustness.	 These	properties	 could	 e.g.	 help	 the	 development	 of	 applications	where	

flexible	 and/or	 transparent	 circuitry	 is	 needed	 like	 bendable	 screens.	 First	 of	 all	

graphene	is	a	better	electrical	conductor	than	copper.		

In	any	material,	 the	atoms	vibrate	 in	place	dependent	on	the	temperature.	Electrons	

that	 travel	 through	the	material	can	bounce	off	 these	vibrating	atoms,	which	creates	

electrical	 resistivity	 (resistance	 of	 a	 material	 is	 its	 resistivity	 times	 its	 length	 and	
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divided	 by	 its	 cross-sectional	 area).	 Electric	 resistivity	 is	 intrinsic	 to	 a	material	 and	

can	 only	 be	 eliminated	 by	 cooling	 down	 the	material	 to	 absolute	 zero	 temperature,	

because	 the	 atoms	 will	 then	 cease	 to	 vibrate.	 Hence,	 the	 electrical	 resistivity	 of	 a	

material	 sets	 the	 upper	 limit	 to	 how	well	 a	 material	 can	 conduct	 electricity	 at	 any	

given	temperature	(Phys.org,	2008).		

Graphene	has	a	resistivity	of	1.0	microOhm-cm	at	room	temperature.	This	resistivity	

is	about	35%	than	that	of	copper,	which	was	previously	the	lowest	resistivity	material	

known	at	room	temperature.	Therefore	graphene	conducts	electricity	about	1.5	times	

better	than	copper.	 In	addition	 it	also	conducts	heat	more	than	10	times	better	than	

copper.		

Graphene	is	very	lightweight,	with	a	density	of	0.77mg/m^2	and	at	the	same	time	the	

lattice	 structure	 is	 so	 dense	 that	 not	 even	 the	 smallest	 gas	 atom,	 Helium,	 can	 pass	

through.	The	bonds	in	this	lattice	are	flexible	enough	to	allow	the	web	to	stretch	by	up	

to	 20%	 its	 original	 size,	 making	 graphene	 both	 bendable	 and	 stretchable	 (Meyer, 

2009).	 In	 addition	 it	 is	 more	 than	 100	 times	 stronger	 than	 steel	 with	 regard	 to	

breaking	strength.		

Graphene	 is	 almost	 transparent,	 absorbing	 only	 2.3%	 of	 the	 light	 intensity,	

independent	of	wavelength.	This	also	means	that	graphene	has	no	color	in	itself.	If	we	

imagine	a	hypothetical	hammock	of	1	m^2,	this	would	be	able	to	carry	approximately	

4kg	 before	 breaking,	 while	 weighing	 only	 0.77mg	 and	 being	 almost	 completely	

transparent	(Nobelprize,	2010).	However,	for	HCI	applications	having	a	high	breaking	

strength	compared	 to	 the	 thickness	means	 that	one	could	still	 easily	break	 it	by	 the	

touch	analogous	to	a	spider’s	web.	That	is	graphene	is	always	very	thin	by	definition.	

Therefore,	we	are	more	interested	with	the	practical	robustness	of	the	graphene,	here	

referring	to	whether	we	can	touch,	grab	and	handle	it	without	it	breaking.			

	

The	 properties	 of	 graphene	 are	 not	 equally	 useful	 for	 interaction	 design.	 Naturally,	

conductivity	 is	necessary	 for	 any	kind	of	 computation	 to	be	possible.	Therefore,	 if	 a	

graphene	sample	is	not	sufficiently	conductive	due	to	low	quality	or	defects	it	renders	

the	other	properties	obsolete.	One	could	in	theory	add	another	conductive	material	in	

combination	with	graphene’s	other	properties,	but	as	it	turns	out	if	graphene	is	not	of	

sufficiently	 high	 quality	 to	 be	 conductive,	 it	 will	 not	 hold	 the	 remaining	 properties	

either.	 This	 is	 due	 to	 the	 fact	 that	 all	 of	 the	properties	 are	highly	dependent	 on	 the	

graphene	 to	 be	 of	 high	 quality.	 The	 hexagonal	 grid	 needs	 to	 be	 unbroken	 with	 no	

overlays	or	close	to	that	for	graphene	to	obtain	the	properties	near	a	degree	in	which	

the	numbers	presented	above	correspond.	I	have	therefore	primarily	worked	with	the	

conductive	property,	but	as	 the	production	and	 transferring	processes	mature	other	

properties	become	increasingly	interesting	as	well.		
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By	 looking	at	CHI	 research	 I	have	 identified	 three	of	 graphene’s	properties	as	being	

most	related	to	recent	trends.	Thus,	my	research	has	been	focused	within	these	areas,	

as	they	are	where	the	most	relevant	contributions	with	graphene	can	be	made.	These	

three	are	conductivity,	stretchabilty	and	transparency.	This	is	not	to	say	that	strength,	

density	and	 low	weight	are	not	 important,	but	 from	the	perspective	of	HCI-research	

they	 are	 secondary.	 Table	 1	 shows	 examples	 of	 CHI-paper	 where	 these	 three	

properties	make	graphene	interesting	for	future	research.	

	

Relevant Properties Relevant HCI Projects 

Conductivity embedded in 

seamlessly a material 

Electrick 

Project Jacquard 

Botanicus interacticus 
Stretchability Fluid wristbands 

Conductive Tattoos 

Transparency World Kit 

Microsoft future vision 2020 

Table	1.	Properties	of	graphene	relevant	to	resent	HCI	trends	identified	in	CHI	papers.	

 

Graphene in Different Forms (Ink, Composite, CVD) 
We	have	conducted	experiments	with	three	distinct	types	of	graphene	aiming	towards	

applying	 it	 for	 interaction.	 The	 three	 types	 are	 CVD-graphene	 (Chemical	 Vapour	

Disposition),	graphene-based	composites	and	graphene-based	ink.	CVD-graphene	and	

ink	are	both	added	to	the	surface	of	a	material	while	the	graphene-based	composites	

has	graphene	embedded	as	part	of	the	material.	Ideally	graphene	has	only	1	layer	and	

no	defects	at	all,	but	in	practice	this	is	very	hard	to	obtain	in	large	quantities.	Typically	

the	 graphene	 will	 have	 several	 layers,	 however	 still	 far	 from	 graphite,	 which	 has	

hundreds	of	 thousands	of	 individual	 layers	of	 linked	 carbon	atoms	 stacked	 together	

(graphenea,	 2018).	 Due	 to	 this	 challenge	 of	 avoiding	 defects	 the	 unique	 theoretical	

properties	of	graphene	has	been	shown	to	be	significantly	more	limited	in	practice.	

In	the	following	section	we	explain	which	of	the	six	material	properties	each	type	of	

graphene	 possesses	 from	 the	 practical	 perspective	 of	 our	 own	 experiments	 and	

material	samples.	This	categorization	should	not	be	seen	as	rules	but	rather	it	is	based	

upon	 our	 own	 experiences	 with	 the	 concrete	 graphene-based	 materials	 we	 have	

worked	with	 aiming	 to	provide	 insight	 into	 the	 current	 state	of	 the	 applicability	 for	

graphene	in	HCI.		
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Graphene Sheets 

CVD-graphene	is	what	most	people	think	out	when	they	hear	about	graphene	for	the	

first	time	–	an	ultra	thin	transparent	conductive	layer.	CVD-graphene	can	be	grown	on	

e.g.	copper	and	consist	of	only	one	layer	of	carbon	atoms.	This	is	where	we	really	see	

graphene	 stand	 out	 from	 a	 lot	 of	 other	 materials.	 In	 nowadays	 smartphones	 and	

touchscreen	we	already	have	a	material	with	similar	properties	called	 ITO,	however	

graphene	is	pure	carbon	and	therefor	much	cheaper.	Graphene	is	also	stretchable,	yet	

this	 is	one	of	 the	properties	of	 graphene	 I	have	not	personally	experienced	yet.	The	

reason	 is	 that	 even	 though	 the	 sheet	 of	 graphene	 is	 flexible	 it	 also	 has	 to	 be	

transferred	to	a	flexible	material	for	this	property	to	matter. 

After	 it	 is	grown	the	sheet	needs	 to	be	chemically	 transferred	 to	another	surface,	as	

the	graphene	surface	in	itself	is	too	thin	to	work	with	in	itself.	One	way	to	think	about	

it	is	imagining	a	spider’s	web,	which	is	also	very	throng	compared	to	its	thickness,	yet	

we	are	still	easily	able	to	break	it	with	a	swipe	of	a	finger.	In	our	project	we	have	been	

able	 to	 obtain	 down	 to	 3-layer	 CVD-graphene	 in	 practice,	 which	 makes	 it	 both	

transparent	 and	 lightweight.	 Higher	 quality	 equals	 fewer	 defects,	which	means	 that	

electrons	 can	 travel	 more	 smoothly	 through	 the	 lattice	 without	 being	 bounced	 too	

much	back	and	 forth.	This	 is	why	CVD-graphene	 is	a	very	good	electrical	conductor.	

Graphene	 sheets	 are	 transparent	 and	 conductive	 but	 lacks	 flexibility	 and	 can	 easily	

break	to	the	touch.	

	

Graphene-based Composites 

In	this	method	graphene-powder	is	mixed	with	another	material	like	e.g.	ABS	to	create	

a	conductive	composite.	The	graphene	quality	is	still	decent	and	we	have	managed	to	

obtain	 down	 to	 around	 7-layer	 graphene	 in	 composite	 (Jakobsen	 et	 al.,	 2018).	 The	

technique	for	creating	this	composite	is	not	to	grow	the	graphene	but	rather	to	isolate	

it	 by	 mechanical	 exfoliation.	 The	 few-layer	 graphene-based	 composites	 we	 have	

investigated	 are	 highly	 conductive,	 however	 they	 are	 pitch	 black	 and	 thereby	 not	

transparent.	A	benefit	from	mixing	the	graphene	in	another	material	is	that	it	becomes	

very	robust	for	practical	use,	compared	to	the	CVD-which	is	only	robust	compared	to	

its	 thickness.	The	graphene	 cannot	be	 scratched	off	 the	 surface,	when	 it	 is	 part	 of	 a	

composite	 like	 it	 can	when	 it	 is	 added	 to	 a	 surface.	We	have	worked	with	both	3D-

printed	 (additive)	 and	molded	 composites	 and	 found	molded	 structures	 to	 be	more	

conductive	and	robust	due	to	their	more	homogenous	structure.	The	layers	of	additive	

3D-prints	 do	 not	 interconnect	 very	well	 on	 an	 atomic	 scale.	 The	 Graphene	 powder	

mixed	 in	 a	 composite	 is	 conductive	 but	 not	 transparent	 nor	 flexible.	 However,	 it	 is	

very	robust	and	can	be	handled	without	breaking.	

	

Graphene-based Ink 
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Conductive	ink	is	already	commercially	available	in	several	forms	e.g.	based	on	silver	

like	 Circuit	 Scribe	 (Circuit	 Scribe,	 2018)	 Researchers	 have	 also	 worked	 with	

conductive	 ink	 as	means	 for	 rapid	 prototyping.	 An	 example	 is	 Sketching	 in	 Circuits,	

introduce	 a	method	 in	which	 circuits	 are	 hand-made	 on	 ordinary	 paper	 substrates,	

connected	with	conductive	foil	tape	and	off-the-shelf	circuit	components	with	the	aim	

of	 supporting	 the	durability,	 scalability,	and	accessibility	needs	of	novice	and	expert	

circuit	builders	alike	(Qi	and	Buechley,	2014).	This	is	relevant	to	adding	interactivity	

to	everyday	objects,	because	with	conductive	ink,	one	preserves	some	of	the	original	

material	qualities	of	pen	and	paper	as	a	medium.		

As	 carbon	 is	 much	 less	 rare	 than	 silver,	 graphene-based	 inks	 would	 be	 cheaper	 to	

produce,	 which	 is	 especially	 relevant	 for	 large	 quantity	 production.	 In	 addition	 the	

graphene-based	 ink	 has	 the	 potential	 to	 be	 transparent,	 which	 opens	 up	 new	

opportunities	for	design.	However,	we	have	not	yet	seen	anyone	succeed	in	creating	a	

high	quality	graphene-based	ink	that	is	both	transparent	and	conductive	at	the	same	

time.	 In	our	own	experiments	we	have	managed	 to	obtain	 transparency	 to	a	 limited	

degree	when	the	ink	is	not	conductive.	However,	for	the	ink	to	become	conductive	the	

Graphene	Oxide	(GO)	in	the	ink	needs	to	be	chemically	altered	into	reduced	Graphene	

Oxide	(rGO).	Unfortunately,	this	process	removes	all	the	transparency.	As	opposed	to	

the	CVD-graphene	that	has	to	be	chemically	transferred	to	another	surface,	applying	

graphene-based	 ink	 to	 other	 surfaces	 are	 practically	 much	 easier	 as	 it	 can	 just	 be	

painted	 on.	 We	 carried	 out	 a	 range	 of	 transferring	 experiments	 on	 materials	 like	

marbel,	wood,	plastic,	glass,	and	cardboard	by	either	painting	or	screen-printing	with	

the	ink.	However,	the	ink	has	the	same	drawbacks	with	regard	to	practical	robustness	

as	 the	CVD-graphene	as	 it	 sticks	 to	 the	 surface	but	 can	quite	 easily	be	 scratched	off	

with	 a	 fingernail.	 The	 graphene-based	 ink	 we	 have	 worked	 with	 is	 not	 conductive	

enough	for	applications	and	only	had	a	fraction	of	transparency	before	the	graphene	

was	reduced.	It	is	not	flexible	and	breaks	easily	when	the	surface	is	bend	or	the	ink	is	

touched.		

	

4 PRIMARY MATERIAL-DRIVEN DOMAINS 
	

Sensor Design 
The	material	driven	research	track	has	mainly	been	focused	on	utilizing	graphene	to	

add	 sensing	 capabilities	 to	 existing	 materials.	 We	 have	 worked	 with	 several	

approaches	 of	 adding	 graphene	 as	 ink	 or	 sheets	 to	 surfaces	 along	 with	 fusing	

graphene	 powder	 into	 other	 materials	 to	 create	 mixed	 composites.	 A	 lot	 of	 the	

theoretical	 qualities	 of	 graphene	 are	 hard	 to	 obtain	 in	 practice,	 however	 the	

conductive	qualities	have	been	realized	to	a	degree,	where	it	has	allowed	us	to	work	

with	 graphene-enhanced	materials	 as	 a	mean	 to	 create	 capacitive	 sensors.	We	have	
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worked	with	the	sensing	of	touch	and	proximity	to	a	hand	and	other	objects	including	

position	of	touch.	We	have	also	worked	with	other	methods	and	successfully	managed	

to	sense	and	detect	changes	in	the	shape	and	size	of	physical	models.	These	methods	

include	 impedance-spectroscopy	 and	 combining	 capacitance	 and	 resistance	

measurements	with	machine	learning.		

In	the	following	sections	I	will	first	introduce	tangible	interaction,	as	we	will	need	this	

terminology	 later	 in	 order	 to	 discuss	 my	 work.	 After	 that	 comes	 an	 overview	 on	

concrete	existing	related	work	approaches	to	adding	sensing	capabilities	to	everyday	

materials	and	objects.	These	serve	to	show	a	continuum	within	which	graphene	holds	

interactive	potential.		

	

Tangible Interaction 
Many	 others	 have	 worked	 with	 adding	 interactivity	 to	 everyday	 objects	 in	 various	

different	ways	and	on	different	levels.	In	1993	in	“Back	to	the	Real	World”	(Wellner	et	

al.,	 1993)	 it	 was	 argued	 that	 both	 desktop	 computers	 and	 virtual	 reality	 estrange	

humans	 from	 their	 natural	 environment.	 In	 1997	 Ishii	 and	 Ullmer	 coined	 the	 term	

tangible	 interaction	 inspired	by	earlier	work	 (Ishii	 and	Ullmer,	1997).	The	notion	of	

Tangible	User	Interfaces	(TUIs)	suggests	that	rather	than	forcing	users	to	immerse	in	

a	 virtual	 world,	 one	 should	 augment	 and	 enrich	 the	 real	 world	 with	 digital	

functionality.	 One	 of	 the	 first	 systems	 to	 be	 classified	 as	 a	 TUI	were	 Perlman’s	 Slot	

Machine	that	used	physical	cards	to	represent	language	constructs	that	were	used	to	

program	a	physical	Robot	Turtle	(Perlmand,	1976).	Another	often	mentioned	example	

are	 Durrell	 Bishop’s	 Marble	 Answering	 Machine,	 where	 incoming	 calls	 are	

represented	 by	 colored	 marbles	 that	 roll	 into	 a	 bowl	 and	 can	 be	 placed	 into	 an	

indention	 for	 the	message	 to	 be	 played	 back	 (Ishii	 et	 al.,	 2012).	 Enriching	 the	 real	

world	 with	 digital	 functionality	 is	 obtained	 through	 an	 interaction-style	 that	 uses	

physical	 objects,	 also	 referred	 to	 as	 tangibles.	 Tangible	 user	 interfaces	 provide	 a	

seamless	bridge	between	representation	of	digital	information	and	the	control	of	that	

information,	meaning	there	is	less	distinction	between	input	and	output.		

Motivation behind Tangible Interaction 

To	 understand	why	 tangible	 interaction	 can	 be	 useful	 we	 look	 at	 the	 limitations	 of	

tradition	GUI	interfaces.	Ullmer	mentions	the	main	critique	of	WIMP-style	interaction	

paradigms	“as	concerning	their	major	asymmetry	between	input	and	output	interaction	

modalities.	While	often	employing	millions	of	pixels	of	graphical	output,	WIMP	interfaces	

generally	 rely	 upon	 a	 single	 locus	 of	 pointer-driven	 input,	 in	 a	 style	 largely	 devoid	 of	

physical	and	kinesthetic	affordances,	or	handles	 for	engaging	with	a	world	of	multiple	

users,	each	with	two	hands	and	a	lifetime	of	physical	skills”.	The	essential	role	for	TUI’s	

is	 therefore	to	provide	 for	 interaction	that	better	exploit	 the	 full	set	of	human	skills.	
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GUI-interfaces	 rely	 heavily	 on	 cognition	 but	 do	 not	 take	 into	 account	 the	 richness	

found	 in	 human	 emotional	 and	 perceptual	 motor	 skills.	 From	 a	 phenomenological	

standpoint	we	interact	with	the	world	through	doing	and	not	through	knowing,	so	in	

light	 of	 this	 paradigm	 tangible	 interaction	 is	 seen	 as	 a	 more	 meaningful	 way	 of	

interacting	with	the	world.		

TUI Interaction Model 

Ullmer	 and	 Ishii	 provide	 an	 interaction	 model	 (MCRpd)	 along	 with	 a	 conceptual	

language	for	tangible	interaction	(Ullmer	and	Ishii,	2001).	The	model	consists	of	four	

key	 characteristics	 to	 describe	 tangible	 interfaces:	 control,	 rep-p,	 rep-d,	 and	 model.	

First	 of	 all	 they	 distinguish	 between	 internal	 and	 external	 representation	 of	

information.	The	internal	representation	is	served	by	the	computer’s	programs,	data,	

and	structures	and	is	also	referred	to	as	the	model.	The	external	representations	are	

then	 further	 divided	 into	 two	 categories:	 physical	 representations	 and	 digital	

representations.	 Physical	 representations	 are	 information	 embodied	 in	 concrete	

tangible	form,	while	digital	representations	are	mediated	displays	that	are	perceivable	

in	 the	 world,	 but	 not	 physically	 embodied	 (Ullmer	 and	 Ishii,	 2001).	 They	 further	

describe	 this	 with	 the	 heuristic	 of	 digital	 representations	 as	 vanishing	 if	 power	 is	

removed	while	the	physical	representations	remain.	Contrary	to	traditional	interfaces	

where	 interaction	 is	 framed	 in	 terms	 of	 input	 and	 output,	 tangible	 interaction	

integrates	 control	 and	 physical	 representation.	 This	 means	 that	 TUI	 artifacts	

physically	 embody	 both	 the	 control	 and	 central	 representational	 aspects	 of	 an	

interface.	 The	model	 illustrates	 how	 the	 four	 characteristics	 are	 coupled,	where	 the	

model	is	entirely	digital	and	unperceivable	and	metaphorically	speaking	under	water,	

while	the	remaining	three	characteristics	are	perceivable	in	the	physical	world	above	

the	water	(Figure	7).		

 
Figure	7.	Interaction	model	of	TUI:	MCRpd	model.	
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Adding Interactivity to Everyday Objects 
When	you	think	about	what	graphene	has	to	offer	interaction	design,	some	of	the	most	

interesting	 aspects	 are	 the	 potential	 to	 use	 its	 nano-scale	 properties	 to	 fuse	 it	with	

other	 known	materials.	 By	 doing	 so	 everyday	 objects	 can	 become	 interactive	more	

seamlessly	 and	 instead	 of	 instrumenting	 an	 object	 with	 sensors	 or	 circuits,	 these	

doors	 into	 the	 digital	 world	 can	 become	 the	 object	 itself.	 This	 opens	 up	 for	 adding	

interactivity	to	known	materials	in	a	way	that	preserves	the	original	qualities	of	that	

material.	 This	 dissertation	 presents	 a	 range	 of	 experiments	 with	 different	 types	 of	

graphene,	where	we	 in	some	try	to	 fuse	the	graphene	with	existing	materials	and	 in	

others	 try	 to	 apply	 graphene	 as	 a	 thin	 transparent	 layer	 on	 top.	 Both	 of	 these	

approaches	 add	 conductivity	 to	 materials	 that	 are	 normally	 characterized	 as	

insulators.	 Namely	 exploiting	 conductivity	 has	 been	 our	 main	 focus	 when	 working	

with	 adding	 interactivity.	 Other	 ways	 could	 be	 using	 cameras	 or	 picking	 up	 sound	

from	objects,	but	seamless	added	conductivity	 is	one	of	the	great	possibilities	of	2-D	

nano-materials	like	graphene.		

The	 following	 sections	 are	 related	work	 approaches	 on	 how	 to	 add	 interactivity	 to	

everyday	 objects.	 They	 appear	 in	 ascending	 order	 in	 terms	 of	 how	 deeply	 the	

interactive	capabilities	are	integrated	with	the	material	-	starting	from	depth	cameras	

in	the	top	with	no	integration	and	ending	with	Radical	Atoms,	where	the	integration	is	

inseparably	close.	

 

Depth Cameras 

In	 the	 recent	 years	 there	 has	 been	 an	 increasing	 interest	 in	 augmenting	 already	

existing	 artifacts	 to	 create	 more	 dynamic	 and	 ad-hoc	 interfaces.	 Corsten	 et	 al.,	

introduce	“Instant	User	Interfaces”	as	a	term	for	describing	an	interaction	paradigm,	

where	users	are	independent	of	a	dedicated	physical	controller	(Corsten	et	al.,	2013).	

An	example	could	be	to	be	able	to	grab	arbitrary	nearby	objects	and	assign	semantic	

meaning	 to	 different	 poses	 or	 touches	 of	 those	 objects.	 To	 illustrate	 this	 they	

developed	a	camera-based	prototype	using	a	Kinect-camera	and	depth	data	to	detect	

changes	in	depth,	when	a	certain	object	is	touched	or	handled	in	a	certain	way.	For	the	

system	to	work,	 it	needs	an	 initial	model	of	 the	object,	which	 they	generated	with	a	

laser	 scan	 before	 the	 system	 is	 initiated.	 This	 vision-based	 method	 is	 similar	 to	

KinectFusion	(Izadi	et	al.,	2011),	Prototyping	Interaction	with	Everyday	Artifacts	(Liu	

et	 al.,	 2012),	 or	 3D	 Puppetry	 (Held	 et	 al.,	 2012),	 that	 all	 use	 the	 Kinect	 camera	 to	

recognize	interaction	with	non-augmented	objects.	

WorldKit	 is	 a	 project	 for	 creation	 of	 ad-hoc	 interactive	 applications	 on	 everyday	

surfaces.	Like	 the	previous	examples	 it	uses	a	depth	 camera	but	 then	combines	 this	
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with	a	projector	and	thereby	focuses	on	interaction	with	surfaces	rather	than	objects	

(Xiao	 et	 al.,	 2013).	 Similar	 conceptual	 aspects	 can	 be	 found	 in	 projects	 like	

Everywhere	Displays	(Pinhanez,	2001)	and	a	similar	technical	solution	to	WorldKit	is	

LightSpace	 (Wilson	 et	 al.,	 2007).	 Unlike	 LightSpace	 and	 using	 only	 2D	 surface	

interaction,	WorldKit’s	 touch-based	 interactivity	 can	 be	 placed	 on	 surfaces	 without	

prior	 calibration.	 This	 becomes	way	more	 complicated	 when	working	 with	 3D	 and	

custom	objects	as	you	will	see	in	some	of	the	following	examples	as	well	as	in	my	own	

research.	

Conductive Coating 

Some	 of	 the	 most	 promising	 things	 about	 graphene	 are	 its	 material	 properties.	

Graphene	 could	 potentially	 be	 used	 to	 augment	 objects	 in	 a	 way	 where	 they	 can	

preserve	 their	 original	 material	 qualities	 and	 aesthetics.	 This	 approach	 to	 adding	

interactivity	 seamlessly	 is	 not	 a	 new	 idea	 either,	 but	 it	 is	 a	 difficult	 challenge.		

Current	touch	input	technologies	are	best	suited	for	small	and	flat	applications,	such	

as	smart	phones	and	tablets	etc.	Touch	 input	surfaces	are	expensive	 to	scale	up	and	

cannot	provide	input	on	objects	with	complex	and	irregular	geometries	(Zhang	et	al.,	

2017).	 Touch	 screens	 above	 75”	will	 typically	 cost	 thousands	 of	 dollars	 (3M,	 2017,	

Mouser,	 2017),	 and	 complex	 or	 flexible	 objects	 with	 touch-sensing	 capabilities	 are	

mostly	found	in	research	prototypes	only	(Poupyrev	et	al.,	2012,	Eun-Soo	et	al.,	2007,	

LG	inc	media,	2016,	Wimmer	and	Baudisch,	2011).		

			

Electrick	 is	 a	 sensing	 technique	 that	 tries	 to	 overcome	 this	 limitation	 by	 using	 a	

combination	 of	 electrically	 conductive	 spray	 paint	 substrate	 and	 electric	 field	

tomography	 (Figure	 8).	 Electric	 field	 tomography	 works	 by	 having	 electrodes	

attached	to	the	periphery	of	the	desired	interactive	area.	A	sensor	board	connected	to	

these	 electrodes	 then	 injects	 an	 electric	 field	 through	 the	 electrodes	 and	 into	 the	

conductive	substrate	and	senses	changes	in	the	field’s	distribution	when	it	is	touched	

(Zhang	 et	 al.,	 2017).	 This	works	 because	 a	 human	 body	 in	 proximity	 to	 the	 electric	

field	will	draw	current	to	ground.	This	phenomenon	is	called	the	shunting	effect	and	

has	 been	 widely	 used	 in	 Electric	 Field	 sensing	 systems	 (Smith,	 1995,	 1999,	

Zimmerman	et	al.,	1995).	The	sensor	data	in	Electrick	can	be	transmitted	wirelessly,	

which	 eliminates	 the	 need	 for	 external	 sensing	 infrastructure.	 This	 approach	 also	

eliminates	the	need	for	depth	camera,	however	the	rapidness	of	Electrick	can	be	a	bit	

misguiding.	 For	 the	 touch	 recognition	 to	 work	 the	 system	 needs	 to	 be	 thoroughly	

trained	 beforehand	 by	 feeding	 touch-data	 to	 system	 to	 create	 a	 fingerprint	 of	 field	

changes	 for	 that	 exact	 surface.	 However,	 in	 Corsten’s	 Instant	 User	 Interfaces	 the	

objects	 also	 needs	 to	 be	 modeled	 beforehand,	 so	 that	 is	 not	 something	 that	 is	

dependent	on	whether	you	use	a	vison-based	method	or	not	but	rather	a	question	on	
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whether	 the	 system	 should	 work	 on	 irregular	 and	 custom	 surfaces.	 A	 drawback	

compared	to	using	depth	cameras	are	that	the	interactive	object	needs	to	be	altered.	

For	 Electrick	 that	 means	 the	 objects	 in	 question	 become	 pitch	 black	 due	 to	 the	

conductive	spray	paint.	Electrick	are	not	bound	to	a	certain	space	where	a	camera	is	

installed,	but	the	wireless	data	transmission	makes	the	objects	more	 independent	of	

their	surroundings.	However,	the	electric	field	itself	is	dependent	on	the	surroundings,	

therefore	moving	an	object	will	very	likely	change	the	fingerprint	to	a	degree	where	it	

would	 need	 to	 be	 trained	 once	 again.	 This	 training	 phases	 is	 much	 like	 what	 my	

BrickSense	project	need	before	it	is	capable	of	identifying	shapes.		

´

 
Figure	8.	Example	from	Electrick:	A	carbon	sprayed	(A)	off-the-shelf	toy	(B)	made	interactive.	A	

new	topcoat	was	applied	(C	to	D).	

Swept Frequency Capacitive Sensing 

Another	 closely	 related	 project	 is	 Touché,	 which	 proposes	 a	 Swept	 Frequency	

Capacitive	 Sensing	 technique	 that	 can	 detect	 touch	 events	 as	 well	 as	 a	 range	 of	

configurations	 of	 the	 human	 hand	 and	 body	 (Sato	 et	 al.,	 2012).	 The	 human	 body	 is	

conductive	 while	 skin,	 on	 the	 other	 hand,	 is	 highly	 resistive	 (Webster,	 2010).	

Alternating	 Current	 (AC),	 however,	 passes	 through	 the	 skin,	 and	 forms	 a	 capacitive	

interface	 between	 the	 electrode	 and	 the	 fluids	 inside	 the	 body	 (Foster	 and	 Lukaski,	

1996).	 

The	resistive	and	capacitive	properties	of	the	human	body	affect	the	applied	AC	signal,	

which	can	be	measured	as	changes	in	impedance,	which	is	the	effective	resistance	of	

an	 electric	 circuit	 to	 AC.	 The	 impedance	 changes	 the	 phase and	 amplitude of	 the	 AC	

signal	 and	 thus,	 by	 measuring	 those	 changes	 one	 can	 1)	 detect	 the	 proximity	 of	 a	

human	body	and	also	2)	learn	about	the	internal	composition	of	the	body	itself.	This	

phenomenon	has	been	used	since	the	1960s	in	medical	practice	to	measure	the	fluid	

composition	 of	 the	 human	 body	 (Foster	 and	 Lukaski,	 1996),	 in	 electro-impedance	

tomography	imaging	(Cheney	et	al.,	1999)	and	even	to	detect	the	ripeness	of	nectarine	

fruits	(Harker	and	Maindonald,	1994).	More	recently,	it	has	been	used	in	a	variety	of	

capacitive	 touch	 buttons,	 sliders	 and	 touchscreens	 in	 human-computer	 interaction	

(Dietz	and	Leigh,	2001,	Hinkley	and	Sinclair,	1999,	Rekimoto,	2002,	Zimmerman	et	al.,	

1996).	 This	 is	 the	 same	 kind	 of	 technique	 we	 have	 used	 in	 the	 BrickSense-paper	
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(Jakobsen	 et	 al.,	 2018),	when	working	with	 Impedance	 Spectroscopy	 on	 conductive	

bricks.	 

Touché	 needs	 to	 be	 connected	 to	 a	 conductive	 element	 for	 it	 to	 work.	 Among	 the	

example	 applications	 in	 the	 paper	 are	 a	 brass	 doorknob	 and	 a	 table	 painted	 with	

conductive	paint.	 For	 the	object	 to	become	 touch	 sensitive	Touché	only	needs	 to	be	

connected	with	a	single	wire	to	the	desired	interactive	area.	Because	the	path	of	 the	

electrical	 signal	 inside	 the	 object	 varies	 with	 frequency,	 one	 can	 estimate	 touch	

locations	 and	 grab	 patterns	 by	 observing	 the	 frequencies	 at	 which	 the	 signal	 was	

affected	by	the	user’s	touch.	Since	most	objects	have	a	complex	and	dynamic	electrical	

structure,	 machine	 learning	 is	 needed	 to	 recognize	 these	 capacitive	 patterns.	 The	

patterns	can	be	thought	off	as	capacitance	profiles	that	are	unique	for	a	certain	action	

on	a	certain	object.		 

 

Figure	9.	Doorknob	example	from	Touché:	Capacitive	profiles	for	making	objects	touch	and	
grasp	sensitive.		

 

Conductive Yarns and Garments 

The	previously	described	projects	all	try	to	add	interactively	to	everyday	objects	on	a	

very	 generic	 level,	 but	 there	 are	 also	 projects	 that	 do	 so	 in	 a	more	 defined	 domain	

such	 as	 Leah	 Buechley’s	 Lilypad	 designed	 for	 e-textiles	 and	 wearable	 computing	

projects	 (Buechley,	 2010).	 The	LilyPad	 is	 a	 low-power	Arduino	 that	 can	be	 sewn	 to	

fabric	 and	 connected	 to	 power	 supplies,	 sensors	 and	 actuators	 with	 conductive	

thread.	 Unlike	 the	 previously	 described	 projects,	 the	 LilyPad	 is	 not	 designed	 for	

creating	ad	hoc	interfaces	but	rather	as	a	means	to	create	a	closer	integration	between	

materials	 and	 electronics.	 By	 using	 conductive	 thread	 the	 interactive	 material	 to	 a	

certain	degree	becomes	the	electronics	or	at	least	a	significant	part	of	the	circuitry.		

In	line	the	purpose	of	LilyPad,	Project	Jacquard	presents	manufacturing	technologies	

that	 enable	 invisible	 ubiquitous	 interactivity	 (Poupyrev	 et	 al.,	 2016).	 They	 do	 so	 by	

focusing	on	the	development	of	touch-sensitive	textiles.	Creating	such	textiles	begins	

with	designing	and	engineering	highly	conductive	yarn.	Like	many	others	 they	draw	

upon	the	visions	of	Mark	Weiser	of	having	future	computers	disappear	into	everyday	

environments	 and	 weave	 themselves	 into	 the	 fabric	 of	 everyday	 life	 until	 they	 are	

indistinguishable	 from	 it	 (Weiser,	 1991).	 This	 goal	 of	 having	 the	 technology	 itself	
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disappear	or	be	unobtrusive	is	one	of	the	key	arguments	for	why	adding	interactivity	

to	everyday	objects	is	interesting	in	the	first	place.	We	want	the	functionality	not	the	

technology.	 Jacquard	yarns	are	multi-component	yarns	 that	 consist	of	 a	 core	of	 thin	

copper	wires,	 a	 layer	of	 twisted	or	braided	yarn	 and	an	optional	 additional	 layer	of	

yarn.			

	
In	Project	Jacquard	one	of	the	main	goals	have	been	to	preserve	the	original	qualities	

of	traditional	yarns	in	terms	of	properties	such	as	colors	and	strength	as	well	as	cost	

and	 manufacturing	 at	 scale.	 Having	 the	 conductive	 part	 of	 the	 yarn	 on	 the	 inside	

instead	of	outside	on	the	surface	like	e.g.	Electrick	has	is	what	makes	preservation	of	

color	possible.		

Figure	10	depicts	 the	manufacturing	process	 for	conductive	garment	using	 Jacquard	

yarn.	I	have	included	this	so	we	can	compare	with	other	projects	where	in	the	process	

the	basis	for	interactivity	is	added.	In	Project	Jacquard	we	can	see	that	the	conductive	

yarn	is	where	it	all	starts	and	it	becomes	an	essential	and	fundamental	building	block	

for	 the	 finished	 product.	 In	 Electrick	 the	 interactive	 elements	 are	 added	 in	 the	 end	

instead	 of	 the	 beginning	 and	 in	 the	 camera-based	 projects	 nothing	 is	 added	 in	

manufacturing	at	all,	but	rather	something	is	added	to	the	environment.			

  
Figure	10.	Project	Jacquard	manufacturing	flow	chart.	(Poupyrev	et	al.,	2016).	

Graphene	on	the	other	hand	could	potentially	be	added	to	the	material	even	prior	to	

the	part	of	manufacturing	showed	in	the	Project	Jacquard	flow	chart.	Graphene	could	
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be	 added	 on	 a	 nano-level	 and	 thereby	 possibly	 eliminate	 the	 need	 for	 multi-

component	yarns,	but	 rather	 just	have	 the	yarn	 itself	 infused	with	conductive	nano-

particles.	 	This	 level	of	material	 integration	 is	unseen	 in	any	of	 the	projects	we	have	

discussed.	 Furthermore	 graphene	 of	 sufficiently	 high	 quality	 would	 be	 both	

transparent	 and	 conductive	meaning	 that	 preserving	properties	 like	 color	would	be	

possible	 without	 hiding	 the	 conductive	 elements.	 One	 could	 also	 imagine	 graphene	

added	as	a	nano-coating	on	 top	after	 the	manufacturing	process	and	combined	with	

the	 sensing	 techniques	 from	e.g.	Electrick	 to	 create	 touch	 sensitive	artifacts	without	

painting	them	black.	However,	obtaining	graphene	of	such	quality	comes	with	a	range	

of	challenges	and	there	are	several	reasons	why	we	have	not	seen	such	applications	

yet,	which	I	will	discuss	in	more	detail	later.		

Interactive Plants 

Another	of	Poupyrev’s	projects	also	adds	interactivity	to	everyday	objects	in	a	creative	

way.	Botanicus	Interacticus	is	a	technology	for	designing	expressive	interactive	plants,	

both	 living	 and	 artificial	 (Poupyrev,	 2012).	 Enhancing	 the	 plants	 with	 interactivity	

only	 requires	 a	 single	 wire	 to	 be	 placed	 anywhere	 in	 the	 plant	 soil.	 This	 makes	 it	

unnecessary	to	instrument	the	plant	itself	or	the	environment	around	it,	allowing	ad-

hoc	 plant-based	 interfaces.	 Botanicus	 Interacticus	 exploits	 the	 conductivity	 of	 real	

plants	combined	with	machine	learning	to	distinguish	between	e.g.	sliding	fingers	on	

the	 stem	 or	 touching	 leaves.	 This	 sets	 it	 apart	 from	 some	 of	 similar	 projects	

(Sommerer	 and	 Mignonneau,	 1993,	 Lasserre	 et	 al.,	 2007).	 Another	 thing	 that	 sets	

Botanicus	 Interacticus	 apart	 from	 previous	 projects	 are	 the	 sensing	 technology.	

Instead	 of	 only	measuring	 the	 capacitive	 respons	 from	 a	 single	 frequency,	 they	 use	

Swept	 Frequency	 Capacitive	 Sensing	 like	 in	 Touché	 (Sato	 et	 al.,	 2012).	 From	 the	

system’s	 point	 of	 view	 there	 would	 be	 no	 difference	 whether	 the	 plant	 is	 real	 or	

artificial	 as	 long	 as	 it	 is	 electrically	 conductive.	 In	 the	 paper	 they	 emphasize	 that	

Botanicus	Interacticus	can	be	used	to	create	“truly	ad-hoc	user	interfaces”,	but	for	the	

system	to	work	there	must	be	a	training	phase	first	and	at	least	for	real	plants	they	are	

all	different,	meaning	that	every	plant	needs	to	be	trained	for	individually.	Botanicus	

Interacticus	 is	 different	 from	 the	 other	 project	 in	 the	way	 that	 it	 does	 not	 alter	 the	

materials	 for	 interaction	nor	 does	 it	 use	 any	 vision	 aid	 like	 depth	 cameras	 or	 other	

methods	like	ultra	sound.	It	exploits	the	material	qualities	that	are	already	there,	thus	

the	 interactive	 parts	 are	 unchanged	 and	 can	 thereby	 preserve	 their	 qualities.	

However,	the	domain	is	rather	limited	compared	to	some	of	the	other	projects,	and	it	

just	 emphasizes	 that	 the	 complexity	 of	 adding	 interactivity	 to	 everyday	 objects	

increases	with	genericness.	Conceptually,	the	idea	of	having	the	material	itself	become	

the	interactive	part	aligns	well	with	the	things	we	expect	to	do	with	graphene	in	the	

future.		
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Acoustic Sensing 

Botanicus	 Interacticus	 exploited	 the	 intrinsic	 conductive	 and	 structural	 nature	 of	

plants	 to	add	 interactivity.	Other	projects	do	not	 rely	on	conductivity	of	 the	desired	

interactive	object,	but	instruments	the	object	in	other	ways.	Cilllia	is	a	method	for	3D-

printing	 hair-like	 structures	 on	 both	 flat	 and	 curved	 surfaces	 (Ou	 et	 al.,	 2016).	 	 By	

using	a	piezo	element	to	capture	vibration	these	3D-printed	structures	can	be	used	as	

acoustic	 sensors.	 The	 piezo	 element	 can	 be	 attached	 underneath	 meaning	 that	 the	

surface	 of	 the	 structure	 does	 not	 need	 to	 be	 instrumented	 further.	 Depending	 on	

which	way	 a	 finger	 is	 swiped	 on	 the	 hairs	 the	 acoustic	 feedback	will	 have	 different	

frequencies	 and	 therefore	 different	 directional	 swipes	 can	 be	 classified.	 Other	

researches	 have	 used	 acoustic	 methods	 for	 sensing	 before	 e.g.	 to	 detect	 human	

gestures	 (Harrison	 and	 Hudson,	 2008).	 Chris	 Harrison	 et	 al.	 use	 acoustics	 to	

demonstrate	 the	 encoding	of	physical	 barcodes	on	materials	 (Harrison	et	 al.,	 2012).	

Using	 acoustics	 to	 sense	 on	 hair	 preserves	 the	 original	 qualities	 of	 the	 surface	

structure	like	we	discussed	for	some	of	the	other	projects	too.		

Conceptually	this	method	can	be	compared	to	using	depth	cameras	in	the	sense	that	

the	 materials	 constituting	 the	 object	 is	 not	 instrumented	 or	 altered	 per	 say,	 but	

instead	some	external	sensing	is	used	to	capture	what	is	done	to	that	object	–	In	one	

case	based	on	 light	and	in	the	other	based	on	sound.	The	potential	 for	graphene	lies	

not	so	much	in	external	instrumentation	but	is	closer	related	to	the	projects	working	

with	 conductivity.	 On	 a	 technical	 level,	 my	 own	 work	 has	 the	 closest	 relation	 to	

projects	 like	 Electrick	 and	 Jacquard	 that	 alters	 the	 materials	 and	 Touché	 and	

Botanicus	 Interacticus	 that	 exploit	 conductivity	 for	 machine-learning	 and	

classification.	Figure	55	 in	my	paper	“BrickSense	-	Exploring	Sensing	Techniques	 for	

Graphene-enabled	Bricks”	provides	and	 illustration	on	how	some	of	 these	principles	

for	adding	sensing	are	related	to	each	other	(Jakobsen	et	al.,	2018).		

Radical Atoms - A Vision of Bidirectional Reflection 

Having	 discussed	 all	 these	 different	 practical	 approaches	 for	 adding	 interactivity	 to	

everyday	objects	it	is	essential	to	this	dissertation	that	we	approach	it	hypothetically	

as	well.	Hiroshi	 Ishii’s	 idea	of	Radical	Atoms	 is	an	extreme	vision	of	how	 interactive	

materials	 could	 be	 like	 in	 the	 future.	 Radical	 Atoms	 is	 the	 idea	 of	 having	 dynamic	

physical	materials	 that	 are	 computationally	 transformable	 and	 reconfigurable.	 Such	

materials	are	to	this	day	still	hypothetical,	but	touches	upon	the	very	subject	we	have	

tried	 to	 address	 in	 our	own	projects,	 namely	how	 to	bridge	 the	physical	 and	digital	

closer	 (Ishii	 et	 al.,	 2012).	 Radical	 atoms	 are	 bi-directionally	 coupled	 with	 an	

underlying	digital	model	so	that	dynamic	changes	of	the	physical	form	can	be	reflected	

in	the	digital	states	in	real	time,	and	vice	versa	(Figure	11).	These	visions	of	having	the	
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coupling	 being	 so	 close	 that	 everything	 happens	 in	 real	 time	 comes	 with	 a	 lot	 of	

challenges	and	 the	 idea	 that	 changes	 in	digital	 states	also	 should	be	 reflected	 in	 the	

physical	state,	implies	the	need	for	an	unfathomable	amount	of	small	actuators	or	its	

like.	In	my	BrickSense-project	(Jakobsen	et	al.,	2018)	I	approach	at	least	parts	of	this	

vision.	 In	 BrickSense	 physical	 changes	 of	 shape	 are	 reflected	 in	 the	 computational	

model,	 however	 altering	 the	 computational	 model	 will	 not	 change	 anything	 in	 the	

physical	 state.	 In	 addition	 the	 reflection	 does	 not	 happen	 in	 real	 time.	 Having	

BrickSense	work	in	real	time	is	just	an	engineering-	and	machine	learning-challenge,	

which	can	be	solved	with	today’s	technology.	 	However,	for	the	lack	of	bi-directional	

coupling	 we	 are	 yet	 to	 see	 a	 material	 that	 can	 provide	 such	 functionality.	 Even	

graphene	might	have	its	theoretical	limits	here.		

	

Figure	11.	Iceberg	metaphor	–	from	(a)	GUI	to	(b)	TUI	to	(c)	Radical	Atoms.	(Ishii	et	al.,	2012).	

