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Voltage	 generation	 was	 obtained	 using	 a	 water	 droplet	
characterization	on	a	taro	(Colocasia	esculenta	L)	 leaf	surface.	This	
method	relies	on	the	superhydrophobic	effect	from	the	contact	angle	
between	 the	 water	 droplet	 and	 the	 taro	 leaf’s	 surface	 allowing	
electron	 jumping	 and	 voltage	 generation.	 Water	 droplets	 were	
dropped	on	the	top	of	taro	leaf	surface	equipped	with	aluminum	foil	
underneath	 as	 an	 electrode.	 The	 voltage	was	measured	 at	 various	
slope	angles	of	20°,	40°	and	60°	in	a	real-time	basis.	A	digital	camera	
was	used	to	capture	the	droplet	movement	and	characterization.	It	is	
found	 that	 the	 taro	 leaf	 has	 a	 surface	 morphology	 of	 nano-sized	
pointed	pillars	which	created	a	superhydrophobic	field.	The	energy	
generation	was	primarily	obtained	from	the	electron	jump	which	was	
caused	 by	 the	 surface	 tension	 of	 the	 nano-stalagmite	 structure	
assisted	by	the	minerals	contained	in	the	taro	leaf	surface.	The	results	
reported	that	the	smaller	the	droplet	radius	(the	smaller	the	droplet	
surface	area),	the	greater	the	droplet	surface	tension	and	the	greater	
the	voltage	generation.	Furthermore,	the	highest	voltage	generation	
was	obtained	321.2	mV	at	20°-degree	angle	of	slopes.	
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INTRODUCTION	
The	 increase	 in	 electrical	 energy	 consumption	 is	 one	 of	 the	world's	 energy	 concerns.	 Therefore,	 a	 new	
technology	development	in	alternative	energy	is	required	to	replace	the	consumption	of	fossil	 fuels	(oil,	
coal,	and	natural	gas)	(Zakaria,	2021).	Recently,	many	researchers	have	explored	renewable	energy	sources	
to	solve	the	issue	of	the	country's	electrical	energy	crisis.	They	have	tried	to	create	environmentally	friendly	
energy	 sources	 (Helseth,	 2017;	 Lee,	 2015).	 In	 addition,	 the	 renewable	 energy	 sources	 (biomass,	
hydropower,	geothermal,	solar,	wind,	and	marine	power	plants)	have	fulfilled	30%	(Neo,	2021).	

Currently,	scientists	are	developing	technology	to	imitate	the	works	of	nature.	The	hydrophobic	nature	of	
the	leaves	is	a	fascinating	physical	phenomenon	that	the	leaves	are	fearing	of	water	or	water	repellent	such	
as	taro,	banana,	pandan,	sweet	leaves,	etc.	(Kudin,	2008;	Tandon,	2008;	Yatsuzuka,	1994).	The	hydrophobic	
surfaces	are	characterized	by	measuring	the	contact	angle	that	formed	on	the	surface.	The	contact	angle	is	
formed	between	the	droplet	and	the	solid	surface	when	the	droplet	is	dropped.	Moreover,	various	studies	
(Amirtharajah,	1998;	Beeby,	2006;	Kim,	2009;	Priya,	2007)	on	harvesting	piezoelectric	energy	based	on	
mechanical	vibration	have	been	conducted,	converting	mechanical	stress	into	voltage	and	electric	current.	
(Chau,	2009)	concluded	that	the	surface	roughness	of	the	hydrophobic	materials	influenced	in	the	contact	
angle	 development.	 The	 apparent	 contact	 angle	 increases	 for	 hydrophobic	materials	with	 increasing	 in	
surface	roughness.	
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In	addition,	Negara	et	al.	(Negara,	2020),	and	Subagyo	et	al.	(Subagyo,	2017)	conducted	a	study	to	reveal	
the	interaction	between	droplets	and	taro	leaves.	A	waxy	layer	covered	on	the	taro	leaf’s	surface	with	a	
nano-stalagmite	structure	consisted	of	functional	groups	with	several	minerals.	The	superhydrophobic	field	
is	created	by	nano	stalagmites	of	Primary	and	Secondary	Amines	and	Amides	(bends)	which	tend	to	repulse	
water	droplets	(Negara,	2020).	(Neo,	2021)	demonstrated	a	larger	scale	of	water	droplet	energy	harvesting	
by	using	an	improved	electrode	from	a	single	stapler	pin.	The	stapler	pin	was	positioned	vertically	on	a	
hydrophobic	surface	device.	A	single	water	droplet	could	produce	short	circuit	current	of	1.759	𝜇A.	The	
maximum	power	output	of	0.116	mW	was	generated	 from	a	9	x9	cm2	apparatus	with	an	array	of	4	x	4	
electrodes	(Neo,	2021).		

