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Abstract	

Fabrication	of	highly	ordered	and	dense	nanofibers	assemblies	is	of	key	importance	

for	high-performance	and	multi-functional	material	and	device	applications.	In	this	

work,	we	design	an	experimental	approach	 in	 silico,	where	 shear	 flow	and	solvent	

evaporation	are	applied	to	tune	the	alignment,	overlap	of	nanofibers,	and	density	of	

the	 assemblies.	 Microscopic	 dynamics	 of	 the	 process	 is	 probed	 by	 dissipative	

particle	dynamics	simulations,	where	hydrodynamic	and	thermal	fluctuation	effects	

are	 fully	 modeled.	 We	 find	 that	 microstructural	 ordering	 of	 the	 assembled	

nanofibers	 can	 be	 established	 within	 a	 specific	 range	 of	 the	 Peclet	 numbers	 and	

evaporation	 rates,	 while	 the	 properties	 of	 nanofibers	 and	 their	 interaction	 are	

crucial	 for	 the	 local	 stacking	 order.	 The	 underlying	mechanisms	 are	 elucidated	 by	

considering	 the	 competition	 between	 hydrodynamic	 coupling	 and	 thermal	

fluctuation.	Based	on	these	understandings,	a	practical	design	of	 flow	channels	 for	

nanofiber	assembly	with	promising	mechanical	performance	is	outlined.	

	

Keywords	nanofiber,	nanostructured	assemblies,	shear	flow,	solvent	evaporation,	
alignment,	stacking	order,	densification,	dissipative	particle	dynamics
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1.	Introduction	

Low-dimensional	nanostructures	such	as	nanowires,	nanotubes	and	nanosheets	can	

be	 utilized	 as	 elementary	 building	 blocks	 in	 constructing	 high-performance,	

multi-functional	 materials	 and	 devices	 [1,	 2].	 The	 advantages	 of	 this	 bottom-up	

approach	 include	 function-oriented	 structural	 tailoring	 and	 engineering	 from	 the	

molecular	and	microstructural	levels	up	to	macroscopic	scales	where	materials	are	

usually	 used.	 However,	 to	 harness	 remarkable	 and	 unconventional	 attributes	 of	

nanostructures	 to	 a	 macroscopical	 material	 or	 device	 is	 highly	 challenging.	 A	

significant	 number	 of	 theoretical	 models	 have	 been	 proposed	 to	 elucidate	 the	

correlation	between	microstructures	(alignment,	overlap,	density,	etc.)	of	nanofiber	

assemblies	 and	 their	 macroscopic	 performance	 [3-8].	 Rationally	 optimizing	 their	

microstructures	 becomes	 the	 core	 idea	 in	 this	 new	 dimension	 of	 design,	 but	

experimental	 advances	 along	 the	 direction	 are	 retarded	due	 to	 the	 lack	 of	 precise	

and	efficient	control	of	 the	organization	of	 the	building	blocks	 in	 their	assemblies.	

Insights	 from	 theoretical	 investigation	 have	 been	 offered	 to	 understand	 these	

processes.	For	example,	it	is	worth	noting	that	although	directed	self-assembly	could	

be	tuned	to	obtain	nanofiber	networks	with	various	topology,	ranging	from	lattices	

to	 liquid-crystal-like	 microstructures,	 the	 lack	 of	 directional	 driven	 force	 cannot	

assure	 the	 production	 of	 dense	 and	 ordered	 microstructures	 for	 high	 material	

performance.	 As	 a	 result,	 sparse	 networks	 with	 considerable	 local	 topological	

defects	of	nanofiber	assemblies	form	during	their	directed	self-assembly	process	[9].	

One	powerful	way	to	assemble	nanofibers	with	outstanding	mechanical	properties	

is	 the	 process	 inspired	 by	 spider	 silk	 spinning	 in	 Mother	 Nature,	 with	 dry,	 wet,	

melting	and	other	spinning	techniques	as	its	industrial	counterparts	[10,	11].	Fibers,	

sheets	 or	 other	 building	 blocks	 are	 dispersed	 into	 solvents,	 and	 then	 exposed	 to	

uniaxial	viscous	flow	with	solvent	evaporated	to	improve	microstructural	orders	[12,	