	
5 PRIMARY SIMULATION DOMAINS 

In	Figure	1,	 the	 research	area	of	graphene	 intersects	 two	other	 research	areas:	play	

and	music.	These	are	both	huge	areas	so	in	the	following	sections	I	attempt	to	narrow	

down	 which	 subspaces	 I	 am	 concerned	 with.	 In	 terms	 of	 musical	 interaction	 I	 am	

concerned	with	the	sub-design	space	of	tangible	music	making	and	in	terms	of	play	I	

am	 concerned	 with	 the	 sub-design	 space	 of	 open-ended	 constructive	 play.	 In	 their	

intersection	we	find	a	combined	design	space	for	creating	and	playing	music	through	

physical	 construction.	This	 is	 a	 very	 technically	 challenging	 space	because	 there	are	

many	 degrees	 of	 freedom	 in	 both	 physical	 construction	 and	music	 making	 but	 not	

much	work	on	how	to	couple	these	two	spaces	 in	a	meaningful	way.	A	sophisticated	

interactive	 link	 between	 construction	 and	 music	 is	 needed,	 and	 yet	 current	

technologies	have	a	limited	ability	to	translate	details	of	physical	into	a	digital	model.	I	

argue	 that	 one	 approach	 explore	 this	 space	 is	 through	 the	 development	 of	 new	
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interactive	materials,	and	thus,	this	intersection	is	highly	relevant	for	graphene-based	

interaction	as	well.		 

Musical Interaction 
The	prototypes	presented	in	this	dissertation	primarily	uses	sound	as	the	modality	for	

output.	Especially	music	making	has	been	a	huge	part	of	the	work.	There	are	several	

reasons	why	it	is	so.	One	of	the	aspects	of	graphene	we	have	been	very	interested	in	is	

its	 potential	 to	 fuse	 make	 objects	 more	 seamlessly	 interactive	 and	 self-contained.	

Sound	 has	 the	 benefit	 of	 being	 pervasive	 in	 a	 room,	 meaning	 that	 instead	 of	

incorporating	 small	 speakers	 into	 bricks,	 we	 can	 instead	 play	 the	 sound	 from	 high	

quality	 speakers	 nearby	 instead	without	 losing	 the	 feeling	 of	 immediacy.	 Designing	

with	 sound	 as	 output	modality	 enables	more	 rich	 and	 complex	 types	 of	 interaction	

much	easier,	 than	using	 e.g.	 lights	or	 actuation.	Controlling	 lights	or	 actuators	 away	

from	the	object	you	are	manipulating,	creates	a	larger	gap	to	imagining	that	the	output	

is	ideally	coming	from	the	object	itself.	However,	other	modalities	also	have	their	own	

unique	 qualities.	Music	 can	 be	 seen	 as	 a	 subset	 of	 sound	with	 a	 certain	 theoretical	

structure	added	on	 top,	providing	 rules	 to	either	break	or	 follow.	This	makes	music	

especially	interesting	in	regard	to	constructive	play,	as	music-making	in	itself	can	be	

seen	 as	 a	 kind	 of	 constructive	 play.	 You	 just	 build	 with	 sound	 pieces	 instead	 of	

tangible	pieces.	Music	 also	has	 an	 intrinsic	 social	 aspect	 in	 that	 you	 can	 co-create	 it	

and	 play	 together,	 which	 provides	 good	 opportunities	 for	 designing	 for	 sound	 play	

experiences	happening	 in	 the	same	room	with	others.	Children	playing	music	at	 the	

same	time	can	easily	become	noise,	but	children	playing	music	together	can	become	

something	 different	 than	 the	 collective	 output	 possible	with	 e.g.	 animal	 sounds.	 	 In	

addition	to	all	this	I	also	personally	have	many	years	of	experience	with	music-making	

and	that	knowledge	have	been	helpful	in	creating	musical	play	experiences	with	more	

depth,	than	often	seen	with	musically	themed	projects	within	the	field	HCI.	However,	

this	dissertation	 is	 also	 engaged	 in	other	 types	of	 sound	 interaction	 than	music,	 yet	

music-making	has	been	one	of	the	primary	domains	for	my	research	in	which	qualities	

the	properties	of	graphene	can	potentially	ad	to	future	technology.		

	

Tangible Music Making Projects 

Designing	tangible	user	interfaces	for	allowing	musical	expression	is	part	of	the	core	

research	 in	 music	 technology.	 Existing	 projects	 have	 a	 variety	 of	 different	 foci	 and	

operate	 on	multiple	 different	 scales	 ranging	 from	wearable	 or	 handheld	 artifacts	 to	

tabletops	 and	 even	 large-scale	 room	 installations.	 In	 the	 following	 overview	 on	

existing	work	from	my	paper	(Jakobsen	et	al.,	2016),	I	distinguish	between	what	I	call	

rhythmic	music	 involving	notes	 and	 rhythms	and	abstract	music	constituted	of	more	

ambient	and	soundscape-like	sounds.	
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A	popular	way	of	facilitating	tangible	music	making	is	tabletop	interfaces.	Some	of	the	

first	of	such	tabletops	are	Audiopad	(Patten	et	al.,	2006)	and	Jam-O-Drum	(Blaine	and	

Perkis,	 2000).	 More	 famous	 is	 ReacTable	 (Jordà	 et	 al.,	 2006)	 that	 allows	 for	 sound	

experimentation	 through	 control	 of	 different	 musical	 parameters.	 Interaction	 is	

accessed	 through	 the	placement	of	physical	pucks	on	 the	surface.	 	The	arrangement	

and	manipulation	of	 the	pucks	 then	creates	and	guides	a	 rhythmic	music	generator.	

Similar	 to	 this	 project	 are	 (Radartable,	 2016)	 and	 Spela	 Wip	 (Spela	 Wip,	 2018).	

Another	type	of	rhythmic	music	tabletop	is	NotePut	(Noteput,	2016),	where	physical	

note-shaped	blocks	are	placed	on	the	table,	to	create	a	score	for	a	rhythm	and	melody.	

This	 score	 is	 then	 played	 back,	 in	 the	 same	 manner	 as	 traditional	 music	 making	

software	programs	(DAWs).			

	

Another	 type	 of	 musical	 interfaces	 are	 the	 wearable	 ones	 such	 as	 Smart	 Hand	

(Myllykosky	 et	 al.,	 2015)	 and	MuMYO	 (Nymoen	 et	 al.,	 2015).	 Smart	Hand	 is	 a	 glove	

where	the	 fingertips	and	palms	functions	as	touch	sensors.	 It	 lets	 the	user	play	with	

the	 other	 hand	 by	 touch	 these	 areas	 to	 produce	 rhythmic	 music.	 Like	 traditional	

instruments	it	does	not	provide	any	rhythmical	aid.		

MuMyo	is	a	music-making	armband	that	responds	to	movement.	It	is	easy	to	produce	

notes	but	hard	to	control	the	order,	resulting	in	a	rather	random	output.	

	

There	are	also	handheld	interfaces	like	Noisa	(Tahiroğlu	et	al.,	2015)	that	lets	the	user	

manipulate	 the	 pitch	 of	 dynamic	 rhythmical	 patterns	 and	 Tenori-On	 (Nishibori	 and	

Iwai,	 2005)	 that	 generates	 a	melody	 from	 finger	 presses	 and	 aligns	 the	 output	 to	 a	

fixed	rhythm.		

Another	example	of	a	handheld	interface	is	Tingle	(Duindam	et	al.,	2015),	which	uses	a	

pin-art	toy	interaction	to	create	abstract	music.	Even	though	it	is	also	able	to	produce	

notes	it	is	difficult	to	control	these	in	any	reasonable	sense	to	create	melodies.	Lastly,	

Caress	 (Momeni,	 2015)	 is	 a	 handheld	 interactive	 percussion	 instrument	 played	 on	

finger	pads.		

	

Like	traditional	musical	instruments,	most	music	making	interfaces	requires	practice.	

One	 example	 is	 Bucket	 System	 (Dahlstedt	 et	 al.,	 2015),	which	 is	 an	 improvisational	

musical	 interface	 for	 experts.	 It	 uses	 traditional	 instruments	 as	 input	 device	 and	

therefore	depends	on	 the	user	 to	master	 such	an	 instrument	 in	advance.	ChordEase	

(Korda,	 2015)	 and	 LiVo	 (Yamamoto	 and	 Igarashi,	 2015)	 also	 use	 traditional	

instruments	 as	 input.	 ChordEase	maps	 the	white	 piano	 keys	 to	 jazz	 chords,	 so	 that	

sophisticated	chord	progressions	are	easier	to	play.	LiVo	have	piano	keys	mapped	to	

vowels	and	 syllables	 to	make	key	presses	 result	 in	 Japanese	artificial	 singing.	These	

can	both	be	seen	as	ways	to	make	some	sort	of	musical	expression	more	accessible	or	

easier.	Another	example	of	wanting	to	make	musical	creating	easier	is	the	installation	
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called	Musical	Fruit	(Erkut	et	al.,	2014).	It	aims	towards	novices,	in	that	manipulating	

the	 orientation	 of	 artificial	 fruits	 creates	 the	music.	 The	notes,	 however,	 are	 chosen	

randomly,	which	removes	any	control	over	the	melody.			

	

Other	 installations	 are	 more	 large-scale	 like	 Motion	 Composer	 (Bergsland	 and	

Wechsler,	 2015)	 that	 turns	 dance	 moves	 into	 sound	 and	 Resonate	 (Knichel	 et	 al.,	

2015)	that	allows	users	to	collaboratively	play	a	large	net	of	white	strings	in	order	to	

produce	 a	 collective	 soundscape.	 Both	 of	 these	 installations	 create	 abstract	 music.	

Finally,	the	Kitsch-Instrument	(Harriman	et	al.,	2012)	is	a	generative	approach	to	turn	

everyday	objects	 into	percussion	 instruments	by	equipping	 small	 actuators	 that	 can	

move	in	different	rhythmical	patterns.	

A	common	tendency	within	the	field	of	tangible	music	making	is	that	interfaces	suited	

for	novices	rarely	provide	any	significant	melodic	control.		

 

Play 
The	 following	 two	sections	on	Open-ended	Play	and	Constructive	Play	appear	 in	my	

paper	 Framing	 Open-Ended	 and	 Constructive	 Play	 with	 Emerging	 Interactive	

Materials	(Petersen	et	al.,	2015)	and	provide	some	fundamental	play	theory	as	well	as	

an	overview	on	related	projects	on	open-ended	and	constructive	play.	These	sections	

will	be	marked	with	italic	to	highlight	that	they	are	self-citations.	 

Open-ended Play  

Play	comes	 in	a	variety	of	 forms	 from	the	rule-bound	 to	 the	more	 free.	Caillois	 calls	

these	 two	 types	 of	 play	 ludus	 and	 paidia	 (Caillois,	 1961).	 These	 two	 are	 not	 binary	

categories	 but	 should	 rather	 be	 seen	 as	 a	 continuum.	 Ludus	 is	 goal-directed	 and	

structured	 and	 includes	 games	 with	 clearly	 defined	 rules	 such	 as	 sports-games	 or	

hide-and-seek.	 Paidia	 is	 more	 spontaneous,	 improvisational	 and	 unstructured	 and	

could	 include	 things	 such	 as	 spinning	 around	 and	 getting	 dizzy.	 Somewhere	 on	 this	

continuum	is	where	open-ended	play	arises.	Many	often	equate	open-ended	play	with	

free	play,	yet	 there	are	subtle	differences.	According	 to	Valk	et	al.	 (Valk	et	al.,	2013)	

free	play	does	not	 require	anything	else	 than	 imagination	and	can	 therefore	emerge	

any	where,	any	time	and	with	any	thing.	On	the	other	hand	open-ended	play	is	““play	

without	predefined	 (game)	 rules	 in	which	players	 can	 attach	meaning	 to	 the	design	

properties	 and	 the	 interactions	 themselves	 while	 playing.	 Its	 goal	 is	 to	 trigger	 a	

player’s	 creativity	 by	 leaving	 room	 for	 interpretation”	 (Valk	 et	 al.,	 2013,	 p.	 97).”	 So	

even	though	no	specific	game	rules	are	defined,	there	still	exist	some	interaction	rules.	

These	 rules	 govern	 how	 design	 artifacts	 respond	 to	 input.	 So	 for	 play	 to	 be	 open-

ended	 some	 intentional	 constraints	 must	 be	 introduced	 in	 order	 to	 establish	
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interaction	 rules.	 Open-ended	 play	 operates	 dynamically	 on	 the	 continuum	 often	

emerging	 as	 free-play	 like	 for	 then	 to	 slowly	 evolving	 into	 a	 game,	 where	 it	 can	

sometimes	 stay	 or	 sometimes	 the	 play	 can	 shift	 back	 and	 forth	 between	 ludus	 and	

paidia.		

	

An	 interactive	 open-ended	 play	 design	 example	 is	 ColorFlare	 (Bekker	 et	 al.,	 2009),	

which	 is	a	 flashlight-like	object	 that	changes	 its	 lights’	 color	when	 it	 is	 rolled.	 If	 it	 is	

pointed	 towards	 another	 ColorFlare	 and	 shaken	 it	 can	 transmit	 its	 color	 within	 a	

certain	 rang.	 Another	 example	 is	 FeetUp	 (Rosales	 et	 al.,	 2015),	 which	 embeds	

children’s	 shoes	with	 lights	 and	pressure	 sensors.	When	 the	 shoes	 are	not	 touching	

the	ground,	the	lights	start	flashing,	thereby	creating	play	centered	on	movement.		

Other	 open-ended	 play	 designs	 take	 form	 as	 installations	 such	 as	 FlowSteps	 and	

Interactive	Pathway	that	both	consist	of	interactive	mats.	FlowSteps	(Valk	et	al.,	2013)	

have	 two	 colors	 of	 light	 that	 can	 be	 “caught”	 by	 stepping	 on	 them	 or	 moved	 by	

stepping	 along	 other	 mats	 while	 Interactive	 Pathway	 (Seitinger	 et	 al.,	 2006)	 has	

motors	next	 to	 the	mats	 that	 starts	 spinning	when	a	 child	 steps	on	a	 corresponding	

mat.	Both	of	these	installations	invites	to	movement	based	play.		

Common	 for	 all	 these	 examples	 is	 that	 their	 designs	 are	 finished	 and	 allows	 for	 a	

certain	type	of	interaction	that	cannot	be	altered.	The	designers	have	deliberately	left	

out	predefined	game	rules	to	enhance	open-endedness	but	at	the	same	time	provided	

some	interaction	rules	to	frame	the	play.	Valk	et	al’s	notion	of	open-ended	play	(Valk	

et	 al.,	 2013)	 resembles	 Salen	 &	 Zimmerman’s	 definition	 of	 play	 as	 “free	movement	

within	a	more	rigid	structure”	(Salen	and	Zimmerman,	2003)	and	the	ludus	and	paidia	

definition	 closely	 corresponds	 to	 Costello’s	 concept	 of	 directing	 play	 opposed	 to	

emergent	play	(Costello	and	Edmonds,	2009).	

Moran	et	al.	 (Moran	et	al.,	 1988)	and	Tseng	and	Resnick	 (Tseng	and	Resnick,	2012)	

explore	 open-endedness	 in	 another	 way	 by	 looking	 at	 the	 qualitative	 effects	 of	

structured	 vs.	 unstructured	 play.	 They	 compare	 the	 impact	 of	 using	 structured	 vs.	

unstructured	materials	as	well	as	structured	vs.	unstructured	instructions.	Structured	

materials	involve	specialized	components	such	as	wheels	pointing	in	the	direction	of	

e.g.	a	car	or	a	 truck	as	end	goal	and	unstructured	materials	are	generic	and	abstract	

components.	 Structured	 instructions	 are	 guides	 on	 what	 and	 how	 to	 build	 such	 as	

walkthroughs	or	existing	models	to	replicate,	while	unstructured	instructions	equates	

to	just	building	from	one’s	imagination.	Tseng	and	Resnick	(Tseng	and	Resnick,	2012)	

conclude	 that	 both	kinds	of	 constructive	play	were	 satisfying	 in	 each	 their	different	

way.	 Engaging	 in	 structured	 play	 gave	 a	 feeling	 of	 achievement	 and	 proudness,	

stemming	form	the	assembly	of	a	large	number	of	bricks	and	completing	a	task.	On	the	

other	hand	engaging	in	unstructured	play	resulted	in	a	satisfaction	stemming	from	an	

emotional	connection	to	the	construction	(Tseng	and	Resnick,	2012).	
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Open-ended	 play	 also	 encompasses	 a	 type	 of	 learning	 that	 relates	 to	 inquiry-based	

learning	having	 its	 roots	back	 in	 the	philosophies	of	 Socrates	 and	 John	Dewey.	This	

way	of	 looking	at	 learning	has	 its	 foundation	 in	 constructivism,	which	 suggests	 that	

humans	construct	knowledge	and	meaning	from	experience:	“learning	is	the	process	

of	 making	 meaning	 and	 building	 knowledge	 by	 engaging	 in	 meaningful	 activities”	

(Brosterman	 and	 Togashi,	 1997).	 A	 method	 within	 this	 worldview	 is	 Papert’s	

constructionism	 that	 proposes	 children	 will	 learn	 best	 when	 they	 are	 engaged	 in	

building	 meaningful	 artifacts	 (Papert,	 1991).	 In	 my	 research	 I	 mainly	 work	 with	

constructive	interaction,	and	even	though	constructionism	proposes	some	interesting	

learning	 aspects	 related	 to	 such	 play,	my	 interest	 is	more	 towards	 play	 for	 its	 own	

sake	and	without	an	inherent	learning	goal.	Instead	I	am	more	interested	in	possibility	

for	play	as	an	expressive	and	empowering	activity	on	its	own	merits.	Most	often	play	

will	 contain	 some	 form	of	 development	 of	 e.g.	 social	 skills,	 negotiation	 skills,	motor	

skills,	 enhanced	 spatial	 understanding	 etc.,	 but	 that	 is	 not	 my	 focus	 in	 this	

dissertation.	

A	more	constructionism	inspired	research	on	constructive	interaction	can	be	found	in	

the	 work	 of	 Resnick	 and	 Silverman	 and	 their	 effort	 to	 design	 construction	 kits	 for	

children	 (Resnick	 and	 Silverman,	 2005).	 They	 describe	 low	 floors	 and	 high	 ceilings,	

referring	to	designs	where	novices	can	quickly	get	started	while	it	is	still	possible	for	

experts	to	work	with	increased	sophistication.	They	themselves	do	not	focus	much	on	

high	ceilings	but	is	more	interested	in	combining	low	floors	with	what	they	call	wide	

walls.	 Wide	 walls	 cover	 designs	 that	 support	 a	 wide	 range	 of	 explorations	 and	

outcomes	 and	 thereby	 open-endedness.	 From	 this	 perspective	 the	 criteria	 for	

evaluating	 the	 success	 of	 their	 construction	 kits	 become	 the	 sheer	 diversity	 of	

outcomes.		

	

Constructive Play 

Constructive	 play	 is	 a	 certain	 kind	 of	 play	 centered	 on	 the	 manipulating	 the	

environment	 in	 order	 to	 create	 new	 things	 (pgpedia,	 2018).	 Some	 of	 the	 aspects	

involved	 in	 such	play	 are	 spatial	 awareness,	 creative	 thinking,	 problem	solving,	 and	

sense	of	balance.	Some	of	the	skills	involved	are	highly	cognitive	but	constructive	play	

also	fosters	a	very	physically	engaging	through	bodily	action.	This	can	involve	hand-

to-eye	 coordination	 and	 fine	 motor	 skills.	 Other	 skills	 involved	 are	 social	 and	 can	

include	 expressing	 ideas,	 reading	 body	 language,	 sharing	 power,	 negotiation	 and	

compromise.	

Constructive	play	is	about	the	process	of	crafting.	The	key	characteristic	is	that	minor	

components	are	assembled	into	one	or	more	bigger	models.	Well-known	examples	of	

constructive	toys	are	Lego	bricks,	Mindstorms,	Play	Doh,	K’nex,	and	Buckyballs.	All	of	

these	allows	for	creativity	and	can	fit	well	within	the	open-ended	play	domain.	Adding	
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interaction	 to	 constructive	 play	 often	 comes	 in	 the	 form	 of	 construction	 kits	 and	

building	 blocks	 along	 with	 sensors.	 The	 components	 in	 these	 kits	 are	 often	

computationally	augmented	versions	of	known	physical	objects,	which	allow	children	

to	explore	additional	 functionality	 involving	computing	and	 temporal	processes	 that	

are	 normally	 inaccessible	 concepts	 through	 ordinary	 constructive	 toys	 (Shaer	 and	

Hornecker,	 2010).	 Computation	 enables	 interactive	 constructive	 play	 to	 involve	

concepts	 practically	 accessible,	 that	 are	 normally	 considered	 beyond	 the	 children’s	

abilities	 and	 age-related	 level	 of	 abstract	 thinking	 thinking	 (Shaer	 and	 Hornecker,	

2010).	You	will	 see	 this	 in	 the	domain	of	music	making	 in	 y	work	with	Hitmachine,	

where	 children	 are	 empowered	 in	 terms	 of	 musical	 expressivity	 beyond	 their	

prerequisites	and	abstract	musical	understanding	(Jakobsen	et	al.,	2016).	Sometimes	

systems	 or	 platforms	 that	 facilitate	 interactive	 constructive	 play	 are	 called	 Digital	

Manipulatives	 (Resnick	 et	 al.,	 1998,	 Zuckerman	 et	 al.,	 2005)	 or	 Computationally	

Enhanced	 Construction	 Kits	 (Shaer	 and	 Hornecker,	 2010).	 Examples	 of	 research	

projects	within	this	domain	can	be	found	in	projects	such	as	Smart	Blocks,	CurlyBot.	

Topobo	and	Craft,	Click	and	Play	(Girouard	et	al.,	2007,	Frei	et	al.,	2000,	Raffle	et	al.,	

2004,	Martínez,	2014).	

“Craft,	 Click	 and	 Play”	 (Martínez,	 2014)	 and	 “Topobo”	 (Raffle	 et	 al.,	 2004)	 are	

examples	 that	 can	 help	 illustrate	 different	 ways	 of	 accessing	 computational	

functionality	by	bridging	 the	physical	 crafting	 into	 the	digital	world.	Craft,	Click	and	

Play	 is	 an	 app	 that	 allows	 the	 user	 to	 create	 simple	 games	 from	 physical	 models.	

Examples	are	Lego	mazes	or	mazes	drawn	on	paper.	The	app	then	takes	a	picture	and	

the	different	colors	in	the	physical	model	are	then	assigned	different	roles	such	solid,	

to	act	as	 in-game	walls.	This	means	 that	 the	representation	of	 the	physical	model	 in	

the	 app	 is	 only	 two-dimensional	 (Martínez,	 2014).	 Topobo	 is	 a	 kinesthetic	memory	

robotic	 toy,	meaning	 that	 is	 can	 record	 and	play	back	 sequences	of	 physical	motion	

(Martínez,	 2014).	 Passive	 static	 or	 active	 motorized	 components	 can	 quickly	 be	

snapped	 together	 to	 assemble	 biomorphic	 forms.	 These	 form	 can	 then	 be	 animated	

through	pulling,	pushing	and	twisting	and	the	animation	can	then	be	played	back	or	

performed	by	the	robot.	Where	the	constructive	components	of	Craft,	Click	and	Play	

are	 not	 computationally	 enhanced	 it	 relies	 on	 external	 technology	 to	 add	 the	

interactivity.	 Topobo	 on	 the	 other	 hand	 incorporates	 electronics	 and	 logic	 into	 the	

components	 themselves	 and	 thereby	 creating	 a	 closer	 physical-digital	 relationship.	

This	area	of	closely	merging	the	physical	and	digital	world	 is	exactly	were	graphene	

has	something	interesting	to	offer,	as	it	provides	new	ways	of	adding	interactivity	to	

existing	materials.		
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6 EXPERIMENTAL PLATFORMS AND WORKSHOPS 

This	 dissertation	 is	 based	 on	 experiments	 in	 both	 research	 track	 1	 and	 2.	 In	 the	

simulation	track	the	experiments	have	been	conducted	together	with	children	at	large	

scale	workshops	where	we	have	provided	interactive	platforms	to	facilitate	a	type	of	

play	experience.	These	platforms	consist	of	prototypes	along	with	a	surrounding	play	

setting	and	framing.	The	prototypes	are	used	a	means	to	investigate	the	qualities	of	a	

certain	 kind	 of	 play	 experience	 with	 the	 goal	 to	 feed	 back	 knowledge	 to	 us	 as	

interaction	 design	 researchers	 about	 how	 to	 further	 develop	 and	 improve	 the	

platforms	with	actual	graphene.	In	that	regard	the	prototypes	can	be	seen	as	research	

tools	 and	 the	workshops	 as	 a	way	 to	 evaluate	 the	 qualities	 of	 the	 experience	 these	

tools	facilitate.		

In	the	material-driven	track	such	evaluations	has	not	been	possible	on	the	same	scale	

nor	 with	 children.	 The	 health	 related	 issues	 of	 interacting	 with	 graphene	 are	 still	

under	a	thorough	investigation,	and	with	no	clear	regulations	we	cannot	responsibly	

involve	 children	 in	 interacting	 directly	 with	 graphene	 yet.	 Therefore,	 the	 material	

driven	experiments	has	been	more	of	a	bottom	up	approach,	where	 instead	of	using	

other	materials	 to	simulate	 the	properties	of	graphene	we	 take	actual	graphene	and	

explore	which	parts	of	the	vision	can	then	be	practically	improved	or	realized.	In	this	

way	 we	 have	 been	 able	 to	 use	 the	 knowledge	 gained	 at	 the	 workshops	 to	 identify	

which	 aspects	 to	 focus	 on	 in	 the	 technical	 implementation	 with	 graphene.	 As	

production	 processes	 and	 especially	 transferring	 processes	 of	 graphene	 has	 yet	 to	

mature,	 the	 graphene-based	 prototypes	 are	 more	 limited	 in	 terms	 of	 interaction	

complexity	than	the	prototypes	from	the	simulation	track	using	known	materials	and	

existing	sensors.	However,	we	have	utilized	graphene	to	add	interactive	aspects	to	the	

prototypes	 that	 are	 very	 difficult	 to	 simulate	 without	 having	 a	 conductive	 nano-

material.		

In	order	 to	avoid	confusion	 I	will	 first	go	over	some	of	 the	conceptual	and	 linguistic	

ambiguities	within	the	domain	of	tangible	interaction.			

 

Ambiguous Terminology of Tangible Interaction 

TUIs	come	in	a	variety	of	forms	and	the	complex	integration	of	the	physical	and	digital	

world	into	one	another	makes	for	some	conceptually	ambiguous	areas.	If	we	approach	

it	with	 the	 terminology	 from	 the	MCRpd	model	 the	 integrated	 control	 and	 physical	

representation	characteristics	are	addressed	 in	many	different	way	 in	 the	 literature,	

which	are	examined	by	Ulmer	and	Ishii	(Ulmer	and	Ishii,	2001).	One	commonly	used	

term	 is	objects,	however	ambiguity	can	arise	 in	 that	 this	exact	same	word	can	mean	

something	else	 in	 the	 context	of	programming.	This	 ambiguity	 is	 sometime	 clarified	

with	the	terms	physical/digital	objects	in	a	TUI	context.	Another	commonly	used	term	
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is	artifacts,	which	refers	to	man-made	physical	objects.	However,	naturally	occurring	

objects	 such	 as	 stone	 and	 seashells	 have	 ben	 used	 in	 a	 range	 of	 tangible	 interfaces,	

which	 leaves	 the	 term	 applicable	 only	 under	 certain	 circumstances.	 The	 term	props	

has	also	been	used	in	several	systems,	however	 it	carries	connotations	of	something	

peripheral	 rather	 than	 central	 to	 the	 interaction.	 Physical	 icons	 or	 phicons	 is	 a	

reference	to	the	GUI	concept	of	icons,	but	in	practice	many	icons	and	phicons	end	up	

as	 more	 symbolic	 than	 iconic.	 Ulmer	 and	 Ishii	 propose	 describing	 the	 physically	

manipulatable	 elements	 as	 tokens	 and	 the	 physical	 interaction	 space	 where	 these	

tokens	are	used	as	reference	frames	(Ulmer	and	 Ishii,	2001).	Even	 though	 this	might	

be	 well	 suited	 for	 a	 lot	 of	 the	 other	 tangible	 interaction	 contexts	 it	 seems	 to	 not	

appropriately	address	the	nature	of	the	constructive	interaction	domain	in	which	my	

research	is	grounded.	Ullmer	and	Ishii	mention	constructive	systems	as	what	they	call	

one	way	 of	 interpreting	 systems	 and	 objects	 in	 a	 tangible	 interaction	 context.	 They	

describe	it	as	the	constructive	assembly	of	modular	elements,	but	besides	that	they	do	

not	provide	any	additional	conceptual	terminology.		

One	 problem	 is	 to	 identify	 what	 constitutes	 the	 tokens.	 The	 term	 token	 implies	

something	representational,	but	in	constructive	interaction	we	both	have	the	modular	

elements	and	the	assembled	construction.	Dependent	on	whether	individual	modular	

elements	 can	 alter	 the	 computer’s	 internal	 representation	 or	 not	 (model	 in	 the	

MCRpd),	we	either	end	up	with	only	the	assembled	construction	being	a	token	or	we	

end	up	with	tokens	on	two	conceptually	different	levels.	The	next	problem	is	then	to	

identify	the	reference	 frame.	 In	Ulmer	and	Ishii’s	 terminology	the	reference	frame	is	

physical,	 however	 if	 the	 assembled	 construction	 is	 self-contained,	 portable	 and	

hooked	 up	 wirelessly	 to	 a	 computer	 then	 the	 reference	 frame	 is	 more	 accurately	

characterized	 as	mediated.	 So	 under	 these	 circumstances	 the	 terminology	 of	 tokens	

and	 reference	breaks	down	both	 in	 terms	of	precision	 and	 scope.	On	 top	of	 this	we	

also	get	into	trouble	when	trying	to	describe	constructive	interaction	through	some	of	

the	 existing	 tangible	 interaction	 related	 frameworks.	 If	 we	 e.g.	 take	 Frens’	 rich	

interaction	 framework	 it	 is	 developed	 from	 a	 person-product	 perspective.	 But	

constructive	interaction	is	not	about	interacting	with	products	in	a	traditional	sense.	It	

is	 more	 like	 interaction	 through	 a	 platform	 that	 facilitates	 a	 range	 of	 creative	

opportunities.	In	my	work	I	refer	to	the	assembled	constructions	as	physical	models,	as	

Lego	 constructions	 are	 commonly	 referred	 to	 as	 models.	 This	 might	 create	 some	

confusion	as	well	because	I	also	describe	the	computer’s	internal	representation	of	the	

physical	 model	 as	 the	 digital	 model.	 In	 isolation	 the	 “physical”/”digital”	 adjectives	

makes	the	distinction	clear,	however	as	mentioned	in	chapter	4,	Ulmer	and	Ishii	calls	

the	 internal	 representation	 for	 model	 only,	 while	 using	 digital	 representation	 to	

describe	 the	 information	 that	 is	 physically	 mediated.	 I	 find	 this	 terminology	

problematic	due	 to	several	 factors.	Firstly,	a	model	 is	something	that	represents,	 and	

the	 distinction	 between	 a	 model	 and	 a	 representation	 are	 therefore	 not	



	 	 p.	51	of	199	

unambiguously	 clear.	 According	 to	 Ullmer	 and	 Ishii	 the	 rep-p	 and	 rep-d	 combined,	

constitute	 the	 physical	 perceivable	 representation	 of	 the	 internal	 model.	 However,	

due	 to	 the	 physical	 digital	 integration	 it	 goes	 both	 ways	 and	 the	 internal	 model	 is	

therefore	 also	 a	 representation,	 yet	 unperceivable,	 of	what’s	 tangible	 and	mediated.	

The	 internal	model	 is	 literally	 speaking	a	digital	 representation	also	 and	 therefore	 I	

will	argue	that	using	the	term	digital	representation	for	the	mediated	information	can	

be	 very	misleading.	 A	 less	 ambiguous	 terminology	 would	 be	 to	 divide	 the	 physical	

perceivable	 representations	 into	 the	 categories	 of	 tangible	 and	 mediated	

representations	instead.	This	lets	the	word	physical	cover	them	both,	while	leaving	the	

word	digital	 to	 address	 the	 internal	model	 as	 either	 the	digital	model	 or	 the	digital	

representation.	 I	 would	 argue	 that	 these	 categorizations	 also	 fit	 Ullmer	 and	 Ishii’s	

“under-and-above	water	metaphor”	more	accurately.		

A	conceptual	discussion	like	this	is	one	of	the	things	that	become	possible	in	research	

through	 design.	 It	 is	 by	 engaging	 in	 the	 design	 process	 and	 actively	 designing	 and	

evaluating	 where	 these	 subtleties	 arise.	 The	 ambiguities	 relate	 to	 concrete	

experiences	 and	 show	 how	 practice	 can	 also	 help	 inform	 research	 on	 a	 more	

conceptual	level,	which	aligns	well	with	a	research	through	design	paradigm.		

 

Designing a Design Space 

As	I	have	explained	constructive	interaction,	is	different	from	other	types	of	tangible	

interaction,	 as	 designers	 are	 not	 designing	 products	 but	 rather	 design	 spaces.	

Designing	 for	constructive	 interaction	 is	about	creating	a	 frame	within	which	others	

can	then	design	for	them	selves.	This	adds	another	conceptual	layer	to	the	interaction	

model.	 The	main	design	 space	 extends	 the	possibilities	 for	 building	physical	models.	

Then	 there	 is	 a	 design	 space	 concerned	 with	 the	 digital	 model.	 In	 order	 to	 obtain	

constructive	interaction	only	the	first	of	these	design	spaces	needs	to	be	left	open	for	

the	 users.	 The	 designers	 usually	 handle	 designing	 the	 rules	 and	 relations	 for	 the	

digital	 model.	 In	 the	 case	 of	 Hitmachine	 this	 digital	 model	 were	 comprised	 of	 a	

musical	 framework	 governing	 all	 relationships	 between	 musical	 parameters	 along	

with	rules	for	how	these	could	be	accessed	through	interaction.	Changes	in	the	states	

of	this	digital	model	are	mediated	as	music,	which	then	constitutes	yet	another	design	

space	–	the	space	of	possible	pieces	of	music	to	make.	As	the	digital	model	governs	the	

possible	notes,	rhythms	and	rules	for	relations,	the	digital	model	in	a	way	becomes	to	

the	music,	what	the	collection	of	bricks	are	to	the	physical	models.		

A	way	to	get	a	clearer	picture	of	the	relationship	between	these	spaces	it	to	 imagine	

them	 as	 two	 spaces	 each	 with	 two	 layers:	 A1,	 A2,	 B1,	 and	 B2.	 A1	 is	 the	 modular	

component	 design	 space.	 As	 Hitmachine	 uses	 Lego	 bricks	 and	 Mindstorms	 only	

designers	at	Lego	have	accessed	that	space.	Bricks,	sensors	and	the	EV3	module	have	

been	designed	already.	Together	these	modular	components	govern	the	over	all	rules	
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for	the	design	space	of	constructive	physical	model	building	on	top	(A2).	This	involves	

possible	combinations,	aesthetic	framing,	ways	of	building	etc.	B1	is	the	design	space	

of	the	digital	model,	which	in	the	case	of	Hitmachine	was	designed	by	my	colleagues	

and	me.	B2	 is	 the	design	 space	 emerging	 from	 the	possibilities	within	 the	mediated	

representation	of	the	digital	model.	In	addition	to	these	four	spaces,	a	fifth	one	occurs	

as	the	interaction	design	space	(I).	

In	Hitmachine	workshops	we	left	open	parts	of	A2,	B2,	and	I	to	the	children.	A2	was	

the	 most	 open	 space	 and	 only	 framed	 by	 the	 provided	 bricks	 and	 mindstorms	

components.	 B2	 included	 control	 over	 melody,	 rhythm	 and	 timbre	 within	 some	

correctional	aiding	constraints,	which	is	rarely	seen	in	musical	interaction	research.	I	

included	control	over	types	of	input	through	sensor	choice	and	over	mapping	through	

sensor	placement.	In	my	first	paper	I	referred	to	A2	as	the	physical	construction	space	

and	 B2	 as	 the	 digital	 construction	 space.	 In	 light	 of	 what	 I	 discussed	 regarding	 the	

ambiguity	of	the	terminology	Ishii’s	tangible	interaction	model,	the	same	thing	applies	

here	 and	 a	more	 accurate	 terminology	might	 be	 the	physical	construction	space	and	

the	mediated	construction	space.	However,	because	I	developed	the	Constructive	Play	

Expressivity	 Model	 in	 a	 children’s	 play	 context	 I	 chose	 to	 change	 the	 terminology	

based	on	the	types	of	play	involved.	Thus,	since	my	second	paper	I	have	referred	to	A2	

as	 the	 construction	 play	 space	 and	 B2	 as	 the	 execution	 play	 space,	 as	 interactive	

constructive	 play	 often	 involves	 both	 creating	 something	 and	 using	 it.	 If	 I	 were	 to	

think	 in	 a	 more	 generic	 constructive	 interaction	 context	 I	 think	 distinguishing	

between	physical	and	mediated	design	spaces	would	be	useful.		

	

A Constructive Interaction Framework 

Constructive	 interaction	 interfaces,	 also	 referred	 to	 as	 constructive	 systems	 (Ishii,	

2001)	or	constructive	assemblies	(Leong,	2017),	appeals	to	a	type	of	interaction	that	

can	be	divided	 into	phases.	Leong	et	al.	proposes	a	model	depicting	 these	phases	as	

what	they	call	they	constructive	assembly	lifecycle	(Figure	12).		As	I	mentioned	in	the	

previous	 section	 two	 different	 types	 of	 core	 engagement	 are	 creation	 and	 usage.	 In	

Leong’s	model	these	are	depicted	in	a	loop	running	from	a	creation	phase	into	a	usage	

phase,	which	then	can	continue	into	either	a	tweaking,	storage	or	destruction	phase.	

This	model	can	be	useful	in	order	to	better	understand	constructive	interaction	both	

inside	and	outside	a	play	context.		
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Figure	12.	The	constructive	assembly	lifecycle.	

	

Leong	 also	 presents	 a	 framework	 consisting	 of	 four	 themes,	 which	 she	 defines	 as	

“higher-level	attributes	that	primarily	characterize	the	user	experience”.	 In	my	work	 I	

use	the	words	theme	and	theme-based,	in	a	play	context	referring	to	the	play	as	having	

music	 making	 as	 a	 theme.	 This	 should	 not	 be	 confused	 with	 Leong’s	 definition	 of	

themes.	 Leong’s	 themes	 can	 be	 indirectly	 influenced	 by	 the	 designers	 through	

manipulation	 of	 lower-level	 paramters,	 such	 as	 number	 of	 modules	 or	 module	

granularity.	 Note	 that	 manipulating	 the	 number	 of	 modules	 corresponds	 to	

manipulating	the	accessible	size	of	the	design	space	I	characterized	as	A2.	In	the	same	

way	manipulating	the	granularity,	i.e.	the	module	size,	can	be	seen	as	operating	within	

the	A1	design	space.			

The	 four	 themes	 are	 four	 continuums	 along	 which	 a	 constructive	 assembly	 can	 be	

mapped.	These	are:	Efficiency	vs.	Exploration,	Repulsion	vs.	Attachment,	Constrained	

vs.	 Expressive,	 and	 Novice	 vs.	 Expert.	 As	 these	 are	 all	 coupled	 to	 parameter	

manipulation,	 the	 themes	are	closely	 interrelated	 through	what	 she	calls	 the	web	of	

parameters	(Leong,	2017).	Leong’s	definitions	are:	

	

·	“Efficiency	vs.	Exploration	describes	the	extent	to	which	users	are	encouraged	to	

arrive	at	a	specific	configuration	versus	try	out	different	physical	arrangements	of	

modules.”		

·	“Repulsion	vs.	Attachment	refers	to	the	degree	to	which	a	user	is	inclined	to	either	

dispose	of	or	keep	the	modules	of	a	constructive	assembly	or	assembled	wholes.”		
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·	“Constrained	vs.	Expressive	refers	to	the	size	of	the	design	space	covered	by	the	

constructive	assembly.”		

·	“Novice	vs.	Expert	describes	the	extent	to	which	the	constructive	assembly	is	geared	

towards	novices	or	experts	in	the	target	problem	domain.”	(Leong,	2017)		

	

In	these	terms	the	goal	of	my	projects	can	be	described	as	aimed	towards	supporting	

the	 expressivity	 of	 novices	 in	 a	 way	 that	 encourages	 exploration	 in	 building	

personal	music	instruments	(attachment).	However,	the	themes	have	been	balanced.	

Fx.	 the	 framing	 of	 building	musical	 instruments	 pulls	 in	 the	 direction	 of	 efficiency,	

while	not	defining	what	a	musical	 instrument	 is,	pulls	 towards	exploration.	Another	

thing	in	terms	of	balance	is	that	expressivity	also	increases	complexity	and	therefore	

designing	for	the	musical	empowerment	of	novices	needs	some	sort	of	constraints	as	

well	 (Figure	 13).	 The	 design	 space	 Leong	 addresses	 in	 respect	 to	 this	 theme	 is	

described	 as	 encompassing	 both	 the	 physical	 and	 digital	 degrees	 of	 freedom.	

However,	she	leaves	out	any	details	about	their	interrelation	as	well	as	which	types	of	

parameters	would	affect	the	digital	part	of	the	design	space.	In	addition,	she	collapses	

expressivity	 to	 the	sheer	size	of	 the	design	space.	This	definition	vaguely	states	 that	

expressivity	 “touches	 upon”	 the	 degrees	 of	 freedom,	 but	 it	 makes	 no	 distinction	

between	the	number	of	possibilities	and	the	ability	to	control	these.	Instead	control	is	

used	in	the	sense	that	increased	physical	granularity	equals	a	finer	degree	of	control	

(REF).	 	This	way	of	 looking	at	expressivity	leaves	out	a	 lot	of	subtleties	important	to	

the	 users’	 actual	 ability	 to	 express	 themselves.	 In	 my	 research	 I	 have	 tried	 to	

understand	this	problem	better,	and	in	the	next	sections,	I	will	explain	how	I	through	

the	designing	and	evaluation	of	prototypes	have	unpacked	the	concept	of	expressivity	

in	 further	 detail.	 This	 can	 help	 designers	 of	 constructive	 interaction	 not	 only	

understand	expressivity	as	a	one	dimensional	continuum	on	the	physical	part,	but	as	a	

more	 complex	 design	 space	 that	 extends	 into	 the	 physical-digital	 interactive	

interrelation.		

	

	
Figure	13.	Constrained	vs.	Expressive	axis.	A	one-dimensional	view	on	expressivity.		
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From Simulation to Realization  
In	 these	 sections	 I	 will	 explain	 my	 key	 contributions	 along	 with	 how	 they	 are	

interconnected.	 I	 will	 clarify	 their	 relation	 to	 graphene	 and	 compare	 my	 work	 to	

similar	 and	 related	 work	 in	 the	 HCI	 field.	 Together,	 these	 sections	 clarify	 how	

graphene	 started	 as	 an	 inspiration	 for	my	 projects	 and	 how	we	 had	 to	 simulate	 its	

properties	until	the	material	was	mature	enough	to	get	out	of	the	lab.	This	model	can	

be	 useful	 in	 order	 to	 better	 understand	 constructive	 interaction	 both	 inside	 and	

outside	a	play	context.		

	

Discovering the Reduction Effect 

In	 the	 first	 paper	 “Framing	 Open-ended	 and	 Constructive	 Play	 with	 Emerging	

Interactive	Materials”	children	were	building	musical	 instruments	with	Lego,	copper	

tape	and	Makey-makey	boards	 (See	Figure	14).	The	copper	 tape	 served	as	a	way	 to	

simulate	having	interactive	bricks.	The	children	could	plaster	the	copper	tape	on	their	

Lego	models	and	hook	them	up	with	a	Makey	Makey	board	and	be	able	to	play	musical	

sounds	by	touching	the	tape.	It	was	motivated	by	graphene	in	the	way,	that	graphene	

can	 enable	 existing	 materials	 with	 interactive	 properties,	 and	 the	 benefit	 of	 using	

coppertape	 is	 that	 it	 is	 very	 fast	 to	 rearrange	 like	 the	 bricks.	 At	 the	 same	 time	 the	

copper	 tape	 does	 not	 alter	 the	 shape	 in	 a	 significant	way,	 but	 lets	 the	models	 keep	

their	original	shape.		The	potential	for	graphene	in	this	is	to	have	the	actual	bricks	as	

the	 interactive	 part	 and	 hooked	 up	 to	 electronics	 instead	 of	 using	 copper	 tape	 as	 a	

kind	of	added	layer	on	top.	This	would	also	help	avoid	the	aesthetic	 intrusiveness	of	

adding	 layers	 of	 copper	 tape	 to	 a	 colorful	 Lego	 model.	 The	 copper	 tape	 creates	 a	

separation	 between	 what	 is	 built	 and	 how	 it	 can	 be	 used	 for	 interaction.	 This	

separation	or	gap	means	that	the	shape	of	the	Lego	models	did	not	have	any	real	effect	

on	the	interaction.	You	could	play	the	same	sounds	on	any	model	regardless	on	how	it	

was	designed.		