Hao	et	al	(Hao,	2021)	constructed	a	piezoelectric	substrate	by	integrating	elastic	film	and	a	polyvinylidene	
fluoride	 beam.	 Results	 showed	 that	 higher	 peak	 voltage	 generation	 was	 obtained	 from	 a	 pizzoelectric	
substrate	than	typical	cantilever	and	fixed-fixed	structures	from	water	droplet	impact.	The	peak	voltage	
was	steadly	decreased	while	the	vibration	frequency	of	the	film	was	increased.	An	optimal	design	obtained	
from	the	theoretical	modelling	could	produce	higher	peak	stresses	and	energy	harvesting.	Moreover,	the	
presented	structure	can	be	further	utilized	in	a	wider	range	such	as	the	rain	voltage	generation	technology.	

The	superhydrophobic	concept	is	the	supremacy	point	of	this	research.	It	uses	natural	materials	from	plants	
which	is	very	environmentally	friendliness.	The	taro	leaf	(Colocasia	esculenta	L)	used	in	this	study	has	a	
morphology	of	nano-pointed	pillars	that	formed	the	superhydrophobic	properties	of	the	taro	leaf	surface.	
Those	nano-pointed	pillars	were	influence	on	the	amount	of	voltage	generation.	The	novelty	of	this	study	
was	 related	 to	 a	 novel	method	 of	 voltage	 generation	 using	water	 droplet	 characterization	 on	 taro	 leaf	
surface.	The	superhydrophobic	effect	on	the	taro	 leaf’s	surface	allows	the	droplet	stress	to	generate	the	
voltage.	Moreover,	this	study	completes	the	previous	study	(Negara,	2020)	which	tested	the	effect	of	droplet	
trajectory	at	higher	slopes	of	20°,	40°	and	60°	on	the	produced	stress	on	the	the	taro	leaf’s	surface.		

MATERIAL	AND	METHODS	

Properties	Measurement	

In	this	study,	taro	leaf	is	the	main	component	for	harvesting	energy.	Taro	leaf	is	classified	in	the	kingdom	
Plantae,	with	the	division	Tracheophyte,	belonging	to	the	class	Magnoliopsida,	in	the	order	Alismatales,	with	
the	 family	 Arcae,	 belonging	 to	 the	 genus	 Colocasia	 Schott,	 species	 Colocasia	 esculenta	 (L)	 Schott	
(Chakraborty,	2015;	Govaerts,	2021).	Figure	1	shows	the	results	of	the	Scanning	Electron	Microscope	(SEM)	
test	of	taro	leaf	(Colocasia	esculenta	(L)	Schott)	reproduced	from	author’s	previous	study	(Negara,	2020).	
As	seen	in	Figure	1,	wax	layer	on	the	surface	of	taro	leaves	(Colocasia	esculenta	(L))	was	enlarged	at	1000	
times	magnification	and	50µm	scale.	On	this	scale,	there	were	small	circles	in	the	form	of	clusters	with	a	
circle	border	on	the	outside.	This	form	was	found	to	be	identical	at	each	location	observed.	

	

Figure	1.	Images	of	SEM	test	reproduced	from	(Negara,	2020).	

The	chemical	elements	in	taro	leaves	are	Carbon	(C),	Nitrogen	(N),	Oxygen	(O),	Manganese	(Mg),	Clor	(Cl),	
Potassium	(K),	and	Calcium	(Ca)	(Negara,	2019;	Negara,	2020;	Subagyo,	2017).	Despite	their	small	content	
of	Mg,	Ca	and	K	are	reactive	metal	elements	with	good	electrical	conductivity,	taro	leaves	were	found	to	
have	a	potential	use	for	sustainable	energy	harvesting	on	a	relatively	small	scale.	

Table	1	lists	of	chemical	components	present	in	taro	leaf	(Negara	et	al.,	2020).	