	
Figure	14.	A	boy	playing	with	his	father	on	a	musical	instrument	built	from	Lego,	copper	tape	

and	a	Makey	Makey-board.	
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However,	we	 did	 also	 find	 another	 interesting	 thing.	We	 discovered	what	we	 call	 a	

reduction-effect.	The	reduction	effect	is	a	miss-match	between	the	expressivity	of	the	

physical	part	of	the	play	and	the	digital	output.	Lego	is	a	vastly	expressive	toy	due	to	

its	constructive	nature	and	a	brick	design	that	allows	for	infinite	variation	in	what	can	

be	 build.	 On	 the	 other	 hand	 the	 possible	 musical	 output	 from	 interacting	 with	 the	

copper	tape	was	very	limited.	You	could	choose	between	4	beats,	7	instrument	sounds	

and	 each	 of	 these	 instruments	 could	 then	 play	 8	 different	 notes	 (See	 Figure	 31).	

Touching	 the	 copper	 tape	 triggered	 the	 notes,	 but	 the	 playback	 was	 binary	 in	 the	

sense	 that	 the	 sound	could	not	be	altered	 in	 length	or	 timbre	etc.	but	 could	only	be	

either	played	back	or	not.	This	means	that	the	complexity	of	the	musical	output	was	

very	limited	and	thereby	also	the	possibility	for	being	creative	and	express	ideas.	The	

reduction	effect	adds	to	the	gap	between	the	physical	and	the	digital	in	that	it	makes	it	

obvious	how	much	of	what	you	can	express	physically	is	not	reflected	in	the	feedback	

from	the	system.	Ideally,	I	would	like	to	see	the	interactivity	result	in	a	more	holistic	

experience	where	the	whole	is	greater	than	the	sum	of	its	parts	–	where	the	physical	

and	digital	are	 tighter	 coupled	so	 that	 changes	 in	one	area	matters	 in	 the	other	and	

makes	 a	 difference.	 So	 the	 two	 most	 important	 aspects	 that	 graphene	 can	 help	

improve	 is	 1)	 A	 closer	 physical	 integration	 between	 the	 materials	 used	 and	 2)	

Utilizing	 this	 integration	 to	 enhance	 the	 overall	 expressivity	 by	 better	 reflecting	

physical	 alterations	 in	 the	 digital	 output.	 Figure	 15	 shows	 pictures	 from	 the	

workshop.	

	
Figure	15.	Lego	Worldfair	Workshop.	

Empowerment through Constructive Play and Music Making 

In	 the	 paper	 “Expressivity	 in	 Open-ended	 Constructive	 Play:	 Building	 and	 Playing	

Musical	 Lego	 Instruments“	we	wanted	 to	 overcome	 the	 reduction	 effect	 so	 that	 the	

expressivity	 of	 the	musical	 sound	 output	would	 better	match	 the	 complexity	 in	 the	

construction	play	space.	We	developed	a	platform	called	Hitmachine	that	allowed	the	

children	 to	 build	 their	 own	 musical	 instruments	 using	 Lego	 Mindstorms	 and	 Lego	

Mindstorms	sensors	(Figure	16).	At	this	point	in	the	project	we	still	could	not	get	any	

graphene	 out	 of	 the	 lab	 yet,	 so	 we	 simulated	 interactive	 bricks	 by	 using	 existing	

sensors.	We	designed	a	musical	framework	and	implemented	it	as	a	software	backend	

that	handled	how	all	the	sensor	input	should	be	converted	to	music.	This	framework	
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contained	 a	 range	 music	 theory-concept	 that	 made	 sure	 all	 the	 music	 the	 children	

created	 would	 fit	 together	 harmonically	 and	 rhythmically.	 At	 the	 same	 time	 the	

system	 could	 generate	 background	 beats	 that	 would	 always	 fit	 to	 the	 melody	 the	

children	 played	 on	 their	 instruments.	 At	 the	 same	 time	 the	 children	 could	 choose	

between	thousands	of	sounds	for	their	instruments	opposed	to	the	workshop	in	Paper	

1	(Petersen	et	al.,	2015),	where	there	was	only	five.	Instead	of	using	midi-sounds,	the	

instrument	 sounds	 were	 synthesized	 with	 digital	 synthesizers	 also	 used	 for	

professional	 music	 production.	 The	 children	 could	 also	 choose	 between	 distance	

sensors,	 color	 sensors,	 gyroscopes	 and	 buttons	 to	 attach	 to	 their	 instruments.	 The	

choice	of	sensors	would	determine	how	to	play	the	instrument	to	generate	sound.	In	

this	 way	 one	 could	 customize	 an	 instrument	 on	 way	 more	 parameters	 than	 in	 the	

workshop	in	Paper	1	(Petersen	et	al.,	2015)	and	at	the	same	time	it	was	ensured	that	

the	musical	output	would	be	more	sophisticated. 

	
Figure	16.	The	Creator	Table	at	the	Hitmachine	workshop,	where	children	built	their	

instruments	in	pairs	from	Lego	bricks,	Lego	Mindstorms	and	sensors.	

Even	 though	 we	 managed	 to	 diminish	 the	 Reduction	 Effect,	 we	 did	 this	 through	 a	

combination	 of	 software	 programming	 and	 existing	 Lego	Mindstorms	 sensors.	 As	 a	

result	the	actual	size	and	shape	of	the	models	do	not	directly	influence	the	interaction	

nor	 the	 output.	 The	 choice	 of	 sensors	 alters	 the	physical	 shape	 to	 some	degree,	 but	

they	 are	 attached	 to	 the	 core	model	 rather	 than	 being	 an	 integrated	 part	 of	 it.	 This	

means	that	one	can	play	the	exact	same	music	using	the	same	 interaction	despite	of	

how	the	model	 is	built	as	 long	as	the	same	sensors	are	chosen	for	the	same	ports	 in	

the	EV3	modules	(Jakobsen	et	al.,	2016).	Some	children	came	up	with	some	creative	

solutions	 to	 altering	 the	 interaction	 indirectly	 through	 their	 designs.	 E.g.	 one	 group	

built	a	Lego-hammer	to	smash	the	push	button	 instead	of	pushing	 it.	Another	group	

built	a	Lego-cage	for	a	gyroscope,	which	they	could	then	shake	around	inside	instead	

of	holding	and	turning	it.	A	third	group	built	a	color	sensor	into	a	gun	altering	the	way	

to	wield	it	so	they	could	pretend	to	shoot	at	colors	instead	of	pointing	at	them.	These	

examples	are	all	subtle	adjustment	of	the	interaction.			
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Hitmachine	succeeded	in	providing	more	complexity	and	expressivity	in	the	output	to	

help	diminish	the	Reduction	Effect	by	balancing	the	construction	and	execution	play	

spaces.	However,	even	 though	 the	execution	play	space	was	better	balanced	we	still	

wanted	it	 to	also	reflect	the	construction	play	space	better.	So	this	brings	us	back	to	

the	 gap	 that	 graphene	 can	 help	 bridge	 by	 allowing	 a	 closer	material	 integration.	 In	

Hitmachine	the	timbre	of	an	instrument	was	determined	by	turning	a	wheel	attached	

to	the	model.	With	graphene	we	could	use	the	physical	properties	of	the	model	itself	

to	determine	 the	 timbre.	When	playing	a	Hitmachine	 instrument	 sensors	were	used	

for	 interaction.	With	graphene	 the	model	 itself	 could	become	electrically	 conductive	

and	 used	 for	 direct	 interaction.	 Thereby	 graphene	 could	 help	 remove	 all	 externally	

added	 components	 needed	 for	 interaction	 by	 allowing	 the	 bricks	 themselves	 to	

become	 both	 the	 constructive	 and	 interactive	 part	 at	 the	 same	 time.	 In	 Figure	 17	 I	

demonstrate	 the	 building	 aspect	 of	 Hitmachine	 and	 in	 Figure	 18	 I	 demonstrate	 the	

music-playing	aspect.			

	
Figure	17.	Me,	introducing	children	to	Hitmachine	before	the	workshop.	

	

	
Figure	18.	Me,	demonstrating	Hitmachine	by	playing	a	concert	on	the	stage	before	the	

workshop.	
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Defining Expressivity 

When	 designing	 for	 enhanced	 expressivity	 it	 is	 essential	 to	 clarify	 what	 the	 term	

expressivity	actually	encompasses.	In	the	most	common	sense	expression	refers	to	the	

action	of	making	one’s	thoughts	or	feelings	known.	In	light	of	this	definition,	I	use	the	

term	 expressivity	 as	 synonymous	 with	 expressiveness	 or	 expressive	 power	 and	 as	

referring	 to	 the	 ability	 of	 allowing	 expression.	 Thus,	more	 expressivity	 equals	more	

possibilities	 for	 expression.	Expressivity	 is	difficult	 to	quantify,	 and	even	 though	we	

might	be	able	 to	reasonably	compare	 the	expressivity	of	 two	different	programming	

languages,	it	becomes	hard	to	do	the	same	comparison	between	a	guitar	and	a	piano.	

This	 is	 due	 to	 a	 common	 lack	 of	 precision	 in	 the	 literature	 when	 using	 the	 term	

expressivity,	 as	 the	 expressivity	 of	 a	 programming	 language	 usually	 refers	 to	 the	

variety	 and	 quantity	 of	 ideas	 that	 can	 be	 expressed,	 while	 expression	 in	 a	 musical	

context	often	primarily	refers	to	emotion.	However,	one	could	argue	that	a	piano	is	in	

fact	more	emotionally	expressive	than	e.g.	a	xylophone	because	it	allows	the	musician	

to	e.g.	sustain	notes,	play	chords,	and	do	more	complex	coordination.	So	even	though	

we	can	not	exactly	quantify	emotional	expressivity	per	se,	it	is	meaningful	to	say	that	

it	still	has	to	do	with	the	freedom	and	variation	of	interaction	possibilities.	

	

Expressivity - Towards Common Ground  

Often	 researchers	 engaged	 with	 enhancing	 expressivity	 in	 an	 interaction	 design	

context	 use	 the	 term	 expressivity	 either	 ambiguously	 or	 in	 rather	 vaguely	 defined	

ways.	 Joep	 Frens’	 paradigm	 of	 rich	 interaction	 aims	 to	 restore	meaningful	 relations	

between	 form,	 interaction,	 and	 function	 (Frens,	 2006).	 Frens	 takes	 inspiration	 from	

tangible	interaction	and	affordances,	describing	rich	interaction	as	action-driven	and	

as	focusing	on	how	to	clearly	communicate	information-for-use.	Frens	also	describes	

rich	 interaction	 as	 a	pursuit	 of	 aesthetic	 interaction	 and	 thereby	 focusing	on	how	 it	

feels	 to	 interact,	 and	 uses	 the	 term	 expression	 in	 the	way	 that	 functionality	 can	 be	

expressed	through	form	and	that	form	and	behavior	can	express	information-for-use	

(Frens,	2006).	Thus,	it	seems	that	expressivity	in	this	context	refers	to	an	interactive	

system’s	 ability	 to	meaningfully	 express	 the	 relationship	 between	 form,	 interaction,	

and	 function	 appropriate	 to	 human	 perceptual-motor	 skills.	 However,	 he	 does	 also	

use	 expressivity	 in	 relation	 to	 using	motion	 and	 vibration	 to	 communicate	 a	 simple	

message	or	express	emotion.	 In	 the	 first	case	expressivity	 is	used	 to	describe	how	a	

product	can	express	something	to	the	user	and	in	the	latter	it	refers	to	how	users	can	

express	something	to	others	through	interaction	with	a	product.	Even	though	the	first	

case	 still	 involves	 a	 designer	 responsible	 for	 the	 expression,	 these	 are	 still	 two	

separate	ways	of	 talking	about	expressivity	 that	are	not	explicitly	distinguished,	and	

designing	for	these	can	be	two	very	different	tasks.	
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Frens	 divides	 information-for-use	 into	 three	 categories:	 Information	 on	 how	 to	 act,	

information	 on	 what	 will	 happen	 if	 one	 acts,	 and	 information	 on	 what	 happened	

because	 one	 acted.	 He	 points	 towards	Wensveen’s	 terminology	 of	 feedforward	 and	

feedback	as	a	way	to	capture	these	three	types	of	 information-for-use	(Frens,	2006).	

Wensveen	proposes	 the	Frogger	design	 framework	 to	 couple	 action	 and	 function	of	

interactive	 products	 through	 feedback	 and	 feedforward	 (Wensveen,	 2004).	 Like	

Frens,	 he	 aims	 towards	 interaction	 that	 is	 action-driven	 rather	 than	 relying	 on	

cognitive	skill	and	presents	the	purpose	of	the	framework	as	to	help	designers	explore	

couplings	 leading	 towards	 embodied	 freedom	 of	 interaction	 (Wensveen,	 2004).	 To	

understand	what	this	 freedom	encompasses	exactly,	one	can	take	a	 look	at	his	work	

on	 emotionally	 rich	 interaction	 (Wensveen,	 2002),	 where	 they	 designed	 an	 alarm	

clock	 that	 elicits	 expressive	 behavior	 and	 is	 able	 to	 read	 emotional	 state	 from	

interaction.	 In	 contrast	 to	 the	 meaning	 of	 rich	 interaction	 in	 a	 rich	 interaction	

paradigm,	when	Wensveen	mentions	emotionally	rich	interaction	it	should	rather	be	

seen	as	the	ability	of	a	product	to	evoke	expressive	behavior	from	the	user.	Wensveen	

argues	 that:	 “…expressing	 emotions	 to	 an	 interactive	 product	 presupposes	 freedom	 of	

expression	and	 thus	 freedom	of	 interaction”	 (Wensveen,	 2004).	 He	 then	 clarifies	 that	

freedom	 of	 interaction	 is	 not	 equivalent	 to	 freedom	 of	 action,	 as	 freedom	 of	

interaction	is	useless	without	proper	reaction	from	the	product.	From	this	follows	that	

emotional	 expressivity	 is	 coupled	 to	 freedom	 regarding	 the	 interaction	possibilities,	

and	the	question	is	then	what	constitutes	this	freedom.	He	emphasizes	the	importance	

of	 striving	 for	 embodied	 interaction	 described	 by	 Dourish	 as	 “the	 creation,	

manipulation,	 and	 sharing	 of	 meaning	 through	 engaged	 interaction	 with	 artifacts”	

(Dourish,	2004).	Derived	 from	this	goal	he	states	 that	 in	order	 to	obtain	 freedom	of	

interaction,	interaction	must:	take	full	advantage	of	a	person’s	perceptual	motor	skills,	

offer	a	myriad	of	ways	to	achieve	a	product’s	function,	and	allow	the	person	to	act	at	

multiple	points	at	once.	He	then	adds	that	 in	order	for	the	interaction	to	be	free	and	

playful,	actions	also	need	to	be	reversible.	This	is	the	only	time	he	includes	playfulness	

as	a	goal,	but	it	makes	sense	in	conjunction	with	freedom	of	interaction	because	play	

is	often	action-driven,	explorative,	and	changing	ad-hocly,	which	are	exactly	traits	that	

can	 be	 supported	 by	 more	 room	 for	 meaningful	 actions	 and	 choices.	 So	 where	

Wensveen	mentions	playfulness	as	an	implicitly	desirable	goal	along	with	freedom,	I	

would	 rather	 state	 it	 in	 the	way	 that,	 if	 you	want	 to	 design	 for	more	 action-driven	

playful	interaction,	enhancing	embodied	freedom	is	an	essential	part	of	that.	

Dourish	 states	 that	 in	 order	 to	 support	 improvised,	 situated	 action	 the	 immediate	

circumstances	 of	 the	work	must	 be	made	more	 visible	 (Dourish,	 2004).	 This	 aligns	

with	the	goal	of	meaningful	relations	between	the	six	fields	of	exploration	in	the	rich	

interaction	framework:	Form,	interaction,	function,	form-to-interaction	relation,	form-

to-function	relation,	and	interaction-to-function	relation.	The	communication	of	these	
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relations	as	information-for-use	is	exactly	an	unfolding	of	what	it	involves	to	make	the	

immediate	circumstances	more	visible.	

Like	 Dourish	 and	 Frens,	 Wensveen	 argues	 that	 freedom	 of	 interaction	 is	 highly	

dependent	 on	 the	 information	 on	how	a	 user’s	 actions	 are	 coupled	 to	 the	 product’s	

function.	 His	 Frogger	 Framework	 is	 an	 attempt	 to	 unpack	 the	 concept	 of	 coupling	

between	 action	 and	 function	 in	 more	 detail.	 Inspired	 by	 the	 direct	 and	 natural	

coupling	found	in	physical	products	without	interfaces,	like	a	scissor,	he	divides	it	into	

six	concrete	aspects:	Time,	location,	direction,	dynamics,	modality,	and	expression.	His	

argument	 is	 that	 unifying	 action	 and	 reaction	 on	 each	 of	 these	 aspects	 will	 make	

interaction	 more	 intuitive	 (Wensveen,	 2004).	 He	 points	 out	 that	 maximizing	

intuitiveness	 through	 full	 unification	 on	 all	 aspects	 may	 be	 difficult	 or	 even	

undesirable	 in	 some	 cases,	 and	 argues	 that	 where	 direct	 couplings	 can	 not	 be	

established	 information	 is	 needed.	 This	 is	 the	 area	 of	 feedforward	 and	 feedback,	

which	 he	 breaks	 up	 each	 into	 three	 types	 of	 information:	 inherent,	 augmented	 and	

functional	 (Wensveen,	 2004).	 	 He	 uses	 the	 framework	 to	 show	 how	 action	 and	

function	 for	most	 electronic	 products	 are	 either	 bridged	 only	 through	 the	 time	 and	

location	aspects,	like	mouse	+	WIMP	interfaces.	At	the	same	time	he	criticizes	natural	

user	interfaces	that	make	use	of	gestures	and	speech	for	lacking	inherent	information	

and	 completely	 relying	 on	 either	 a	 direct	 coupling	 between	 action	 and	 function	 or	

couplings	 through	 augmented	 feedforward	 only	 (Wensveen,	 2004).	 This	 is	 due	 to	 a	

lack	of	tangible	aspects	for	interaction,	so	his	argument	is	that	TUI’s	provide	a	domain	

for	better	inherent	information.	This	leads	to	more	meaningful	interaction	by	opening	

up	for	better	exploiting	the	human	repertoire	of	actions	based	 in	the	richness	of	 the	

physical	world.	Ultimately,	 the	quality	and	number	of	possible	meaningful	couplings	

between	action	and	function	are	increased	(Wensveen,	2004).	He	calls	this	enriching	

the	 action	 possibilities,	 which	 I	 would	 argue	 is	 actually	 one	 of	 the	 ways	 he	 is	

addressing	expressivity,	without	using	the	term	itself.	If	we	compare	this	to	his	aim	for	

embodied	 interaction	 as	 mentioned	 earlier,	 we	 see	 that	 it	 aligns	 with	 his	 idea	 of	

freedom	of	interaction	as	relating	to	the	ability	to	access	functionality	in	a	myriad	of	

ways.	This	 is	a	very	tool-like	view	on	interactive	products.	 If	we	take	the	example	of	

the	scissor	one	can	handle	it	in	a	myriad	of	ways	in	order	to	cut	something,	however	

the	outcome	of	these	cuts	can	be	highly	dependent	on	the	exact	way	the	scissor	was	

held	and	handled.	 In	 light	of	 this,	 it	seems	that	his	aim	towards	offering	a	myriad	of	

ways	 to	 achieve	 functionality	 refers	 to	 different	 ways	 of	 achieving	 different	 things	

rather	 than	 different	ways	 of	 achieving	 the	 same	 thing.	 In	 this	 context	 expressivity	

arises	 from	 a	 combination	 of	 having	 more	 and	 more	 meaningful	 interaction	

possibilities	along	with	the	interaction	being	manifested	as	differences	in	outcome.	

However	as	mentioned	earlier,	Wensveen	also	uses	the	term	expression	as	one	of	the	

six	 aspects	 of	 coupling	 itself.	 He	 does	 not	 define	 this	 explicitly	 but	 rather	 gives	

examples	 of	 different	 types	 of	 expressive	 behavior.	 In	mechanical	 products,	 like	 the	
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scissor,	 expression	 is	 strongly	 related	 to	 the	aspect	of	dynamics,	 as	 faster	and	more	

abrupt	 cutting	 would	 result	 in	 more	 imprecise	 and	 choppy	 incisions.	 In	 respect	 to	

electronic	 products	 the	 separation	 of	 aspects	 through	 a	 mapping	 layer	 allows	

designers	to	change	this	relationship	and	we	can	easily	imagine	an	interface	that	turns	

this	 upside	 down	 and	 translates	 fast	 imprecise	 movement	 to	 something	 soft	 and	

harmonic	while	 doing	 the	 opposite	 to	 slow	 and	 controlled	 interaction.	 The	 point	 is	

that	 the	 relationship	 between	 dynamics	 and	 expression	 is	 designed	 for	 through	

mapping.	Examples	of	expression	in	this	context	are	symmetry,	balance,	flow,	rhythm,	

and	 tempo	 (Wensveen,	 2004).	 As	 an	 example	 he	 uses	 their	 alarm	 clock	 where	 the	

modulation	of	a	range	of	sliders	expresses	the	characteristics	of	the	upcoming	alarm	

sound	 (feedforward)	 along	with	 leaving	 an	 information	 trace	 telling	 if	 and	 how	 the	

sliders	have	been	acted	upon	(feedback).	

Even	 though,	 he	 seems	 to	 be	 talking	 about	 expressivity	 on	 two	 different	 levels,	 a	

common	 trait	 is	 still	 that	 it	 has	 something	 to	 do	 with	 increasing	 the	 number	 and	

quality	 of	 interaction	 possibilities.	 For	 especially	 Frens	 it	 seems	 that	 much	 of	 the	

desirable	richness	is	found	through	meaningful	communication	of	these	possibilities.	

While	 Wensveen	 emphasizes	 this	 too,	 at	 the	 same	 time	 he	 also	 goes	 into	 more	

deliberate	detail	on	how	to	achieve	more	meaningful	actions.	

In	an	attempt	 to	provide	some	common	ground	 for	a	clear	definition	of	expressivity	

we	can	start	from	the	idea	of	expressing	oneself	through	a	product.	According	to	Frens	

and	 Wensveen,	 enhanced	 expressivity	 in	 this	 context	 starts	 from	 a	 people’s	 skills	

perspective	 and	 encompasses	 increasing	 the	 number	 of	 interaction	 possibilities	 as	

well	 as	 providing	 ways	 of	 making	 these	 possibilities	 meaningful	 through	 proper	

interrelations	 and	 through	 communication	 of	 both	 the	 possibilities	 and	 these	

relations.	

A	 way	 to	 further	 imagine	 this	 design	 space	 is	 to	 picture	 the	 different	 areas	 of	

possibilities.	On	one	end	we	have	all	possible	actions.	Only	a	subset	of	these	actions	is	

detectable	by	a	given	system	–	these	are	the	 interaction	possibilities.	Which	of	these	

interaction	 possibilities	 are	 meaningful	 depends	 on	 how	 they	 are	 designed	 for	 as	

mentioned	above.	On	 the	other	end	we	have	everything	 that	 is	 encompassed	by	 the	

digital	model	–	this	sets	the	boundaries	for	what	the	system	allows	the	user	to	do	in	

principle.	 What	 the	 user	 can	 do	 in	 practice	 is	 dependent	 on	 how	 the	 interaction	

possibilities	 are	mapped	 to	 functionality	 in	 this	model.	Therefore	we	have	a	kind	of	

two-way	funneling,	which	I	call	the	reduction	effect	that	is	dependent	on	which	actions	

are	 interactions	 and	 what	 these	 actions	 allow	 you	 to	 control.	 Frens	 describes	 this	

relationship	 as	apparent	 functionality	(What	 one	knows	 is	 available)	made	 available	

through	parameters	 for	use	(What	 is	 available	 for	 control)	 and	 states	 that	 designing	

functionality	 comprises	 the	 mapping	 of	 parameters	 for	 use	 to	 system	 parameters	

(What	is	present	in	the	digital	model).	Most	prior	frameworks	for	tangible	interaction	

deal	with	 descriptive	 parts	 and	 technical	 principles	 (Holmquist	 et	 al.,	 1999;	 Ullmer	
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and	 Ishii,	2000,	2001)	or	concerning	 the	meaning	of	objects	 (Underkoffler	and	 Ishii,	

1999;	Koleva	et	al.,	2003;	Fishkin,	2004).	This	 can	be	seen	as	 trying	 to	diminish	 the	

reduction	 effect	 in	 a	 digital-to-physical	 direction.	 On	 the	 contrary	 Frens	 and	

Wensveen	 both	 start	 from	 people’s	 skills	 and	 how	 to	 support	 them	 better	 thereby	

diminishing	the	reduction	effect	in	a	physical-to-digital	direction.	In	my	research	I	too,	

have	started	from	a	people’s	perceptual	motor	skills	perspective,	however	I	find	that	

this	adds	a	dimension	to	expressivity	that	seems	to	be	overlooked.	This	has	to	do	with	

how	 precisely	 one	 can	 control	 the	 parameters	 for	 use	 through	 what	 I	 refer	 to	 as	

handles.	Handles	in	this	context	are	the	concrete	implementation	of	how	to	access	and	

manipulate	the	parameters	for	use	–	e.g.	a	sensor	controlling	the	pitch	of	a	note.	In	one	

way	this	precision	 in	control	can	be	seen	as	granularity	of	 interacting	with	a	certain	

parameter	for	use	and	thus	in	an	abstract	sense	be	encompassed	by	the	total	number	

of	 interaction	 possibilities.	 However,	 in	 practice,	 it	 is	 a	 different	 design	 task	 to	

increase	the	number	of	and	relations	between	parameters	for	use	than	it	is	to	increase	

or	decrease	the	control	over	certain	of	the	of	these	parameters.	Put	in	another	way	we	

can	 say	 that	 both	 Frens	 and	 Wensveen’s	 framework	 focus	 on	 increased	 quality	 of	

couplings	as	related	 to	 interrelations	and	 information,	where	 I	would	argue	 that	 the	

quality	 of	 couplings	 is	 related	 to	 the	 degree	 of	 control	 as	 well.	 It	 is	 not	 that	 their	

frameworks	 contradict	 this	 position,	 but	 it	 is	 just	 not	 something	 they	 address	 or	

depict	explicitly.	The	reason	why	this	 is	conceptually	 important	 is	that	we	can	easily	

image	a	product	with	a	 great	number	of	 interaction	possibilities,	which	are	 coupled	

and	communicated	in	a	highly	meaningful	way,	but	that	in	terms	of	expressivity	could	

still	be	improved	by	increasing	the	amount	of	control	over	these	possible	interactions.	

Adding	 infinitely	 more	 ways	 of	 interacting	 as	 well	 as	 more	 and	 better	 relations	

between	 these	 would	 not	 necessarily	 add	 anything	 in	 the	 control	 dimension.	 This	

acknowledgement	 along	 with	 some	 of	 the	 unique	 aspects	 of	 the	 design	 space	 of	

constructive	interaction	was	the	rationale	behind	my	development	of	the	Constructive	

Play	Expressivity	Model	(Jakobsen	et	al.,	2016).	

	

Dimensions of Expressivity 

In	 the	 paper	 “Expressivity	 in	 Open-ended	 Constructive	 Play:	 Building	 and	 Playing	

Musical	 Lego	 Instruments“	 I	 describe	 expressivity	 in	 two	 dimensions:	 possible	

variation	 and	precision	in	control.	 I	would	argue	 that	 these	 two	dimensions	describe	

different	 aspects	 of	 freedom	 of	 interaction	 while	 their	 interrelation	 and	 its	

communication	affect	 the	 richness	of	 interaction.	These	words	 freedom	 and	 richness	

refer	 to	 the	 freedom	 to	 and	 richness	 of	 expression.	 These	 should	 not	 be	 seen	 as	

uncorrelated	 factors	 but	 rather	 as	 highly	 interdependently	 comprising	 the	 overall	

expressivity	 of	 a	 system.	 Possible	 variation	 deals	 with	 the	 number	 of	 interaction	

possibilities	 and	 encompasses	 how	many	 different	 things	 we	 can	 express.	 This	 can	
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also	be	viewed	as	expressive	width.	Precision	in	control	deals	with	how	well	we	can	

express	 something,	 which	 is	 defined	 by	 the	 user’s	 ability	 and	 access	 to	 control	 the	

details	of	the	parameters	for	use	present	in	the	interaction	possibilities.	The	realizable	

expressivity	through	a	system	is	captured	by	the	nature	of	these	two	dimensions	and	

the	user’s	ability	to	understand	and	act	upon	them.	Therefore,	expressivity	is	not	only	

a	trait	seen	from	a	system’s	perspective,	but	takes	into	account	the	prior	knowledge,	

skills	and	experience	of	the	user	as	well	as	the	person-product	interaction.	

	

The Constructive Play Expressivity Model 

I	 have	 proposed	 the	 Constructive	 Play	 Expressivity	 Model	 (Figure	 19)	 as	 a	 way	 of	

depicting	the	areas	of	the	interactive	constructive	play	design	space.	The	key	elements	

of	 this	 model	 are	 generalizable	 from	 the	 area	 of	 constructive	 play	 to	 the	 broader	

domain	of	constructive	interaction.		

It	 is	 inspired	 by	 the	 findings	 from	 my	 own	 work	 (Petersen	 et	 al.,	 2015),	 the	 Rich	

Interaction	Framework	 (Frens,	2006)	and	 the	Frogger	Framework	 (Wensveen	et	al.,	

2000)	 along	 with	 experiences	 from	 our	 workshops.	 The	 purpose	 is	 to	 provide	 an	

overview	 on	 the	 different	 areas	 of	 the	 design	 space	 that	 designers	 can	 explore	 and	

open	up	in	order	to	enhance	expressivity.	

There	are	two	main	areas:	The	Construction	Play	Space	and	the	Execution	Play	Space.	

These	 two	 areas	 are	 connected	 either	 by	 ongoing	 Interaction	 characterized	 by	 an	

Input	Type	and	Mapping	or	by	a	direct	link,	represented	with	a	dotted	line,	which	also	

represents	mapping	but	where	 the	 characteristics	 of	 the	physical	model	 themselves	

become	 the	 input.	 In	 the	 middle	 of	 the	 model	 we	 have	 the	 user	 or	 users.	 Their	

knowledge,	skills	and	experience	is	summarized	as	prior	experience,	which	influences	

their	relationship	to	the	different	areas	of	the	system.	

	

Figure	19.	The	Constructive	Play	Expressivity	Model.	
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The	construction	play	space	represents	the	possible	variation	and	precision	in	control	

regarding	 building	 something	 physical.	 As	 constructive	 play	 involves	 constructing	

something	 by	 putting	 together	 smaller	 elements	 like	 blocks,	 bricks	 or	 beads,	 the	

nature	 of	 these	 elements	 defines	 the	 boundaries	within	which	 one	 can	build.	 In	 the	

same	way	the	execution	play	space	represents	the	possible	variation	and	precision	in	

control	 of	 reaction	 that	 is	 supported	 by	 the	 digital	 model	 of	 the	 system.	 However,	

unlike	 the	 construction	 play	 space,	 the	 execution	 play	 space	 cannot	 be	 accessed	

without	 an	 interface,	 and	 therefore	 ultimately	 the	 actualized	 possible	 variation	 and	

precision	 in	 control	 of	 the	 execution	 play	 space	 depends	 on	 the	 nature	 of	 the	

interaction	 design.	 In	 Hitmachine	 the	 construction	 play	 space	 is	 defined	 by	 the	

available	 Lego	 bricks	 and	 sensors,	while	 the	 execution	 play	 space	 is	 defined	 by	 the	

musical	backend	that	defines	which	kind	of	music	can	be	played.	

If	we	compare	the	model	with	the	rich	 interaction	framework	we	can	see	a	range	of	

similarities.	 They	 both	 have	 the	 user	 in	 the	 middle	 and	 focus	 on	 the	 relationship	

between	user	and	 system.	 In	 the	 rich	 interaction	 framework	 the	 three	properties	of	

interactive	 products,	 form,	 interaction,	 and	 function	 somewhat	 corresponds	 to	 the	

construction	 play	 space,	 interaction,	 and	 execution	 play	 space.	 One	 important	

difference,	 however,	 is	 that	 the	 rich	 interaction	 framework	 is	 thought	 in	 a	 fixed	

product	 paradigm	while	 the	 constructive	 play	 expressivity	model	 operates	within	 a	

constructive	 interaction	 paradigm.	 Where	 Frens	 primarily	 focus	 on	 enhancing	

richness	 through	meaningful	 relations,	my	 focus	 is	more	 in	 line	with	Wensveen	 on	

how	to	increase	interaction	possibilities.	If	we	compare	with	the	Frogger	framework,	

they	are	both	approaches	to	enhancing	meaningful	interaction	possibilities	but	where	

Wensveen’s	focus	mostly	on	the	details	of	coupling,	my	concern	is	more	to	provide	an	

overview	 of	 the	 different	 areas	 where	more	 possibilities	 and	 better	 control	 can	 be	

open	up	to	the	user.		In	a	way	it	is	an	attempt	to	show	where	to	exploit	the	qualities	of	

constructive	 interaction	 systems,	 which	 are	 not	 discussed	 in	 the	 examples	 and	

contexts	of	Fren’s	and	Wensveen’s	frameworks.	

This	 brings	 us	 to	 how	 the	 constructive	 play	 expressivity	 model	 can	 help	 designers	

enhance	expressivity	in	practice.	

	

In	 constructive	 play	 there	 is	 always	 a	 certain	 degree	 of	 freedom	 within	 the	

construction	 play	 space,	 opposed	 to	 other	 design	 domains	 where	 the	 designers	

usually	 fix	 the	 form.	 However,	 it	 is	 not	 trivial	 how	 this	 freedom	 can	 be	 translated	

through	interaction.	Often,	the	input	type	and	mapping	areas	are	also	just	fixed	by	the	

designers	 e.g.	 (Blaine	 and	 Perkis,	 2000,	 Dahlstedt	 et	 al.,	 2015,	 Duindam,	 2015,	

Guitarhero,	2018,	Erkut	et	al.,	2014,	Knichel	et	al.,	2015,	Korda,	2015,	Momeni,	2015,	

Noteput,	 2016,	Nymoen	 et	 al.,	 2015,	 RadarTable,	 2016,	 Tahiroğlu	 et	 al.,	 2015,	 Spela	

Wip,	2016,	Yamamoto	and	Igarashi,	2015).	One	approach	to	enhancing	expressivity	is	

therefore	to	open	up	these	areas	more	for	user	influence.		If	users	can	choose	between	
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different	 input	 types	 as	 well	 as	 choosing	 which	 parameters	 for	 use	 to	 map	 these	

handles	 to,	 the	 result	 is	 that	 the	 user	 does	 not	 only	 design	 their	 physical	 models	

themselves	 but	 also	 the	 interaction	 and	 functionality.	 Usually	 such	 design	 decisions	

are	 possible	 through	 traditional	 programming	 only,	 but	 the	 ever-changing	 dynamic	

nature	 of	 constructive	 interaction	 allows	 for	 physical	 alterations	 to	 influence	 the	

behavior	too.	The	degree	to	which	the	characteristics	of	the	interaction	can	be	opened	

up	depends	on	the	sophistication	of	the	execution	play	space	along	with	the	technical	

limitations	 for	 detecting	 input.	 In	Hitmachine	we	 opened	 up	 the	 input	 type	 area	 by	

letting	users	choose	between	different	types	of	sensors.	The	choice	of	port	in	which	to	

connect	the	sensor	then	determined	which	parameters	for	use	in	the	musical	backend	

the	sensors	where	 then	mapped	to.	 In	 this	way	an	enhanced	degree	of	 freedom	was	

designed	into	the	area	of	interaction	resulting	in	more	overall	expressivity.	

Another	 approach	 to	 enhancing	 expressivity	 is	 to	 improve	 at	 the	 quality	 of	 the	

physical-digital	interrelation.	This	is	very	much	in	line	with	Wensveen’s	idea	of	how	to	

design	 for	 more	 embodied	 interaction.	 This	 can	 involve	 creating	 more	 ways	 of	

accessing	functionality	or	providing	more	access	points	or	handles.	This	also	includes	

communicating	the	action	possibilities	in	a	meaningful	way.	More	generally	speaking	

it	 is	 about	 trying	 to	 diminish	 the	 reduction	 effect	 by	 widening	 and	 deepening	 the	

bridge	between	the	physical	and	digital	world.	This	is	achieved	by	making	more	of	the	

physical	 aspects	 visible	 to	 the	 system	 and	 by	 reflecting	 the	 digital	 model	 better	

through	 physical	 or	 mediated	 digital	 representation.	 BrickSense	 demonstrates	 an	

example	of	how	graphene	can	help	obtain	such	widening	through	the	inference	of	the	

shape	 and	 size	 of	 a	 model.	 When	 the	 characteristics	 of	 the	 physical	 model	 can	 be	

communicated	 to	 the	 system	 and	 represented	 in	 the	 digital	 model,	 more	 actions	

become	 meaningful	 and	 the	 most	 essential	 part	 of	 constructive	 play,	 namely	 the	

construction,	 becomes	 a	 way	 of	 interaction.	 Because	 BrickSense	 can	 also	 react	 to	

touch	 and	proximity,	 it	 demonstrates	 both	 the	 type	 of	 ongoing	 active	 interaction	 as	

well	as	 the	direct	coupling	represented	by	 the	dotted	 line.	The	sensing	resolution	of	

BrickSense	is	rather	coarse	grained	and	to	deepen	the	physical-digital	bridge	further	

it	would	require	more	precision	in	control	on	how	the	physical	model	is	perceived	by	

the	system.	

	

How Expressivity Increases Complexity 

When	you	 introduce	more	 interaction	possibilities	and	more	control	over	 these,	you	

increase	 the	 expressivity	 of	 the	 system,	 but	 at	 the	 same	 you	 also	 increase	 the	

complexity.	 Paradoxically,	 this	 can	 lead	 to	 confusion	 and	 enhanced	 intrinsic	

expressivity	 of	 as	 system	 thereby	 risks	 actually	 resulting	 in	 less	 actualized	

expressivity.	If	the	users	are	confused	about	what	they	can	do	and	do	not	feel	like	they	

are	 in	 control,	 they	 might	 not	 feel	 like	 they	 are	 actually	 expressing	 anything.	 The	
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secret	to	creating	an	appropriate	balance	between	expressivity	and	control	therefore	

lies	in	better	understanding	the	users,	and	their	skills.	Also	it	is	important	to	consider	

what	 goal	 one	 is	 trying	 to	 achieve	 as	 a	 designer.	 In	 order	 to	 unfold	 this	 better,	 I	

distinguish	between	intrinsic	expressivity,	as	the	possible	room	for	expression	and	the	

perceived	 expressivity	 as	 the	 feeling	 of	 expression.	 If	 we	 compare	 a	 piano	 to	 Guitar	

Hero	 it	 is	 clear	 that	 the	 piano	 are	 the	 more	 intrinsically	 expressive	 of	 the	 two.	

However,	due	 to	a	complexity	 in	coordination	and	music	 theoretical	abstraction,	 the	

piano	inherits	a	steeper	learning	curve	than	Guitar	Hero.	This	means	that	for	a	novice	

musician,	 playing	 Guitar	 Hero	 can	 feel	 and	 thereby	 be	 perceived	 more	 expressive,	

where	as	for	an	expert	the	same	scaffolding	can	be	perceived	as	expressive	limitation.	

In	 my	 paper	 “Expressivity	 in	 Open-ended	 Constructive	 Play:	 Building	 and	 Playing	

Musical	Lego	Instruments”	I	address	the	relationship	between	intrinsic	and	perceived	

expressivity	as	a	spectrum	from	a	sense	of	impact	on	one	end	to	a	sense	of	control	on	

the	 other	 (Jakobsen	 et	 al.,	 2016).	 A	 sense	 of	 impact	 is	 where	 you	 notice	 and	

understand	 that	 your	actions	 result	 in	 something,	while	with	a	 sense	of	 control	one	

also	 understands	 the	 relation	 between	 action	 and	 result,	 and	 can	 therefore	 better	

produce	an	intended	outcome.	Our	goal	in	the	workshops	was	to	find	an	appropriate	

balance	 that	 allowed	 for	 high	musical	 expressivity	 through	 constructive	 play	 and	 at	

the	same	time	empowered	the	children	with	musical	confidence	by	factoring	in	their	

current	abilities	to	tailor	the	design.	Too	much	control	and	it	is	impossible	for	a	novice	

to	produce	something	harmonic	and	too	little	control	one	loses	the	feeling	of	it	being	

them	 producing	 the	 music.	 We	 found	 that	 the	 older	 the	 children	 were,	 the	 less	

satisfied	 they	 seemed	 to	be	with	 just	 having	 a	 sense	of	 impact,	 and	 as	 a	 result	 they	

figured	 out	 more	 about	 the	 details	 of	 the	 interaction	 in	 order	 to	 play	 more	

intentionally.	 The	 younger	 children	 were	 entertained	 much	 longer	 just	 randomly	

pushing	buttons	and	changing	sounds,	while	the	older	children	were	much	more	into	

playing	melodies.	

So	even	though	one	focuses	on	designing	for	action-driven	embodied	interaction	it	is	

still	important	to	factor	in	the	mental	model	of	the	users	in	order	to	determine	if	some	

aspects	should	be	abstracted	away	and	handled	by	the	system.	

	
Graphene and the Constructive Play Expressivity Model 

When	I	wrote	the	paper	“Expressivity	in	Open-ended	Constructive	Play:	Building	and	

Playing	Musical	Lego	Instruments”	I	did	not	give	much	attention	to	the	dashed	line	in	

the	model	because	Hitmachine	did	not	have	any	direct	interactive	connection	between	

the	physical	properties	of	 the	model	and	 the	output.	However,	 this	dashed	 line	 is	as	

mentioned	earlier	exactly	the	connection	graphene	can	allows	us	to	make	and	this	is	

also	the	connection	we	made	in	the	succeeding	paper	“BrickSense:	Exploring	Sensing	

Techniques	for	Graphene-enhanced	Bricks”	(Jakobsen	et	al.,	2018).	Graphene	can	also	

provide	a	different	Input	Type	and	Interaction,	however	these	can	easily	be	simulated	
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with	existing	sensors.	The	difficult	thing	to	simulate	is	the	close	coupling	between	the	

physical	 and	 digital	 i.e.	 the	 Construction	 Play	 Space	 and	 the	 Execution	 Play	 Space.	

Graphene	 could	 even	 potentially	 alter	 the	 Construction	 Play	 Space	with	 some	 of	 its	

unrealized	 properties	 by	 helping	 create	 new	 types	 of	 bricks	 that	 combine	

transparency,	flexibility	and	conductivity.	Finally,	it	is	interesting	to	note	that	if	there	

is	a	complete	bi-directional	connection	where	the	dashed	 line	 is,	we	would	arrive	at	

something	very	much	 resembling	 the	 idea	of	Radical	Atoms	 (Ishii	 et	 al.,	 2012).	This	

will	be	discussed	in	more	detail	in	a	later	chapter.		

Graphene-enhanced Bricks - Implementing the Missing Pieces 

In	 the	 paper	 “BrickSense:	 Exploring	 Sensing	 Techniques	 for	 Graphene-enhanced	

Bricks”	we	utilized	graphene	to	 implement	some	of	the	envisioned	functionality	that	

could	not	be	implemented	in	the	preceding	projects.		

The	goal	of	this	project	was	mainly	to	develop	a	prototype	where	the	shape	and	size	of	

a	 model	 would	 influence	 its	 characteristics	 for	 interaction	 –	 that	 is	 having	 those	

physical	changes	reflected	in	the	computational	model.	Secondly,	we	wanted	to	get	rid	

of	external	sensors	and	have	the	models	themselves	become	the	sensor.		

At	this	point	we	were	able	to	get	a	hold	on	graphene-powder	and	with	help	from	Lego	

this	 graphene	was	mixed	with	ABS	 to	mold	 electrically	 conductive	 bricks.	 	 This	 can	

also	be	done	with	other	materials	than	graphene,	but	graphene	has	the	advantage	that	

a	very	tiny	amount	is	needed	for	the	brick	to	become	conductive.		In	theory	only	about	

0.1%	 is	 needed	 compared	 to	 iron	 which	 would	 need	 about	 30	 times	 as	 much	 and	

thereby	 alter	 the	 material	 qualities	 of	 the	 plastic.	 However,	 in	 practice	 we	 did	 not	

mange	 to	 get	 the	 bricks	 conductive	 with	 only	 0.1%,	 because	 of	 the	 quality	 and	

arrangement	of	graphene.	It	is	difficult	to	control	how	the	graphene	is	dispersed	and	

for	the	brick	to	become	conductive	with	only	0.1%	the	graphene	flakes	would	have	to	

be	completely	aligned	within	the	ABS.			

This	meant	 that	 the	bricks	needed	to	be	completely	black	 in	order	 to	be	conductive,	

much	 like	 the	 interactive	 surfaces	 for	 Electrick	 (Zhang	 et	 al.,	 2017).	 However	 the	

graphene	in	the	final	bricks	was	of	decent	quality	and	resulted	in	a	resistance	of	about	

4	kOhm	for	a	brick	in	its	longest	direction.		