Elements	

C	 N	 O	 Mg	 Cl	 K	 Ca	

65.19%	 7.40%	 37.25%	 1.25%	 0.98%	 9.62%	 1.32%	
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Experimental	apparatus	

The	 research	 installation	 is	 shown	 in	Figure	2.	The	 superhydrophobic	 surface	was	prepared	using	 taro	
leaves	at	1	x	3	cm2	surface	area.	Aluminum	foil	electrodes	with	a	surface	area	of	1	x	3	cm2	were	mounted	on	
the	underside	of	the	taro	leaves.	It	was	then	connected	to	a	multimeter	to	measure	the	voltage.	The	water	
tank	was	located	at	a	higher	position	so	that	the	water	droplet	dropped	vertically	on	the	surface	of	taro	leaf.	
Once	the	water	dropped	at	the	surface,	the	electrons	then	jumped	right	after	the	droplet.	After	that,	 the	
droplet	was	in	contact	with	the	surface	of	the	taro	leaf.	Finally,	the	electric	voltage	generated	by	a	jumped	
electron	when	the	droplet	met	the	leaf’s	surface	was	recorded	in	a	real-time	basis	using	a	data	acquisition	
connecting	to	a	monitor.	Moreover,	the	water	droplet	images	are	captured	using	a	Nikon	D3300	camera.	In	
this	study,	the	voltages	were	measured	at	various	slopes	(𝛼)	of	taro	leaves	of	20°,	40°	and	60°.	

	

 

1. Stand		
2. Water	tank	
3. Stopwatch	
4. Taro	leaf’s	stand		
5. A	camera	

6. A	voltage	meter.	
7. Electric	cable	
8. Electric	cable	
9. Electric	cable	
10. A	computer	

Figure	2.	Experimental	setup	

RESULTS	AND	DISCUSSION	
The	content	of	elements	in	taro	leaves	was	Mg,	K,	and	Ca	(Mergedus,	2015).	These	elements	play	a	role	in	
the	contact	of	water	droplets	on	the	top	side	of	taro	leaf	in	which	those	droplets	do	not	flatten	but	roll	off	
instead.	 These	 three	 elements	 efficiently	 reacted	 with	 water	 to	 generate	 hydrogen	 (H2).	 The	 energy	
produced	from	the	surface	tension	was	enough	to	make	all	three	elements	react	with	water.	The	surface	
tension	on	the	droplet	equaled	the	surface	force	divided	by	the	contact	area	between	water	droplets	and	
the	leaf’s	surface.	

	

Figure	3.	The	mechanism	of	Grotthus	(Li,	2021).	

As	shown	in	Figure	3,	according	to	the	Grotthuss	Mechanism	(Li,	2021),	a	water	molecule	consists	of	two	
Hydrogen	atoms	attached	covalently	to	an	Oxygen	atom,	but	sometimes	one	H	atom	is	hydrogen	bonded.	
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When	the	H	atom	formed	a	hydrogen	bond	with	the	nearby	O	atom,	the	H	atom	would	ionize	from	the	O	
atom	into	H+	ions.	Moreover,	the	ionized	H+	would	be	attracted	by	OH-	ions	nearby	to	form	new	H2O.	This	
phenomenon	repeatedly	continued	in	a	single	droplet.	The	Grotthuss	mechanism	would	be	more	dynamic	
in	 the	middle	 of	 a	 high	 surface	when	 the	 taro	 leaf	 surface	was	 in	 contact	with	H2O	droplets	 (Li,	 2021;	
Maiyelvaganan,	2022).	As	a	result,	the	droplet	surface	energy	became	very	high.	The	effect	caused	the	water	
surface	on	the	taro	leaves	surface	to	have	solid	hydrogen	bonds.	