By	 utilizing	 these	 bricks	 I	managed	 to	 successfully	 have	 the	 computer	 recognize	 12	

distinct	Lego	models	without	 the	aid	of	 cameras	 (Jakobsen	et	 al.,	 2018).	 I	 combined	

capacitive	 and	 resistive	 data	 for	 the	models	with	 SVM	machine-learning	 to	 create	 a	

classier	 for	 the	 models.	 The	 classification	 accuracy	 for	 the	 models	 I	 designed	 was	

97,5%.	I	deliberately	included	models	that	were	both	very	similar	and	very	different	

respectively	 in	order	 to	explore	where	 the	classifier	would	have	 the	most	 trouble.	A	

complete	 and	 detailed	 discussion	 of	 these	 results	 can	 be	 found	 in	 my	 paper	

“BrickSense:	Exploring	Sensing	Techniques	for	Graphene-enhanced	Bricks”	(Jakobsen	

et	al.,	2018).	
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Furthermore	 the	 same	 capacitive	 properties	 of	 the	 bricks	 can	 be	 used	 to	 turn	 the	

bricks	into	touch-	and	proximity	sensors.	The	combination	of	being	able	to	recognize	

shape	 and	 interact	directly	with	 the	models	 themselves	were	 exactly	 the	properties	

we	 could	 not	 properly	 simulate	 in	 the	 preceding	 projects	 (Petersen	 et	 al.,	 2015,	

Jakobsen	et	al.,	2016).	One	can	imagine	Hitmachine	combined	with	BrickSense	would	

enable	 instruments	 that	 change	 the	 timbre	 of	 their	 sound	 based	 on	 their	 size	 and	

shape.	 Instead	of	 adding	 external	 sensors	 for	 interaction,	 the	 interaction	would	 just	

happen	 directly	 by	 touching	 or	 approaching	 the	 models.	 In	 this	 way	 the	 materials	

become	the	interactive	part	itself,	which	indeed	is	a	step	further	towards	some	of	the	

visions	 of	 Ubiquitous	 computing,	 where	 the	 computer	 disappears	 into	 the	

environment	(Weiser,	1991).		

This	 functionality	 of	 shape	 classification	 without	 cameras	 is	 desirable	 beyond	 the	

domain	 of	 play.	 However,	 creating	 a	 digital	 replica	 of	 physical	models	 is	 not	 a	 new	

idea.	Already,	in	the	early	1980s,	independently	of	each	other,	both	Robert	Aish	(Aish,	

1979,	 Aish	 and	 Noakes,	 1984)	 and	 John	 Frazer	 et	 al.	 (Frazer,	 1980,	 Frazer,	 1982,	

Frazer,	1995)	were	looking	for	alternatives	to	architectural	CAD	systems.	Thus,	both	

came	up	with	the	idea	of	using	physical	models	as	input	devices	for	CAD	systems.	Aish	

described	his	 approach	 in	 1979	 (Aish,	 1979),	 arguing	 that	 numerical	 CAD-modeling	

languages	 discourage	 rapid	 testing	 and	 alteration	 of	 ideas.	 Frazer	was	 then	 first	 to	

build	 a	 working	 proto-	 type,	 demoed	 live	 at	 the	 Computer	 Graphics	 conference	 in	

1980	 (Shaer	 and	 Hornecker,	 2010).	 However,	 they	 depended	 on	 dedicated	 and	

complex	 hardware	 and	 most	 importantly	 the	 building	 blocks	 would	 need	 to	 have	

electronics	embedded	within	or	on	them.	Since	then	3D-scanners	have	come	very	far	

in	 creating	digital	 twins,	 however	 there	 is	 still	 no	precise	way	 to	do	 create	 a	digital	

replica	in	3D	both	without	cameras	nor	instrumentation.	BrickSense	is	one	example	of	

a	way	to	come	a	step	closer,	even	though	the	classification	is	still	very	course	grained	

compared	to	the	CAD-models	resulting	from	3D-scans	even	at	consumer	price	like	the	

Kinect.	On	the	other	side	this	method	is	still	in	its	early	phases,	and	it	eliminates	some	

of	 the	 problems	 with	 cameras	 like	 occlusion	 from	 hands	 or	 fingers.	 Also	 real-time	

changes	while	handling	might	become	more	feasible	if	the	model	does	not	need	to	be	

scanned	from	all	angles	every	time	it	 is	changed.	One	can	also	imagine	bricks	having	

different	conductive	profiles,	making	it	easier	to	determine	which	exact	brick	are	used	

and	where.		

	

7 LIMITS OF GRAPHENE 

In	this	section	I	will	discuss	some	of	the	graphene	experiments	from	research	track	2.	

I	have	chosen	a	failed	and	a	successful	one.	I	have	learned	a	lot	about	graphene	from	

these	experiments	and	experienced	some	of	the	manufacturing	challenges	hands	on.		
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Graphene-based Ink  
In	our	experiments	we	tried	to	exploit	graphene	to	create	transparent	conductive	ink.	

Such	 ink	would	 have	 a	 wide	 range	 of	 applications	 within	 the	 domain	 of	 design	 for	

aesthetic	 circuits	 and	 having	 the	 computer	 disappear	 into	 the	 environment.	 We	

managed	 to	 obtain	 some	degree	 of	 transparency	 before	 the	 ink	 became	 conductive.	

However,	 for	 the	 ink	 to	 become	 conductive	 it	 needed	 to	 go	 through	 a	 chemical	

reduction	 process.	 Unfortunately,	 this	 process	 ended	 up	 giving	 the	 ink	 a	 silver-like	

color	and	without	significant	increases	in	the	conductivity	(See	Figure	20	and	Figure	

21	compared	to	Figure	22).	Another	aspect	of	this	experiment	was	to	explore	if	the	ink	

could	be	transferred	to	different	materials.	We	used	wood,	marble,	stone	and	different	

types	of	plastic	(See	Figure	22).	Even	though	the	ink	transferred	fine	to	these	surfaces	

it	became	very	brittle	when	it	dried	and could easily be scraped off with a fingernail. So 

almost all aspects of these experiments were dead ends. However, it helped understand that 

transferring or attaching graphene to something else is not just something you can do at 

home. It is a complex chemical process that needs the right equipment and a lab. Figure	23 

show me in one of the labs creating a screen print with graphene-based ink.  

 

 
Figure	20.	Graphene-based	ink	before	chemical	reduction.	
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Figure	21.	Graphene-based	ink	screen	prints	on	marble	before	chemical	reduction.	

	
Figure	22.	Graphene-based	ink	screen	prints	on	different	materials	after	chemical	reduction.	
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Figure	23.	Me,	in	the	chemistry	lab	at	KU.		

Creating	screen	prints	from	graphene-based	ink.	

CVD-based Sensors  
I	 have	 only	 experienced	 CVD-graphene	 transferred	 to	 acrylic	 plastic/Plexiglas	 (See	

Figure	24).	The	wrinkles	in	surface	are	not	due	to	defects	in	the	graphene	but	from	the	

plastic	 melting	 on	 the	 other	 side	 during	 the	 transferring	 process.	 This	 transferring	

process	 is	 a	 chemical	 one,	 and	 because	 a	 single	 layer	 of	 pure	 graphene	 is	 so	 thin	 it	

cannot	really	exist	on	 its	own.	You	cannot	hold	a	one	atom	layer-thick	sheet	 in	your	

hands.	 It	 has	 to	 be	 attached	 to	 something	 else.	 Graphene	 is	 stronger	 than	 steel,	 but	

only	compared	to	its	thickness,	so	as	mentioned	earlier	like	a	spider’s	web	graphene	

will	break	to	the	touch.	However,	there	is	no	theoretical	problem	in	transferring	cvd-

graphene	to	e.g.	silicon.	This	would	enable	the	flexible	properties,	but	at	the	same	time	

we	must	remember	that	graphene	can	only	stretch	20%,	so	beyond	that	it	will	break.	

Therefore	 it	would	need	to	be	 transferred	with	a	stretchable	material	with	a	similar	

maximum	stretch.	We	have	 tried	 to	 soak	 rubber	bands	 and	balloons	 in	 a	 graphene-

solution	in	an	attempt	to	have	the	graphene	soak	into	the	materials	to	create	a	stretch	

sensor.	These	efforts	were	unfortunately	without	luck.		
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More	 successful	was	 it	 to	work	with	 the	CVD-graphene	on	Plexiglas.	 These	 samples	

were	 very	 high	 quality	 and	 therefore	 had	 a	 better	 conductivity	 than	 copper.	 I	 used	

these	graphene	sheets	to	build	transparent	capacitive	sensors	that	could	detect	both	

touch	 and	 proximity	 (See	 Figure	 25).	 Figure	 26	 illustrates	 a	 vision	 for	 a	 possible	

interface	utilizing	transparent	graphene.	The	samples	have	 laser	cut	engravings,	and	

the	lightest	engraving	become	almost	invisible	from	the	right	angles.	One	can	imagine	

something	like	this	being	used	to	create	interfaces	that	emerge,	when	they	are	needed	

and	disappear	into	the	background	again	afterwards.		

	

 
Figure	24.	Transparent	CVD-graphene	on	Plexiglas.	

 
Figure	25.	Graphene-based	capacitive	sensor.	
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Figure	26.	Laser	cut	engravings	in	Plexiglas	demonstrating	emerging	interfaces	that	changes	

their	visibility	from	different	angles.	

	

8 Prototyping a Graphene-based Vision 
As	 seen	 in	my	 two	 research	 tracks,	working	with	 emerging	materials	 like	 graphene	

can	be	approached	from	different	directions.	I	have	worked	with	both	the	properties	

of	 graphene	as	 a	 vision	and	 foundation	 for	which	direction	 to	 take	 the	project	 in	 as	

well	 as	 explored	 the	practical	 limits	 of	 existing	 graphene.	The	benefit	 of	 doing	 so	 is	

that	it	allowed	me	to	build	the	ship	while	sailing,	instead	of	having	to	wait	for	all	the	

materials	to	be	in	place.	This	comes	with	some	challenges	as	well,	as	I’ve	had	to	design	

experiments	 around	 certain	 parts	 of	 an	 envisioned	 experience	 instead	 of	 the	

envisioned	experience	as	a	whole.	As	my	research	is	primarily	design-driven,	we	can	

describe	the	two	research	tracks	as	different	approaches	to	creating	prototypes	that	

filter	 various	 qualities	 of	 interest.	 Lim	 and	 Stolterman	 propose	 what	 they	 call	 the	

fundamental	prototyping	principle:	“…	the	purpose	of	designing	a	prototype	is	to	find	

the	 manifestation	 that,	 in	 its	 simplest	 form,	 will	 filter	 the	 qualities	 in	 which	 the	

designer	 is	 interested	without	distorting	 the	understanding	of	 the	whole.”	 (Lim	and	

Stolterman,	2008).			

In	this	regard,	one	of	the	primary	strengths	of	a	prototype	is	its	incompleteness.	This	

becomes	clearer	when	we	understand	prototypes	not	as	trying	to	prove	solutions,	but	

as	 means	 to	 traverse	 the	 design	 space	 and	 discover	 problems.	 In	 this	 context	 the	

incompleteness	 becomes	 a	 way	 to	 reveal	 certain	 aspects	 and	 qualities	 through	

generative	 and	 evaluative	 discovery	(Lim	 and	 Stolterman,	 2008).	 In	 practice	 this	

meant,	that	before	I	had	any	graphene	of	sufficient	quality	for	interaction,	I	focused	on	

filtering	 the	 qualities	 of	 interest	 as	 good	 as	 possible,	 through	 alternative	

manifestations	of	the	design	idea.	The	benefit	of	this	approach	was	that	I	could	start	

designing	 for	 and	 evaluating	 actual	 experiences	 with	 children.	 This	 dissertation	

includes	the	 findings	 from	designing,	developing	and	evaluating	different	prototypes	

that	 each	 filters	 various	 dimensions	 of	 a	 grander	 graphene-based	 vision	 that	 in	 its	

completeness	 is	 yet	 too	 complex	 to	 be	 realized	 entirely	 by	 today’s	 technological	
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advancements.		

The	graphene-based	vision	in	this	context	is	the	possibility	to	create	a	fundamentally	

closer	 connection	 between	 the	 physical	 bricks	 and	 their	 digital	 representations	

including	feedback.	As	mentioned	earlier,	by	closer	connection	I	refer	to	the	ability	for	

the	interface	to	detect	and	reflect	not	only	direct	interaction	with	an	artifact	but	also	

ongoing	changes	to	its	fundamental	nature	in	terms	of	shape	and	size.	Thereby	more	

details	 about	 the	 physical	 state	 of	 an	 artifact	 can	 be	 represented	 digitally,	 and	 this	

representation	 is	 the	 first	 step	 towards	a	 richer	and	more	expressive	 interaction.	 In	

this	 vision,	 changes	 in	 shape	 would	 be	 mapped	 to	 a	 change	 in	 timbre/instrument	

sound.	Instruments	and	their	sensor	interaction	should	be	customizable,	meaning	the	

children	 should	 have	 influence	 on	 how	 the	 sensors	 are	 mapped	 to	 the	 music	

production	 as	 well	 as	 the	 freedom	 to	 interact	 with	 the	 sensors	 in	 multiple	 ways	

dependent	 on	 how	 and	 what	 they	 build.	 Figure	 27	 shows	 some	 of	 the	 concrete	

intended	 aspects	 of	 the	 vision.	 The	 full	 identification	 and	 combination	 of	 intended	

aspects	stems	from	trying	to	utilize	the	potential	of	graphene	and	through	the	practice	

of	 the	design	processes	 itself.	Prototyping	has	been	a	way	to	explore	the	qualities	of	

these	aspects	through	practice.		

As	 described	 in	 conjunction	 with	 the	 Constructive	 Play	 Expressivity	 Model,	

expressivity	is	a	combination	of	how	much	can	be	expressed	and	how	well	it	can	be	so.	

“How	much”	naturally	comes	 first,	as	 it	does	not	make	sense	 to	 talk	about	how	well	

one	can	express	something	the	 interface	does	not	allow	for.	Having	a	close	physical-

digital	coupling	is	necessary	in	order	to	balance	the	Construction	Play	Space	and	the	

Execution	 Play	 Space	 and	 thereby	 create	 a	 deeper	 and	 wider	 bridge	 into	 the	

possibilities	for	creation	through	the	digital	realm.	Bridge	in	this	regard	refers	to	the	

range	 and	 resolution	 of	 physical	 aspects	 that	 can	 be	 communicated	 to	 and	 from	 a	

digital	 system.	 Widening	 and	 deepening	 this	 bridge,	 that	 is	 by	 expanding	 which	

aspects	of	the	physical	world	a	computer	can	detect	and	in	what	level	of	detail	along	

with	how	this	is	reflected	physically,	is	exactly	one	of	the	areas	where	the	properties	

of	 graphene	has	 something	 interesting	 to	offer.	 In	Figure	28	 I	 illustrate	 the	abstract	

idea	of	deepening	 and	widening	 the	physical-digital	 bridge.	The	width	of	 the	bridge	

between	 the	 physical	 and	 digital	 is	 represents	 how	many	 facets	 are	 reflected.	 How	

deeply	the	bridge	is	anchored	into	the	physical	and	digital	represents	how	merged	or	

integrated	 their	 relationship	 is.	 I	 have	 argued	 that	 the	 balance	 between	 the	

Construction	Play	Space	and	the	Execution	Play	Space	does	not	emerge	barely	through	

increasing	 the	 expressive	 power	 of	 each,	 but	 rather	 by	 increasing	 their	

interconnection	in	a	meaningful	way	as	well.		
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Figure	27.	Graphene-based	vision	and	how	the	prototypes	from	my	research	projects	relate	to	
this	vision.	The	blue	colored	aspects	are	filtered	by	Hitmachine,	the	green	by	BrickSense,	and	

the	red	by	both.			

The	 properties	 of	 the	 digital	 world	 is	 intrinsically	 open-ended	 and	 Löwgren	 and	

Stolterman	 calls	 digital	 material	 a	 “material	 without	 qualities”	 [Löwgren	 and	

Stolterman,	2004].	The	consequence	of	 this	 is	 that	not	only	should	the	behavior	and	

qualities	 of	 the	 digital	 world	 for	 interactive	 products/platforms/installations	 be	

designed,	but	the	relations	between	the	physical	and	digital	world	must	be	designed	

as	well.	As	mentioned	earlier,	designing	this	in	a	meaningful	way	this	is	necessary	in	

order	 to	 achieve	 rich	 interaction	 (Frens,	 2006)	 and	 we	 can	 explore	 this	 through	

prototyping	 and	 evaluation	 of	 prototypes.	 This	 relationship	 is	 restricted	 by	 the	

possible	 ways	 technology	 allows	 for	 information	 to	 be	 fed	 to	 or	 detected	 by	 a	

computer.	This	fundamental	initial	decoupling	is	what	allowed	us	to	explore	parts	of	

the	qualities	of	 a	play	experience	designed	 from	a	graphene-based	vision	before	we	
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had	graphene	of	sufficient	conductivity.		

	

Figure	28.	Left:	Little	information	is	passed	between	the	physical	and	digital	world.	Right:	More	
information	is	reflected	between	the	physical	and	digital	and	they	are	mutually	integrated.		

Closer to Radical Atoms 
	If	 we	 approach	 this	 from	 a	 theoretical	 point	 of	 view	 unbounded	 by	 physical	

limitations	one	can	image	a	scenario	where	everything	you	do	in	the	physical	world	is	

translated	 into	 the	 system	 and	 vice-versa.	 In	 this	 scenario	 every	 change	 to	 any	

physical	 state	of	anything	and	every	 interaction	with	 the	world	 is	detected,	mapped	

and	represented	digitally.	In	addition	any	digital	change	can	be	manifested	as	a	change	

in	 the	 physical	 world	 as	 well.	 This	 scenario	 resembles	 the	 vision	 of	 radical	 atoms,	

where	 the	 physical	 and	 digital	world	 has	 bidirectional	 reciprocity,	 so	 that	 “dynamic	

changes	of	the	physical	form	can	be	reflected	in	the	digital	states	in	real	time,	and	vice-

verca”	 [Ishii	 et	 al.,	 2012].	 The	 vision	 of	 radical	 atoms	 thereby	 requires	 dynamic	

physical	materials	that	are	computationally	reconfigurable	and	as	the	name	suggests	

they	should	be	so	on	the	atomic	level	[Ishii	et	al.,	2012].	One	fundamental	challenge	by	

such	 a	 material	 might	 be	 that	 already	 on	 the	 molecular	 level,	 configurations	 could	

affect	the	properties	of	the	material	itself.	Ishii	et	al.	primarily	focus	on	the	interaction	

with	 such	 a	 hypothetical	material	 and	 not	 so	much	 on	 how	 to	 realize	 it	 technically.	

However,	 they	 do	 point	 towards	 existing	materials	 with	 the	 ability	 to	 change	 their	

physical	 characteristics.	 Shape	Memory	 Alloys	 return	 to	 a	 programmed	 state	 when	

exposed	 to	 heat	 or	magnetic	 fields,	 electro-active	 polymers	 change	 their	 size,	 shape	

and	 optical	 properties	 when	 exposed	 to	 high	 currents,	 and	 thermochromic	 and	

halochromic	materials	change	their	color	in	response	to	heat	or	acidity	levels	[Ishii	et	

al.,	2012].		

Others	 like	 Qamer	 et	 al.,	 provide	 an	 more	 in-depth	 overview	 of	 currently	 known	

morphing	 materials	 that	 allows	 for	 different	 ways	 of	 shape	 change	 [Qamer	 et	 al.,	

2018].	However,	these	materials	are	still	far	from	able	to	realize	the	vision	of	radical	

atoms	and	applications	like	The	Perfect	Red	–	an	imaginary	clay	material	[Ishii	et	al.,	
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2012].	 If	we	compare	such	a	material	 to	Figure	28	 the	bridge	would	not	 really	exist	

anymore,	as	the	physical	and	digital	would	be	so	merged	that	they	would	practically	

be	 the	 same	 thing.	 Digital	 information	 is	 fundamentally	 always	 a	 representation	 of	

physical	 states,	 but	 just	 heuristically	 abstracted	 in	 ways	 that	 makes	 them	 more	

meaningful	 and	 accessible	 to	 humans.	 If	 the	 division	 between	 the	 controls	 of	 these	

states	and	the	states	themselves	are	erased	completely,	the	physical-digital	distinction	

stops	 making	 much	 sense.	 According	 to	 the	 MCRpd-model	 (Figure	 7)	 this	 would	

correspond	 to	all	4	 characteristics	merging,	 and	 is	what	 Ishii	 et	al.	 tries	 to	 illustrate	

with	 the	 risen	 iceberg	metaphor	 (Figure	11).	 Ishii	et	al.	 largely	put	emphasis	on	 the	

thought	of	digital	manipulation	of	physical	materials	like	The	Perfect	Red.	These	types	

of	manipulations	known	from	CAD-programs	such	as	snapping	to	primary	geometries,	

boolean	 operations,	 copying	 changes	 etc.	 For	 these	 types	 of	 manipulations	 to	 even	

theoretically	 be	 possible	 it	 demands	 that	 the	 computer	 encompasses	 some	 kind	 of	

detailed	 digital	 model	 representing	 the	 state	 of	 the	 physical	 material,	 as	 precise	

actuation	is	needed	on	nano-scale.	Such	a	detailed	model	is	difficult	enough	to	create	

already,	and	certainly	without	the	help	of	optical	technology.	My	research	can	be	seen	

as	investigating	some	of	the	interactive	qualities	of	increasing	the	level	of	detail	of	this	

model	and	exploring	how	to	couple	and	merge	input	and	output	more	open-endedly	

to	support	the	open-endedness	of	materials	used	 in	the	context	of	constructive	play.	

Thereby,	hopefully	 it	 can	help	 inform	some	aspects	of	 the	 long	way	researchers	still	

have	to	make	before	reaching	something	close	to	bidirectional	reciprocity.	Graphene	

could	 help	 interaction	 design	 take	 a	 step	 closer	 towards	 Hiroshi	 Ishii’s	 vision	 of	

radical	atoms,	albeit	in	practice	still	on	a	much	larger	and	simpler	scale.	However,	the	

idea	is	fundamentally	the	same,	namely	having	small	building	blocks	that	in	the	future	

might	include	tiny	actuators	as	well.		

Dissection of Prototypes 
The	 “Framing	 Open-Ended	 and	 Constructive	 Play	 with	 Emerging	 Interactive	

Materials”-project	 sparked	 some	 important	 findings	 addressing	 the	 complexity	 of	

providing	 expressive	 interfaces	 for	 constructive	 play	 along	with	 interesting	 insights	

into	the	experiential	qualities	of	building	with	interactive	materials.	This	directed	the	

project	 on	 the	 path	 of	more	 sophisticated	 interaction	 in	 this	 area	 and	 ultimately	 to	

Hitmachine	and	BrickSense	as	proposed	possible	filters	for	a	grander	graphene-based	

vision.	 In	 the	 following	 sections	 I	 will	 dissect	 the	 anatomy	 of	 Hitmachine	 and	

BrickSense	 in	 order	 to	 clarify	 which	 aspects	 of	 the	 vision	 they	 try	 to	 address	 and	

explore.	 In	 their	 incompleteness,	 they	helped	 identify	key	challenges	and	 limitations	

when	 designing	 for	 enhanced	 empowerment,	 collaboration	 and	 expressivity	 in	

interactive	 constructive	 play	 with	 music	 making.	 This	 dissection	 into	 specific	

dimensions	serves	to	provide	a	better	understanding	of	the	relationship	between	the	
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prototypes	 and	 research	 tracks	 along	 with	 the	 contents	 and	 challenges	 of	 the	

graphene-based	vision	and	how	the	two	prototypes	 in	each	their	way	helped	inform	

the	design	space.		

Filtering Dimension for Hitmachine 

There	 are	 5	 filtering	 dimensions:	 Appearance,	 Data,	 Functionality,	 Interactivity,	 and	

Spatial	 Structure.	 One	 or	more	 of	 these	 filtering	 dimensions	 can	 be	manifested	 in	 a	

prototype	through	3	manifestation	dimensions:	Material,	Resolution,	and	Scope.	If	we	

dissect	 Hitmachine’s	 anatomy	 it	 does	 not	 filter	 any	 specific	 dimensions	 completely,	

but	rather	it	filters	each	dimension	to	a	certain	degree	–	some	more	than	others.		

As	Hitmachine	relies	on	construction	and	reconstruction	there	is	no	set	appearance	to	

filter	 for.	 However,	 Lego	 bricks	 do	 provide	 a	 certain	 type	 of	 look	 and	 style	 to	 each	

model.	It	is	a	part	of	the	aforementioned	vision	that	the	construction	design	space	is	as	

unlimited	as	possible	within	the	physical	rules	dictated	by	the	nature	of	the	building	

blocks.	 	 The	 instruments	 for	 Hitmachine	 need	 to	 be	 based	 on	 the	Mindstorms	 EV3	

module,	which	 sets	 some	 limitations	 for	 scale.	 Through	 its	 design,	 The	 EV3	module	

also	inhabits	some	directional	limitations	for	building,	as	it	is	difficult	to	build	on	any	

other	side	than	the	top.	In	addition,	the	ports	for	attaching	sensors	are	also	limited	in	

numbers	 as	 well	 as	 having	 a	 certain	 size	 and	 orientation.	 These	 limitations	 are	 a	

consequence	 of	 our	 choice	 of	 technology,	 but	 on	 the	 upside	 the	 robustness	 of	 the	

Mindstorms	 technology	made	 it	more	 accessible	 to	 evaluate	 in	 a	 real	world	 context	

with	 children	 who	 tend	 to	 handle	 the	 materials	 rather	 roughly.	 Besides	 the	

dimensional	 and	 orientational	 limitations	 of	 the	 mother	 brick	 the	 appearance	

dimension	 is	 close	 to	 the	 vision	 as	 the	 children	 did	 use	 Lego	 bricks	 to	 build	 their	

instruments.		

In	terms	of	direct	interaction,	Hitmachine	addresses	the	data	dimension	in	its	entirety	

as	 it	 supports	 the	 appropriate	 sensor	 data,	 as	 well	 a	 fully	 developed	 backend	

incorporating	our	musical	framework.	So	where	it	differs	from	the	vision	would	be	in	

the	exact	type	of	sensor	data	and	the	data	that	represents	the	shape	of	an	instrument,	

which	 is	 not	 present	 in	 the	 prototype.	 However,	 the	 software	 architecture	 and	

implementation	would	be	exactly	the	same.		

The	functionality	dimension	is	addressed	completely	 in	that	you	can	build	your	own	

musical	instrument	from	Lego	bricks	and	then	play	it.	Playing	the	instrument	includes	

producing	a	lead	melody	with	a	customizable	instrument	sound.	You	can	also	change	

the	mapping	of	the	sensors.		

The	 interactivity	 dimension	 is	 addressed	 in	 terms	 of	 direct	 interaction	 through	

sensors.	Switching	sensor	ports	 changes	 the	mapping	of	 the	sensors	and	 interaction	
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with	 the	 sensors	produces	 the	 lead	melody.	The	big	difference	between	Hitmachine	

and	the	vision	 is	 that	 the	 functionality	of	changing	the	 instrument	sound	is	accessed	

by	turning	a	wheel	connected	to	the	instrument	rather	than	by	detecting	its	shape.	In	

addition,	 the	available	 sensors	were	 limited	 to	Lego	Mindstorms	sensors,	where	 the	

bricks	themselves	would	inhabit	sensing	capabilities	in	the	vision.		

The	 spatial	 structure	 dimension	 for	 Hitmachine	 is	 tied	 closely	 to	 the	 appearance	

dimension	because	of	the	constructive	nature	of	the	interface.	As	Lego	bricks	are	used,	

the	spatial	 structure	and	 thereby	 the	arrangement	of	 interface	elements	comes	very	

close	to	the	vision	expect	for	the	aforementioned	limitations	by	the	physical	size	and	

directionality	of	the	EV3	module.		

Manifestation Dimensions for Hitmachine 

The	materials	used	for	manifesting	the	Hitmachine	prototype	are	not	graphene-based	

bricks	 as	 in	 the	 vision.	 Instead	Hitmachine	 is	manifested	 through	 Lego	Mindstorms	

technology	 along	 with	 ordinary	 insulating	 Lego	 bricks.	 This	 provides	 stability	 and	

robustness	as	well	as	securing	that	all	materials	follow	the	appropriate	standards	for	

health	 regulations	 for	 evaluating	 with	 children.	 However,	 as	 a	 result,	 the	 bricks	

themselves	cannot	act	as	sensors,	which	means	that	the	scope	for	the	prototype	does	

not	 include	 shape	 recognition.	The	 remaining	 functionality	 and	 interaction	 from	 the	

vision	 are	 included	 in	 the	 prototype	 and	 the	 mapping	 to	 and	 sophistication	 of	 the	

back-end	is	 fully	developed	as	well.	The	resolution	corresponds	to	the	vision,	as	one	

Mindstorms	 sensor	 is	 able	 to	 reliably	 differentiate	 between	 8	 different	 notes	 while	

playing	and	changing	sound	in	real-time,	which	is	all	we	need	for	music	making	on	a	

novice	 level.	 One	 could	 argue	 that	 a	 higher	 resolution	 could	 be	 interesting	 if	

Hitmachine	were	to	be	redesigned	for	expert	musicians	instead.		

Filtering Dimension for BrickSense 

BrickSense	relies	on	graphene-based	bricks	molded	like	ordinary	2x4	Lego	bricks	that	

due	to	the	amount	of	graphene	needed	for	conductivity	are	all	black.	The	parts	of	the	

vision	that	is	not	addressed	by	the	appearance	dimension	are	therefore	just	the	ability	

to	use	multiple	colors	and	brick	of	different	sizes.	BrickSense	has	no	central	module	

like	 the	 EV3	 for	 Hitmachine,	 so	 in	 this	 regard	 it	 is	 closer	 to	 the	 vision	 that	

encompassed	the	same	degree	of	artistic	 freedom	as	ordinary	Lego	bricks.	However,	

BrickSense	do	need	to	be	connected	to	electrodes	through	visible	wires,	which	is	not	a	

part	of	the	vision.	So	in	this	regard	the	wireless	nature	of	Hitmachine	is	closer	to	the	

appearance	of	the	vision.		

The	 data	 dimension	 is	 focused	 solely	 on	 representing	 the	 physical	 shape	 and	 size	

digitally	along	with	obtaining	capacitive	sensing	data.	BrickSense	is	not	hooked	up	to	
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the	musical	back-end,	but	only	to	a	simple	backend	used	for	playing	back	a	range	of	

audio	 samples	 to	 demonstrate	 the	 sensing	 capabilities.	 So	 in	 this	 regard	BrickSense	

only	 incorporates	 the	 parts	 of	 the	 vision	 that	 was	 not	 implemented	 in	 the	 other	

projects.	

The	functionality	dimension	is	closely	tied	to	the	data	described	above.	BrickSense	can	

recognize	a	variety	of	shapes	built	from	Lego	bricks.	It	is	not	possible	attach	different	

kinds	of	sensors	and	the	shape	data	is	not	connected	to	any	musical	backend.	Instead	

the	data	is	used	in	conjunction	with	support	vector	machines	to	access	the	accuracy	of	

the	model	recognition.			

Like	 in	 the	 vision	 the	 interaction	 with	 BrickSense	 is	 constituted	 both	 of	 directly	

interacting	 trough	 building	 and	 using	 the	 finished	model	 as	 a	 touch	 and	 proximity	

sensor	for	playing	back	audio.	However,	unlike	the	vision,	shapes	are	not	recognized	

in	 real	 time,	 as	 the	 purpose	 of	 BrickSense	 was	 to	 explore	 the	 accuracy	 of	 the	

recognition	itself	and	not	the	interaction	of	ongoing	construction	and	reconstruction.	

As	 for	Hitmachine	 the	 spatial	 structure	dimension	 is	addressed	 to	a	 large	extend	by	

using	bricks	of	 the	 intended	dimensions	and	with	 the	 intended	qualities.	 Interaction	

through	 construction	 has	 no	 set	 spatial	 structure,	 but	 the	 characteristics	 of	 the	

building	 elements	 sets	 the	 frame	 and	 limitation	 for	 what	 kind	 of	 structures	 are	

possible.	As	 I	used	graphene-enhanced	bricks	with	 the	same	size	and	dimensions	as	

normal	Lego	bricks,	this	dimension	represents	the	vision	accurately.		

Manifestation Dimension for BrickSense 

BrickSense	 is	manifested	 through	 graphene-based	 Lego	 bricks,	 and	 thereby	 utilizes	

the	 graphene	 for	 shape	 recognition,	 which	 was	 not	 present	 in	 Hitmachine.	 These	

bricks	 are	 all	 black,	 thereby	 limiting	 the	 scope	 on	 visual	 level.	 However,	 they	 do	 fit	

with	ordinary	Lego	bricks,	why	color	decoration	 is	possible,	but	would	not	have	any	

effect	the	detected	shape,	as	ordinary	bricks	are	invisible	to	the	computer.	In	terms	of	

resolution	 the	 shape	 recognition	 is	 coarse-grained	 in	 that	 significant	 structural	

changes	need	to	be	done	to	the	models	in	order	for	the	distinctions	to	be	reliable.	In	

addition	 it	 can	only	 recognize	models	 that	 the	machine-learning	algorithm	has	been	

trained	for	in	advance.	In	the	vision	a	more	sophisticated	real-time	recognition	would	

be	desirable	in	order	to	support	the	frequent	changes	to	models	and	overall	dynamic	

flow	of	constructive	play	with	musical	instruments.		
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9 CONCLUSION  

In	 this	 dissertation	 I	 provided	 an	 overview	 on	 my	 PhD	 project	 on	 graphene-based	

interaction	design	 for	constructive	play	within	 the	domain	of	 tangible	music-making	

for	 children.	 I	 have	 presented	 two	 research	 tracks	 (1)	 a	 simulation	 track	 and	 (2)	 a	

material	 oriented	 track.	 The	 purpose	 of	 research	 track	 1	 has	 been	 to	 explore	 the	

qualities	 of	 a	 graphene-based	 interaction	 design	without	 having	 the	 actual	material	

available.	In	parallel,	 I	have	worked	with	actual	graphene	in	research	track	2,	and	as	

the	 production	 processes	 of	 graphene	 gradually	 matured	 I	 was	 able	 to	 deploy	

graphene	 to	 implement	 some	 of	 the	 missing	 functionality	 from	 the	 prototypes	 in	

research	track	1.	I	demonstrate	how	it	is	possible	to	do	visionary	work	in	a	way	that	

informs	and	directs	future	applications	with	emerging	nano-materials	even	in	stages	

where	the	materials	are	not	ready	to	leave	the	lab	yet.		

The	two	research	tracks	are	outlined	in	a	way	that	shows	how	they	are	interconnected	

in	regard	to	my	scientific	publications,	and	I	position	my	research	in	a	design	space	in	

the	intersection	between	graphene,	play,	and	musical	interaction	research.	Driven	by	

research	 trough	 design	 I	 have	 traversed	 this	 space	 by	 engaging	 in	 practice	 and	

identified	 interesting	 shortcoming	 in	 existing	 conceptualization	 and	 terminology	

regarding	constructive	interaction	and	tangible	interaction	in	general.	Existing	trends	

and	categories	of	work	within	the	field	of	tangible	music	making	have	been	identified	

and	used	as	means	to	highlight	the	existing	gap	for	expressive	rhythmic	music	making	

for	novices.	Existing	work	on	open-ended	play	have	been	presented	in	order	to	better	

understand	the	nature	of	constructive	interaction.	I	have	furthermore	positioned	my	

work	 in	 respect	 to	 existing	 approaches	 of	 adding	 interactivity	 to	 everyday	 objects	

with	an	emphasis	on	the	degree	of	material	integration	into	interaction.		

I	 have	 demonstrated	 how	 prototypes	 can	 be	 used	 as	 filters	 in	 practice	 to	 explore	

aspects	of	a	grander	vision	that	are	yet	technically	unfeasible	in	its	entirety.	This	helps	

show	 some	 of	 the	 potentials	 for	 graphene-based	 interaction	 in	 the	 future.	 I	 have	

explained	 how	 this	 potential	 is	 promising	 for	 wider	 and	 deeper	 bridging	 of	 the	

physical	 and	 digital	 world	 and	 how	 graphene	 provides	 a	 way	 of	 approaching	 the	

vision	of	radical	atoms.	My	work	demonstrates	the	power	of	iteration	not	only	within	

projects	 but	 also	 on	 an	 inter-project	 level,	 as	 many	 insights	 have	 been	 gradually	

developed	and	refined	over	time.		In	the	following	sections	my	research	questions	are	

answered.		

	

Research	Question	1	

• How	can	graphene	add	sensing	capabilities	to	constructive	materials	in	order	to	

help	bridge	the	gap	closer	between	the	physical	and	digital?	

I	 have	 demonstrated	 ways	 of	 utilizing	 graphene	 to	 add	 sensing	 capabilities	 to	

materials	 that	are	normally	 insulating.	The	majority	of	 this	work	 involves	 the	use	of	
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graphene-enhanced	 ABS	 bricks	 as	 capacitive	 sensors.	 I	 used	 these	 bricks	 to	 build	 a	

range	 of	 different	 physical	models.	 By	 combining	 capacitive	 and	 resistive	 data	with	

SVM	machine	 learning	 these	models	 can	be	 classified	and	 therefore	 recognized.	The	

result	 is	 a	 course-grained	method	 for	 recognizing	 brick	models	 from	 their	 size	 and	

shape	without	using	a	3-D	scanner.	Having	a	representation	of	the	shape	of	a	physical	

model	 is	 one	way	 to	 provide	 a	 deeper	 and	wider	 bridge	 between	 the	 physical	 and	

digital	world,	as	it	couples	more	physical	aspects	directly	to	the	digital	model.		

	

Research	Question	2	

• How	can	we	simulate	relevant	properties	of	graphene	in	a	way	that	allows	for	

investigating	its	potential	for	applications	beyond	its	current	capabilities?			

Recent	 trends	 in	HCI,	 identified	 through	 investigating	CHI	 research,	 suggest	 that	 the	

most	 relevant	 properties	 of	 graphene	 are	 conductivity,	 transparency	 and	

stretchability.	However	 transparency	and	stretchability	are	very	difficult	 to	simulate	

with	existing	materials	if	the	goal	is	to	explore	their	interactive	qualities.		

Thus,	 I	 have	 primarily	 explored	 ways	 of	 simulating	 the	 conductive	 properties	 of	

graphene	in	order	to	design	for	interactive	constructive	play	experiences	for	children.	

This	was	done	 in	order	 to	explore	 the	play	qualities	 for	 future	applications	 that	 can	

bridge	 the	 gap	 between	 the	 physical	 and	 digital	 closer.	 We	 have	 used	 copper	 tape	

combined	 with	 Makey	 Makey	 boards	 along	 with	 a	 range	 of	 existing	 Mindstorms	

sensors	 to	develop	prototypes	 that	 could	 facilitate	play	with	 tangible	music	making.	

These	prototypes	were	evaluated	through	two	large-scale	workshops	involving	more	

that	500	children.	The	aim	of	these	workshops	was	to	simulate	having	materials	that	

were	intrinsically	interactive	in	nature,	without	distinguishing	between	what	are	the	

computational	parts	and	what	are	not.		

	

Research	Question	3	

• How	 can	 “tangible	 interaction	 design”-theory	 help	 inform	 the	 design	 and	

development	of	constructive	play	applications	and	vice	versa?	

By	using	prototypes	as	 filters	I	have	explored	essential	parts	of	a	grander	graphene-

based	vision.	Orienting	myself	 in	 existing	 literature	helped	 conceptualize	 the	design	

space	and	by	engaging	 in	the	design	practice	I	gradually	discovered	shortcomings	 in	

these	conceptual	models	with	respect	to	a	proper	understanding	of	my	own	research.	

Through	 in-situ	 evaluation	 and	 analysis,	 I	 have	 expanded	 on	 the	 understanding	 of	

expressivity	 and	 control	 and	 the	 conceptualization	 of	 tangible	 and	 constructive	

interfaces.	 I	 have	 then	 used	 this	 new	 knowledge	 in	 combination	 with	 existing	

concepts,	 models	 and	 frameworks	 to	 direct	 the	 ongoing	 development	 of	 improved	

prototypes.	 This	 bidirectional	 informative	 relationship	 between	 theory	 and	 practice	
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shows	 the	 true	 power	 of	 research	 through	 design	 as	 a	 method,	 and	 the	 resulting	

findings	are	useful	both	generatively	within	projects	and	for	other	designers.		

	

Research	Question	4	

• How	 can	 interactive	 constructive	 play	 empower	 children	 to	musically	 express	

themselves	beyond	their	current	ability?		

I	 have	 demonstrated	 how	 interactive	 constructive	 play	 can	 be	 used	 to	 empower	

children	beyond	their	current	ability	through	workshops	engaging	them	in	embodied	

interaction.		Building	with	bricks	comes	natural	to	most	children,	and	by	blending	the	

building	process	 itself	with	 the	 ability	 to	 create	music	 it	 creates	 an	 entry	point	 into	

music	making	that	does	not	require	any	prior	theoretical	knowledge	of	refined	motor	

skills.	To	play	a	guitar	or	a	piano	you	need	practice	and	you	need	 to	know	how	 the	

instrument	works.	However,	we	designed	workshops	where	you	can	build	your	own	

instrument	 and	 play	 that	 same	 instrument	without	 needing	 to	 know	 exactly	 how	 it	

works.	 I	 found	 out	 that	 in	 order	 to	 empower	 children	 for	musical	 expression	 there	

needs	 to	 be	 a	 balance	 between	 expressivity	 and	 control.	 This	 balance	 should	 be	

carefully	designed	for	so	it	is	open	enough	to	spark	creativity	while	guided	enough	to	

support	a	nice	sounding	outcome.	The	relationship	between	constructive	 interaction	

and	music	making,	and	therefore	it	has	been	helpful	to	conceptualize	these	spaces	as	a	

part	of	understanding	them	better,	and	thereby	qualifying	the	design.		

	

Together	these	four	answers	answer	my	main	research	question:		

How	can	graphene	research	help	create	expressive	interactive	experiences	

within	the	domain	of	musically	themed	constructive	play? 
	

As	a	whole	my	PhD	project	can	help	 inform	future	projects	and	applications	beyond	

the	 scope	 of	 musical	 interaction	 in	 the	 intersection	 of	 material	 science	 and	

constructive	 interaction	 design	 research.	 It	 encompasses	 both	 visionary	 work	 and	

experience	prototyping	as	well	as	low-level	hands-on	lab	work	with	the	material	itself.	

This	dissertation	can	help	interaction	designers	to	understand	the	pitfalls	in	working	

with	 complex	 manufacturing	 process	 and	 interdisciplinary	 work	 in	 general.	 This	

project	 is	 an	 example	 of	 the	 benefits	 and	 challenges	 of	 interdisciplinary	 work,	 and	

how	other	research	fields	can	help	guide	and	qualify	 interaction	design.	What	I	have	

shown	are	 just	 a	 tiny	 fraction	of	 the	directions	and	possibilities	 for	 graphene	 in	 the	

future.	However,	there	are	still	a	lot	of	limits	for	graphene	to	break	before	we	see	it	on	

the	frontier	of	a	technological	revolution.		
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PART II 

PUBLICATIONS 
	

Framing Open-Ended and Constructive 
Play with Emerging Interactive Materials 

ABSTRACT  

In the materials sciences there are great expectations for how future nano-
scale materials such as Graphene point towards a merging between digital 
and physical materials unseen before. This in turn provides new 
opportunities for framing open-ended and constructive play. To explore 
these opportunities we have conducted a large-scale workshop where 
several hundred children built music instruments using “conductive Lego” 
in the form of Lego bricks, copper tape, Makey Makey boards and a PC 
providing musical instrument sounds. Based on experiences from the 
workshop we conclude that emerging materials can provide multiple entry 
points into constructive play. However, we highlight that it is key to find 
appropriate sweet spots between structured and free play in order to engage 
children in meaningful activities. We provide a set of concepts serving as 
analytic lenses for reasoning about such sweet spots.  

Categories and Subject Descriptors  

H.2.m Miscellaneous  

General Terms  

Design, Experimentation.  

Keywords  

Constructive play, Open-ended play, Children, Emerging Materials  

INTRODUCTION  

Emerging materials and technologies open up new opportunities for framing 
open-ended, constructive play through miniaturization of conductive 
materials and electronic components. We already have increasingly small-
scale sensors and actuators and ultimately research in graphene seeks to 
bring conductive materials and components down to nano-scale and in this 
way potentially merge digital and physical materials in ways unseen before. 
But what are the opportunities and pitfalls for framing new forms of open-
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ended, constructive play with emerging, interactive materials?  

Within the area of interaction design and children, there have already been 
explorations into how playing with digital and physical objects may become 
intertwined in the future. Particularly the design and adoption of innovative 
play objects have been reported, such as the long-term study of the adoption 
of a robotic toy dinosaur (Fernaeus et al., 2010) or the development and trial 
of interactive light products (Bekker and Eggen, 2009, Valk et al., 2013). It 
seems that the design and adoption of constructive, interactive play is less 
studied, with exceptions such as the commercial Lego Mindstorms, Topobo 
(Raffle et al., 2004) and Craft, Click and Play (Martínez, 2014).  

In this paper we investigate how emerging interactive materials can be used 
to encourage constructive, open-ended play for children. Constructive play 
allows for free expression and thereby enhances open-endedness, allowing 
children to explore and negotiate along with stimulating their imagination. 
Constructive play serves to focus the minds of children through their 
fingertips and leads them to invent and discover new possibilities, to fulfill 
their sense of purpose (Drew et al., 2008).  

This paper is a result of a project where researchers in physics and 
chemistry developing new Graphene-based materials collaborate with 
interaction design researchers in order to explore how these emerging 
materials may open up new opportunities for play in the future. To explore 
this we designed a workshop where children built their own music 
instruments using Lego bricks with an added digital layer providing 
interactivity, simulating some of the properties of future Graphene-based 
materials.  

 
Figure	29.	Workshop	held	at	the	Lego	World	Fair.	

The paper is structured as follows: First, the terminology of open-ended 
play is clarified, and key tendencies of emerging materials addressed in this 
project are outlined. Next, related work is accounted for, before describing 
the workshop in terms of the rationale, setup, methods and analysis 
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conducted. Finally, the results of the workshop are described concluding 
with a discussion and directions for future work. 

RELATED WORK  

This section provides an overview of open-ended play and constructive 
play, as well as reflects upon the potential role of emerging materials in 
relation to play.  

Open-ended Play  

Caillois (Caillois, 1961) defines two different ways of playing: ludus and 
paidia, the two types should however, not be viewed as distinct categories, 
but as endpoints of a continuum. Ludus is described as structured, rule-
bound and goal-directed play, and encompasses games such as: hide-and-
seek, as well as board and sports games. Paidia on the other hand is free, 
unstructured and spontaneous improvisational play, such as for example 
children spinning around to get dizzy. Open-ended play places itself 
somewhere between the two ways of playing. Although open-ended play 
often is equated with free play, there are subtle differences between the two. 
According to Valk et al. (Valk et al., 2013) free play can emerge at any 
time, at any place, with anything, and does not require anything else than 
children’s own initiative and imagination. Open-ended play on the other 
hand, is defined as “play without predefined (game) rules in which players 
can attach meaning to the design properties and the interactions themselves 
while playing. Its goal is to trigger a player’s creativity by leaving room for 
interpretation” (Valk et al., 2013 p. 97). However, even though no game 
rules are defined, some interaction rules exist, which are rules for how the 
design responds to different inputs in terms of feedback. Open-ended play 
does not only reside at one end of the continuum, but often starts out 
resembling free play, and as the play evolves it can either be continuously 
played simply for the sensations of it, or it can begin to move towards being 
a game with rules and goals, or the play can shift back and forth between the 
two.  

There is a range of examples of interactive open-ended play designs, such as 
for example ColorFlare (Bekker et al., 2009) a flashlight-like play object, 
which changes color of the lights when it is rolled, and when shaken it can 
transmit its color to other ColorFlares in range, if pointed in their direction. 
Another example is FeetUp (Rosales et al., 2015), which consists of 
children’s shoes embedded with pressure sensors and lights. The lights start 
to flash when the shoes are not touching the ground, creating conditions that 
make the play revolve around children’s movement. Other types of open-
ended play designs like Interactive Pathway and FlowSteps are closer 
resembling interactive installations. They both consist of interactive mats 
with different output modalities. Interactive Pathway (Seitinger et al., 2006) 
has pressure sensors embedded, which control motors next to the mats, so 
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when a child steps on a mat the corresponding motor starts spinning. 
FlowSteps (Valk et al., 2013) reacts with light on children’s movements. 
There are two colors of light, red and blue. Children can step on a light to 
“catch” it or move it around by stepping along on other mats. What all these 
examples have in common are that they are finished designs that can be 
played with but cannot be altered. In all the above examples the designers 
have left out predefined game rules to enhance open-endedness, yet provide 
some specific interaction rules to frame the play to some degree.  

 Valk et al’s notion of open-ended play (Valk et al., 2013) resembles Salen 
& Zimmerman’s definition of play as “free movement within a more rigid 
structure” (Salen and Zimmerman, 2003) and is closely related to Costello’s 
concept of directing play opposed to emergent play (Costello and Edmonds, 
2009). Moran et al. (Moran et al., 1988) and Tseng and Resnick (Tseng and 
Resnick, 2012) have also reflected on the openness of play, with regard to 
the effect of whether or not the play and instructions are structured or 
unstructured. Open-ended play is furthermore related to inquiry-based 
learning. Rooted in the philosophies of Socrates and John Dewey, inquiry-
based learning is associated with learners constructing knowledge through 
active investigation. The theoretical foundation of inquiry-based learning 
lies in constructivism and social constructivism, which position learning as 
“the process of making meaning and building knowledge by engaging in 
meaningful activities” (Brosterman and Togashi, 1997). This further relates 
to Papert’s constructionism, which proposes that children learn best when 
they are engaged in building meaningful artifacts (Papert, 1991). However, 
learning does not necessarily have to be an inherent goal for play, even 
though play often will contain development in some direction, e.g. socially, 
motor skill wise, enhanced spatial understanding etc.  

Resnick and Silverman are also deeply influenced by Papert’s 
constructionist approach in their effort to design construction kits for 
children (Resnick and Silverman, 2005). They describe the notion of low 
floors and high ceilings, referring to designs where it is easy for novices to 
get started and yet possible for experts to work on increasing sophisticated 
projects. In their work, they put less emphasis on high ceilings and focus 
more on what they call wide walls: designs that support and suggest a wide 
range of different explorations. Diversity of outcomes hereby becomes an 
indicator of success, when they evaluate their construction kits.  

Constructive Play  

One type of play is constructive play, which is centered on a crafting 
process, where minor components are assembled into a bigger holistic 
model. Examples of constructive play toys are for example; Lego, 
Mindstorms, K’nex, Play Doh, Buckyballs etc., all of which are centered on 
inspiring creativity and invite for open-ended play.  
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Within the area of constructive play both Moran et al. (Moran et al., 1988) 
and Tseng and Resnick (Tseng and Resnick, 2012) have explored the impact 
of how the play is framed on children’s feeling of satisfaction. They both 
compare the impact of using (un)structured materials and (un)structured 
instructions on the play. Structured materials are characterized by 
specialized components, e.g. wheels indicating that the child should build 
something that can move, like a car or a truck. Structured instructions are 
guides on how and what to build, like paper-based walkthroughs or physical 
and digital models to mimic. Unstructured materials on the other hand are 
more generic components, and unstructured instructions are building 
something from your imagination. Tseng and Resnick (Tseng and Resnick, 
2012) found that both kinds of constructive play were satisfying, but in 
different ways. Children engaged in the structured play got a feeling of 
achievement stemming from sheer assembly of a large number of bricks. In 
contrast, the when engaged in the unstructured playing situation, the 
satisfaction stemmed more from an emotional connection to their 
construction (Tseng and Resnick, 2012). 

Examples on projects with interactive prototypes concerned with 
constructive play are for example: “Craft, Click and Play” (Martínez, 2014) 
and “Topobo” (Raffle et al., 2004), both of which deal with crafting 
something physical, while bridging this model into the digital world. Craft, 
Click and Play is an app that produces a simple game from a physical 
model. Their example is children building mazes out of Lego or drawing 
them on paper. Then the app takes a snapshot, and different colors from the 
model are assigned different “roles”. E.g. green could be assigned the role 
as solid, to act as walls in the game (Martínez, 2014). Topobo is a robotic 
toy construction kit with kinetic memory, meaning that it has the ability to 
record and playback physical motion (Raffle et al., 2004). “By snapping 
together a combination of Passive (static) and Active (motorized) 
components, people can quickly assemble dynamic biomorphic forms like 
animals and skeletons with Topobo, animate those forms by pushing, 
pulling, and twisting them, and observe the system repeatedly play back 
those motions.” (ibid). Topobo highlights the possibility to merge 
constructive building elements with electronics and logic, creating a closer 
relationship between the physical and digital world. Creating this close link 
between the physical and digital world, has shown some promising qualities 
for inspiring creativity, and emerging materials like Graphene might have a 
great impact of the possibilities for interactive constructive play in the 
future.  

Emerging Materials  

Ongoing advances in material development open up radical new ways of 
integrating digital and physical materials. A concrete example of this vision 
is the massive research interest in Graphene as an emerging “wonder 
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material”. Graphene in its pure form is a one-atom thick layer of carbon. 
There are enormous expectations to the potential applications of Graphene 
as it has some rather unique properties, mechanically, chemically and with 
respect to conductivity. It is nearly transparent; it is flexible, remarkably 
strong for its very low weight and conducts heat and electricity more 
efficiently than any other material at room temperature. It is predicted that 
Graphene could be used in a wide range of application areas, from 
touchscreens, liquid crystal displays (LCD) and organic light emitting 
diodes (OLEDs), to batteries and capacitors, composite materials, filtration 
and a myriad of distinctly different applications. Thus Graphene and other 
emerging materials can in the future pave the way for new ways of blending 
the digital and physical. The research reported in this paper explores in 
particular how the embedding of nano-scale conductive materials and 
electronic components into Lego bricks can support open-ended and 
constructive play. This is only a subset of the key properties of Graphene 
including also flexibility and robustness.  

Currently, a range of interaction design researchers has explored blending 
circuits and materials into the physical world. Such as for example the work 
by Qi and Buechley concerned with “Sketching in Circuits” (Qi and 
Buechley, 2014). They propose an alternative to current mediums for circuit 
design such as breadboards or printed circuits boards. This alternative is a 
way of sketching circuits without having to use wires by using conductive 
foil tape to place conductive traces on paper. Then they connect components 
such as LED’s and add power and microcontrollers. It is a very flexible and 
quick method for creating circuits, and is represented in a way that contains 
a high degree of visibility, thereby lowering the entrance barrier. Their aim 
is to support the durability, scalability, and accessibility needs of both 
novice and expert circuit builders alike. Another example is Silver’s work 
(Silver, 2009) that explores letting the user “MacGyver” everyday objects 
into musical instruments by attaching a small circuit, allowing people to 
play on kitchen sinks or even macaroni.  

LEGO WORLD WORKSHOP  

To explore potential play qualities of mixing physical and digital materials, 
and to merge conductive circuits and Lego bricks, a workshop was held 
over four days at the Lego World Fair. The inspiration for the workshop was 
the idea of exploring some of the key qualities that Graphene might bring to 
Lego bricks in the future. However, given that Graphene to a large extent 
presently is yet unavailable outside of specialized laboratories and only in 
extremely small (literally) quantities, the properties was at the workshop 
simulated using other available materials. One aim of the workshop was to 
begin to understand how children understand circuits, as well as how they in 
different ways could be used as a constructive play element.  

The workshop was designed based on a series of idea generation activities, 
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which explored and identified a range of opportunities for meaningful 
activities for physical and digital co-construction, using Lego bricks as the 
physical part. The goal was to create a workshop, which had a low floor, 
making it easy for children of different ages, with or without parents, to 
walk up and participate with only a short introduction. Furthermore, the aim 
was to take advantage of the open-endedness and constructive play elements 
that are inherent in Lego, while combining it with co-constructing a digital 
interactive layer. The digital layer consisted of constructing circuits using 
copper tape and MaKey MaKey boards along with different sounds.  

Given that the workshop was going to be held at the Lego World Fair, it was 
important that the workshop could be clearly and easily explained, in order 
to motivate the children to participate in the workshop, rather than the many 
other activities that were offered during the Lego World Fair. To do so, the 
workshop activity of co-constructing circuits and Lego bricks was framed 
under the theme of building musical instruments. Framing the workshop 
assignment under a theme restricted the open-endedness of the constructive 
play. However, in doing so it also made the assignment easier to approach, 
as a direction and a ‘universe’ for the play were already given. Musical 
instruments were chosen as the theme, as it was expected to be fairly gender 
neutral, as well as easy to communicate both verbally, but also in the 
workshop setup, where a stage was provided for children to perform with 
their instruments.  

 

 

 

Figure	30.	Example instrument and MaKey MaKey board. 
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Figure	31.	Interface for selecting instrument sounds. 

Workshop Materials  

The materials used for the workshop were MaKey MaKey boards, Lego 
bricks, copper tape, crocodile clips and laptops (see Figure 29, and Figure 
30, and Figure 31). These materials were chosen, as they provided an easy 
way to explore the potential of conductivity in Lego bricks. However, 
although the materials did not allow for exploring the potential qualities of 
invisibly embedding sensing and circuits into the material, which is one of 
the potential properties of Graphene, it still made it possible to gather 
insights on how children understood circuits and co-built the physical and 
digital components of the instruments. Choosing the MaKey MaKey as the 
technical platform for the workshop provided an easy entrance level for 
constructing circuits. The simple functionality of the board and the use of 
crocodile clips to form the circuits was intended to made it easy for the 
children and their parents to construct a simple working interface with a 
physical input controlling a digital output. As Lego bricks in themselves are 
not conductive, copper tape was used to stick onto the Lego musical 
instruments, in order to create circuits.  

The instrument sounds were provided through connecting the MaKey 
MaKey board to a laptop computer, which had a small sound pool of seven 
different instruments (trumpet, drums, violin, piano, electric guitar, double 
bass and an imaginary instrument). Each of the seven instruments had five 
chords, which were developed by an audio designer to complement each 
other. The five chords were tied to the key press of the arrow keys and the 
spacebar, which are five keys that can be addressed with alligator clips on 
the MaKey MaKey board. The instrument sounds could be selected on an 
interface (see Figure 31) on the laptop computer, as well as four different 
background beats.  

Consequently, to create a sound the user had to connect the MaKey MaKey 
board to the laptop, add the copper tape to their instrument where they 
wanted to place buttons, and connect the copper tape to the Makey Makey 
board using crocodile clips. In order to play, the circuit had to be closed, by 
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connecting it to ground, for example trough their body. The simple mapping 
between the areas pressed on the instrument and the chord played, made it 
fairly easy for the children to understand how the system worked. However, 
while the simple mapping lowered the entry level, it also limited the 
potential in the long run, since it did not provide a ‘high ceiling’ providing 
possibilities for taking things even further.  

Methods  

The workshop was held for four days, during a school holiday season, 
between 10 a.m. and 4 p.m. The workshop was conducted at a stand at a 
grand Lego World Fair, where a total of 40.000 people, including children, 
adults, grandparents and other Lego enthusiasts visited during four days. 
The workshop was placed in a zone with other digital solutions, and 
functioned as an activity on equal terms with the other activities that the 
visitors to Lego World could attend, for example: building with Lego 
Mindstorms, standing under a waterfall of Lego bricks or seeing a number 
of large Lego models.  

Participants were not recruited for the workshop before hand, but 
voluntarily visited the stand at the Lego World Fair. At the entrance to the 
workshop area a sign indicated that this activity was best suited for children 
aged 6+. This age limit was determined for the whole zone in which the 
stand was placed. All the stands in this zone had digital interactive elements. 
The stand had 8 laptops that the MaKey MaKey boards could be connected 
to, however, there were more MaKey MaKey boards available, and at 
certain times more than one group shared a computer, taking turns to 
connect their MaKey MaKey board. A total of 10 researchers and master’s 
students took part in supervising, managing and collecting data during the 
workshop, however, only 3-4 were present at the same time at the workshop 
area.  

Figure 4 illustrates the workshop area, which held two low round tables 
with chairs, each able to seat up to 12 people. On each of the two tables, 
three laptops were placed, a few booklets with simple visual instructions 
about how to use the MaKey Makey board, alongside as a few boxes filled 
with copper tape, scissors, and crocodile clips, and a large pile of Lego 
bricks. The area also included a small stage with an amplifier and a 
microphone, where the children could perform with their musical 
instruments, as well as a small wardrobe of dress up clothes  

Data Collection  

Since this was a public fair promoting children’s engagement with Lego, the 
data collection method had to be balanced against the possibility for the 
children to engage freely in a fun and engaging activity. Consequently, the 
workshop was documented using a combination of pictures, video 
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recordings, observations, and informal conversations with the children 
during their play. Furthermore, all of the instruments/constructions that 
were built during the four days were photographed. Due to the format and 
context of the workshop, it was hard to determine the precise number of 
people participating in the workshop, as only the children picking up 
makey-makey boards were registered, but parents grandparents and older or 
very young siblings, also ended up joining in and in addition some children 
took over boards left by other children. However, their involvement were 
fluctuating and hard to gauge, and consequently, only the children that 
signed up were counted as participants.  

	

Figure	32.	Workshop setting at Lego World. 

Data Analysis  

After the fair, an internal workshop was held amongst the people who had 
supervised the workshop. At this workshop, affinity diagrams were made 
identifying categories of observations and patterns of behavior. The affinity 
diagrams were made based on the informal interviews, images, videos, and 
experiences from the workshop. The analysis focused on identifying 
different strategies or approaches taken by the children, with regards to for 
example getting started, problem solving and understanding the circuit, as 
well as challenges and issues related to these areas. The analysis 
furthermore focused on the role of the musical instrument theme in relation 
to the construction. Furthermore, aspects such as the social relations and the 
relationship between the physical and digital were topics that arose.  

In addition, simple quantitative analyses have been made of the data 
gathered, to further investigate the qualitative observations.  

RESULTS  

During the four days that the workshop was held, around 350 Makey Makey 
boards were lent out to children or pairs of children who were often 
accompanied by their parents. The age of the children that participated in 
the workshop was down to three years, however older siblings, parents and 
grandparents also participated as they helped out with building the 
instruments. The aim of the workshop theme was to appeal to both boys and 
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girls, however the attendance to the workshop was roughly 1⁄4 girls and 3⁄4 
boys. However, this result should be balanced against the gender 
distribution of the Lego World event itself as well as the special interactivity 
zone in which the stand was placed. There is no data on the gender balance 
of the event and the zone, but the general feel was that the theme and the 
activities appealed equally well to the boys and girls who approached the 
stand. Furthermore, despite the sign at the entrance indicated that the area 
was suited for children aged 6+, a number of younger kids also engaged in 
the activity, for example on the first day, 16 of the kids were less than 6 
years old and managed to meaningfully engage in the activity. And beyond 
that, many young siblings were engaged too.  

People arrived in pairs or small groups comprised of families or friends, and 
stayed in the workshop area between 10-60 minutes, depending on their 
engagement in the activity. The most common time period was 20-30 
minutes but a lot of factors influenced this. For instance, despite being 
deeply engaged, some children were interrupted by their parents, as the 
parents wanted them to see more of the massive fair. While some quickly 
built an instrument, or only adjusted other people’s instruments others spent 
a long time on both building the instrument, trying out the different 
instrument soundscapes, playing on their instruments, and performing on 
stage. Others again spent time exploring and seeking to understand the 
conductivity of their surroundings, testing out the conductivity of for 
example ears, noses, hands or earrings.  

Overall, the workshop was a great success, and many children and adults 
requested where this product could be bought. “This is fun, this is really fun 
- it is cool and this you can do at home?” But it also served to identify 
challenges and future opportunities regarding how digital and physical 
materials can become integrated in the future to support open-ended, 
constructive play. The following sections reflect on the results within four 
themes, open-ended play, entry points for the play, embodiment of the 
conductivity and Low floor, high ceiling, wide walls.  

Open-ended Play at Lego World Workshop  

The use of a construction toy like Lego holds some intrinsic open- ended 
qualities already, and by adding a digital layer the children got an 
opportunity to build their own interactive toys, thus contrasting being given 
a refined, immutable musical instrument to begin with. This enhances open-
endedness on a different level and makes the play lean more towards the 
qualities of constructionism namely that children also learn through 
constructing something meaningful. Constructive play can be more or less 
open-ended though. In the case of the Lego World workshop, we framed the 
play with the theme of building musical instruments. This theme-based play 
falls outside Tseng et al.’s distinction (Tseng and Resnick, 2012) between 
structured and unstructured play, and places itself somewhere in between, 
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depending of how broad it is defined. The theme provided a meaningful 
relationship between the physical part and the pool of instrument sounds 
available, but there were no rules whatsoever to determine which 
characteristics the construction should have to qualify as an instrument. So 
the definition of a musical instrument was solely a matter of interpretation 
and imagination, strongly influenced by the individual child, their age and 
their prior knowledge and experiences. However, their constructions were 
also influenced by the available sounds and the graphical interface, as 
discussed in section 6.  

Framing the workshop under the theme of musical instruments made it easy 
for the children to get started, as a direction was provided, and thus almost 
everyone quickly started building or playing.  

One of the great challenges in regard to providing a booklet (see Figure 33), 
describing how to use the MaKey MaKey board, in the context of Lego, was 
that people did not see it as explaining the functionality, but as specific 
building instructions. Consequently, although the color or type of brick had 
no influence on the musical instrument, people sometimes rummaged 
around the pile of Lego in search of a red brick resembling the one used in 
the illustration.  

 
Figure	33.	Booklet describing the functionality of the MaKey MaKey board. 

Multiple Entry Points for the Play  

One of the key qualities of adding conductivity and sound to a classic Lego 
building activity was that it offered multiple entry points for the play, 
allowing the children to approach the play in different ways. The entry 
points observed were A) Building Lego constructions of which the majority 
resembled familiar instruments, such as pianos, guitars, or drums. A 
minority of the constructions was more free-formed, such as spaceships, 
animals or abstract instruments. B) Understanding how to construct the 
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circuits by making connections and playing music directly on the MaKey 
MaKey board. C) Constructing circuits triggering the sound using copper 
tape, wires, and the human body D) Exploring the instrument sounds by 
playing directly on the laptop. Without any instructions, some children 
figured out that they could play the sounds simply by pushing the arrow 
keys and spacebar directly on the computer. E) Playing and performing with 
an instrument on stage. A few children started out by playing on an 
instrument build by others. This was possible due to the workshop format as 
the instruments that were built during the day was displayed, and in some 
cases other children borrowed an instrument to play on stage. The visibility 
of using the copper tape to create the circuit, also offered a sort of entry 
point, especially for the younger children. Children as young as 3 years 
engaged in the workshop as they were able to mimic the interaction 
approach adopted by the other children, namely that of tapping the copper to 
play the instruments. However, it required supervision for this age group to 
build or modify the instrument.  

Although the workshop was framed as constructing playable Lego 
instruments, the children approached the constructive play from both a 
physical or digital point of view. Regardless of the entry point almost all of 
the children ended up constructing a Lego instrument, and played it for a 
short or longer amount of time.  

The workshop framing and task allowed the children to approach the task on 
different levels of complexity and competence. The choice of entry point 
seemed to depend both upon how they were introduced to the task as well as 
what triggered their immediate interest. Over time, the supervisors 
experimented with the instructions provided, and the instructions condensed 
towards asking the kids to make a quick circuit connection on the Makey 
Makey board with their fingers or two wires triggering a sound, and in this 
way providing a low floor entry into the play. Many kids had an a-ha 
experience, as the sound was a tangible indication of the less tangible 
electric connection. From here the children could then go on constructing 
the circuit or Lego instrument and explore the different instrument sounds.  

Embodied Exploration of Conductivity and Circuits  

A key quality of the setup was the way it offered embodied exploration of 
electrical properties of the environment. The social exploration of the 
conductivity was highly engaging for a number of participants (both 
between children, and children and their parents). For some children this 
became the prime focus of their play.  

Both children and adults were playfully exploring the conductivity of 
materials, e.g. touching or connecting the table, and the clothes, which were 
unsuccessful attempts at constructing a circuit. E.g. as a boy placed the 
copper on his clothes and could not make it work, his father explained that 
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the copper should be on the skin in order to work and the child then 
wondered “is the skin some kind of metal?” This was rejected by his father, 
but he was still very excited by his new insight: “I’ll go and get my big 
brother and then I will explain it to him”. However, although both children 
and adults found the social exploration of conductivity highly engaging, 
then it was rarely something people discovered on their own, but when 
suggested to them that they could make circuits with each other, they 
readily began exploring it in different ways. One example was a father who 
invited his son to touch his ear while he was holding his son’s ear: “Then I 
will hold your ear and you can hold my ear – it is not very often that you are 
allowed to do that (smiling)” Several were holding hands and some used 
their noses to close the circuits (see Figure 34). The possibility to use the 
body as part of the circuit, gave rise to some interesting social dynamics, 
such as for example where parents teased their kids by grabbing their ear or 
neck to make a sound. Sometimes leading to the child not understanding 
when the instrument worked and when it did not. A boy also attached an 
alligator clip to his fathers lip-piercing, because he realized it was made of 
metal, so he made it part of the circuit.  

The realization of using the body to play the instrument, also led to new 
ideas, one boy for example wanted to play the music through patting the top 
of his head. He commented: “Is this really all you can do?” interviewer 
responding: “what will you like to do?” boy start to pad the top of his head: 
“I would like to play like this”. Together with the supervisor he then found a 
piece of copper and connected the instrument to a Lego construction on the 
top of his head and then he played the way he envisioned. His father arrived 
and commented “what are you doing boy, - have you gone mad?”  

Although the MaKey MaKey board and the copper made it fairly easy for 
the children the make circuits, as well as build and play their instruments, 
then in trying to grasp the intangible nature of conductivity, some children 
also expressed concerns about attaching the copper tape to their body e.g. in 
the form of a wristband asking for instance “does it hurt?” this was in 
contrast to others which found it highly playful and engaging asking one of 
the supervisors “Can we try to play on you again?”.  
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Figure	34.	Exploration of using the body to close the circuit. 

Low Floor, High Ceiling, Wide Walls  

A key quality was the low floor (Resnick et al., 2009) of the conductivity 
construction space, and thus, a short way to the first experience of success. 
Especially using fingers to create a circuit directly on the MaKey MaKey 
board, it became possible to get a feeling of success within a very little 
timeframe. Whether making the connection directly on the board, or on a 
built model, for the children the first experience of being able to make a 
sound was a great “Aha – experience”, where their faces often lit up with a 
smile.  

However, the setup and technology choice also had its drawbacks, such as; 
although the setup provided a low floor, this did not necessarily entail that 
the children (or adults) always understood what was going on. 
Consequently, the understanding of the circuits varied greatly between the 
children (and adults) attending the workshop. However, even the children 
who did not understand conductivity were often playing regardless. 
Researcher: “could you understand how it worked?” [girl, aged 9] “No” (she 
shrugged and kept on playing happily). But, regardless of the fact that the 
system was not always completely understood, then it allowed for 
‘accidental’ discoveries and realizations. One example was a girl who, when 
asked how she figured out how she could use a drumstick to play with rather 
than using two fingers to close the circuit, answered that “my cousin figured 
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out that one could do like this” [she illustrated the use of the drumstick], the 
researcher then asked how she had figured that out, and the girl answered 
that “it fell down on it [the Lego model broke] and then it played”. While 
the setup provided a low floor, then it lacked the high ceiling, the possibility 
to work on increasingly sophisticated projects. However, in this case the 
lack of a high ceiling was less important, as the task and the kit were only 
intended for a single specific assignment of limited time duration, rather 
than being indented for being used over a long time and for different 
purposes. Had it been designed for longer time use, more variety and 
richness in the musical expressivity should have been supported, for 
instance through introducing analogue sensors. The Lego bricks in principle 
provide low floor, high ceiling and wide walls, but as discussed in section 6 
this was rarely exploited.  

A further challenge, which was identified with respect to understanding 
conductivity, was that similarly to Davis et al (Davis et al., 2013), some of 
the children found it hard to grasp the concept of ground, and the need to 
close the circuit. Instead they were thinking of the connected copper strips 
as buttons. This to some extend were also emphasized by some of the 
instruments, e.g. the piano, trumpet and drums. A girl aged 10 was 
complaining: “why doesn’t it work?” she did not close the circuit, but only 
pressed the copper. The researcher showed her the principle of constructing 
a circuit resulting in “oooohhh” and then she built her instrument without 
further help.  

Challenges and Design Limitations  

In this section we discuss some discovered challenges and limits of the 
design, based upon insights from the workshop.  

Construction Space and Time-range  

The design can be seen as consisting of three different, but intertwined 
construction spaces: the physical space, the digital space, and the circuit 
space. In addition to these we introduce a fourth more abstract space: The 
theme space. The physical design space of Lego bricks is substantial as the 
success of Lego over decades illustrate, however, in practice the majority 
only built one model, which might have been due to both the context of the 
workshop, as well as limitations of the digital construction space.  

One reason for the average time span of 20-30 minutes, might be due to that 
there was a lot of things to see at the Lego World Fair, and thus, time at the 
different activities were limited if the families wanted to experience more of 
the fair.  

Furthermore, although the physical construction space was open- ended, the 
digital sound space was too restricted for prolonged play, given that 1) 
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There was a limited amount of sounds available, seven instruments with five 
chords each, which did not open up very much for the imagination. 
Furthermore, the simple sound universe did not open up the possibility for 
practicing to get better, or to create something more complex by spending 
more time. 2) The interaction lacked complexity, given that it was binary in 
the sense, that there was either sound or no sound corresponding to a closed 
or open circuit. 3) The physical construction space had no impact on the 
digital space, consequently, reducing the construction space to providing a 
visual appearance, as it did not matter whether what was built was, small or 
large, what color it had, the amount of copper used, or whether it was a dog, 
spaceship, piano or guitar (see Figure 35). One girl said that “I would like to 
try to build a new instrument” [girl, 7], however this was a rarity, as once an 
instrument was built and played with for a short or longer period, the play 
usually ended.  

	

Figure	35.	Examples of musical instruments built during the workshop. 

Practical Challenges  

During the workshop a number of practical challenges were observed, 
particularly for the younger participants. One challenge was that the 
alligator clips were hard to handle and difficult to attach to the board, given 
that they were too small, slippery and quite resistant. Consequently, the 
younger children had to have help from adults to connect their circuits. 
Another challenge arose from the wire connecting the instrument and the 
computer, which often was an obstacle in terms of handling the instrument. 
This challenge was especially visible, when the children wanted to act and 
play music on the small stage, as it restricted their actions.  

Visible Electronics  

The copper tape as a material for making circuits was very useful for the 
children to reason with and to provide a low floor for engagement. Problems 
with unstable connection to ground was frustrating as the system was not 
consistent, which resulted in the interaction rules being a bit ambiguous.  

One of the key qualities of graphene is that it is invisible, however the 
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qualities of the visibility of the copper point suggest that in future 
Graphene-based construction kits, it should be carefully considered how to 
offer the children a way to reason about the electrical properties, through 
making the conductivity visible or in other ways inspectable.  

DISCUSSION  

When designing for open-ended play with mixed digital and physical 
materials it is easy to get lost in the numerous possibilities. When designing 
for open-ended play the question arises of how open-ended the play actually 
should be? As it is not necessarily a case of “more is better”, when it comes 
to engaging the children in being creative and explorative. Lego in itself is a 
very open-ended material, and allows for infinite combinations of 
structures. While this is one of its best qualities, at the same time it also 
poses the challenge of where to begin, as when nearly everything is 
possible, sometimes it is hard to do anything at all. This is not meant to say 
that the qualities of totally open-ended play with Lego is not valuable, but 
rather to emphasize the importance of considering, as a designer what is 
desirable in the specific case.  

During the workshop the theme of musical instruments served well as a way 
to frame the play. Although choosing a theme as a framing reduced the 
open-endedness, the theme provided a valuable starting point and guideline, 
while at the same time leaving room for the children to decide for 
themselves how to define a musical instrument and what to actually build. 
The point of the theme was for it to serve as a common sense of purpose and 
to ignite motivation. There were no wrong solutions, and nobody inspected 
the instruments to validate them. Some of the children drew upon prior 
knowledge and built imitations of real instruments while others created 
more abstract models (see Figure 35-Figure 37). At the same time some 
used the copper tape more or less as an integrated part of their physical 
design, e.g. the strings on a guitar (see Figure 36), while others added it 
more like a layer upon their model without any significant relation to the 
physical shape (see Figure 37).  

The theme-based approach is still very different from building from a paper-
based walkthrough or imitating a model either physical or digital. Tseng and 
Resnick state that other research on the impact of examples on 
brainstorming has found that examples can actually increase the number of 
designs generated (Tseng and Resnick, 2012). Even though a theme is not 
exactly the same as examples, it holds some of the same qualities in that it 
makes examples pop up in the mind.  



	 	 p.	103	of	199	

 
Figure	36.	Copper tape enhancing the expression of the guitar. 

 
Figure	37.	Copper tape added without any significant relation to the physical model. 

Exploring a Sweet-spot for Open-endedness  

Valk et al. emphasizes the importance of finding a balance between 
spontaneity and structure, arguing that on one hand too many interaction 
rules will make the design too complex, but on the other hand if the design 
is left too open at one point it won’t be real design anymore (Valk et al., 
2013). Valk et al. are concerned with the complexity in relation to the 
number of interaction rules, but implicitly assume that there are no game 
rules whatsoever. We argue that providing a theme can serve as a way to 
spark the imagination, without removing the open-endedness of the playing 
experience. In some way it resembles a game rule in that it sets a goal for 
the children: “Build a music instrument”, consequently, restricting the open-
endedness. The degree of open-endedness can be seen as a spectrum, where 
rules or themes in different ways add structure and can thereby restrict the 
open-endedness. Consequently, when introducing play to children different 
degrees of open-endedness can be imagined. Here are 6 examples on 
degrees of open-endedness, beginning from the most open-ended: 1) Build 
anything you like, 2) Build something within a theme you choose, 3) Build 
an alien musical instrument, 4) Build a musical instrument 5) Build a guitar, 
6) Build this specific guitar. Each of these involves constructive play, but 
decreases in open-endedness, which raises the interesting question of 
whether there exists a so-called sweet spot, where the degree of open-
endedness is balanced, in order to best support creativity, spontaneity and 
exploration. While, there might not be a finite answer to this, it might at 
least be worth considering when designing for open-endedness, given that 
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different possibilities are available and that the outcome will be significantly 
influenced by the exact approach chosen.  

 
Figure	38.	Design Space for Open-ended play in relation to materials used. 

Figure 38 presents a spectrum describing the degree of open-endedness, 
mapped in relation to the materials or artifacts introduced. The Y-axis spans 
from completely structured to unstructured play, with the theme-based 
placed somewhere in between, depending on the scope of the theme. Games 
in a traditional sense will naturally fall into the structured category, while 
the unstructured category covers more free-play-like activities, which still 
have some kind of design to revolve around. The X-axis represents two 
categories concerned with the materials available for playing with. In the 
fixed category the designs are finished objects, props, installations, or 
specialized sets of blocks, bricks, or other building components. Like a 
jigsaw puzzle: you only have the exact amount of pieces to complete the 
puzzle, and these pieces are specifically designed to fit together in a certain 
way. Another example is ColorFlare, which is designed as a finished, 
functioning interactive object that cannot be altered. In the pool category 
there are more materials than needed for playing, e.g. for completing a game 
or task. Examples are a pile of generic Lego bricks or Lego’s Life of 
George, where children build from a blueprint but have to choose the 
correct bricks from a larger pool. This categorization places all the non-
constructive play designs we have seen in the fixed category, though the 
fixed category can hold both constructive and non-constructive designs. The 
pool category is in these cases reserved for constructive play designs only, 
but we could think of non-constructive designs that would fit in this 
category as well. Let us say roleplaying where you choose one among a 
range of available toy weapons to play with. It is possible to be positioned 
somewhere between the fixed and pool category, depending on how large 
the pool is. A third dimension, not illustrated on Figure 39 is whether 
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designs use single or mixed materials. We are especially interested in the 
possibilities of mixing physical components with electronics to bridge into 
the digital world and provide a possibility for crafting interactive objects. 
Topobo (Raffle et al., 2004) and the Lego World workshop are both 
examples of this, but whereas Topobo has the electronics designed into the 
bricks, the Lego World workshop leaves the mixing of materials more open, 
and allows for more of the electronics part to be constructed by the children 
too.  

How the Physical and Digital Construction Spaces 
can Reduce and Expand each other  

Having multiple entry points for the play was highly beneficial in the way it 
invited the children to engage at different levels and within different 
domains. However, the experience from the workshop also provides some 
insights into the interplay between the different construction spaces. In 
principle, the Lego construction space was very open and provided low 
floor, high ceiling and wide walls, however, the choice of a simple approach 
to the sounds that could be produced, seven instruments, each having five 
chords, provided mainly low floor. Although it was easy for the children to 
trigger the first sound, which was often a great a-ha experience, then the 
limited sound pool offered little room for development and exploration. 
From the children’s activities it was clear that the theme, as well as the 
digital construction space, restricted the exploitation of the physical 
construction space offered by the Lego bricks. Figure 39 illustrates how the 
physical construction space was limited both by the theme, as well as the 
digital construction space, pointing to a reduction effect. The physical 
construction space offered a very wide range of possibilities, however, the 
theme of musical instrument limited the scope for exploration. This 
happened both through the visual sound interface suggesting archetype 
instruments that clearly inspired what the children built, and furthermore, 
this was also enhanced by the limited auditory landscape. The digital 
construction space also reduced the play space, given that the scope for 
exploring the digital space was restricted as there was no direct interplay 
between the Lego construction and the sound scape, i.e. the shape of the 
instrument did not influence the sound. Furthermore, then the 
expressiveness in playing the instrument was also rather limited in that the 
setup with the Makey Makey board only provided an on-off switch 
triggering a chord.  

What Figure also illustrates is that during the workshop, children did not 
only play in the space, where the physical, digital and theme space 
overlapped (crosshatched area). Play also happened outside the physical 
construction space, where children simply played the chords directly on the 
MaKey MaKey board, or on the laptop, and some ventured outside the 
scope of the theme space, converting space-ships and characters to musical 



	 	 p.	106	of	199	

instruments, and others again at times simply built within the theme space, 
without considering the digital construction space.  

As illustrated in Figure 39, in the setup of the workshop the different play 
spaces were not very balanced. Based on the experiences from the 
workshop, we hypothesize that a wider range of expressiveness in the sound 
pool had provided a better balance between the physical and digital 
construction spaces resulting in a higher ceiling of the integrated activity. If 
there in addition had been cross-coupling effects between the digital and 
physical construction this would potentially have resulted in an expansion 
effect where the total construction spaces could be enlarged. This in turn 
could also become extremely complex, so again this would be a matter of 
striking a balance or finding a sweet spot.  

 

Figure	39.	Interplay between the different ‘play spaces’. 

CONCLUSION  

Emerging materials open up new avenues for supporting open- ended and 
constructive play. Having explored potential play properties of augmenting 
Lego with conductivity, in particular adding a musical instrument sound 
layer to model building, we have pointed to a number of issues to consider 
when framing future play with mixed physical and digital materials. One of 
the key qualities offered is the possibility for multiple entry points into the 
play, where bodily and social exploration of the nature of conductivity is a 
potentially new and playful construction space. However, it is important to 
carefully consider design requirements in terms of low floor, high ceiling, 
and wide walls depending on the specific purpose and context. In particular 
we learned from the workshop that as the digital and physical merge, the 
different construction spaces also become highly interdependent. Meaning 
that the spaces can potentially both reduce and expand each other. Finally, 
framing the right design space for play with mixed physical and digital 
materials is very much a matter of finding sweet spots in between the degree 
of open-endedness and the range of materials and their interconnectivity.  
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Expressivity in Open-ended Constructive 
Play: Building and Playing Musical Lego 

Instruments 

 
Figure	40.	Left: Girls are building their own musical instruments with sensors and Lego, and trying it 
out in headphones. Center: Examples of Lego instruments built at a workshop. Right: Two boys are 

playing their instrument on stage. 

ABSTRACT  

This paper presents the findings from a case study in designing for open-
ended constructive play for children. The study is based on a workshop 
where more that 150 children in ages 3-13 built and played their own 
musical instruments from Lego. The children used different sensors for 
playing and performed with their instruments on stage. The workshop was 
facilitated by a tangible music-making platform called Hitmachine, aiming 
to empower children to collectively make expressive music without the need 
for prior musical skills. The findings show how age influenced the 
children’s expressivity, and gives insight into the open-ended qualities of 
constructive play with music. Based on these findings we propose the 
Constructive Play Expressivity Model, as a tool for guiding designers’ way 
of thinking about different areas of expressivity, when designing for 
constructive play interaction.  

Author Keywords  

Open-ended Play; Constructive Play, Expressivity; Tangible Interaction; 
Interactive Music; Workshop; Prototyping; Lego; Children  

ACM Classification Keywords  

H.5.2. User Interfaces  

INTRODUCTION  

Play is an inherently meaningful activity and we find it present everywhere 
as a well-defined quality of action, which is different from “ordinary” life 
(Huizinga, 1949). It is a great opportunity for children to explore the world 
(Acuff and Reiher, 1997) and practice new skills (Piaget, 1962), as well as 
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social development (Broadhead, 2004). Through technology designers can 
create the basis for completely new types of play experiences. In our 
research we are especially interested in how technology can help foster 
creativity in open-ended constructive play environments. Open-ended play 
has the quality of having no predefined play rules, but rather the players 
create their own meaning over time (Valk et al., 2013). However, there can 
still be some thematic framing to initiate the play (Petersen et al., 2015). 
Constructive play is play centered on building or creating something, and 
with that comes a great opportunity for personal expression. It is our view 
that a high degree of expressivity supports open-endedness, as having more 
expressive power opens up for even more diverse exploration and creativity.  

Petersen et al. found that when working with interactive constructive play, 
there is a design challenge in avoiding a reduction effect where the digital 
aspects of the design limit the creativity in construction or vice versa 
(Petersen et al., 2015). With constructive materials the possible creations are 
vast, so to minimize the reduction effect the possible outputs through 
interaction should be diverse and try to match the richness of the physical 
play. Thus, to achieve more expressivity in the play all together, designers 
must be aware of how they balance these aspects.  

In this project we focus on play with music. The goal is to empower 
children to collectively make music without the need for prior musical 
skills. Research in tangible music making has contributed with a range of 
interfaces. However, few focus on providing rich musical expressivity for 
children. In addition we see many interfaces relying heavily on the visual 
sense in reasoning about music (Blaine and Perkis, 2000, GuitarHero, 2018, 
Jordà et al., 2006, Nishibori and Iwai, 2005, Noteput, 2016, Patten et al., 
2006, Seitinger et al., 2006), removing some attention from the music itself. 
We wanted to create a new type of musical play experience with focus on 
open-endedness and expressivity. To facilitate this play experience we 
developed a tangible music-making platform called Hitmachine. This paper 
presents the findings from a 4-day workshop with Hitmachine in an 
elementary school. At the workshop children collaborated in building their 
own musical instruments and performed with them on stage. Children from 
ages 3-13 attended the workshop, and we found that age had a significant 
influence on the specific way they engaged and how they expressed 
themselves. The findings are concerned with open-ended and expressive 
qualities of the playing experience as well as identifying different entry 
points into the play. Based on the findings, we propose the Constructive 
Play Expressivity Model, as a tool for guiding designers’ way of thinking 
about expressivity, when designing for constructive play interaction. This 
model depicts important areas of constructive play design within which 
expressivity can be enhanced. This contributes as a possible way for 
designers to minimize the reduction effect (Petersen et al., 2015).   

The paper is structured as follows. First we go though related work on play, 
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expressivity and tangible music making followed by a description of the 
design goals of this project. Then comes a description of Hitmachine and 
the workshop followed by our findings leading to the introduction of the 
Contructive Play Expressivity Model. Finally, we conclude with some 
thoughts on designing for tangible music.  

RELATED WORK  

This section contains related work on open-ended and constructive play as 
well as on expressivity. It also provides an overview of existing tangible 
music interfaces.  

Open-ended Play  

Caillois (Caillois, 1961) defines two different ways of playing: ludus and 
paidia. They should not be viewed as distinct categories, but rather as 
endpoints of a continuum. Ludus is described as structured, rule-bound and 
goal-directed play. Paidia on the other hand is free, unstructured and 
spontaneous improvisational play. This resembles Costello’s concept of 
directing play opposed to emergent play (Costello and Edmonds, 2009) 
Open-ended play places itself somewhere between the two. According to 
Valk et al., open-ended play is “play without predefined (game) rules in 
which players can attach meaning to the design properties and the 
interactions themselves while playing. Its goal is to trigger a player’ s 
creativity by leaving room for interpretation” (Valk et al., 2013 p. 97). 
However, even though no game rules are defined, some interaction rules 
exist, which are rules for how the design responds to different inputs in 
terms of feedback. Open-ended play does not only reside at one end of the 
continuum, but often starts out resembling free play, and as the play evolves 
it can either be continuously played simply for the sensations of it, begin to 
involve rules or goals, or shift back and forth between the two.  

There is a range of examples of interactive open-ended play designs, such as 
for example ColorFlare (Bekker and Eggen, 2009) a flashlight-like play 
object, which that can change color and transmit it to other ColorFlares or 
FeetUp (Rosales et al., 2011), which consists of children’s shoes embedded 
with pressure sensors and lights reacting on children’s movement. Other 
types of open-ended play designs are closer resembling installations like 
Interactive Pathway and FlowSteps. Interactive Pathway (Seitinger et al., 
2006) lets children start and stop small motors by stepping on mats. 
FlowSteps (Valk et al., 2012) also uses mats and reacts with light on 
children’s movements. A common trait for these is that they are finished 
designs that one can play with but not alter. They all facilitate open-ended 
play due to them having no predefined game rules, yet they provide some 
specific interaction rules to frame the play to some degree.  

Valk et al. provide what they call the Stages of Play Model (three stages: 
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Invitation, Exploration and Immersion), which helps support the design 
process of open-ended play and the Integrated Model of Interaction that 
combines the Stages of Play Model with a range of other theories to depict 
interaction over time (Valk et al., 2015).  

Constructive Play  

Constructive play is a type of play centered on a crafting process. In 
constructive play some materials or components are assembled to create a 
bigger holistic model. Examples of constructive play toys are for example; 
Lego, K’nex, Play Doh, Buckyballs etc., all of which are centered on 
inspiring creativity in creation. Following Papert’s constructionism, children 
learn best when they are engaged in building meaningful artifacts (Papert, 
1991). However, learning does not necessarily have to be an inherent goal 
for play. Dutch historian Johan Huizinga (Huizinga, 1949) argues, that play 
holds meaning in itself and that it transcends the immediate needs of life. He 
challenges the assumption that play must serve something which is not play, 
and points out that the reality of play cannot have its foundations in any 
rational nexus. However, this does not mean that play cannot be a useful 
way of learning e.g. to make music, only that play not necessarily has to 
serve any higher purpose.  