	

Figure	4.	Illustration	of	of	the	angle	of	contact	at	different	angle	to	the	leaf	surface	

The	 contact	 angle	 is	 the	 angle	 formed	 from	 a	 surface	 line	 of	 the	 test	 object	 to	 a	 line.	 The	 level	 of	
hydrophobicity	surface	could	be	measured	from	the	angle	of	contact	with	water	droplets,	as	shown	in	Figure	
4	above.	At	the	contact	angle	θ	<	30°,	the	material's	surface	was	hydrophilic,	indicating	that	it	liked	water	
and	was	easy	to	contact	with	water.	At	the	contact	angle	between	90°	<	θ	<	120°,	the	surface	of	the	material	
was	already	hydrophobic.	At	120°	<	θ	<	150°,	it	was	over	hydrophobic.	Finally,	at	θ	>	150°,	the	material	was	
superhydrophobic.	Figure	5	shows	the	contact	angle	when	the	water	droplet	touched	the	leaf	surface.	Then,	
it	rolled	to	the	lower	end	of	the	surface	with	varying	slopes	at	20°,	40°	and	60°.	Moreover,	when	the	droplet	
started	moving	towards	the	tip	of	the	leaf	surface,	the	droplet	first	touched	the	taro	leaf	surface	to	the	end	
of	the	leaf	surface.	The	interval	was	6	seconds	for	20°,	5	seconds	for	40°,	and	4	seconds	for	60°.	

	

Figure	5.	Contact	angles	with	a	slope	of	20°,	40°	and	60°	on	the	left	(θL)	and	right	(θR)	side	contact	angles.	

Taro	 leaves	 had	 a	 surface	 morphology	 of	 nano-sized	 pointed	 pillars	 and	 had	 a	 role	 in	 forming	
superhydrophobic	properties	(Negara,	2019).	These	nano-sized	pointed	pillars	strengthened	the	hydrogen	
bonds	between	molecules	when	the	droplets	touched	the	surface	of	the	taro	leaves.	These	strong	hydrogen	
bonds	produced	surface	tension.	The	stronger	the	molecular	bond,	the	greater	the	surface	tension	(Marlina,	
2020).	The	force	of	the	droplets	was	pushed	away.	This	happened	because	the	attractive	forces	between	
water	 molecules	 were	 getting	 stronger.	 The	 intermolecular	 forces	 of	 attraction	 at	 the	 droplet	 surface	
generate	surface	tension.	

If	the	attractive	force	attracted	hydrogen	bonds	between	the	water	molecules	in	the	large	droplet	and	the	
length	of	the	circular	surface	of	the	small	droplet,	hence	the	surface	tension	would	be	large	according	to	the	
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relationship	of	γ=F/L,	where	γ	 is	a	surface	tension,	F	 is	the	attractive	force	and	L	is	the	characteristic	
length,	equivalent	to	contact-line	length	between	droplet	and	surface.	

The	surface	tension	was	inversely	proportional	to	the	droplet	surface	area.	It	is	noted	that	contact	angle	is	
time	 dependent	 as	 shown	 in	 Figure	 5,	 even	 if	 it	 is	 superhydrophobic	 surfaces,	 the	water	 droplets	may	
percolate	into	surfaces	or	even	vaporized,	thereby,	a	small	contact	angle	is	observed.	Also,	the	droplet	size	
must	be	considerably	small	to	avoid	gravity	effect.	Moreover,	the	Bond	number	must	be	low	(the	balance	
between	interfacial	tension	and	gravitational	forces)	considering	the	previous	works	(Berry,	2015;	Ridwan,	
2020).	

	

	
(a)	

	
(b)	

	
(c)	

Figure	6.	Contact	angle	on	the	left	side	(θL)	and	right	side	(θR)	with	(a)	a	slope	of	20°,	(b)	a	slope	of	40°,	and	
(c)	a	slope	of	60°.	
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Figures	6	visualizes	the	movement	of	droplets	that	 formed	the	contact	angle.	The	contact	angle	was	the	
movement	of	droplets	on	the	taro	leaf’s	surface,	with	θL	being	the	left	contact	angle	and	θR	being	the	right	
contact	angle	using	different	droplet	slope	variations	(20°,	40°	dan	60°).	The	drops	of	water	crossed	the	
taro	leaf’s	surface	within	1	cm	in	width	and	7cm	in	length.	The	initial	position	(𝑋!)	was	determined	when	
the	droplet	initially	touched	the	taro	leaf’s	surface.	Droplets	that	fall	on	the	surface	of	the	taro	leaves	rolled	
down	due	to	the	gravitational	force	and	surface	tension.	When	water	droplets	were	on	an	inclined	surface,	
the	gravitational	force	pulled	on	the	right	side	so	that	the	surface	tension	on	the	right	side	increased	(the	
contact	angle	value	increased),	while	decreasing	pressure	on	the	left	side	reduced	the	stress.	