Resnick and Silverman are also deeply influenced by Papert’s 
constructionist approach in their effort to design construction kits for 
children (Resnick and Silverman, 2005). They describe the notion of low 
floors and high ceilings, referring to designs where it is easy for novices to 
get started and yet possible for experts to work on increasing sophisticated 
projects. In their work, they put less emphasis on high ceilings and focus 
more on what they call wide walls: designs that support and suggest a wide 
range of different explorations. Diversity of outcomes hereby becomes an 
indicator of success, when they evaluate their construction kits.  

Constructive play contains some intrinsic open-ended qualities in that the 
physical materials hold rules for how to assemble, but at the same time they 
make it possible to manifest infinitely many ideas through this assembling. 
Tseng and Resnick (Tseng and Resnick, 2012) have reflected on the 
openness of constructive play. They compare the impact of using 
(un)structured materials and (un)structured instructions on the play. 
Structured materials are characterized by specialized components, e.g. 
wheels indicating that the child should build something that can move, like 
a car or a truck. Structured instructions are guides on how and what to 
build, like paper-based walkthroughs or physical and digital models to 
mimic. Unstructured materials on the other hand are more generic 
components, and unstructured instructions are building something from 
your imagination.  

Examples of constructive play projects are for example: “Craft, Click and 
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Play” (Martínez, 2014) and “Topobo” (Raffle et al., 2004), both of which 
deal with crafting something physical, while bridging this model into the 
digital world. Craft, Click and Play is an app that produces a simple maze 
game from a picture of a physically constructed model. Topobo is a robotic 
toy construction kit with kinetic memory, meaning that it has the ability to 
record and playback physical motion (ibid). Topobo highlights the 
possibility to merge constructive building elements with electronics and 
logic, creating a closer relationship between the physical and digital world. 
Creating this close link between the physical and digital world, has shown 
some promising qualities for inspiring creativity, and is compatible with 
Wensveen et al.’s view that feedback should be inextricably linked to the 
user’s actions, which be will be elaborated in the next section.  

Expressivity  

Expressivity comes in a variety of different meanings. In computer science, 
expressivity (or expressive power) has been used about programming 
languages to describe what can be represented or communicated with a 
certain language (Felleisen, 1991). Others like (Caramiaux et al., 2015, 
Hummels et al., 2007, Hummels, 2000) focus on expressivity of gestures, 
that is their ability to convey emotion and expression. Caramiaux propose 
the term gesture expressivity as the deliberate and meaningful variation in 
execution of gestures (Caramiaux et al., 2015). Hummels et al. focus more 
on advocate that in order to best design for this expressivity designers 
themselves should become experts in movement (Hummels et al., 2007). A 
proposition based on the underlying principle that ‘interaction creates 
meaning’. This is also true for all tangible interaction, and since electronic 
circuits and microprocessors have broken the intrinsic link between 
functionality and actions, expression through interaction is directly 
dependent on the interaction design. This is closely related to 
Djajadiningrats view that tangibility in itself is not the challenging part 
when designing for tangible interaction, but rather it is the richness of the 
interaction (Djajadiningrat et al., 2000). Wensveen et al. argue that one 
should be able to express his emotions to a product instead of only at it 
(Wensveen et al., 2000). These views clearly indicate that expressiveness is 
closely coupled to the richness of the interaction. What constitutes rich 
interaction is not unambiguously clear, but it is surely dependent on the 
context. Wensveen et al.’s approach is that a product should not only elicit 
emotionally expressive actions, but that the feedback has to be inextricably 
linked to these actions (ibid). They distinguish between the expressivity of a 
person’s actions and the expressivity of a product’s reaction. Their work 
shows that it is possible to have a product react expressively to a non-
expressive user action as well as the opposite. However, they are mainly 
concerned with how one can express his emotions to a product including 
how the product gets hold on this and reacts to it. It is our view that 
expressivity goes beyond the ability to express emotions but also covers the 
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more abstract notion of expressing oneself, involving communicating views, 
sharing ideas and displaying ones personality. We focus not only on 
expression through interaction but also on the expressivity that lies within 
creation, specifically in the universe of music. Expression in interactive 
music is understood as musical expression. In classical music expression is 
related to variation as interpretation of an existing piece (Caramiaux et al., 
2015). One classical instrumentalist may vary the dynamics and tempo 
differently than another. Thus, the piece can be interpreted or expressed 
differently. In interactive music, like for programming languages, musical 
expressivity can also refer to the variety of music one is able to create 
through interaction with a system. This understanding of expressivity is 
what we focus on in this paper, namely how one can express ideas rather 
than outright emotions. This is not to say that ideas and emotions are not 
related, as it is our view that ideas can be heavily derived from or inspired 
by emotions as well as emotions can be conveyed through ideas.  

Tangible Music Making  

Designing tangible user interfaces for allowing musical expression is part of 
the core research in music technology. Existing projects have a variety of 
different foci and operate on multiple different scales ranging from wearable 
or handheld artifacts to tabletops and even large-scale room installations. In 
the following overview on existing work we distinguish between what we 
call rhythmic music involving notes and rhythms and abstract music 
constituted of more soundscape like sounds.  

Tabletops are a popular way of facilitating tangible music making, some of 
the first being Audiopad (Patten et al., 2006) and Jam-O-Drum (Blaine and 
Perkis, 2000). The most famous is ReacTable (Jordà et al., 2006) that allows 
musicians to experiment with sound, change its structure and control its 
parameters using physical pucks. ReacTable creates rhythmic music from 
the arrangement and manipulation of the pucks. Similar projects are 
RadarTable (Radartable, 2016) and Spela Wip (Spela Wip, 2016). A less 
real-time rhythmic music tabletop is NotePut (Noteput, 2016) where 
physical blocks shaped as notes are placed on the table, creating a score that 
defines a rhythm and melody. This score is then played back by the sound 
of an instrument.  

Some examples of wearable interfaces are MuMYO (Nymoen et al., 2015) 
and Smart Hand (Myllykosky et al., 2015). MuMYO is an armband that 
reacts on movement, and even though it is easy to control how it makes 
sound, it is difficult to control the order of the notes. Smart Hand is a glove 
where certain areas on the fingertips and palm react to touch from the other 
hand. It lets the user produce rhythmical music like a traditional musical 
instrument it does not provide any rhythmical aid.  

Other tangible interfaces are handheld like Tenori-On (Nishibori and Iwai, 
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2005) that keeps a steady rhythm and generates a melody from finger 
presses and Noisa (Tahiroğlu et al., 2015) that creates dynamic rhythmical 
patterns and lets the user manipulate the pitch. Other handheld examples are 
Caress (Momeni, 2015) that lets the user play percussion on finger pads and 
Tingle (Duindam et al., 2015) a pin-art toy like device that mainly creates 
abstract music. Tingle has an 8-bit configuration where it is possible to 
produce notes but it difficult to play actual rhythmic music.  

And a lot of existing music making interfaces does, like traditional musical 
instruments, take practice to master. Bucket System (Dahlstedt et al., 2015) 
is an improvisational interface for experts, and like ReacTable it is designed 
for musicians. However, unlike ReacTable, the Bucket System uses 
traditional instruments as input device meaning you have to be able to play 
an instrument in advance to use it. Using traditional instruments as input 
device are also seen in the keyboard-based LiVo (Yamamoto and Igarashi, 
2015) and ChordEase (Korda, 2015). In LiVo the keys are mapped to 
Japanese syllables, thereby making keypresses generate artificial singing, 
yet you still have to be able to maneuver a piano. ChordEase tries to make 
sophisticated musical expression easier by laying out jazz chords to be 
played only by using the white keys. The Installation called Interactive 
Musical Fruit (Erkut et al., 2014) also tries to make playing easier. It is 
designed for novices and lets them play by manipulating the orientation of 
‘fruits’. Though, in terms of playing actual rhythmic music, the notes are 
chosen randomly, removing all control of the melody. Two examples of 
large-scale installations for creating abstract music. Resonate (Knichel et al., 
2015) lets users collaborate in making a soundscape by playing a net of 
white strings connected to the ceiling and MotionComposer (Bergsland and 
Wechsler, 2015) tracks and interprets dance and movement as sounds.  

Petersen et al. (Petersen et al., 2015) discuss collaborative music making for 
children where they build their own instruments from Lego bricks 
supplemented with MakeyMakey and copper-tape to add interactivity to the 
instrument. However, while construction of the instruments with Lego 
bricks allowed for rich expressivity, the opportunities for musical 
expressions were rather limited. This created an unfortunate uneven balance 
between what they call the physical and digital construction spaces. Finally, 
another example of constructive play with music is the Kitsch-Instrument 
that turns everyday objects into percussive instruments by equipping them 
with small actuators moving in rhythmical patterns (Harriman et al., 2012).  

DESIGN GOALS  

The goal of Hitmachine is to empower children to collectively make 
expressive music without the need for prior musical skills. It should enable 
them to collaborate in building their own musical instruments as well as 
express themselves through playing them.  
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The aforementioned examples of tangible music making interfaces all deal 
with musical expressivity in some form, but not many are focused on 
designing for musical expressivity for novices. By using Lego we draw 
upon experience shared by a lot of children, in that way providing a low 
floor in terms of constructing instruments. Lego as a constructive toy also 
intrinsically holds the possibility for wide walls, because that is what lies in 
its very nature. Lego is a very expressive toy and based on the findings from 
Petersen et al. (Petersen et al., 2015) the intention was to establish a 
situation where the musical expressivity would match the physical 
expressivity of Lego. To achieve a higher degree of expressivity, we wanted 
children to be able to play real quality music making actual melodies and 
not only striking random notes. We enabled them to play with real quality 
sounds as used by professional producers, and not only the sound of simple 
midi-instruments. When playing a traditional instrument like the piano or 
the guitar, it is difficult to avoid dissonance without having practiced that 
particular instrument. So one of our main challenges was how to create an 
experience of playing something that sounds good, when making music 
sound good usually takes a lot of practice. It is always difficult to claim 
anything finite regarding what constitutes good sounding music, because it 
ultimately comes down to taste. We have chosen western popular music hit 
songs as the measure for what it means that something sounds good. In our 
case it involves avoiding dissonance and significant rhythmical offset along 
with following the structure and progression patterns of famous mainstream 
hit songs (Harriman et al., 2012).  

As a tool to help balancing the musical expressivity in the design with the 
expressivity of building instruments we developed the Lego-Music 
framework seen in Figure 41 (Left).  

One can both build with Lego as well as play with the construction 
afterwards. Likewise, one can both compose a piece of music as well as 
execute it. Each of these four activities can be more or less expressive, 
dependent on the design. We realized that when building musical 
instruments playing with the Lego and executing music was the same thing. 
At the same time composition and execution of music are sometimes not 
separable. Producers and musicians often create music through 
experimentation instead of writing something down beforehand.  

We wanted Hitmachine to facilitate live music making through exploration 
and improvisation, having the kids actually play the their instruments 
instead of having the system play back something after it was done or made.  

In order to empower the children to play their instruments live in a way that 
would create great sounding music, we had to provide a form of tonal and 
rhythmical aid, but unlike with e.g. Guitar Hero (Guitar Hero, 2016) we 
wanted the children to not only play along, but to create their own original 
music. In addition to that we focused on making this a collaborative 
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experience centered around the sound and the other participants instead of 
having a screen as the center of attention.  

 
Figure	41.	(Left) Lego-Music Framework. Similar aspects of Lego play and music making. (Right) 
iPads are used to connect instruments to the stage. The colors correspond to the color labels on the 8 

instruments. 

HITMACHINE: A TANGIBLE MUSIC MAKING 
PLATFORM  

The aim with Hitmachine is to empower children to collaboratively make 
expressive music. Hitmachine facilitates both the construction and playing 
of up to 8 musical instruments at a time. Hitmachine is a platform and not 
only a system because it provides the tools and materials necessary for the 
children to build their own instruments, instead of using finished designs. 
Resnick et al. term this type of design constructional design, a type of 
metadesign involving the design of new tools and activities to support 
participants in their own design activities (Resnick et al., 1996).  

Physical Setup  

Hitmachine is designed to be situated in a room including a creator table 
with 8x2 headphones, where participants can build their own instruments 
and listen to their sounds in headphones (See Figure 40 (left)), without 
background music. In the same room is a stage where they can bring their 
instrument and connect it to speakers for all the others to hear (See Figure 
42).  

On stage the children perform with their instruments and play a lead melody 
to the background beat generated in the Beat Builder. On each side there are 
speakers playing the background music. The instruments are connected to 
the speakers by selecting the corresponding color on one of two iPads 
placed in front of the stage (see Figure 41(Right)).  

A maximum of two groups can perform on the stage simultaneously, so 
only one color can be chosen on each iPad at a time. When an instrument’s 
color is highlighted on a tablet everything that is played by that instrument 
now comes from the speakers along with the background music. When the 
color is deselected again or another color chosen instead, the sound of the 
instruments goes back into the headphones. In this way participants can 
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easily and quickly move back and forth between creator table and stage and 
continuously rebuild or make changes to their instruments.  

The two spaces are separated with themed lighting. In the creator space 
there is white light illuminating the table so that the children can clearly see 
the building parts (See Figure 47). In the stage space, lights are creating the 
atmosphere of a concert venue with colored lights moving and flashing to 
the beat and big loudspeakers as well as an elevated stage with space for an 
audience in front of it (See Figure 48 and Figure 40(right)).  

 
Figure	42.	Physical setup of creator table and stage. In front of the stage are two stands with iPads. 

Figure 43 shows an overview of central components in Hitmachine. Lego 
Mindstorms technology is used for the instruments – 8 pre-programmed 
EV3s including sensors, hooked up wirelessly to a backend that interprets 
sensor input and converts it to musical notes. A server handles the 
communication between EV3s and the musical framework. In addition to 
this, Hitmachine also includes the Beat Builder web application, that is a 
backend into the musical framework that lets us control central elements of 
the music including the creation of a background beat. The instruments 
sound like lead synthesizers and can be played as part of a greater whole to 
a background beat. The possible notes are chosen in a way that ensures they 
always fit well together and in addition they are also quantized in time to 
always fit within a predefined rhythmical pattern. Thus you can create great 
sounding music without prior experience.  

 

Figure	43.	Central components and architecture of Hitmachine. 

The Core of the Instruments  

The core for each instrument is a Lego Mindstorms unit (EV3) is running 
Linux on an SD card and is pre-programmed to receive and interpret the 
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sensor data. Five different sensors provide handles into the music and 
another sensor can change the timbre of the instrument. See Figure 44.  

The EV3 has four ports in each end. On one side these ports are marked as 
numbers 1, 2, 3, 4 and on the other side as letters A, B, C, D. Sensors for 
playing should be connected to the numbers and the sound changing wheel 
should be connected to either of the letters. The four ports have distinct 
functionalities and provide different handles into the musical framework 
(See Figure 45). The sensor in port 1 determines which note to play and the 
sensor in port 2 determines when to strike it. The sensor in port 3 is used to 
add another note, so if sensors are connected in both port 1 and 3 it is 
possible to play two different notes at the same time, thereby creating 
harmonics. The sensor in port 4 is used to choose between two different 
octaves for the notes to be played in. Finally, by turning the sound changing 
wheel you can choose the timbre of the sound among more than 100 
different synthesizers. The EV3 is programmed to be able to handle all 
combinations of sensor-port pairings, so the actual way of playing is highly 
customizable. Each EV3 unit has a Wi-Fi dongle enabling wireless 
transmission to the server, so they can be carried around.  

 
Figure	44.	Five sensors for playing music and a wheel for changing sound. 

The Musical Framework  

The musical framework defines the rules for how one is able to play the 
instruments. In order to explain how this is done we introduce some musical 
concepts, and we assume a context of Western popular music. Melody is the 
combination two other important concepts, namely notes and rhythm. Notes 
are a systematic naming of specific frequency areas. In between notes are 
still lots of frequencies without a name. Rhythm refers to the pattern of 
timing in making sound. Thus where notes have to do with differences in 
frequency/pitch, rhythms have to do with differences in time. A scale is a 
collection of specific notes, thereby leaving out all other notes. Usually a 
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song stays in the same scale the whole way through as well as following the 
same underlying rhythm. This means that if one should add mores notes to a 
song, it will to most people sound better if those notes are from the same 
scale and in accordance with the existing underlying rhythm.  

Hitmachine is designed to provide both tonal and rhythmical aid. This 
means that the software only allows you to play notes that fit well to the 
background music, tonally and rhythmically. This is different from a guitar 
or piano where you can freely strike all notes all the time. When you strike a 
note in Hitmachine, the sound of this note will be played at the nearest of 
the correct timings in the rhythm and within a scale suitable for the 
background music. Thereby even novices cannot do anything wrong, and 
even when exploring the sensors, the output will still sound like music. The 
instruments play the lead melody exclusively.  

 
Figure	45.	Functionality of the ports regarding the music. 

The Beat Builder  

The Beat Builder is the backend interface into the musical framework and 
works as a generative tool to create background music. It is designed to be 
managed by the workshop facilitators and not the children. The Beat Builder 
makes it possible to create a background beat with drums and chords, for the 
user instruments to play their lead melody up against. Thus, the facilitator 
has control over dynamics and the genre of music (e.g. Dance, Hip Hop or 
Dubstep). On top of these background tracks, the EV3 instruments 
(controlled by the users) play the synthesized melody tracks.  

 

Figure	46.	Scenario of a pair transitioning from building and testing at the creator table to performing 
on stage. (1) Two children with headphones. (2) Taking headphones off. (3) Walking to stage with 
their instrument. (4) Connecting the instrument to the stage. (5) Playing and performing on stage. 
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ELEMENTARY SCHOOL WORKSHOP  

A 4-day workshop was conducted at an elementary school. During 4 days 
Hitmachine was tested with 11 different age groups ranging from first year 
kindergarteners all the way to 7th grade resulting in a total of more than 150 
children, aged 3-13. Each class participated in the workshop separately, so 
the age span for each session was only about one year. Each day contained 
2-4 sessions and the length of each session varied for each age group 
ranging from 20 minutes for the youngest and 3 hours for the oldest.  

 
Figure	47.	Children are building at the creator table. White dimmed light is illuminating the area. 

All workshop sessions were divided into two phases. Firstly, a 
building/testing phase (See Figure 47) where the children were assigned the 
task of building instruments in pairs and testing them. Secondly, a concert 
phase where the groups then took turns performing on the stage with their 
final instrument to the Hitmachine background music track while the rest 
acted as a crowd (See Figure 48). Each group was instructed to explain their 
instruments’ sensor mappings (How they played it).  

 
Figure	48.	Two girls are playing on stage. Colored flashing and moving disco lights are pointed at the 

stage. 

The children were divided into pairs, each getting one of the 8 EV3 units to 
build on. They were then shown a demonstration of how to connect a sensor 
and given the task to build musical instruments together. Each EV3 was 
marked with a color corresponding to the color of one of 8 sets of 
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headphones lying on the table. The physical setup allowed all of the groups 
to iterate several times between building at the creator table and performing 
on stage. Figure 46 illustrates the transition from the creator table to the 
stage play.  

Data and Analysis  

During the workshop we took pictures of all built instruments (see Figure 
40(center)), gathered video from the general activities as well as from 
interviews with the groups of children regarding how they experienced the 
activity. In addition, we took field notes. The data amounts to over 500 
pictures and 12 hours of video material from the workshop.  

To analyze this, we developed a qualitative data analysis tool that allows for 
web based sorting and tagging and linking of pictures and videos. We split 
into pairs and each pair sorted the material by tagging the pictures of 
instruments and linking them to corresponding videos where they were 
actually used. The first sorting iteration focused on categorizing the 
different types of instruments in terms of which sensors were chosen and 
how they were built into the instrument. The next iteration focused on 
identifying how the children used their instruments on stage in terms of 
musical expression. Tags could then be searched making it easy to find a 
specific picture with video. We realized a rigid categorization was 
impossible due to the vast variety of constructions and ways of performing 
on stage, so instead of trying to group the cases, we are focusing on specific 
examples illustrating the diversity and richness in outcomes.  

WORKSHOP FINDINGS  

The following sections present observations, quotes and findings from the 
workshop.  

Overall the Hitmachine workshop was a successful open-ended play 
experience. The children were intensely engaged in both building and 
performing and even dancing. Several children said that is was a very 
different experience from what they were used to. Hitmachine managed to 
engage all the children in music making, including the children without 
prior musical experience. E.g. a ten year old girl said “I think it was quite 
cool because honestly I didn’t know how to do anything like this, and now I 
know a little bit about it...”, a eight year old boy said “We want to try one 
more time [at the performing session]”, and a 13 year old boy said “I’ve 
never played music but I can play this in a way”.  

We experienced a lot of engagement and have several video recordings of 
children jumping, laughing, and dancing while playing and several children 
asked if they could get it at home and if it would work in conjunction with 
their own Lego. A boy said “I think it was fun to play with the sounds, not 
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only build with Lego...” and another boy said “This is the best music I’ve 
ever made”. Most children agreed that Hitmachine was easier to play than a 
traditional instrument. However a girl who played the piano said, that she 
found the piano easier, because she knew how to play certain melodies 
there. A young boy shouted, “you don’t have to do anything here”, when 
asked to compare it to a traditional instrument. In addition, some of the 
teachers were interviewed, in the attempt to get some more qualitative 
feedback from someone who actually know and work with the children 
every day.  

At the workshop a teacher told that she had never seen two of the more shy 
children be so engaged and several teachers contacted us afterwards to tell 
that the children had an amazing experience.  

 
Figure	49.	Girls are creating their own game. One is pointing a color sensor at a color while the other 

is trying to guess the color from the sound in her headphones. 

Open-ended Play Qualities  

Every workshop session started out by a short introduction and a 
demonstration on how to connect and interact with the different sensors. 
The only rules were that they should work in pairs and build musical 
instruments. The rest was up to the children, including deciding what 
constitutes a musical instrument, how it should look, and how they wanted 
to play it (sensor choice). In terms of the Stages of Play Model (Valk et al., 
2015) this corresponds to the Introduction Stage. Having demonstrated how 
to connect the sensors we now saw the children attaching them and trying 
them in the headphones. We had to provide ongoing help when sensors 
were connected wrong or if someone did not understand how a sensor 
worked. For example we saw several cases of children blocking the sensing 
area of the distance sensors with Lego constructions, due to a lack of 
understanding that in order to actually play the distance to that kind of 
sensor should be continuously varied. But slowly we saw the children get a 
hold on how to use the different sensors. This corresponds to what Valk et 
al. describe as the Exploration Stage. Finally, we also saw the children 
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engage in the Immersion Stage. Sometimes star and fan roles occurred at the 
concerts, where e.g. a girl in the spectating crowd said: “I have her shoe 
[holding a shoe]”, referring to her holding the shoe of one of the girls 
performing on stage at that moment. Other ways we experienced children 
immerse in their performance was by dancing or moving rhythmically to the 
beat while playing. Two boys named their instrument the DJ and one of 
them really acted and moved like a DJ on stage. At the creator table we also 
saw an increasing immersion. Some children iteratively improved on their 
instruments by going back and forth between the creator table and the stage, 
thereby making changes according to their experience of playing it on stage. 
Two girls invented their own game, where they took turns in blindfolding 
themselves why the other pointed the color sensor at a color. The 
blindfolded one should then guess which color it was from the sound it 
made in her headphones. See Figure 49.  

Expressivity of Building and Playing  

The children made countless different interpretations of musical 
instruments. Especially, we saw two instrument categories (1) instruments 
built in the scale of the children themselves and (2) instruments decorated 
with small worlds or universes. Examples of the first category are 
instruments inheriting traits of a traditional piano like the ones depicted in 
Figure 51. They are both using distance sensors and contain each their 
representation of piano keys.  

The instrument in Figure 51 (left) was built by two girls and named the 
Double Piano. It had two distance sensors attached perpendicular to each 
other, and was designed in that way so that the girls could play it together. 
First the built the piano keys in a way that blocked the sensors, but their 
final version the keys are represented by white bricks in level with the rest 
of the red surface. The keys are not actual buttons but pressing the different 
buttons still resulted in different notes, because the hand would have 
varying distances to the sensor. So they used the Lego in a creative way to 
add some visual order to their play. The instrument in Figure 51 (right) is 
not designed for easy collaboration, however it has some other qualities. If 
you look closely you will realize that the brick representing piano keys are 
chosen to be smooth ones without knobs on top. The boys from the group 
told that it was to enhance the feeling of playing. So this instrument was 
deliberately designed to have some tactile qualities, and the design was 
aimed towards playing the instrument. Other creative examples of using 
Lego to influence the interaction are depicted in Figure 50.  
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Figure	50.	Children are designing their own interaction. Top: Color sensor in a gun. Center: 

Gyroscope within a hollow cabinet. Bottom: Hammer to strike button. 

A pair of boys built a color sensor into a gun, thereby ‘shooting’ at colors 
instead of just pointing the sensor (Figure 50 (top)). A boy built a big 
spider/crab like cabinet named the Crab-Crab and his partner came up with 
the idea of putting a gyroscope inside it, making the Crab-Crab into a giant 
maraca (Figure 50 (center)). Finally, a boy built a hammer to smash the 
button sensor instead of just pushing it with his finger (Figure 50 (bottom)).  

 
Figure	51.	Two instruments with piano-like traits. �Left: A double piano with the white keys in level 

with the red surface. Right: Instrument with keys made out of bricks with a smooth top. 

The second category of instruments, namely the decorated ones, included all 
kinds of small universes (Figure 52) ranging from a tiny DJ stand set-up 
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with a Lego figure as the DJ, a dance floor with several Lego figures and a 
table with drinks, a house with doors, residents and even a horse. Some of 
these decorated instruments came with detailed stories about what 
‘happened’ in the built scenario e.g. that the Lego figures was at a party 
dancing to the beat (even though they were not moving). A boy and a girl 
built their initials M and L onto the instrument and decorated each their side 
with things they liked. Figure 52 shows some examples of decorated 
instruments.  

There was a clear correlation between the age groups and the type of 
category their instruments would fall within. The young children tended to 
mainly built decoration type instruments whereas the older children usually 
created a closer coupling between the physical construction and their 
intended way of playing it.  

Musical Expressivity  

We heard a lot of beautiful lead melodies being played at the workshop both 
by children with prior musical experience and ones without.  

Like for building, the different age groups also formed a pattern in terms of 
musical expressivity. In general the older children (10+) were more able to 
collaborate in playing and to use the sensors adequately. They had a more 
detailed understanding on the sensor mappings, allowing them to choose 
sensors more deliberately to design their desired way of interacting with the 
instruments. Some of the young children chose and handled the sensors 
randomly and sometimes they used them in ways they did not react to. 
Examples were to point a distance sensor at colors or to change notes 
continuously with one sensor without someone activating these notes at all.  

In addition, several of the young groups used the sound changing wheel as a 
sensor for playing, resulting in chaotic sound where the timbre was 
changing rapidly all the time. This might be due to the fact that is easier to 
hear and identify a change in timbre than in pitch. Music is very abstract, 
and for an untrained ear differences in pitch can be quite difficult to sense. 
This difference in their level of understanding did not influence their 
engagement at all though. The young children were actually the ones 
laughing and dancing the most while playing, and even though they might 
not have been aware of it, the music they produced (with exception of when 
they continuously changed the timbre) still sounded good due to the musical 
framework of Hitmachine. However we did se a more controlled and 
judicious way of playing by the older children, resulting in more varied 
musical expressions and a closer link between the rhythm and their actual 
movement.  

Their musical expressions were heavily influenced by the design of 
Hitmachine’s sensor mappings into the musical framework, that is which 
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part and aspects of the music they were able to control. At the same time we 
found that it was also closely coupled to their level of understanding 
regarding both the sensors and musical aspects. However, in terms of their 
ability to express themselves through music, the gab between the children 
with musical prerequisites and the ones without was not very significant. 
The tonal and rhythmical aid of Hitmachine makes it easier for novices to 
achieve a great sounding result, but at the same time it removes some degree 
of control, thereby making it harder to excel or stand out on the instruments. 
Hitmachine clearly showed that it encompasses both a low floor and wide 
walls, but not really a very high ceiling (Resnick and Silverman, 2005). The 
level of control is closely related to expressivity, so in order to design for 
musical expression one must carefully consider how to make this tradeoff as 
too much control makes playing harder, thus making it more difficult for 
novices while too little control takes away the ability to really master the 
instrument and communicate ones ideas or intentions with precision.  

 
Figure	52.	Four decorated instruments. The decorations are small Lego worlds and scenarios. 

Different Entry Points into the Play  

For the most part we saw children play in the natural order of first building 
an instrument and then playing it on stage. However, we also witnessed 
several other entry points into the play. Some children were just exploring 
and playing with the sensors without building anything, and when they took 
their instrument to the stage it was only made of sensors and the EV3 
Mindstorms unit. Others almost neglected the sensors and went on building 
something completely unrelated to music or to the instrument. In some cases 
they ended up with an instrument anyway because of someone feeding the 
idea of placing a sensor somewhere, as in the example with the Crab-Crab 
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instrument (See Figure 50 (center)). Some of the youngest children started 
out by dancing on stage, and some started by playing instruments built by 
someone else. We deeply value this quality of diversified entries into the 
play. It allows children to engage in the experience on their own premises.  

DIMENSIONS OF EXPRESSIVITY  

Even if a system is capable of facilitating rich interaction, the output is 
dependent on what the user does and is able to do. Thus, rich interaction is 
not only a question of how the functionality is linked to the user’s possible 
actions but is also dependent of the users ability to exploit this link. 
Therefore, the actual realizable expressivity in a design is also highly 
dependent on the user’s skills and knowledge etc. Thus, we argue that 
expressivity has two dimensions. The first dimension deals with how much 
we can express, that is the range of possible meaningful variations 
expressible. We call this the dimension of possible variation. The second 
dimension deals with how well we can express something, which is 
determined by our ability to control the details of what we express. We call 
this the dimension of precision in control. As mentioned above the degree 
of control is dependent on a combination between the nature of the 
interaction and the user. The true expressivity of a design is the combination 
of both possible variation and precision in control.  

We propose the Constructive Play Expressivity Model as a way of thinking 
about the different aspects of expressivity involved when designing for 
constructive play interaction (See Figure 53). It is inspired by the findings 
from Petersen et al. (Petersen et al., 2015) and the matrix presented by 
Wensveen et al. (Wensveen et al., 2000) along with experiences from the 
workshop, and includes the constructive element of constructive play as 
well as the two dimensions of expressivity.  

 
Figure	53.	Constructive Play Expressivity Model. 

The model shows different areas for a design that can enable more or less 
expressivity for the user. The construction play space is the possible 
variation (first dimension of expressivity) of the physical construction. In 
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the case of the Hitmachine workshop the construction play space 
encompasses everything that can be built or constructed with the Lego and 
sensors provided. The execution play space is the possible variation in the 
output from a system, product or design. For Hitmachine the execution play 
space encompasses all the music that is possible to make, which is defined 
by the rules and constraints set by the musical framework. Interaction is the 
possible variation in meaningful interaction. This means all possible ways 
of interacting that result in a reaction. How to interact is framed by which 
input type a system reacts to, thus the physical input type is directly linked 
to the possible interactions. For Hitmachine the input type was determined 
by the sensor choice between the types of sensors provided at the workshop. 
The interaction is also framed by the mapping between input and output. 
For Hitmachine this mapping is the rules for which aspects of the music the 
sensors were mapped to and how they specifically controlled these aspects. 
The mapping for a sensor depended on which port it was connected to, 
however these mappings were preprogrammed, so participants could not 
make up entirely new mappings. In the center of the model is the user. The 
user has a history, knowledge, mental and physical skills, preferences, 
goals, and a body with a given size and proportions. In the model all this is 
simplified as prior experience, meaning everything the user brings to the 
table. The user’s prior experience influences how they can exploit the 
possible variation of the interaction as well as the two play spaces. That 
someone can do something does not always mean that everyone can. The 
design can also be in such a way that it does not allow very precise 
interaction or much control at all. This could e.g. be due to a very coarse-
grained sensor or nontransparent or random mapping to the output. If that is 
so, the user’s prior experience no matter how suited for the interaction is 
still not going to enable them to control the possible variation precisely. 
This is why the precision in control (the second dimension of expressivity) 
is a combination of both the user’s prior experience and the interaction 
design itself. If a design wants to achieve a higher degree of expressivity it 
has to consider both dimensions, so that not only the possibilities are vast 
but also so that one is able to feel that it is them and not the system that are 
the source of expression. The dashed line between the physical and digital 
construction space indicates the possibility for them to be directly connected 
independent of any interaction. That would be if the construction itself 
created the output, without any further user input. However, with 
Hitmachine the users have to continuously play their instruments to make 
music. An example where the play spaces are directly connected is 
Reactable, where pucks placed on the surface will continuously result in a 
sound output. The construction play space would then be the possible pucks 
and their arrangement, though you are not actually building something in 
the same you do with e.g. Lego or Play Doh. The input type is the pucks 
when they are placed on the tracking surface, and the interaction is all 
meaningful ways of turning the pucks and and flipping them over. The 
pucks have different mappings such as volume control or rhythm change 
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and the execution play space is the possible musical output produced. The 
user’s musical experience is determining for how deliberately they can 
exploit the available possibilities.  

When designing for expressivity in interactive constructive play, designers 
could benefit from considering all areas of expressivity in the Constructive 
Play Expressivity Model including the user’s prior experience. Especially, 
the input type and mapping areas are often just fixed in advance by the 
designers e.g. in (Blaine and Perkis, 2000, Dahlstedt et al., 2015, Duindam, 
2015, Guitarhero, 2018, Erkut et al., 2014, Knichel et al., 2015, Korda, 
2015, Momeni, 2015, Noteput, 2016, Nymoen et al., 2015, RadarTable, 
2016, Tahiroğlu et al., 2015, Spela Wip, 2016, Yamamoto and Igarashi, 
2015)) so one approach to enhancing expressivity is to consider the 
possibilities of letting the users have a greater influence on these areas. In 
addition, it is important to remember that the play spaces are 
interdependent, and should be designed as such to avoid a loss in 
expressivity and thereby minimizing the reduction effect (Petersen et al., 
2015). 

DESIGNING FOR EXPRESSIVITY IN  
INTERACTIVE MUSIC  

The workshop described in this paper confirms the vast open- ended 
qualities of constructive interactive play with music. By focusing on 
expressivity, we are aiming towards some of the goals that we consider 
most important for creating a play experience that facilitates prolonged 
enjoyment and creativity. Namely enabling children to create something that 
is theirs and express themselves through play.  

When designing for expressivity in constructive play with music it is 
important to carefully consider which aspects of the music can be operated 
(the mapping to the execution play space) and how this is done (interaction 
determined by input type). With Hitmachine children are able to play a lead 
melody, sounding like a synthesizer of their own choice. They can choose 
different notes and when to strike them within a predefined rhythmical 
pattern. They can choose whether to play one or two notes at a time, and 
they can choose between playing in a high or low octave. Yet there are still 
some aspects they cannot control, like the dynamics (changes in volume), 
the tempo (as it is determined in the Beat Builder) or bending of notes. As a 
designer for musical interaction one has to first and foremost be aware of 
which aspects or handles are possible to make. Alternatively we potentially 
end up with well-designed interaction yet without any real possibility for 
rich musical expression. Music is a complex and abstract domain, and the 
theories that constitute the musical framework of Hitmachine are a product 
of many years of experience in making music, thus beyond the scope of this 
paper. The way of controlling the musical aspects is closely coupled to the 
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nature of the aspects themselves. This relates to Wensveen et al.’s notion of 
inextricably linked feedback, which means that the physical and digital 
aspects of the design should be interdependent in a meaningful relationship 
(Wensveen et al., 2000). In the case of Hitmachine the feedback is the music 
the children make. We agree that feedback should be inherent to the design, 
and not added as a layer on top, which in terms of constructive play 
encompasses how the constructive part of the play specifically influences 
the output. Therefore, the relationship between the physical and digital 
aspects should be designed for meticulously.  

Another important thing to consider when specifically working with 
constructive interactive play is Petersen et al.’s notion of a potential 
reduction effect (Petersen et al., 2015). The reduction effect happens if 
either the physical or digital construction space is significantly less 
expressive than the other. When working with music this means allowing 
for a diversified musical expression, and avoiding a case where the 
instruments can be infinitely complex, while the music they can play is too 
simple. A way of thinking about this, and identify which areas to balance, is 
by looking at Figure 41. This figure is specifically concerned with Lego and 
music, but similar thoughts are relevant in any design involving the 
mapping of some physical constructive aspects into the digital world. One 
way to achieve a high degree of musical expressivity is directly related to 
the handles into the music. The more musical aspects you are allowed to 
manipulate the more diversified can the output be. However, when allowing 
control over more aspects, the difficulty of playing also increases. We know 
that it is impossible for novices to play the guitar properly, so we argue that 
taking away some control can be a good way of engaging children in music, 
simply because it is easier to get to hear yourself play something that sounds 
good. Finding this balance of how much control to take away, without 
reducing the expressivity too much, is one of the key challenges in 
designing for expressivity in interactive music.  

When assessing Hitmachine through the lens of the Constructive Interaction 
Expressivity Model, we can say that even though the physical and digital 
construction spaces both contained a high degree of expressivity, the link 
between the two could still be stronger. The actual physical shape or details 
of the instrument did not influence the output, only the sensors were used 
for the act of playing the instrument. However, the sensor arrangement 
could as we saw in the aforementioned examples influence the interaction. 
In order to achieve a closer link and through that link even more 
expressivity, a way could be to let the details of the physical construction 
have more influence.  
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CONCLUSION  

This study is based on a workshop where more that 150 children in ages 3-
13 built and played their own musical instruments from Lego. We identify 
how both the physical and musical expression varied dependent on age, and 
evaluate on the open-ended qualities of the workshop. In general we found 
that children below the age of 10 were actively engaged in both building 
and performing but without having a significant detectable understanding of 
the musical aspects. Most of the children above 10 managed to play more 
sophisticatedly in terms of melodic outcome and slowly adapted to the 
rhythm while playing. We found that categorizing the built instruments was 
a very difficult task, because the outcome varied so much and the children 
came up with many creative and diverse interpretations of what constitutes a 
musical instrument. Therefore, we look into specific examples from the 
workshop in the attempt to highlight the expressive qualities of providing so 
much freedom for the children to decide for themselves what and how to 
build and play. By doing this we try to pinpoint important aspects of 
designing for expressivity in interactive constructive play. We identify 
several ways the children designed their own interaction and look into the 
different entry points for engaging in the workshop. Finally, we propose the 
Constructive Play Expressivity Model, as a tool for guiding designers’ way 
of thinking about expressivity, when designing for constructive play 
interaction - extending beyond the theme of musical interaction. A central 
element of this model is the distinction between how much one can possibly 
express and how well one is able to control this expressivity, which we call 
the two dimensions of expressivity 1) possible variation and 2) precision in 
control.  

SELECTION AND PARTICIPATION OF 
CHILDREN  

All the children at an international School were invited to participate in the 
workshop. The children involved in the workshop had a musically themed 
week in school and we were invited to do a workshop in that week by the 
school administration. Consent was given to use pictures and video for 
academic research purposes, however a few select children were not 
allowed to be in these pictures and videos. All material used in this 
publication has been consented to by the parents.  
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BrickSense: Exploring Sensing 
Techniques for Graphene-enhanced 

Bricks 

 

Figure	54.	Left: Microscopic structure of a graphene-enhanced electrically conductive brick, Center: 
Building constructions with graphene-enhanced bricks, Right: Interactive dog mainly built from 

graphene-enhanced bricks. 

ABSTRACT  

Inspired by the vision of radical atoms this research explores how the 
nano-material Graphene can bring interactivity to everyday objects. 
This approach makes use of a polymer material, which has been 
mixed with a small fraction of the nano-material graphene to give it 
electrical conductivity whilst retaining its material properties in terms 
of robustness and stiffness. Using injection molded bricks made out of 
this composite material, we illustrate how a novel combination of 
resistance and capacitance measurements along with machine learning 
can be used for shape classification of size and shape of 
reconfigurable models. The material simply becomes the sensor itself.  

The case illustrates the potential for nano-materials to act as enablers 
of the radical atoms vision providing the one- directional coupling 
between manipulation of physical objects and a corresponding digital 
representation and of integrating sensing capabilities into everyday 
objects.  

Author Keywords  

Graphene; Nano-materials, Tracking; Sensor; Touch sensing; 
Capactive Sensing; Impedance Spectroscopy; Constructive Play  

ACM Classification Keywords  

H.5.2. [User interfaces] – Input devices and strategies  

INTRODUCTION  

“We envision “digital clay” as a physically represented, malleable material that is 
synced with the coupled digital model. Direct manipulation by users’ hands, such as 
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deformation and transformation, of sensorrich objects and materials should be 
translated into an underlying digital model immediately to update the internal digital 
states” Ishii et al (Ishii	et	al.,	2012, p. 46)  

With their vision of radical atoms, Ishii et al (Ishii et al., 2012) depict a 
future where digital and physical materials are integrated in order to take 
advantage of both the dexterity of human ability to manipulate physical 
materials and objects as well as advances in material science and nano-
technology of providing sensing, actuation and communication abilities in 
the objects and materials, which we manipulate.  

We see this vision manifest in ongoing HCI research where the limits are 
constantly being pushed for how tightly we can integrate sensing 
capabilities into our everyday objects (Chan et al., 2012, Hook et al., 2014, 
Olberding et al., 2015, Ono et al., 2013, Ou et al., 2016, Petersen et al., 
2015, Poupyrev, 2016, Poupyrev, 2012, Qi and Buechley, 2014, Raffle et 
al., 2006, Sato et al., 2012, Savage et al., 2014, Voelker et al., 2013). Figure 
2 characterizes recent examples ranging from digitally manufactured objects 
with special properties, which are detectable by external sensors (Ou et al., 
2016) to spray-painting everyday objects with a conductive material (Zhang 
et al., 2017).  

Nano-technology has been hailed as a possible enabler for the radical atoms 
vision (Ishii et al., 2012), but we have yet to see exemplars exploring the 
deployment of nano-technology in this direction. Graphene is a relevant 
nano-material to explore in this direction. Since its discovery in 2004 
leading the discoverers Andre Geim and Konstantin Novoselov to receive 
the Nobel Prize in physics in 2010, it has been cast as a wonder material 
with the potential to become the material of the 21th century (Ferrari, et al. 
2015).  

Graphene is expected to contribute to a broad range of application areas in 
the form of conductive ink, chemical sensors, light emitting devices, 
composite materials, energy storage, touch panels and high-frequency 
electronics. In HCI terms this casts prospects of possible futures where 
transparent, atomic-scale conductive layers can add invisible conductivity to 
surfaces and materials in ways that allow for integration of the physical and 
digital, unseen before in the design of interactive technology.  

In this paper, we present BrickSense, which is a sensing technique for 
Graphene-enhanced bricks. BrickSense can be used for sensing size, shape, 
proximity and touch. The Graphene-enhanced construction bricks used with 
BrickSense are an application of polymer-based nano composites where we 
make use of the possibility of including low volume fractions of graphene 
(<1%) to enhance the electric conductivity of polymers, while retaining 
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most of the original material properties of the polymer in terms of 
robustness and stiffness. As evident from the pictures of the Graphene-
enhanced construction bricks however, the low fraction of graphene does 
result in a color change; turning the polymer black. The bricks used in this 
project have the microscopic structure of figure 3 (right), with enough 
overlapping graphene flakes to make the brick conductive.  

 

Figure	55.	Mapping	of	different	principles	for	combining	conductive	and	non-conductive	

materials	for	sensing.	Each	principle	is	illustrated	with	exemplar	designs.	

Contributions  

- A study demonstrating how enhancing the conductivity of a polymer, by 
deploying nano- material in the form of graphene, can provide interactivity 
to construction bricks allowing for  

 - Classification of size and shape.   

 - Detection of proximity and touch.   

- A novel combination of resistance and capacitance  measurements for 
shape-classification.   

RELATED WORK  

Ways of merging sensing capabilities with everyday objects is increasingly 
explored within the field of HCI. Roughly speaking, we can characterize 
existing approaches into three strategies, as illustrated in Figure 55.  

Non-conductive Material as Sensor Material  

Some have worked with sensing the acoustic properties of physical objects 
as a way of distinguishing between touch and interaction (Ono et al., 2013, 
Ou et al., 2016). E.g. in Cilllia a piezo microphone is attached to the bottom 
of a 3D-printed hair structure, turning that structure into an acoustic swipe 
sensor (Ou et al., 2016). 
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Mixed Material as Sensor Material  

Electrick adds a conductive spray coating on top of an object effectively 
turning it into a touch sensor using capacitive sensing (Zhang et al., 2017) 
This can be applied on static objects, and in this way the user is not 
instrumented. It does require calibration towards a specific place. Another 
strategy is to provide the means to incorporate sensors as part of 3-D 
printed- or origami constructions. This happens in the form where a 3-D 
print is prepared for post-hoc assembly with electrical components (Hook et 
al., 2014) leaving empty space or tubes for later embedding of the 
electronics. Another strategy is to use paper with printed electronics or other 
types of conductive ink (Olberding et al., 2015, Watanabe et al., 2004). 
Chan et al illustrate how capacitive touch pads can be augmented with 
tangible objects through the use of stackable pieces with systems of wires 
and connectors allowing for identification of the entire assembly (Chan et 
al., 2012). In the area of textiles, Jacquard creates touch-sensing clothes by 
weaving grids of conductive yarn into the fabric itself. Sensing aims to be 
unobtrusive and preserve the qualities of the material (Poupyrev et al., 
2016).  

 
Figure	56.	Microscopic pictures of two versions of molded bricks mixing Graphene and ABS. The 

white traces are Graphene and the dark matter is ABS. The scale is 0.05 mm. The sample on the left 
has resistance in the order of mega Ohm, and the sample on the right has resistance in the order of 

kilo Ohm. 

Conductive Material as Sensor Material  

Finally, there are cases where conductive materials are used as sensor 
materials. This has been pursued in the form of 3-D printing using 
conductive filaments and capacitive sensing (Schmitz et al., 2015), or using 
“objects” which are already conductive by nature such as plants (Poupyrev 
et al., 2012), and humans (Harrison et al., 2012). PLEASED (Manzella et 
al., 2013) and Botanicus Interacticus (Poupyrev et al., 2012), utilize the 
conductive qualities of plants to turn them into biosensors by equipping 
them with electrodes. This is constructive in the sense that alterations to the 
plant can be measured, such as being cut, which induces a fast change or the 
way it grows, which induces a slow change (Poupyrev et al., 2012). Zensei 
uses 6 stainless steel tape electrodes in the environment to sensing bio-
impedance to distinguish between individual users. The electrodes are 
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placed on top of three different objects: Hand pad, chair, and smartphone 
(Sato et al., 2015). Capacitive Fingerprint places an ITO layer on top of an 
IR-touch screen to sense bio-impedance to distinguish between individual 
users (Harrison et al., 2012). 

Overall, capacitive sensing has been widely explored in the field of HCI and 
has showed to enable a versatile set of applications (Chan et al., 2012, 
Ferrari, et al. 2015, Liang et al., 2014, Kakehi et al., 2011, Voelker et al., 
2013) and also to hold a set of fundamental limitations (Grosse-Puppendahl 
et al., 2017) such as sensitivity to grounding.  

What distinguishes BrickSense from previous research is the object 
modification using graphene and the approach for classification of shape, 
which combines capacitive sensing with resistance measurements.  

Shape Detection and Classification of Objects  

Shape detection and classification of objects are also topics that are 
increasingly explored in HCI. Capstone (Chan et al., 2012) allows 
capacitive touch screens to detect the shape of stacked stones in 1 
dimension. GaussBrick deploys magnetic building blocks for 2 dimensional 
sensing of object shapes on portable displays with an underlying hall-sensor 
grid (Liang et al., 2014). Fuwa Fuwa deploys embedded Leds and IR 
sensors to detect deformation of soft objects (Kakehi et al., 2011). The 
ActiveCube system provides a set of complex cubes, each holding a 
microprocessor that allows for real-time modeling of digital 3D 
environments through modeling the physical cubes (Watanabe et al., 2004) 
Finally LineFORM deploys connected servomotors to both detect and 
actuate deformation in 2D (Nakagaki et al., 2015).  

So far, we have not been able to identify related examples that use a 
combination of capacitance and resistance measurements for shape 
classification in order to add interactivity to everyday objects.  

NANO-MATERIALS, GRAPHENE AND BRICKS  

Nano-materials are materials with particle sizes between 1 to 100 
nanometers in at least one dimension, and they have received great attention 
due to the special properties of materials at this scale. Graphene is such a 
nano-material. In its pure form, graphene is a one-atom thick layer of carbon 
atoms in a hexagonal pattern. Graphene has been seen as a wonder material 
due to its unique set of properties and it is an area, which is heavily 
researched in nano-, physics- and chemistry laboratories around the world. 
Graphene has an extremely high conductivity (largest known relative to its 
mass at room temperature), it is both strong and flexible, and transmits light 
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very well, and it has a high degree of impermeability. Due to these 
properties, there are great expectations to what Graphene can deliver, 
particular in the industries of solar panels, touch screens, filter, and sensors. 
Graphene is also called a 2-D material. There exist a multitude of variations 
of graphene, including multiple layers, flakes, CVD graphene, 
functionalized graphene, graphite etc.  

Inspired by the prospects of these promises, this paper explores how the 
integration of graphene into ABS-based physical construction elements 
allows for integrated sensing of reconfigurable structures.  

Graphene-enhanced Bricks  

Inspired by the prospects of Graphene, we wanted to explore how we could 
develop bricks, exhibiting the following characteristics: 

- Nano-scale integration of conductive and non- conductive materials  

- Reconfigurable structures allowing for fast, course-grained sensing of 
properties of the structure itself as well as human interaction with the 
structure.  

In our approach the structure itself becomes the sensing material and 
changes to the construction changes the conductive properties of the 
structure. This involved two steps, first, identifying an appropriate material 
and secondly using this material to make the construction bricks. Regarding 
the material, we worked with two different composite materials, as can be 
seen in figure 3. Both consist of an ABS material with embedded graphene. 
Using Raman Spectroscopy we can see in both samples that the graphene 
flakes are <7 layers thick. As can be seen from figure 3, the samples differ 
in the way the graphene (white traces) are distributed in the ABS (black 
matter). The sample on the right contains approximately 0,5 % graphene.  

Secondly, we experimented with different ways to construct the bricks 
including 3D printing and Injection molding. As the conductivity of the 
bricks depends upon how well connected the graphene flakes in the ABS 
material are, we found the heat molded bricks had a higher conductivity 
than the 3-D printed bricks. The 3-D printed bricks had very little 
conductivity and very high resistance compared to the molded bricks. 
Therefore, they were not useful for our purpose and we used the molded 
bricks with the highest graphene distribution for our exploration (Figure 56 
(right)).  
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TECHNICAL IMPLEMENTATION FOR BRICKSENSE  

The setup for using the brick models as sensors consists of two different 
Arduino circuits measuring resistance and capacitance respectively. For the 
capacitance measurements we used the commercially available MPR121 
capacitive sensing controller. This shield can provide up to 12 electrodes, 
but we only use 1 or 2 for our experiments. The data is interpreted through 
the MPR121’s own library and is communicated through I2C. Measuring 
the resistance is done using a known resistor of 4kΩ wired as an Ohm 
Meter. The Arduino is connected to a laptop, which processes the raw data.  

The built models have to be connected to the MPR121, but this can be done 
with a single wire per model and there is no need for any additional 
electronics, because the conductive bricks themselves become the sensor 
element. To connect the wire we placed a small piece of copper tape in 
between two bricks and then attached the wire to that tape with a crocodile 
clip. To measure the resistance the models need to be connected to two 
wires.  

We conducted an investigation into the capacitive and resistive properties of 
different models. There were two different types of experiments - an 
investigation of the use of capacitance and resistance to classify a range of 
sizes and shapes, and the use of capacitance for touch and proximity 
sensing. One of the authors measured the changes in capacitance and 
resistance for multiple BrickSense configurations. The experiments were 
then repeated with a test person to whom the system was unknown and that 
data was then included in the dataset.  

Size and Shape  

Reconfiguring a model by adding or removing bricks can be detected 
through changes in the overall capacitance and resistance. We refer to size 
as the number of bricks, and shape as the way they are put together to form 
a model. Small changes in size and shape are typically indistinguishable 
from each other, but if the changes are sufficiently large, models can be 
successfully classified. Increasing the size of a model changes the 
capacitance, however changes in shape also influence the results because the 
capacitance is not directly dependent on the volume but on the surface area 
and thereby also the amount of parallel resistors in the model. From the 
system’s point of view, if two models have the same size the one with the 
highest surface-to-volume ratio (having the least overlap between bricks) 
will seem to be the biggest. In terms of resistance, a model will to some 
degree follow Ohm’s law, meaning that adding more bricks in serial 
increases the resistance while adding them in parallel decreases it. However, 
in practice there were several exceptions. This was because the bricks did 
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not have equal grip strength. This lack of homogeneity means that the exact 
order of the brick arrangement had a significant impact on the readings.  

However, the most important thing is not whether models adhere to Ohm’s 
law but rather that they are consistently different from each other in some 
way.  

We picked 12 different model designs. As mentioned, we knew from initial 
trials that small changes are hard to detect, so the first 6 models ranged only 
from 7 to 13 bricks to test these boundaries. The first 3 models followed the 
same structure of a series circuit with 7, 10, and 13 bricks (see Figure 
57(model 1, 2, 3)). The next 3 models also used 7, 10, and 13 bricks but 
were arranged in a way that introduced some more parallel connections to 
the circuit (see Figure 57 (model 4, 5, 6)). One would expect that the 
difference in capacitance for e.g. the two 7-brick models would be very 
small and that the 7-brick series circuit model could have a similar 
resistance to the 10- or 13-brick parallel circuit models. Therefore, having 
only capacitance or only resistance data for the models is not sufficient. 
That is why we combine the two types of data. The last 6 models consist of 
3 pairs of larger model designs to investigate the power of this method when 
the differences in size and shape are rather large (Figure 58).  

 
Figure	57.	Models 1-6 ranging from 7 to 13 bricks. Made to test the limits of the classification. 

 

 
Figure	58.	Models 7-12 made to illustrate the impact of having larger differences between models. 
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Touch and Proximity  

For the touch and proximity interaction properties, only the capacitance was 
used. To train the models for proximity and touch interaction, a median 
filter was applied with an exponential moving average filter of 128 base 
readings (readings of the model without interference vs. the model being 
approached or touched). The resulting values were then used to create 
custom thresholds for interaction with the respective model.  

As capacitive sensing is dependent of the size of the sensing surface area, 
BrickSense touch and proximity detection depends on two things: The 
characteristics of the model and the movement of the user’s body. The size 
of the model will determine the sensing distance, as larger models tend to 
have an increased sensing range. The shape also makes a significant 
difference, as increasing the surface area extends the sensing distance 
further than increasing the volume alone.  

EXPERIMENTAL RESULTS 

The experiments described serve as an exploratory pilot study carried out in 
the same location by the main author, and one other person. The accuracies 
presented are not statistically significant, but indicate that it is possible to 
obtain reasonable accuracy under the right circumstances if the models do 
not too resemble each other too much in terms of size and shape.  

 
Figure	59.	Data for 12 models plotted and classified with SVM. Colors correspond to models in fig. 

48 and 49. 
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Classifying Models from Sensor Data  

To classify the shapes from their capacitance and resistance values, we used 
supervised machine learning in the form of a Support Vector Machines 
(SVMs). We have tested with both a linear kernel and a Radial Basis 
Function kernel (RBF), and found the RBF kernel to provide the most 
accurate classification. In Figure 59 the data for all 12 models is plotted. 
The dots represent the 12 models depicted in figure 4 and figure 5, e.g. the 
red dots correspond to the model in Figure 57 (model 1) and the grey dots 
correspond to the model in Figure 58 (model 11). However, the numbers on 
the axis are not actual capacitance and resistance values, they merely 
represent the relative differences between the shapes, which is really the 
only thing we are interested in when classifying them. The actual values are 
normalized and scaled to provide a reasonably clear view of the plot. It is 
important to note that the plot values are inversed, meaning that the closer 
the axis-values are to zero, the larger the actual capacitance and resistance 
values are.  

There are 30 data points for each shape mixed from 3 separate 
builds/rebuilds of each shape. This gives us a total of 360. We performed 5-
fold cross validation where 75% (270 points) were used for the training set 
and 25% (90) points were used for the testing set. The best tuning for the 
SVM parameters was to use the RBF kernel with C = 1000 and gamma = 
0,2. This resulted in an overall classification accuracy of 97,4% (+/- 6,7%). 
We included various additional classification metrics in our detailed 
classification report (see Figure 60). These include precision, recall, f1-
score and support. The precision metric is an expression of how many false 
positives there are, while the recall expresses the amount of false negatives. 
If tp is true positives, fp is false positives and fn is false negatives, then 
precision is the ratio tp / (tp + fp) and recall is the ratio tp / (tp + fn). The 
closer these are to 1 the more accurate the classification. The f1-score is a 
weighted harmonic mean of the precision and recall, and therefore also 
reaches its best score at 1 and worst at 0. The support is not a scoring metric 
as such, but rather shows the distribution of how many of the data points for 
each BrickSense model are represented as part of the 90 data point testing 
set. For the most part the dot clusters are fairly separated, however we see 
that e.g. the green and purple overlap a bit. The effect of this can also be 
read from their bad f1-scores in Figure 60. Model 4 and 5 in Figure 57 
(green and purple) corresponds to 3.0 and 4.0 in Figure 60.  
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Figure	60.	Detailed Classification Report. 

Capacitive Sensing of Proximity and Touch.  

The following three sections describe different ways of utilizing the 
capacitive sensing qualities of the bricks. These are sensing proximity to a 
hand, proximity to another model and position of touch.  

Sensing Changes in Hand-to-Model Distance  

Approaching the model with e.g. one’s hand increases the capacitance just 
like adding more bricks would. This means the model can be used as a 
proximity sensor, as the distance from hand to model can be translated into 
changes in capacitance. Approaching with a larger surface increases the 
changes meaning that touching with a finger can be distinguished from 
touching with the palm.  

 

Figure	61.	Sensing Changes in Hand-to-Model Distance: Larger models have increased sensing 

distance. 
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Figure	62.	Proximity data for two differently sized models. 

We managed to create six separate thresholds for approaching with a flat 
palm from directly above. Each threshold triggered a unique sound played 
from the computer. The hand was first sensed about 10 cm from the small 
and about 20 cm from the big model in Figure 61. The remaining five 
thresholds all had to be within the closest 5-6 cm from the models, for the 
changes in capacitance to be noticeable enough. The two last of these five 
thresholds were assigned to slightly touching and grapping/squeezing the 
model. The accuracy for the hand-to-model proximity is hard to measure 
because it is difficult to repeat the exact same hand movement. However, 
most of the time the interaction was consistent but as the values sometimes 
changed when a model was reassembled, some sounds were occasionally 
triggered from a distance that was not consistent with previous tries. Figure 
62 the data for the models in Figure 61 with one electrode where the first 
spike down is a palm touch and the second spike is a slowly approaching 
palm ending in touch. The graphs do not reflect the differences in sensing 
distance, but they do show that the big model (orange) is able to detect 
proximity changes slightly more gradually than the small one (blue).  

Sensing changes in Model-to-Model Distance  

The system can detect whether two electrodes are close to each other. 
Therefore placing the electrodes in two separate models the proximity of 
these two models can be detected. Just as with approaching with a hand the 
overall capacitance for both models increase, when they approach each 
other. This is not as precise as approaching with a human body part, and the 
models have to be pretty close before it is detected. How close depends on 
the size and shape of the models. However the detection is precise enough 
to distinguish between them being just close or actually touching.  

The accuracy for proximity detection was 100% for a sample size of 100 
tries. This is not surprising, as we are only distinguishing between far, 
(more than 5cm) close (less than 5 cm) and touching, and the capacitance 
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changes significantly when comparing models that are in close proximity to 
models that are actually touching.  

 

Figure	63.	Sensing Changes in Position of Touch: Models can detect where they are touched. Top: 

Left end touch. Bottom: Right end touch. 

 

Figure	64.	Two consecutive cycles of touching at four different areas on a model from left to right. 

Sensing Changes in Position of Touch  

A single model could also, to a certain extent, sense where it was touched. 
We were able to identify four different areas of touch from left to right on 
the model in Figure 63.  

This was the most inaccurate of the interactions with accuracy of correct 
touch detection of 81% for a sample size of 100 builds. The low accuracy 
might be due to large variations in how well the bricks are connected to 
each other. The bricks have varying grip strength due to flaws in 
homogeneity.  
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Figure 64 shows two consecutive cycles of touching at four different areas 
on a model from left to right. The lowest spike values are the touches 
closest to the electrode. The spikes depths decrease as we touch further 
away from the electrode.  

REFLECTIONS ON SENSITIVITY AND ROBUSTNESS  

Sensing touch and proximity relies on capactive sensing only, and we find 
similar challenges as has been identified in related work regarding 
capacitive sensing (Grosse-Puppendahl et al., 2017). capacitive sensing 
poses some challenges regarding robustness in prolonged use. In the cases 
concerned with detecting direct touch, the capacitance changes significantly, 
and therefore errors are rare. This is the case both for human touch and for 
two BrickSense models touching each other. However when working with 
proximity the changes in capacitance are very subtle and therefore 
vulnerable to a variety of factors. The value can fluctuate some from day to 
day due to changes in surroundings, body fluids, general humidity, clothes 
and shoes, and are also affected by posture e.g. sitting vs. standing. Despite 
these challenges, within the same session, it is possible to calibrate the 
thresholds in a reasonable way for interaction. Another even larger 
challenge is interaction with other people. The core element for the sensing 
is detecting changes in capacitance, and the very mechanism that lets us 
distinguish between models of different size and shape also applies to the 
human body (Chan	 et	 al.,	 2012,	Sato et al., 2015). The result is that the 
threshold-distances can change a lot from person to person. Whether this is 
a problem depends on the use case. It opens up other possibilities of the 
BrickSense model e.g. having different behavior for two different people. 
However in the case of providing a consistent proximity sensor it is an 
ominous challenge.  

Obtaining consistency over time is also a challenge in the cases concerned 
with recognizing changes in size and shape. Because BrickSense uses 
construction elements, the capacitance of a model becomes sensitive to 
variations in the arrangement of the bricks in a model, how tightly they are 
squeezed together, as well as flaws in homogeneity of the bricks. This 
means that even though two models look identical, their capacitance and 
resistance can be different because the bricks will usually never be placed in 
the exact same order. However we did see that using the sensor data with an 
SVM provided a decent accuracy rate for classifying models with 
sufficiently large difference in size and shape.  

In addition to the experiments we have conducted an initial investigation on 
how to possibly further improve the classification accuracy, through the 
method of Impedance Spectroscopy.  
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Figure	65.	Setups for Impedance Spectroscopy on Different Structures. Setup 1, 4, and 5 are 
depicted. 

 

Figure	66.	Measurement	of	Normalized	Impedance	for	the	Three	Structures	in	figure	65.	

IMPEDANCE SPECTROSCOPY  

For the Impedance Spectroscopy approach the experiments consist of 
measuring the changes in Impedance and Phase Angle for a series of 
different physical models. The technique is well known for e.g. measuring 
body fat percentages on an electronic scale. In our experiments the models 
are exposed to Alternating Current through two attached electrodes, one on 
each side, with copper tape and crocodile clips. The Impedance 
Spectroscopy works by measuring the changes in Impedance and Phase 
Angle for a range of frequencies – In our case 10-100.000 Hz increasing by 
10 Hz intervals. We constructed a collection of different models from the 
graphene-based bricks, and exposed each of them to AC in that same 
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frequency range. The models varied in both size and shape (See Figure 65). 
Each model was measured a total of 9 times. 3 times for the original model, 
3 times for the same model taken apart and reassembled and 3 times for the 
same model taken apart and reassembled but with new placements for each 
brick. This was important due to the issues mentioned in the previous 
section namely that the physical bricks are not completely homogenous and 
that the bricks cannot be tightened equally each time. So this was a way to 
make sure that these differences did not skew the results by possibly having 
a larger impact than the actual changes in model size and shapes as they 
sometimes had with the capacitive sensing. We did however arrange the 
bricks in the same way each time rebuilding a model, so what we compared 
were not only models that looked the same, but models that were also build 
the same way, as if having a building manual.  

 

Figure	67.	Application 1: Is it a Big or Small Dog, or a Snake? 

Results from Impedance Spectroscopy  

Figure 65 shows three selected models of different size and shape, referred 
to as Setup 1, 4 and 5. Setup 1 had 3 bricks, Setup 4 had 10 bricks, and 
Setup 5 had 10 bricks. In Figure 66 we see the graphs for three rebuilds of 
each of these setups. We can see how the impedance develops in the scope 
from 1 Hz to 1 MHz. Even though the graphs do curve in a somewhat 
similar fashion we see that the red curve for setup 1 (the smallest model) has 
a tendency to spike around 60 Hz as 2/3 of the red graphs do so. In the same 
fashion we can see that the blue graph for Setup 5 (the biggest model) 
creates some spikes around 10-20 kHz. The spikes we see in the blue graph 
in the area from 1 to 100 Hz do not seem to be important as 2/3 of the blue 
graphs do not follow this pattern. However the spikes that are in fact 
repeated over several experiments do tell us that impedance spectroscopy 
might be a way to increase the accuracy in distinguishing between different 
sizes and shapes. From these initial pilot studies it does seem likely that 
with a larger sample of measurements a more precise impedance profile 
could be created for each model, which then in turn could be used by the 
system to recognize that exact model when encountered again. The same 
technique of using impedance profiling has already been successful in 
distinguishing individuals from each other in Capacitive Fingerprinting 
(Harrison et al., 2012) and Zensei (Sato et al., 2015), even though they face 
the same challenges with changes in, on, and around the human body as we 
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described in a previous section. Maybe in the future together with the 
machine learning on capacitance and resistance data, impedance 
spectroscopy might be able to help better classify some of the cases where 
models are very close to being identical. But homogeneity is key. We have 
tried all these methods on 3D-printed bricks instead of the molded ones, but 
they are simply not identical enough to be applicable for BrickSense.  

APPLICATION SCENARIOS  

To illustrate the potential for graphene-enhanced sensing materials in 
reconfigurable structures, we have created three application scenarios in the 
domain of constructive play (Petersen et al., 2015, Raffle et al., 2006), 
digital representation and a shape sensitive alarm clock. The three scenarios 
illustrate how different aspects from our findings can be combined for 
applications. The scenarios use the sensing of changes in size and shape 
combined, and hand-to-model distance (proximity and touch).  

Application 1: Constructive Play: Is it a Big or Small Dog or a 
Snake?  

In this scenario we demonstrate how constructing and detecting different 
models with different shapes and sizes, can create new possibilities for play, 
creating a meaningful relationship between building the physical model and 
interacting with it. The scenario in Figure 67 illustrates a play scenario 
where the graphene-enhanced bricks are used, first to build a small dog 
shape, when touched gives a quiet high-pitched bark. Using additional 
bricks, the dog is re- built into a bigger shaped dog, with long legs and more 
body volume. When touching the bigger dog, then rather than the quiet 
high-pitched bark, the dog now gives a loud deep bark when touched. 
Disassembling the bricks a new animal can be built, in this case a snake. 
The new form is detected as having a different shape and size than the dog, 
and when touched, makes a hissing sound, rather than the bark. In this way 
the physical model is augmented in a meaningful way, that adds an 
interactive dimension.  

 
Figure	68.	Application	2:	Communication	with	CAD-	programs	for	digital	representation.	

Application 2: Physical Construction of Digital 3D-Models.  

This scenario depicts the idea of having a digital counterpart in a CAD-
program that corresponds to the physical models (See Figure 68). When you 
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change the physical model the digital representation is altered accordingly. 
You quickly build a physical shape to serve as foundation for further 
tweaking on the computer. This scenario enables a closer connection 
between the digital and physical, which means that we start to approach the 
radical atoms vision at least in the direction of going from physical to 
digital.  

 
Figure	69.	Application 3: Alarm clock changes sound according to it size. Bigger is more urgent. 

Application 3: Build your own Interface: A Size-sensitive Alarm 
Clock. 

This scenario illustrates the idea of creating and altering your own interface. 
In this example you can build your own alarm clock that will adjust its 
sound according to its size. 1a, 1b, and 1c shows the interaction with a small 
alarm clock and 2a, 2b, and 2c shows the same for a big one (See Figure 69) 
If you want to wake up slowly on a Saturday, build a small alarm and it will 
provide a tiny soothing sound to wake you up. If you have an important 
meeting on a Monday morning, then build a large alarm to make it loud and 
annoying. Hovering your hand over the alarm triggers proximity sensing 
and snoozes the alarm. Touching it will turn the alarm off completely.  

DISCUSSION  

BrickSense provides a sneak peak into how nano-materials might change 
the scale of integration between the physical and digital and change the 
materials we operate with and think about in HCI in the future. However, as 
mentioned, BrickSense has some clear limitations regarding resolution and 
robustness. As of right now BrickSense is far from detecting individual 
brick changes, meaning there is an asymmetry between the expressivity of 
the physical bricks more course grained sensing part. Combining capacitive 
sensing and resistance measurements with impedance spectroscopy could be 
an interesting path to explore. In terms of robustness, it might be worth 
thinking the other way around, and actually decrease the sensitivity, 
depending on the application area. In its current form BrickSense is 
vulnerable to tiny differences in brick arrangement even when the exact 
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same model is taken apart and reassembled. More homogenous bricks 
would help resolve this, but it is also worth experimenting with the 
graphene-to-ABS ratio, and maybe even creating different bricks with 
varying conductivities.  

Another challenge is how to provide interaction with a higher degree of 
immediacy. We have seen how others have been facing that challenges, as 
e.g. Electrick needs to go through a training phase of fingerprinting before 
any interaction is possible and that training needs to be done for every new 
interactive object (Zhang et al., 2017). In the same way BrickSense needs a 
training phase for every new model. The good thing about SVMs however, 
is that after they have been trained, they are very fast. On the physical part 
we are also restrained by having to hook up wires for the models to become 
interactive. A possible solution to this could e.g. be a custom conductive 
build plate connecting the bottom bricks of a model. The technical and 
practical challenges of these types of projects are vast as we also see in 
Electrick, Zensei and Capacitive Fingerprinting (Zhang et al., 2017, Sato et 
al., 2015, Chan et al., 2012), yet merging graphene and ABS does provide a 
new take of the whole sensor/material integration. A lot of research is being 
done on improving the quality of graphene, and along with that new ways of 
integrating it with other materials might arise. Through the experiments 
with BrickSense, we have shown some possible directions that could be 
opened up for HCI researchers.  

Time Scale and Stage for Reconfiguration  

In BrickSense reconfiguring a structure with sensing capabilities is 
relatively fast compared to related research. E.g. Project Jacquard 
(Poupyrev, 2016), Electrick (Zhang et al., 2017) and Botanicus Interacticus 
(Poupyrev, 2012) also include reconfigurable stages at some point in the 
process. Botanicus Interactocus, like BrickSense, is reconfigurable in its 
final stage as plants can be trimmed or cut and nurtured differently for 
growing. However nurturing a flower to increase the size operates at a rather 
slow pace, compared to a brick model. Project Jacquard creates conductive 
cloth and this cloth can be turned into different clothing articles (Poupyrev, 
2016). One can even cut out the conductive part of the fabric and sew it into 
other types of clothes. But as with reconfiguring plants, reconfiguring 
clothing operates on a relatively long time scale. Electrick can be sprayed on 
any object and this can happen very fast. However for the interaction to 
work, the data for that specific object need to be fingerprinted and trained. 
This means that actual alterations will take a considerable amount of time. 
We do recognize that reconfigurability is not a necessity or even a goal in 
many cases, but the point is that, if you are designing for (Poupyrev, 2016) 
reconfigurable interaction, the choice of materials matters a lot in terms of 
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when in the process reconfiguration can happen and how fast it is.  

Health-aspects of Graphene-based Materials  

One caveat, we would like to stress is that the health aspects of Graphene 
and other nano-materials, to our knowledge are not yet that well understood. 
This is something that needs further exploration in general, and in particular 
with respect to embedding graphene in constructive play materials.  

CONCLUSION  

This paper starts to explore how the integration of nano- materials into 
everyday objects, in order to augment them with sensing capabilities, can 
provide new opportunities for HCI. To explore this, we constructed 
BrickSense, which is a sensing technique for reconfigurable models made 
from bricks of ABS and Graphene and we investigate how this opens up 
opportunities for sensing. Using an SVM we have shown that capacitance 
and resistance can be combined in order to provide a course-grained 
classification of a range of different models. We designed 12 models for 
these experiments and obtained an overall classification accuracy of around 
97,4%. We have investigated classification further with impedance 
spectroscopy and we showed how this might possibly be able to increase the 
accuracy even further. We showed how conductive brick models can be 
used as sensors for proximity and touch and furthermore illustrate how 
combining the experimental findings can be applied as possible future 
applications. In addition, we point to future research needed in this area 
including investigation of health related aspects of nano-materials as well as 
continued technical experiments to further investigate the robustness and 
accuracy. The physical and digital has come a little closer, and nano-
materials might be the key to approaching the vision of radical atoms even 
further yet.  

AUTHORS  

Kasper Buhl Jakobsen, Aarhus University, Aabogade 34, DK-8200 Aarhus N, 
Denmark, kasperbj@cs.au.dk  

Majken Kirkegaard Rasmussen, Aarhus University, Aabogade 34, DK-8200 Aarhus N, 
Denmark, mkirkegaard@cs.au.dk  

Marianne Graves Petersen, Aarhus University, Aabogade 34, DK-8200 Aarhus N, 
Denmark, mgraves@cs.au.dk  

Eve Hoggan, Aarhus University, Aabogade 34, DK-8200 Aarhus N, Denmark, 
eve.hoggan@cs.au.dk  

 



	 	 p.	153	of	199	

Designing for Children’s Collective Music 
Making: How Spatial Orientation and 

Configuration Matter 

 
Figure	70.	Children at workshop interacting with Hitmachine. Left: Pairs interact with instruments 
they built. Center: Seven instruments built by the children at the workshop. Right: The children’s 

diverse musical activities in the shared environment. 

ABSTRACT 

Hitmachine empowers children to make music through building physical, 
shared interactive instruments from Lego MindstormsTM and playing them 
to a beat. The design rationale for Hitmachine draws upon the collective 
interaction model, theories of proxemics and F-formations, as well as a 
framework for social interaction. Hitmachine was evaluated during a 4-day 
workshop where 150 children aged 3-13 engaged with the system. Based on 
lessons from this workshop we point to key issues to consider when 
designing for collective music making. This includes designing for multiple 
access points and spatial orientation of these, designing for sense of impact 
as well as sense of control, and giving careful consideration to how the 
spatial configuration of technological artifacts and furniture can provide 
opportunities for social interaction.  

Author Keywords 

Tangible music; Collective interaction; Social interaction; Embodied 
constraints; Proxemics; F-formations.  

ACM Classification Keywords 

H.5.2. User Interfaces  

INTRODUCTION 

Traditional musical instruments are difficult or almost impossible to play 
properly without long practice. This creates a barrier that might seem 
overwhelming for musical novices – and the barrier is even larger for 
playing music together with someone. Therefore, we investigate 
opportunities and challenges for children to collaborate in making digital 
music without having prior musical knowledge or experience, while still 
allowing for rich musical expressivity. With music making we imply that 
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children are creating original music through playing and not just playing 
along with existing music. We distinguish between music making and 
composition, as composition has connotations of relating to writing music, 
rather than creating it through exploration on an instrument.  

In current research, many interfaces rely heavily on the visual sense in 
reasoning about music (A-Musi-T, 2016, Blaine and Perkis, 2000, 
GuitarHero, 2016, Jordà et al., 2006, Nishibori and Iwai, 2005, Noteput, 
2016, Patten et al., 2006, Radartable, 2016, Spela Wip, 2016), moreover 
tangible, digital music artifacts are often limited in their ability to support 
rich musical expressions (A-Musi-T, 2016, GuitarHero, 2016, Knichel et al., 
2015, Noteput, 2016, Petersen et al., 2015), and in most of these cases the 
main focus is on individuals interacting to make music. We are interested in 
increasing the children’s co-engagement in the play by facilitating their 
mobility for social interactions with others (Ludvigsen, 2005). We further 
explore coupling the collectiveness of play even tighter through interaction 
design. We developed Hitmachine – a platform, empowering children to 
build and play their own musical instruments to a background beat. Inspired 
by the Collective Interaction model (Krogh and Petersen, 2008), Hitmachine 
supports multiple access points into a musical framework, beyond what a 
single person can control. The workshop challenges the idea that an 
instrument is a personal device (e.g. a guitar) by exploring an instrument’s 
potential to become a collective device (Figure 70, left) shared between 
multiple performers (as e.g. a shared piano). Our concept of collective music 
making refers to the varying degree of collaboration possibly involved when 
playing music. Collective music making ranges from a group playing 
together on separate instruments to a group playing a single shared 
instrument with one logical input resulting in one shared musical expression 
as output. Both ends require a performer to be aware of what the other 
performers are doing in consciously collaborating on and negotiating the 
musical expression.  

In this paper we describe the design and evaluation of Hitmachine. Different 
aspects of Hitmachine were evaluated in a 4-day music making workshop 
where 150 school children aged 3-13 were paired and given the opportunity 
to build their own interactive musical instru- ment and play it together on a 
stage in a musically themed setting. The design of the workshop was 
inspired by insights from social interactions (Krogh and Petersen, 2008, 
Ludvigsen, 2005). Special attention was given to the spatial properties of 
the design in how it influenced the children’s abilities to collaborate in 
music making. This was inspired by the notion of proxemics, a theory on 
how people use space in social interactions (Hall, 1966). Iterations were 
made on the physical setup during the workshop. This illustrates how 
proxemics provided a way of thinking about interaction in physical space, 
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inspired by research in spatial aspects of interaction design (Hornecker, 
2005, Kendon, 1990, Marshall et al., 2011, Mentis et al., 2012, O'Hara et al., 
2011). Finally, the insights from the workshop are discussed, relating to 
challenges for supporting collective music making.  

The contributions of this paper are the following.  

  •  Demonstrating how children can be empowered to engage in 
social interaction while making music through collective musical 
instruments. � 

  •  Elaborating on the Collective Interaction model through 
introducing distinctions between users’ sense of impact on and sense of 
control of the music and illustrating how not only multiple access points, 
but also the spatial properties of the collective instruments impact social 
interaction. In addition, it is pointed out how scalability is a challenge for 
the model. � 

  •  A case of applying proxemics generatively in a design process 
with less focus on detecting users’ spatial behavior as input for interaction, 
and more on using proxemics as a resource for articulating design choices. � 

RELATED WORK � 

This section describes research in the area of technology mediating co-
located people’s social interactions, which has been an inspiration for our 
explorations regarding collective music making. Furthermore, related music 
making systems are compared with respect to their collaborative qualities.   

Co-located People, Technology and Space 

In HCI, there is a growing interest in how interactive systems influence 
relations between co-located people, as well as in understanding the nature 
of social interactions in interplay between humans, artefacts and shared 
space (Kendon, 1990, Ludvigsen, 2005, Mentis et al., 2012, O'Hara et al., 
2011, Hall, 1966, Scott et al., 2003, Scott et al., 2003). Ludvigsen developed 
a conceptual framework for social interactions between co-located people 
(Ludvigsen, 2005). The framework focuses on providing a literacy  in 
designing for social situations with co-located people. Scott et al provide 
system guidelines on how to support social interactions, specifically 
between children in classic desktop computer technology (Scott et al., 
2003), as well as around tabletops (Scott et al., 2003). Krogh et al explores 
through the concept of Collective Interaction how interaction design can 
shape co- experiences by bringing co-located people together in new ways 
(Krogh and Petersen, 2008). Hornecker’s design theme of Embodied 
Facilitation brings out the collaborative qualities of tangible interactions 
(Hornecker, 2005). The concepts within the theme articulate the spatial 
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aspects of tangible interactions by arguing that systems can be interpreted as 
spaces to act and move in, facilitating some movements and hindering 
others. As it states “[the systems] shape the ways we collaborate, induce 
collaboration or make us refrain from it”. However, Embodied Facilitation 
has a system focus, not giving much attention to the impact of spatial 
properties in the surrounding environment.  

Hall’s notion of proxemics (Hall, 1966) is hailed by Greenberg et al 
(Greenberg et al., 2011) as a core concept in thinking about people’s use of 
space in ubiquitous computing. The notion of proxemics contributes with an 
understanding of the spatial relations between human beings as a way of 
enacting social relations. It articulates the complexity of interactions 
between people as unfolding in interplay between features of the artifact, 
room and furniture as well people’s cultural backgrounds. HCI researchers 
investigating Hall’s perspective focus on expanding the understanding of 
the spatial relationships between people and technology (Greenberg et al., 
2011, Mentis et al., 2012, O'Hara et al., 2011). Highly related is the theory 
of F-formations (i.e. facing formations) (Kendon, 1990). Analyzing 
people’s F-formations provides spatial patterns for understanding how to 
design for people’s collaborations and social interactions in shared physical 
space (Marshall, 2011, Mentis et al., 2012, O'Hara et al., 2011). We use 
these perspectives to work with design of physical space in shaping a co-
experience for performing music.  

Tangible Music Making  

Tangible user interfaces for electronic music making is a popular research 
area. Related research is diverse in terms of motivations and more 
importantly for this paper, they differ in how well they facilitate multi-user 
engagement.  

TENORI-ON (Nishibori and Iwai, 2005), NOISA (Tahiroğlu et al., 2015), 
and Caress (Momeni, 2015) support creation of music by interacting with 
physically constructed artifacts, having different foci ranging from 
increasing performer engagement (NOISA) to enhancing the feeling of 
playing (Caress). Due to their size and nature of interaction they do not 
encompass collective music making.  

Tabletops possess the inherent collaborative quality that people can gather 
around them, some of the first being Audiopad (Patten et al., 2006) and 
Jam-O-Drum (Blaine and Perkis, 2000). One of the most famous is 
reacTable (Jordà et al., 2006), an interactive tabletop that allows musicians 
to experiment with sound, change its structure and control its parameters 
using physical pucks. The table is round and specially designed for multi-
user performance, but was also used in Icelandic singer Björk’s solo 
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concert. A similar project is Radartable (Radartable, 2016). Another 
example of a musical tabletop is SPELA WIP (Spela Wip, 2016) where 
music is not synthesized but made by combining sample loops. SPELA WIP 
was designed to let people collaborate and create music together through 
play. Examples of other music- related tabletops (with less focus on 
collaboration) are A-MUSI-T (A-Musi-T, 2016), a musical coffee table that 
lets you browse through a music collection using a coffee mug, and Noteput 
(Noteput, 2016) where physical blocks shaped as notes are placed on the 
table, creating a score that defines a rhythm and melody. Large-scale music 
installations show great potential for collaboration, e.g. Resonate (Knichel 
et al., 2015), a hall with eight illuminated oval interaction objects connected 
through a net of white cords to the ceiling. Making the whole installation 
one big musical instrument, though the resulting sound is closer to an 
ambient soundscape than actual music. Another example is Interactive 
Musical Fruit (Erkut et al., 2014), using the metaphor of fruits hanging on a 
tree. Users can pick fruits and play by moving it. This installation was 
designed to create a collaborative, explorative, multimodal experience for 
novice children in a museum context. But in terms of playing actual music, 
the notes are chosen randomly, removing all control of the melody.  

Finally, Petersen et al. (Petersen et al., 2015) discuss collaborative music 
making for children where they build their own instruments from Lego 
bricks supplemented with Makey Makey and copper-tape to add 
interactivity to the instrument. However, while construction of the 
instruments with Lego bricks allowed for rich expressivity, the opportunities 
for musical expressions were rather limited.  

HITMACHINE: TANGIBLE MUSIC MAKING PLATFORM 

The overall aim with Hitmachine is to empower children to make music 
collaboratively. Hitmachine facilitates both the construction and playing of 
up to 8 musical instruments.  

Physical Setup 

Hitmachine is designed to be situated in a room including a creator table 
with 2x8 headphones where participants can build their own instrument and 
listen to it in headphones, without background music. In the same room is a 
stage where they can bring their instrument and connect it to speakers for all 
the others to hear. At the stage they play to a background beat created by the 
musical backend of Hitmachine. Table and stage are co-located allowing 
transitions back and forth and continuously improving on the instruments 
(Figure 70, right). The two spaces are separated with themed lighting. On an 
elevated stage are tables for placing the wireless instruments, and on each 
side there are speakers playing the music of the instruments together with 
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the background beat (See Figure 71).  

Technical Setup 

Figure 72 shows an overview of central components in Hitmachine. Lego 
Mindstorms technology is used for the instruments – 8 pre-programmed 
EV3s including sensors, hooked up wirelessly to a backend that interprets 
sensor input and converts it to musical notes. A server handles 
communication between EV3s and the musical framework.  

 

Figure	71.	Physical setup with the creator table and the stage. 

In addition, Hitmachine also includes the Beat Builder web application that 
is a backend into the musical framework that lets facilitators control central 
elements of the music including the creation of a background beat. The 
instruments sound like lead synthesizers and can be played as part of a 
greater whole to the background beat. The possible notes are chosen to 
ensure they always fit well together and in addition they are also quantized 
in time to always fit within a predefined rhythmical pattern. Thus you can 
still create great sounding music without prior experience.  

When entering the stage, the instruments are connected to the speakers by 
selecting the corresponding color on one of two iPads placed in front of the 
stage. A maximum of two groups can perform on the stage simultaneously. 
When an instrument’s color is highlighted on a tablet everything that is 
played by that instrument comes from the speakers along with the 
background music. When the color is deselected again or another color 
chosen instead, the sound of the instruments goes back into the headphones. 
In this way participants can easily and quickly move back and forth between 
the creator table and the stage, as aforementioned.  
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Figure	72.	Central components of Hitmachine. 

The Lego Mindstorms EV3 is pre-programmed to receive and interpret the 
sensor data. Five different sensors provide handles into the music and one 
sensor can change the timbre of the instrument. The five sensors for music 
making are a pushbutton, a long-range distance sensor (ultrasound), a short-
range distance sensor (infrared), a color sensor, and a gyroscope. The sensor 
for changing the timbre (referred to as sound-changing wheel) is a 
servomotor used as a potentiometer. The four ports have distinct 
functionalities and provide different handles into the musical framework 
(see Figure 73). The EV3 is programmed to be able to handle all 
combinations of sensor-port pairings, thus, the nature of how users can 
interact with the musical expression is highly customizable through the 
choice of sensor for each port.  

 
Figure	73.	EV3 and the sensor mappings. 

The Musical Framework 

The musical framework defines the rules for how one is able to play the 
instruments. Hitmachine is designed to provide aid in a way where the 
software only allows you to play notes that fit well to the background music, 
tonally and rhythmically. This is different from a guitar or piano where you 
can freely strike all notes all the time. When you strike a note in 
Hitmachine, the sound of this note will be played at the nearest of the 
correct timings in the rhythm and within a scale suitable for the background 
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music. Thereby even novices cannot do anything wrong, and even when 
exploring the sensors, the output will still sound like music. The instruments 
play the lead melody exclusively.  

The Beat Builder 

The Beat Builder is the backend interface into the musical framework and 
works as a generative tool to create background music. It is designed to be 
controlled by the workshop facilitators and not the children. The Beat 
Builder makes it possible to create a background beat with drums and 
chords, for the user instruments to play lead against.  

DESIGN RATIONALE 

The design and setup of Hitmachine was informed by a number of insights 
from research (Scott et al., 2003, Scott et al., 2003, Hall, 1966, Krogh and 
Petersen, 2008, Ludvigsen, 2005). The setup was twofold in the way that the 
children both constructed their collaborative instruments as well as played 
them. The following summarizes key insights and design decisions.  

Designing for Collective Music Making 

Collective Interaction (CI) is an interaction model inspired by how we 
collectively engage in coordinating our activities in the physical realm, such 
as when children play on a seesaw (Krogh and Petersen, 2008). In terms of 
interaction design, the model depicts tightly coupled collaboration, where 
multiple people share one logical input and one logical output. It has been 
shown that the CI model supports a strong sensorial and social connection 
between users. The CI model informed the design of the Hitmachine in the 
way that it requires multiple sensors, ultimately more than one child can 
control, to exploit the full potential for musical expressivity with 
Hitmachine. In addition, through asking two children to collaborate around 
each EV3 device further enforced the collaborative nature of music making 
supported by Hitmachine. In this way, the workshop investigates the 
potential of this model in supporting children’s collective music making by 
having children build and play music instruments collectively and the rich 
set of interaction styles and sensor combinations for Hitmachine provides 
the opportunity for exploring which configurations work well for collective 
music making. In addition, Hornecker’s concept of multiple access points 
(Hornecker, 2005) informed the software design of the instruments, in how 
Hitmachine was able to support up to four simultaneous sensor inputs.  

It has been argued that the CI model’s strength as well as its weaknesses lies 
in its tight coupling (Krogh and Petersen, 2008). The advantage of 
Collective Interaction consists primarily of the potential in shaping co-
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experiences, and in bringing people together in new ways. Instead of 
offering an efficient way of exploring materials, the interaction model 
provides means of negotiating interests and supporting serendipitous and 
playful navigation. This suits our goal of creating an experience of playing 
music together. The disadvantage of this model of interaction is of course 
that it is potentially imprecise. Thus, in our case it makes it more difficult 
for performers to establish each their roles because they need to negotiate 
control. This will be further discussed later.  

Designing for Social Interactions 

A second model, which served to inspire the design of Hitmachine is 
Ludvigsen’s framework for social interaction. The framework articulates 
different levels of engagement in a social situation ranging from distributed 
attention, shared attention to dialogue and collective action. Hitmachine 
supports concurrent social interactions on multiple levels through 
supporting multiple activities in the same setup; on stage, the children can 
play in pairs by interacting with the same artifact/instrument (collective 
action), but also share a performance with shared focus on the overall 
musical auditory display together with another group on stage. Additionally, 
the designed space supported mobility (Ludvigsen, 2005) between the 
activities, like moving back and forth between testing with music on the 
stage and constructing the instrument and its interaction.  

Proxemics and F-formations in Social Play 

Hall’s theory of proxemics is used to understand how the designed space 
frames the children’s social enactments. The following describes the 
important factors regarding proxemics and F-formations that were 
considered when designing for collective music making.  