As	shown	in	Figure	6a,	the	maximum	angle	produced	20°	slope	at	a	2	cm	position	was	θL=145.01°,	while	θR	
=	163.44°	was	4	cm.	The	maximum	angle	produced	40°	slope	at	the	3	cm	position	was	θL	=158°,	while	θR	
=167.09°	at	the	4	cm	position	as	seen	in	Figure	6b.	Moreover,	at	a	60°	slope,	the	maximum	angle	produced	
was	θL	=154.33°,	the	position	was	at	0.5	cm,	and	θR	=	164.56°	was	at	5	cm	as	reported	in	Figure	6c.	

Furthermore,	the	result	showed	that	the	droplet	at	the	end	of	the	track	tended	to	be	flat.	The	resulting	angle	
between	the	taro	leaf’s	surface	and	the	droplet	on	the	right	side	(θR)	was	around	150⁰.	The	resulting	angle	
proved	that	the	taro	leaf	was	superhydrophobic.	The	left	side	(θL)	slope	value	was	close	to	the	right-side	
contact	angle	(θR).	On	the	20⁰	track	surface,	the	gravitational	force	pulled	the	right	side	(θR),	so	the	surface	
tension	 increased.	On	 the	 other	 hand,	 the	 pressure	 drop	 on	 the	 left	 side	 (θL)	might	 reduce	 the	 surface	
tension.	The	reduction	caused	a	larger	right	side	contact	angle	(θR)	compared	to	the	left	side	(θL).	

	

Figure	7.	Voltage	generation	(mV)	at	various	slope	of	20°,	40°,	and	60°	

Figure	7	shows	the	voltage	generation	at	different	slopes	angle	of	20°,	40°,	and	60°.	It	is	worth	noting	that	
the	voltage	generation	reported	in	Figure	7	can	be	represented	as	the	surface	stress	of	the	water	droplet	
molecule	onto	the	taro	leaf’s	surface.	Due	to	surface	tension,	the	water	droplets	never	stay	on	the	taro	leaf	
surface.	The	surface	tension	diversely	resulted	in	the	droplet	elasticity	and	motion.	It	is	indicated	that	the	
greater	the	change,	the	greater	the	surface	tension.	Figure	7	showed	that	the	20°	angle	had	the	greatest	
stress	because	the	droplets	fell	perfectly.	Hence,	the	time	for	water	droplets	on	the	surface	of	the	taro	leaves	
was	longer	and	caused	the	surface	to	increase.	As	shown	in	Figure	7,	at	the	slopes	of	40°	and	60°,	they	had	
a	faster	time	interval	thus	allowing	the	reduction	of	the	surface	tension	and	resulting	in	a	lower	voltage	
generation.	

It	is	noted	that	the	voltage	production	was	created	by	surface	tension	which	allowed	the	electron	to	jump	
(Negara,	2020).	This	occurred	when	surface	exposure	took	place	between	functional	groups	on	the	taro	
leaf’s	surface	(Mg,	K,	Ca,	and	H+)	and	OH-	from	H2O	water	droplets.	The	driving	mechanism	was	because	of	
surface	tensions	and	impulse	forces	of	the	reaction	between	the	elements	Mg,	K,	and	Ca	against	OH-,	H+	
ions,	 and	 electrons	 as	 reported	 from	 (Negara,	 2020).	 Mineral	 elements	 such	 as	 Mg,	 K,	 and	 Ca	 caused	
hydrogen	to	provide	a	strong	push	towards	the	droplets,	where	hydrogen	was	generated	from	the	excitation	
of	electrons.	The	voltage	increased	when	the	droplet	contacted	the	leaf	surface.	Then,	the	droplet	rolled	
down,	 oscillated,	 and	 disappeared	 from	 the	 surface.	 This	 process	 occurred	 at	 all	 angles	 of	 the	 slope	 as	
reported	 in	 Figure	 7.	 It	was	 found	 that	 the	 smaller	 the	 slope	 angle	 of	 the	path,	 the	 greater	 the	 voltage	
generated.	As	 a	water	droplet	 characteristic	 at	 the	 leaf	 surface,	 this	 could	be	 elastically	 and	 repeatedly	
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moved.	In	contrast,	the	change	in	shape	could	produce	different	surface	tensions.	The	greater	the	elastic	
change	in	water	droplets,	the	greater	the	surface	tension.	The	added	thrust	caused	the	water	droplet	to	roll	
over.	Therefore,	the	water	droplets	oscillated	and	rolled	down,	resulting	in	the	steeper	the	slope	of	the	leaf	
surface,	and	the	greater	the	angle	of	contact.	