Hitmachine is characterized by a focus on audio as the shared “display”, 
which enables us to investigate the social and spatial qualities of an auditory 
display. It differs from systems focusing on a visually mediated 
collaboration, like e.g. reacTable (Jordà et al., 2006) or Guitar Hero (Guitar 
Hero, 2016). Guitar Hero is a visually mediated game, where you have to hit 
certain notes rhythmically correct using a guitar-shaped controller. Thus, its 
focus is not on music making rather playing predefined music. Hitmachine 
is designed for collaboration around creating a musical expression, without 
focusing on a visual representation. This affords a certain type of play with 
music and was desirable for two reasons. Firstly, we wanted to engage the 
children in listening such that they actually interacted with the music rather 
than a visual cue, as you would do on e.g. a guitar. Secondly, a pure 
auditory display has certain proxemic properties in that it does not constrain 
people’s use of space for collaboration: participants can move freely into a 
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large number of possible F-formations since audio spreads pervasively in 
the room. On the stage, triangular tables were used to facilitate F-formations 
for performers to face each other and the audience (Kendon, 1990, Marshall, 
2011) (see Figure 77). In contrast, Guitar Hero’s visual representation of 
notes constrains to a single formation, each player fronting the screen with 
little awareness on the rest of the players or a potential audience – not able 
to face each other.  

 
Figure	74.	Distributed attention in an open creator space. (A) Shared attention on the instrument with 

one building, one spectating. (B) Girls in dialogue about their instrument ideas with a teacher. (C) 
Two girls in dialogue about the aesthetics of the instrument. 

A further illustration of designing with a sensitivity towards proxemics, 
specifically Hall’s distance zones (Hall, 1966), is in the creator space (see 
Figure 74). There were no chairs around the table such that F-formations 
were rather flexible, enabling more interactions between pairs. Children 
were given pairwise headphones so that the instrument’s sound was shared 
in a more intimate/personal space for each pair, whereas instruments 
connected to the Hitmachine music created a social/public zone of music 
around the stage area.  

WORKSHOP IN ELEMENTARY SCHOOL 

A 4-day workshop was conducted at an elementary school. During the 4 
days Hitmachine was tested with more than 150 children, aged 3-13, 
distributed in one class of 15-20 children for every grade. The three 
youngest classes were 1st, 2nd and 3rd year kindergarteners, respectively. 
There was one regular school class for every grade from 0 to 7. The highest 
grade/age group was an exception since there was only one boy 
representing, thus following the class below him. The children came from 
various different ethnical backgrounds, but all of them were taught in both 
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English and Danish. Children were not selected based on musical skill and 
all children at the school could participate, meaning that many had never 
played an instrument before. However, about 1/3 on average were playing 
or had at some point played instruments regularly outside school before. 
Each day contained 2-4 sessions and the length of each session varied for 
each age group ranging from 20 minutes for the youngest and 3 hours for 
the oldest. The children had prior experience with Lego Mindstorms and 
were familiar playing with it. All workshop sessions were divided into a 
building/testing phase and a performance phase. Firstly, the children were 
divided into pairs, each getting one of the 8 EV3 instruments to build on. 
They were then shown a demonstration of how to connect a sensor and 
given the task to build musical instruments together. Each EV3 was marked 
with a color corresponding to the color of one of 8 sets of headphones lying 
on the table. The children were assigned the task of building instruments in 
pairs and testing them. The physical setup allowed all of the groups to 
iterate several times between stage to perform and creator table to build. 
Finally, the groups took turns performing on the stage with their final 
instrument to a Hitmachine background track while the rest acted as a 
crowd. Each group was asked to explain their instruments’ sensor mappings. 
At the end they were interviewed regarding their experiences at the 
workshop.  

Data and Analysis 

During the workshop we took pictures of most of the built instruments (see 
Figure 70, center), gathered video from and took field notes about the 
general activities. Furthermore, interviews were filmed with the groups of 
children regarding how they experienced the activity. Over 500 pictures and 
12 hours of video material from the workshop were collected. The material 
was sorted and tagged by the four workshop facilitators (pairwise) who also 
attended the entire workshop. Three of the facilitators are musical experts 
and one is a musical novice. The tagging occurred in two iterations. Firstly, 
pictures of built instruments were tagged and linked to corresponding videos 
of children playing them. The material exhibited a great variety in how 
children interacted with each other as well as how they built and interacted 
with instruments. Thus, the tagged material was used to explore patterns and 
identify interesting instruments regarding collaborations. Examples are 
elaborated upon in the analysis section. Afterwards, the instruments were 
tagged in terms of number of access points (inspired by Hornecker’s 
multiple access points) plus their directionality to better understand what 
constitutes collective music making. Pictures and video clips were also 
inspected with regard to Ludvigsen’s framework (Ludvigsen, 2005) to 
investigate different factors in children’s social interactions during building, 
testing, and performing on stage. Using Ludvigsen’s framework it is 
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possible to discuss the dynamics played out during the children’s play. 
Figure 74 illustrates how the dynamics can be articulated during children’s 
building exercise. However, the main parts of the analysis were, for the 
purposes of this paper, focusing on the dynamics during children’s 
instrument performances.  

The musical expert facilitators also used the video to assess the quality of 
the music the children made compared to how well they coordinated their 
movement rhythmically when playing. The following two sections present 
observations, quotes and findings from the workshop regarding children’s 
collective interactions with instruments as well as their social interactions 
during performances.  

Through the school management we obtained ethical clearance from parents 
for their children to participate in the workshop and appear in pictures and 
video material. However, we were not allowed by some parents to record 
their children’s faces. As a help to navigate this, we were given a list with 
names and pictures of the ones in question and we have filtered in the 
presented material accordingly.  

Social Interactions at the Workshop 

A majority of the children were intensely engaged in the workshop – 
playing, building, laughing and dancing together with an excessive amount 
of energy. From their body language and their expressions during interviews 
we could see some children felt empowered at making music.  

“I think it was quite cool because honestly I didn’t know how to do anything 
like this, and now I know a little bit about it.... now I know how to control it 
a little bit” – girl, 9 years old.  

The support for multiple handles into the music allowed them to collectively 
interact with the system and negotiate the control. In some groups one of the 
members took charge and instructed the other.  

“We don’t change [the sound] anymore – S., you’ve got the first one [of the 
two sensors we have]” – girl, 10 years old.  

When building instruments, the groups iterated between negotiating control, 
taking turns of controlling, testing, and discussing the sounds and aesthetics 
(see Figure 74).  
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COLLECTIVE INTERACTIONS WITH INSTRUMENTS 

Through letting the children construct their own instruments and comparing 
different types of instruments (see Figure 70 (center)), we illustrate how the 
very detailed spatial specificities of the instruments influence the 
opportunities for the children to socially engage in collective creation. Our 
data also indicates that children’s engagement differed depending on their 
age and musical understanding. In the following, younger or older children 
refers to children below or above 10 years. This division is not to be 
regarded as rigid, but to get an idea of where we experienced the biggest 
leap in differences of use. However, we emphasize that the observed 
behavior and understanding mainly were changing gradually with age.  

Characteristics of Collective Instrument Examples 

Hitmachine’s instrument controllers supported multiple access points in 
terms of multiple sensors (Hornecker, 2005). Going through the image and 
video data, we found illustrative examples of the children’s instruments in 
terms of how well they facilitated collective music making. Extracted by the 
picture and video material are two main criteria: (1) the number of access 
points (sensors) and (2) the spatial orientation of access points.  

Figure 75 shows examples of the children’s pairwise constructions. For the 
first criteria, the number of sensors ranges from 1 to 4 plus the potential 
sound-changing wheel. For the second, we inspected how many directions 
the sensors were accessible for interaction and whether sensors were fixed 
to the instrument or hanging freely. We compared the instruments from 
these examples with video data of performances to see how well the type of 
instrument supported children’s collaborations.  

 
Figure	75.	Directions in instruments. (A) One direction. (B) Two directions (180-degree diff.). (C) 

Two directions (90- degree diff.). (D) Multiple directions, but no fixed directions. 
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We found that in terms of constructed instruments’ ability to support both 
children playing, the instruments with two directions had a large advantage 
over the ones with only one. There was a clear tendency for the 1-
directional instruments (Figure 75(a)) to be played in a turn taking manner 
rather than in collective play. Often, one of the two group members in these 
cases was more dominating and did most of the playing on the stage by 
them selves. The other was either standing in the background or just holding 
the sound-changing wheel. Figure 76(left) shows such a situation. 
Hornecker’s notion of Embodied Constraints refers to how the physical 
system set-up and configuration of space and objects make some behaviors 
more probable than other (Hornecker, 2005). For an instrument that is only 
accessible from one direction, the embodied constraints of a pair make it 
difficult to both stand on the same side and interact with the sensors without 
making it harder for each other or disrupting the other person’s interaction. 
Both group members, on the other hand, in multiple cases played the 2- 
1directional instruments, together concurrently. This type of instrument most 
frequently came in one of three forms (Figure 75 (b-d)). The first has 
sensors pointing directly away from each other, the second had them 
arranged orthogonally, and the third had free hanging sensors, thereby 
creating multiple directions. Common for these configurations were that 
they engaged both group members. The comparison is illustrated in Figure 
76. For more examples, we refer to the complementing video1.  

The takeaway is that when designing for multiple access points, it can be 
useful to consider how they are spatially arranged. This is closely related to 
embodied constraints, because the spatial orientation influences the likely 
interaction, but is not explicitly addressed by Hornecker (ibid). In terms of 
enhancing collaboration per se, we observed that it was not only important 
to have multiple access points, but also having at least one sensing direction 
per performer. Thus, this illustrates how multiple access points and 
embodied constraints are related regarding collective performances.  

 
Figure	76.	Left: Turn taking occurring on a 1-directional instrument with one user at a time. Right: 

Two users in collective interaction with a 2-directional instrument. 
																																																								
1Hitmachine	Video	from	Workshop:	https://www.youtube.com/watch?v=ZPHg7ejtzeI  
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We did not see any instruments with more than two directions except for the 
ones with free sensors (Figure 75(d)). Interestingly though, adding more 
than two sensors in itself seemed to increase the collective’s engagement; 
all group members equally engaged in interacting with their instrument, but 
in a way where some of their actions did not change the musical objective at 
all. For example, we – as an exception – had one group of three 9-year-old 
boys working together. They connected sensors in all four ports plus a 
sound-changing wheel, and when they played on stage all of them 
participated with eager in the performance. However, most of the time one 
or two of them used the sensors in a way the sensors did not react to. An 
example was one of them not triggering any change in sound with a distance 
sensor due to a lack of significance in his hand movement. However, it was 
easier for groups of two to realize when their interaction did not result in a 
change in the music, because fewer sensors were activated simultaneously 
with only two sets of hands.  

Sense of Impact vs. Sense of Control 

From observing how the children engaged with music making, we identified 
a recurring difference between children’s sense of impact and their sense of 
control of the musical expression. Engagement from the entire group is 
closely related to sense of impact, i.e. the feeling or belief of one’s actions 
making a difference regardless of whether they are in conscious control or 
not. Music is very abstract and multiple children had a difficult time 
distinguishing between notes. What seemed to be a determining factor in the 
understanding of one’s control aspect of the musical expression was the 
children’s age. The musical aid even made some of the younger children 
think the music was played for them and not by them.  

“... you played with your own built instrument and then the robot makes the 
sound for you. You don’t have to blow or anything, you just move things 
and then it plays for you.” – boy, 10 years old.  

Despite this, the workshop showed that for many younger groups the sheer 
fact that they could hear their instrument contribute with something was 
enough to make them engage intensely in playing it on the stage. What 
seemed to concern the groups from the younger classes (3-9 years) was 
when they knew they had no impact, e.g. where they could hear their 
instruments for some reason were not creating any sound. For example, two 
girls came to the stage with their sensors only plugged halfway into the 
ports.  

“It’s not working” – girl, 8 years old.  

Another case was a boy and a girl forgetting to connect their instrument to 



	 	 p.	168	of	199	

the stage via the tablet.  

“We can’t hear anything... like it worked down there (pointing to the creator 
table).” – boy, 9 years old.  

But as the instrument started to work and create sound, it did not seem to 
matter much to them what parameters of the musical expression they were 
exactly controlling individually. Thus, it seemed that for the younger 
children the number of access points were the most determining factor for 
their collective engagement, which provided a sense of impact for each 
individual. However, sense of control is not only a matter of age. We 
observed older children that played by just constantly changing sounds, thus 
not engaging in controlling the music.  

“Playing a normal instrument is much harder than this, here you can just 
turn a wheel.” – boy, 12 years old.  

Thus, more important than age is that it is tightly coupled to the children’s 
varying understanding of how the sound was created and what it means to 
play music. This is, of course, for children between 3-13 often a matter of 
age how well you understand music. Generally, for the older children, sense 
of control, i.e. understanding how to manipulate the musical expression, had 
a greater influence on their will to engage. This could be observed in that 
their sensor choices, sensor-port pairings and sensor arrangement were more 
important to the experience because the sense of control had a greater 
influence on their will to engage. At the same time, they generally achieved 
better collaboration in the music making. The musical experts facilitating 
the workshop made this judgment based on the children’s musical 
expression as well as how their bodies aligned rhythmically to their 
interactions.  

Trade-offs in Collective Music Making 

Learning from the workshop, we have found that designers should be 
sensitive to especially two trade-offs regarding how children can make 
music collectively.  

Individual vs. Collective Control 

One aspect of engagement that is important to consider is in how they 
collaborate. We had a group with a boy and a girl (10 years old), where the 
girl was very passive, controlling the sound-changing wheel, but the boy 
played quite sophisticatedly by changing notes with his one hand and a 
distance sensor, timing it to the background beat, while simultaneously 
pushing a button rhythmically with his other hand. What we see when 
comparing this example to the three young boys (mentioned above) all 
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playing simultaneously with only a limited sense of control is a trade-off 
between individual and collective control of the musical expression. It was 
made harder by collectively controlling the music, because they had to 
negotiate control and understand their co-player’s actions in conjunction 
with their own. The children that were able to control their instruments 
collectively, often did so by talking about what each of them should do. An 
example was two boys (12 and 13 years old) where the 12-year old moved 
the other boy’s fingers to the beat on a button to teach him how to play. 
Afterwards he stopped helping and started using another sensor to control 
the notes instead. The examples indicate the importance of balancing the 
sense of impact and sense of control such that performers are equally 
engaged, while having each their sense of control.  

Designing for a Certain Level of Understanding 

It was clear from both the interviews and observations that the difference in 
ability to collectively control the musical expression between age groups to 
a large extend had to do with their level of understanding. This relates to 
how well they were able to understand the musical abstractions and to how 
well they understood the sensors. It is more difficult to achieve collective 
control of the music if you have difficulty distinguishing notes, identifying 
which aspect of the music a sensor controls and how to properly interact 
with the different sensors. So in terms of collectively controlling the 
musical expression by understanding one’s own role and negotiating the 
expression with co- performers, the workshop was most successful from 10 
years and up. But in terms of how intensively they engaged in constructing 
instruments together and performing on stage, the workshop was just as 
much a success for the young children. Furthermore, most people found 
Hitmachine more accessible than traditional instruments.  

“I think this is easier, because it’s fun to listen to the sounds and it’s not so 
much getting confused. You can make up your own things instead of 
looking at the papers.” – boy, 7 years old.  

“I think it was cool, I’ve never done anything like this... made music 
before.” – boy, 13 years old.  

However, some children familiar with a certain instrument in some cases 
expressed, that they found their own instrument easier.  

“Here it is harder to remember what you did before” – girl, 9 years old.  

Some even found it too easy, and realized the limited possibilities of 
becoming an expert and play more advanced music.  

“You don’t really get much skill” –girl, 9 years old.  
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The above quotes from the interviews are indications of the trade-off that 
relates to our choices of correcting the musical interactions. It makes it more 
accessible to the inexperienced, but the ones aiming for sophisticated skill 
are limited due to the inability to make mistakes on Hitmachine. Hence, this 
balance should be considered carefully when deciding for what level of 
understanding you are designing for in music making.  

DESIGNING FOR PROXEMICS IN MUSIC MAKING 

The workshop material shows the children engaged in social interaction at 
different levels during performances (see Figure 77). Observations relate to 
the proxemics of social interactions between performers as well as their 
audience. By coupling features of space and people’s use of space (i.e. 
proxemics) with people’s social interactions and collaborations, we 
elaborate on Ludvigsen’s framework. Hall articulates this coupling by 
illustrating how certain furniture features influence how people experience 
and use physical space (Hall, 1966). The choice of initially placing the two 
triangular tables apart separated the performers into pairwise L-
arrangements (Kendon, 1990), having a pairwise visual focus (Figure 77, 
left). Having no visual feedback made it hard for the children to understand 
and coordinate their control. We also quickly learned that audio needed to 
be distributed spatially to be able to distinguish the music feedback 
generated by an instrument from the others (this was changed after day 1). 
In the spatial configuration illustrated in Figure 77(left), there were only a 
few human interactions between pair 1 and 2 on the stage. A simple 
intervention of bringing the stage tables together revealed how the size of 
the table setup allowed the children to create a single F-formation rather 
than two F-formations (Figure 77, left to right). Hall distinguishes between 
sociofugal and sociopetal space, where the former tends to keep people 
apart and suppress communication while the latter does the opposite. (Hall, 
1966)  Fusing the pairs on stage into a shared space changed the space from 
a sociofugal space to a sociopetal one. It seemed that this changed the 
performing children’s attention from pairwise having primarily distributed 
attention on their artifacts to being able to have shared focus on the 
objective of playing together both pairs as a whole. The children’s attention 
towards the musical expression is rather hard to investigate, however, from 
their body language, it was often easy to see that sometimes they were 
clearly not understanding their role in the musical expression (as discussed 
earlier). However, based on where their visual attention was directed (see 
Figure 77), it was clear that better visual access to the other group would 
make them more aware of the interplay between their instruments and spark 
collective music making between all performers on stage. These spatial 
patterns relate to Marshall et al (Marshall et al., 2011), however, in this case 
there is no visual interface. It merely illustrates how spatial configuration 
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(including furniture) is an important feature to consider when designing an 
environment for real-time collaborations like in collective music making.  

 

Figure	77.	F-formations in the stage space. Left: Distributed attention and no social interaction 
between pairs. Right: Shared attention with a facing formation between pairs. 

DISCUSSION 

The following discusses design choices of collective interaction, auditory 
feedback, and physical setup in the context of music making. These 
properties of the study were critical to its potential and issues for music 
making.  

Lessons for Collective Interaction Model 

The pervasive nature of audio as medium for collaboration makes the 
interaction with Hitmachine unique in that it allows for multiple layers of 
collectivity – within a pair and between pairs of performers. This challenges 
the Collective Interaction (CI) model (Krogh and Petersen, 2008). A trade-
off regarding the degree of coupling in interaction has been articulated in 
the analysis. Relating this to the CI model, we have found that it only scales 
to some extent with respect to music making: the more access points opened 
into the musical expression, the harder it becomes to understand one’s own 
impact and thus achieve a sense of control. Specifically, for the collective 
instruments, we did not see anyone able to fully and deliberately exploit the 
possibility of playing using all four sensors to trigger two notes at the same 
time, control the rhythm and shift the octave. This might be due to the 
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complexity of the musical concepts and interaction, but the nature of this 
limitation in designing for collective interaction must be further 
investigated. The rhythmical correction also had an impact on the sense of 
control, because if you do not follow the rhythm the instrument will still 
play, but corrected to the beat, slightly off from when you activate the 
sensors. This was a conscious choice in empowering novices to experience 
making music. The CI model provided a social user experience, and the 
children had the confidence to go on stage, and even the shy children took 
part in a performance when having a partner. However, future iterations 
involve improving on the sense of control for individual users to better 
understand their role as part of the collective. Specifically, this involves 
iterating on the sensor mappings and refining the handles into the musical 
framework. Feedback on mistakes can be improved upon to facilitate more 
sophisticated control of the music and make it easier for users to understand 
their control.  

Proxemics as Design Resource  

We found coupling proxemics to Ludvigsen’s framework of social 
interactions useful in articulating how performers interact with each other. 
Our use of the theory builds on previous work on proxemics [(Mentis et al., 
2012, (O'Hara et al., 2011), but provides initial insights on how designers 
might apply proxemics in the design process, rather than merely 
analytically. Most famous for operationalizing proxemics is the framework 
of proxemic interactions (Greenberg et al., 2011). Our application of 
proxemics differs from this in that we have less focus on detecting users’ 
spatial behavior as input for interaction, and more on using it as a resource 
for articulating and understanding how to facilitate people’s social 
interactions through design of technology and physical space.  

Hall articulates the interplay between features of space, individuals’ cultural 
backgrounds and their interpersonal relations. Furniture is used as an 
example of a feature of space to make the point that certain spatial 
properties of furniture have influence on whether a space is experienced as 
sociofugal or sociopetal (Hall, 1966). We extend this idea by providing 
evidence of how the spatial properties of technological artifacts (such as 
Hitmachine instruments) interplay with other features of the spatial 
configuration in shaping a social user experience. The iterations on spatial 
design in the workshop revealed that simple adjustments on the spatial 
setup, such as bringing the tables together, improved on how some 
performers were able to collectively make music. However, it is important 
to note that it did not work similarly in all cases. Multiple other factors also 
contribute, e.g. children’s interpersonal relations, and – as pointed out – 
some personality types seemed to be more socially engaged than others. 
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This points to the complexity of proxemics. Thus, there must be given 
thorough considerations to the broader socio-spatial context in which 
people’s social interactions are situated when designing social user 
experiences for co-located people.  

CONCLUSION 

There is a design space for collective music making which has the potential 
to empower and engage children in creative and social music making. We 
found that children’s interactions on a shared instrument had increased 
collaboration when they had easy bodily access to each their part of the 
instruments. Experiences from the workshop further suggests that in 
designing for collective music making, one should be sensitive to 
supporting both users’ sense of impact and sense of control, with different 
emphasis depending on their level of understanding of the domain, and 
possibly also age. Iterations on the physical setup revealed that furniture 
configurations together with children’s personalities and interpersonal 
relations had influence on their ability to collaborate on a performance.  
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Hitmachine: Collective Musical 
Expressivity for Novices 

ABSTRACT  

This paper presents a novel platform for expressive music making called 
Hitmachine. Hitmachine lets you build and play your own musical 
instruments from Legos and sensors and is aimed towards empowering 
everyone to engage in rich music making despite prior musical experience. 
The paper presents findings from a 4-day workshop where more that 150 
children from ages 3-13 built and played their own musical instruments. The 
children used different sensors for playing and performed with their 
instruments on stage. The findings show how age influenced the children’s 
musical understanding and expressivity, and gives insight into important 
aspects to consider when designing for expressive music for novices.  

Author Keywords  

Tangible Interaction; Interactive Music; Prototyping; Lego; Children; 
Novice Music Making  

ACM Classification  

H.5.2. User Interfaces  

INTRODUCTION  

When playing in a band the best result is achieved when everyone listens to 
each other and collaborates. However, it is difficult to be part of such 
collaboration without prior musical experience and extensive practice on a 
musical instrument. When sitting down with the piano for the first it is 
almost impossible to play great sounding music, because not only do you 
have to know how it works but you also have to practice proper 
coordination. To some, the task of mastering an instrument can be too 
overwhelming and unmanageable, thus many people never realize that 
music might also be for them. In schools music lessons often use traditional 
instruments, leading to repeating situations of the same children playing the 
instruments every time while the rest are merely playing egg shakers or 
triangles etc. New interfaces for musical expression bridging the physical 
and digital world are challenging the notion of what constitutes a musical 
instrument and open up for unlimited possibilities of designing how to play 
music.  
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Figure	78.	Examples of instruments. Left: The instrument is played by pointing a color sensor 

towards the colored bricks. Right: The instrument is played by moving ones hands in front of two 
distance sensors. 

In this paper we present Hitmachine, a platform for tangible music making 
for novices. Hitmachine was contextualized in a 4-day workshop at an 
elementary school, where more than 150 children built and played their own 
musical instruments. The instruments were wireless and built from Lego 
and Lego Mindstorms sensors (See Figure 78), and could afterwards be 
played on stage to a background beat (See Figure 79). The children ranged 
in age from 3- 13 and we elaborate how age influenced their musical 
understanding.  

 
Figure	79.	Children are playing on stage. Two pairs with each their instrument are playing each their 

lead melody to shared background music. 

RELATED WORK ON TANGIBLE MUSIC 
INTERFACES  

Designing tangible user interfaces for allowing musical expression is part of 
the core research in music technology. Existing projects have a variety of 
different foci and operate on multiple different scales ranging from wearable 
or handheld artifacts to tabletops and even large-scale room installations. In 
the following overview on existing work we distinguish between what we 
call rhythmic music involving notes and rhythms and abstract music 
constituted of more soundscape like sounds.  

Tabletops are a popular way of facilitating tangible music making, some of 
the first being Audiopad (Patten et al., 2006) and Jam-O-Drum (Blaine and 
Perkis, 2000). The most famous is ReacTable (Jordà et al., 2006) that allows 
musicians to experiment with sound, change its structure and control its 
parameters using physical pucks. ReacTable creates rhythmic music from 
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the arrangement and manipulation of the pucks. Similar projects are 
RadarTable (RadarTable, 2016) and Spela Wip (Spela Wip, 2016). A less 
real-time rhythmic music tabletop is NotePut (NotePut, 2016) where 
physical blocks shaped as notes are placed on the table, creating a score that 
defines a rhythm and melody. This score is then played back by the sound 
of an instrument.  

Some examples of wearable interfaces are MuMYO (Nymoen et al., 2015) 
and Smart Hand (Myllykosky et al., 2015). MuMYO is an armband that 
reacts on movement, and even though it is easy to control how it makes 
sound, it is difficult to control the order of the notes. Smart Hand is a glove 
where certain areas on the fingertips and palm react to touch from the other 
hand. It lets the user produce rhythmical music like a traditional musical 
instrument it does not provide any rhythmical aid.  

Other tangible interfaces are handheld like Tenori-On (Nishibori and Iwai, 
2005) that keeps a steady rhythm and generates a melody from finger 
presses and Noisa (Tahiroğlu et al., 2015) that creates dynamic rhythmical 
patterns and lets the user manipulate the pitch. Other handheld examples are 
Caress (Momeni, 2015) that lets the user play percussion on finger pads and 
Tingle (Duindam et al., 2015) a pin-art toy like device that mainly creates 
abstract music. Tingle has an 8-bit configuration where it is possible to 
produce notes but it is difficult to play actual rhythmic music.  

And a lot of existing music making interfaces does, like traditional musical 
instruments, take practice to master. Bucket System (Dahlstedt et al., 2015) 
is an improvisational interface for experts, and like ReacTable it is designed 
for musicians. However, unlike ReacTable, the Bucket System uses 
traditional instruments as input device meaning you have to be able to play 
an instrument in advance to use it. Using traditional instruments as input 
device are also seen in the keyboard-based LiVo (Yamamoto and Igarashi, 
2015) and ChordEase (Korda, 2015). In LiVo the keys are mapped to 
Japanese syllables, thereby making keypresses generate artificial singing, 
yet you still have to be able to maneuver a piano. ChordEase tries to make 
sophisticated musical expression easier by laying out jazz chords to be 
played only by using the white keys. The Installation called Interactive 
Musical Fruit (Erkut et al., 2014) also tries to make playing easier. It is 
designed for novices and lets them play by manipulating the orientation of 
‘fruits’. Though, in terms of playing actual rhythmic music, the notes are 
chosen randomly, removing all control of the melody. Two examples of 
large-scale installations for creating abstract music. Resonate (Knichel et al., 
2015) lets users collaborate in making a soundscape by playing a net of 
white strings connected to the ceiling and MotionComposer (Bergsland and 
Wechsler, 2015) tracks and interprets dance and movement as sounds.  

Finally, Petersen et al. (Petersen et al., 2015) discuss collaborative music 
making for children where they build their own instruments from Lego 
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bricks supplemented with Makey Makey and copper- tape to add 
interactivity to the instrument. However, while construction of the 
instruments with Lego bricks allowed for rich expressivity, the opportunities 
for musical expressions were rather limited.  

DESIGNGOALS  

The goal of Hitmachine is to empower children to collectively make 
expressive music without the need for prior musical skills. It should enable 
them to collaborate in building their own musical instruments as well as 
express themselves through playing them.  

The aforementioned examples of tangible music making interfaces all deal 
with musical expressivity in some form, but not many are focused on 
designing for musical expressivity for novices. By using Lego we draw 
upon experience shared by a lot of children, creating an easy entry into the 
musical universe. To achieve a higher degree of expressivity, we wanted 
children to be able to play real quality music making actual melodies and 
not only striking random notes. We wanted them to play with real quality 
sounds as used by professional producers, and not only the sound of simple 
midi-instruments. When playing a traditional instrument like the piano or 
the guitar, it is difficult to avoid dissonance without having practiced that 
particular instrument. So one of our main challenges was how to create an 
experience of playing something that sounds good, despite that this usually 
takes a lot of practice.  

We wanted Hitmachine to facilitate live music making through exploration 
and improvisation, having the kids actually play the their instruments 
instead of having the system play back something after it was done or made.  

In order to empower the children to play their instruments live in a way that 
would create great sounding music, we chose to provide a form of tonal and 
rhythmical aid, but unlike with e.g. Guitar Hero (Guitar Hero, 2016) we 
wanted the children to not only play along, but to create their own original 
music. In addition to that we focused on making this a collaborative 
experience centered on the sound and the other participants instead of 
having a screen as the center of attention.  

TECHNICALIMPLEMENTATION  
Hitmachine is designed to empower children to collectively make 
expressive music. It is a platform and not only a system because it provides 
the tools and materials necessary for the children to build their own 
instruments, instead of using finished designs.  
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Physical Setup � 
Hitmachine is designed to be situated in a room including a creator table 
with 8x2 headphones, where participants can build their own instruments 
and listen to their sounds in headphones without background music. In the 
same room is a stage where they can bring their instrument and connect it to 
speakers for all the others to hear (See Figure 80).  

 
Figure	80.	Physical setup of creator table and stage. In front of the stage are two stands with iPads. 

On stage the children perform with their instruments and play a lead melody 
to the background beat generated in the Beat Builder. On each side there are 
speakers playing the background music. The instruments are connected to 
the speakers by selecting the corresponding color on one of two iPads 
placed in front of the stage (see Figure 81).  

 
Figure	81.	Two iPads were used to connect instruments to the stage. The colors correspond to the 

color labels on the 8 instruments. In this figure the red instrument is connected to the stage. 

A maximum of two groups can perform on the stage simultaneously, so 
only one color can be chosen on each iPad at a time. When an instrument’s 
color is highlighted on a tablet everything that is played by that instrument 
now comes from the speakers along with the background music. When the 
color is deselected again or another color chosen instead, the sound of the 
instruments goes back into the headphones. In this way participants can 
easily and quickly move back and forth between creator table and stage and 
continuously rebuild or make changes to their instruments.  

The two spaces are separated with themed lighting. In the creator space 
there is white light illuminating the table so that the children can clearly see 



	 	 p.	179	of	199	

the building parts (See Figure 89). In the stage space, lights are creating the 
atmosphere of a concert venue with colored lights moving and flashing to 
the beat and big loudspeakers as well as an elevated stage with space for an 
audience in front of it (See Figure 90).  

Figure 82 shows an overview of central components in Hitmachine. Lego 
Mindstorms technology is used for the instruments – 8 pre-programmed 
EV3s including sensors, hooked up wirelessly to a backend that interprets 
sensor input and converts it to musical notes. A server handles the 
communication between EV3s and the musical framework. In addition to 
this, Hitmachine also includes the Beat Builder web application, that is a 
backend into the musical framework that lets us control central elements of 
the music including the creation of a background beat. The instruments 
sound like lead synthesizers and can be played as part of a greater whole to 
the background beat. The possible notes are chosen in a way that ensures 
they always fit well together and in addition they are also quantized in time 
to always fit within a predefined rhythmical pattern. Thus you can create 
great sounding music without prior experience.  

 
Figure	82.	Central components and architecture of Hitmachine. 

EV3: Lego Mindstorms Unit � 
The Lego Mindstorms EV3 (3rd generation computer modules in the 
Evolution product line) is running Linux on an SD card and is pre-
programmed to receive and interpret the sensor data. Five different sensors 
provide handles into the music and another sensor can change the timbre of 
the instrument. The handles control each their separate musical aspect. The 
five sensors for music making are a pushbutton, a long-range distance 
sensor (ultrasound), a short-range distance sensor (infrared), a color sensor, 
and a gyroscope. The sensor for changing the timbre is a servomotor used as 
a potentiometer and will from here on be referred to it as the sound 
changing-wheel (See Figure 83).  
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Figure	83.	Five sensors for playing music and a wheel for changing sound. 

The EV3 has four ports in each end. On one side these ports are marked as 
numbers 1, 2, 3, 4 and on the other side as letters A, B, C, D. Sensors for 
playing should be connected to the numbers and the sound changing wheel 
should be connected to either of the letters. The four ports have distinct 
functionalities and provide different handles into the musical framework 
(See Figure 84). The sensor in port 1 determines which note to play and the 
sensor in port 2 determines when to strike it. The sensor in port 3 is used to 
add another note, so if sensors are connected in both port 1 and 3 it is 
possible to play two different notes at the same time, thereby creating 
harmonics. The sensor in port 4 is used to choose between two different 
octaves for the notes to be played in. Finally, by turning the sound changing 
wheel you can choose the timbre of the sound among more than 100 
different synthesizers. The EV3 is programmed to be able to handle all 
combinations of sensor-port pairings, so the actual way of playing is highly 
customizable. Each EV3 unit has a Wi-Fi dongle enabling wireless 
transmission to the server, so they can be carried around.  

 
Figure	84.	Functionality of the ports regarding the music. 
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The Musical Framework  

When playing on stage, the children played their lead melodies to a 
background beat. Hitmachine provides both a tonal and rhythmical aid, to 
help the children when performing. The musical framework define the rules 
for how the sensor input is mapped to a musical output, and ensures that the 
lead melody will fit to the background music.  

Tonal Aid  

The tonal aid is based on eliminating the possibility to play certain notes. 
Often this is done, by limiting the playable notes to a pentatonic scale. 
However, we wanted to enhance the musical expressiveness, and therefore 
increased the possible playable notes in certain situations. The main priority 
was to do so without also increasing the difficulty of playing something that 
harmonized with the background music. Thus, the possible notes were 
chosen as the pentatonic scale corresponding to the scale of the background 
music plus the notes of the chord that are currently playing in background 
music. As an example, take the situation where the background music is in 
the scale of C major/A minor, with a chord progression of Am, C, G, F. At 
all time the notes within the pentatonic scale are playable for the lead, which 
is C, D, E, G, A. In addition to this when the chord G major is played, the 
note B is added as a possibility, and likewise when the chord F major is 
played the note F is added. This is because the other notes in G major and F 
major are already in the pentatonic scale. For G major they are G and D and 
for F major they are A and C. When the chords A minor and C major are 
played, no extra notes are added because these chords are only constituted 
of notes, that are also within the pentatonic scale. For A minor it is A, C, E 
and for C major it is C, E, G. Figure 85 depicts the situation where the chord 
F major is played. Notice how the note F is added in addition to the 
pentatonic scale.  

 
Figure	85.	When the chord F is played in C major. Grey notes constitute the pentatonic scale, blue are 
the notes in the chord F and green are the note (F) added to the scale.  

Rhythmical Aid  

In addition to the tonal aid, Hitmachine also provides a rhythmical 
correction. The musical framework is built in such a way, that an algorithm 
takes every input and converts it into an output at the nearest “correct” 
timing according to the rhythm of the background music. This means that 
even though a note is stricken too early it will first be played back at the 
following correct place in time.  
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The correct timing is defined by what we call the main rhythm. This 
rhythmical pattern is created by the workshop facilitators through the Beat 
Builder, which is an interface for controlling the backend of Hitmachine. 
Hitmachine only uses with common time (4/4), and the main rhythm can be 
created with the precision of 16th notes. The pattern is created by clicking 
and thereby coloring the desired 16th notes with the mouse (See Figure 86). 
The colored notes represent the possible places in time for the children’s 
lead instruments to play. If all 16 fields are colored, the lead can strike notes 
on every 16th note, if every 2nd field is colored they can strike notes on every 
8th note and so on. Figure 86 depicts a situation where only the third of 
every sixteen 16th notes are playable for the lead.  

 
Figure	86.	Screenshot from Beat Builder showing 16 rhythm fields. Green fields are part of the main 

rhythm and white fields are not. 

The pattern does not have to be regular or symmetric, but no matter how it 
is chosen, it will be looped bar after bar. The main rhythm does not only 
restrict when notes can be stricken but also when they can be released. 
Figure 87 shows three examples of different possible lengths of a note that 
all start at the same time but end at different times either at the end or the 
beginning of one of the available notes in a certain main rhythm.  

 
Figure	87.	The blue bars indicate the main rhythm. The red bars indicate three different possible 

timings for a note to be released. 

The rhythmical correction means that the instruments are not necessarily 
played in real time, but with a tiny delay, corresponding to how much the 
player is “off” in relation to the main rhythm.  
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Figure	88.	Forgiving correction. The grey fields are part of the chosen main rhythm and the white are 
not. If a note is stricken within the timeframe of the crosshatched areas the note will be played 

immediately instead of queued. 

To compensate for this delay to some degree the algorithm makes what we 
call forgiving correction, which means that there is a short time buffer (the 
correction buffer zone) in the beginning of each possible note in the main 
rhythm. If a note is stricken within this buffer zone, it is played back 
immediately, instead of at the next correct place in time (See Figure 88). 
However, the time buffer is so short that most people will not be able to 
hear that the note is not tight.  

The Beat Builder 

�The Beat Builder is the backend interface into the musical framework and 
works as a generative tool to create background music for the children’s 
lead instruments. It is designed to be controlled by the workshop facilitators 
and not the children, and is a simplified Digital Audio Workstation (DAW). 
The Beat Builder makes it possible to choose the form of the musical track 
that is the order of verses, bridges, drops, and choruses. This order can be 
varied freely. The background music is based on a scale and chord 
progression along with a main rhythm for all the music to follow. The scale 
and chord progression are chosen from a set of popular chord progressions 
identified by hooktheory.com (Hooketheory, 2016) through analysis of 6768 
popular pop songs. This limits the diversity of progressions, but ensures that 
the chords resonate with something most people in western culture are 
familiar with. The creation of the main rhythm is described above, but the 
main rhythm does not only define when the lead instruments can play, but is 
also the rhythmical foundation for the background music. Without this part, 
there would not be any guaranty that the rhythm of the lead melody would 
fit to the background music. The background music consists of several 
musical layers. These layers are drums, chords, bass, and strings. Each layer 
is restricted to follow the main rhythm but does not need to use every note. 
Thereby one rhythm can be created for the drums within the main rhythm 
while another rhythm is created for the bass. For each layer the timbre of the 
instruments can be chosen among several different software instruments. 
For the drums a whole drum kit is chosen and then the rhythm of the kick, 
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snare, hihat, and ride cymbal can be programmed individually. The 
framework also allows for crashes to be placed at certain places, e.g. right 
before a chorus. The chords can be played by pianos, guitars, flutes, or a 
range of polyphonic synthesizers, and each note in each chord can be varied 
in length. The timbre of the bass can be chosen among several vst-bass-
instruments or synthesizers. Finally, strings can be added as a way to 
provide extra sound and energy to the chorus. Furthermore the Beat Builder 
also lets you define the overall tempo and makes it possible to apply filters 
to gradually dull the sound of certain instruments. The comprehensive 
sound library combined with the all the possible ways of changing the music 
facilitate the creation of almost infinitely many different background beats, 
and even make it possible to aim towards specific genres by combining 
typical temporal and rhythmical traits of e.g. pop, hiphop, EDM, or dubstep.  

WORKSHOP  

A 4-day workshop was conducted at an elementary school. During 4 days 
Hitmachine was tested with 11 different age groups ranging from first year 
kindergarteners all the way to 7th grade resulting in a total of more than 150 
children, aged 3-13. Each day contained 2-4 sessions and the length of each 
session varied for each age group ranging from 20 minutes for the youngest 
and 3 hours for the oldest.  

 
Figure	89.	Children are building instruments in pairs at the creator table and testing sounds with 

headphones. 

All workshop sessions were divided into two phases. Firstly, a 
building/testing phase (See Figure 89) where the children were assigned the 
task of building instruments in pairs and testing them. Secondly, a concert 
phase where the groups then took turns performing on the stage with their 
final instrument to the Hitmachine background music track while the rest 
acted as a crowd (See Figure 90). Each group was instructed to explain their 
instruments’ sensor mappings (How they played it).  
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Figure	90.	Two girls are playing on stage. Colored, flashing, and moving disco lights creates a more 

concert like atmosphere. 

The children were divided into pairs, each getting one of the 8 EV3 units to 
build on. They were then shown a demonstration of how to connect a sensor 
and given the task to build musical instruments together. Each EV3 was 
marked with a color corresponding to the color of one of 8 sets of 
headphones lying on the table.  

The physical setup allowed all of the groups to iterate several times between 
building at the creator table and performing on stage.  

Data and Analysis 

�During the workshop we took pictures of all instruments, gathered video 
from the general activities as well as from interviews with the groups of 
children regarding how they experienced the activity. In addition, we took 
field notes.  

To analyze this, we developed a qualitative data analysis tool that allows for 
web based sorting and tagging and linking of pictures and videos. There 
already are a variety of existing programs, but the reason we developed our 
own was to be able to link pictures to videos. This way we could tag all 
pictures of instruments and link them to corresponding videos where they 
were actually used. Tags could then be searched making it easy to find a 
specific picture with video among the over 500 pictures and 12 hours of 
video material from the workshop.  

EXPERIENCES FROM THE WORKSHOP  

Overall the workshop was a success and all children were intensively 
engaged in both building instruments and performing with them on stage. 
We experienced the children not only playing but also laughing and dancing 
a lot. Several children told us that the workshop was fun and that they had 
never tried anything like it. In the interviews with the teachers, they told us 
that they had never seen some of the more shy children be so engaged also 
including children without prior musical experience. One boy said “I’ve 
never played music but I can play this in a way” and another boy said “This 
is the best music I’ve ever made”.  
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The Influence of Age on Musical Comprehension  

We identified some interesting differences between the various age groups 
regarding how they played. There was a clear tendency for the 
sophistication of play to increase with age. Some of the younger children 
were sometimes happily engaged in performing with their instruments on 
stage while interacting with the sensors in a way they did not react to. E.g. 
treating a distance sensor like a color sensor or activating a sensor that 
changed notes without striking these notes at all. The older children seemed 
to be more capable of identifying their own role and impact. Some of them 
just spammed the sensors with input, but for several children we saw that 
they slowly figured out how to follow the rhythm when they played. The 
older children were able to collaborate on making music, and explored this 
by switching roles on stage to sometimes be the one in charge of choosing 
notes and other times of hitting them. Through the interviews we discovered 
that some children could not convincingly differ between higher or lower 
pitches. Again we saw a correlation between the number of children in a 
group that could differentiate between notes and their age, the oldest being 
most able. We did not experience any gender specific differences.  

Abstract Musical Aspects  

The Hitmachine is designed to let the children manipulate certain musical 
aspects through the sensors, while others are left to the Beat Builder. The 
children could change notes of the lead with port 1, strike them with port 2, 
add another note with port 3, and change the octave with port 4. 
Furthermore they could change the timbre of the sound with the sound 
changing-wheel. However, they could not e.g. change the dynamics 
(differences in volume), bend notes, or deviate from the predefined scale 
and rhythm. In the case of Hitmachine we saw, that none of the children 
understood the possibility of playing more than one note at a time on the 
same instrument by using both port 1 and 3. At the same time no one was 
able to properly use port 4 for changing octaves. We saw sensors in port 4 
be activated as if they were the ones for striking notes, which indicates that 
the concept of different octaves might have been to abstract or non-
transparent for the workshop participants. Several of the younger children 
also turned the sound changing wheel continuously as a part of their play. 
This resulted in a chaotic musical output, with the timbre of the lead 
synthesizer changing every second (See Figure 91). It illustrates, that some 
musical aspects are easier to comprehend that others. As a lot of the sounds 
were radically different, it was easier for the children to identify a change in 
timbre than a change in pitch. It engaged them despite how it sounded 
because they were able to identify that their actions made a difference. 
However, the older children told each other to stop turning the wheel. E.g. a 
girl said to her partner “Don’t touch the wheel, I just found our sound”. This 
indicates that they thought of the sound as something to be found and then 
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maintained while playing. We emphasize that the differences in age were 
large, ranging from 3-13, and that the musical understanding seemingly 
increased gradually with age.  

When designing for tangible music making it is the designer’s task to 
adequately choose which aspects should be accessible through the handles 
and how. More handles into the music means more aspects to control. This 
creates more freedom, but at the same time increases the difficulty. So an 
important design task is to balance this control with the expressivity, to best 
foster musical engagement. To do this designers of interactive musical 
interfaces have to not only be experts in hearing the differences in musical 
aspects themselves but also in identifying which aspects are comprehendible 
for others.  

 
Figure	91.	One boy is choosing notes by pointing a color sensor while the other continuously changes 

the sound by turning the wheel. 

CONCLUSION  

This paper presents a platform for tangible music making for novices called 
Hitmachine, along with findings from a 4-day workshop where it was 
situated in an elementary school setting. Hitmachine provides tonal aid and 
rhythmical correction to empower people without prior musical experience 
to create great sounding music. The platform is focused on the musical 
paradigm of modern western popular music, and contains a musical 
framework that aligns the output to fit with well-known traits of this type of 
music. Over the course of the 4 days, more than 150 children were engaged 
in building their own musical instruments from Legos and Lego Mindstorms 
sensors as well as performing with them on stage. We found that age had a 
significant impact in regard to how sophisticated the children were playing.  
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