Figure	7	shows	a	graphic	of	the	voltage	production	at	real-time	that	produced	by	water	droplets	when	in	
contact	with	the	taro	leaf	surface	at	various	slope	angles	of	20°,	40°,	and	40°.	When	the	droplet	fell	onto	the	
taro	leaf	surface	for	the	first	time,	the	stress	from	the	starting	point	of	zero	(𝑋 = 0)	immediately	increased.	
It	was	shown	that	a	track	with	a	slope	of	20°	produced	a	maximum	voltage	of	321.2	mV.	A	189.6	mV	were	
produced	at	the	slope	of	40°,	and	a	113.9	mV	were	produced	at	the	slope	of	60°.	Moreover,	the	data	indicated	
that	the	voltage	generated	by	the	20°	slope	produced	greater	voltage	than	those	of	40°	and	60°.	The	contact	
angle	(smaller	radius)	had	a	high	surface	tension	hence,	the	surface	energy	of	the	droplet	became	larger.	
The	smaller	the	droplet	radius	(the	smaller	the	droplet	surface	area),	the	greater	the	droplet	surface	tension	
and	the	greater	the	energy	contained	on	the	leaf	surface.	The	sudden	increase	in	tension	was	caused	by	the	
droplet	collision	when	it	hit	the	leaf	surface	for	the	first	time,	causing	very	high	surface	tension	and	energy.	
The	high	energy	was	obtained	due	to	the	surface	of	the	taro	leaf,	which	has	nano-sized	stalagmites.	The	high	
energy	was	transformed	into	 intense	vibrations	transmitted	back	to	nearby	water	molecules.	Moreover,	
Figure	7	 showed	 that	after	 the	voltage	 increased,	 it	 immediately	 fell	because	 the	droplet	 jumped	again.	
Hence,	the	contact	angle	decreased,	resulting	in	slight	surface	tension,	and	generating	less	energy.	Finally,	
the	voltage	trend	showed	a	steady	surface	tension	because	the	droplets	were	stationary	and	stable	on	the	
taro	leaf’s	surface.	

Figure	8	shows	an	illustration	of	the	correlation	between	contact	angle	and	surface	tension	that	influence	
in	the	voltage	generation.	As	shown	in	Figure	8,	the	increase	in	the	contact	angles	has	reduced	the	surface	
tension	of	the	droplet.	Hence,	the	voltage	generation	was	found	smaller.	As	seen	in	Figure	6,	the	contact	
angles	between	the	droplet	and	the	taro	leaf’s	surface	at	the	slope	angles	of	40°	and	60°	were	relatively	
higher	than	those	of	20°.	Hence,	the	voltage	generated	by	the	20°	slope	produced	greater	voltage	than	those	
of	40°	and	60°.	

	

Figure	8.	illustration	of	the	relationship	between	contact	angle	and	surface	tension.	

CONCLUSIONS	
It	 is	 concluded	 that	 taro	 leaves	have	a	 surface	morphology	of	nano-sized	pointed	pillars,	which	plays	 a	
potential	role	in	forming	superhydrophobic	nature	leading	to	an	important	role	of	producing	higher	surface	
tension	and	voltage	generation.	The	angle	between	the	taro	leaf’s	surface	and	the	droplet	proved	that	the	
taro	leaf	is	a	leaf	that	has	superhydrophobic	nature.	Furthermore,	the	maximum	voltage	generation	was	
obtained	 of	 321.2	mV	 at	 20°	 slope	 angle	 allowing	 the	 droplet	 to	 slip	 perfectly.	 The	 time	 for	 the	water	
droplets	on	the	taro	leaf’s	surface	increased	and	caused	the	surface	tension	to	rise.	The	smaller	the	droplet	
size	led	to	the	reduction	in	contact	angles.	Hence,	the	surface	tension	was	greater	which	allowing	to	have	
higher	voltage	production.	
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