13].	Spinning	and	filtration	techniques	have	also	been	widely	adopted	to	assemble	

fibers	and	membranes	from	nanofibers	and	nanosheets,	which	are	promising	as	new	

classes	of	engineering	materials	with	enhanced	mechanical,	 thermal,	electrical	and	
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optical	 properties	 [14-16].	 However,	 the	 quality	 of	 assembled	 structures	 and	

understanding	of	the	underlying	mechanisms	at	the	microstructural	level	need	to	be	

further	 improved	[7,	13,	17].	Recently,	 three-dimensional	 (3D)	printing	 technology	

has	 also	 been	 applied	 to	 fabricate	 structures	 with	 well-aligned	 or	 hierarchical	

microstructures	 [18,	 19].	 However,	 microstructural	 ordering	 and	 control	 of	 these	

processes	 remain	 to	 be	 elucidated,	 and	 have	 to	 be	 well	 understood	 to	 fabricate	

materials	and	devices	with	desired	performance.	

To	understand	flow-driven	motion	of	microstructures,	studies	have	been	carried	out	

for	 the	 orientational	 dynamics	 of	 ellipsoid	 and	 cylinders.	 Jeffrey	 [20]	 developed	

theories	 that	 predict	 the	 behaviors	 of	 a	 rigid	 ellipsoid	 or	 cylinder	 exposed	 to	

hydrodynamic	 forces	 only,	 in	 the	 absence	 of	 Brownian	motion	 [21].	 The	 ellipsoid	

undergoes	an	orbital	motion	in	viscous	flow,	and	the	trajectory	is	known	later	as	the	

Jeffery	 orbit.	 Computer	 simulations	 and	 experiments	 were	 conducted	 to	 explore	

these	orbits	by	considering	the	Brownian	motion	of	a	single	cylinder,	which	suggest	

that	orientation	of	the	cylinder	prefers	to	be	spatially	homogeneous	due	to	thermal	

fluctuation	[22-25].	Tannous	[26]	showed	that	the	two-dimensional	(2D)	probability	

density	 functions	(PDFs)	of	cylinders	satisfies	 the	Fokker-Planck	equation,	and	the	

driven	 flow	 improves	 the	orientational	order	of	 the	assemblies.	Rigid	solid	objects	

align	 to	 the	direction	of	 shear	 flow	and	 the	orientation	order	 can	be	expressed	as	

function	of	 the	Peclet	number,	Pe	 =	 /Dr,	where	 	 is	 the	 shear	 rate	 and	Dr	 is	 the	

rotational	 diffusion	 coefficient	 [27].	Moreover,	 in	 a	 recent	 experimental	 study,	 the	

relaxation	of	flow-induced	orientation	of	multiwalled	carbon	nanotubes	(CNTs)	was	

observed	 following	 flow	 cessation	 [28],	 although	detailed	 correlation	between	 the	

flow-structure	 interaction	 (e.g.	 properties	 of	 the	 fluid,	 flow	 rate,	 nanofiber	

concentration,	 shape	 and	 interaction)	 and	 the	 assembled	 structures	 still	 awaits	

clarification.	For	assemblies	with	well-aligned	nanofibers,	inter-fiber	load	transfer	is	

limited	by	the	interfacial	shear	resistance,	that	is	determined	by	their	spatial	overlap	

if	the	assembly	fails	at	the	interfaces	[4].	However,	up	to	now,	interfiber	overlap	or	

the	end	alignment	of	nanofibers	in	their	assemblies	are	rarely	discussed	due	to	the	

difficulty	in	both	control	and	characterization.	



	 5	

In	addition	to	fiber	alignment	and	overlap,	the	packing	density	is	another	key	figure	

of	merit	in	the	assembly	process.	Solvent	evaporation	is	one	general	route	to	make	

the	nanofibers	well-aligned	and	densely	packed	[2,	29].	Marin	and	his	collaborators	

[30,	 31]	 demonstrated	 an	 order-to-disorder	 transition	 of	 particles	 in	 coffee-ring	

stains	as	an	evaporation-induced	assembly	process.	Bigioni	et	al.	and	Narayanan	et	

al.	[32,	33]	showed	that	relative	 time	scales	of	particle	accumulation	and	diffusion	

determine	 the	 assembling	 behavior	 and	 growth	 kinetics	 of	 monolayer	 gold	

nano-particles.	 Experiments	 were	 conducted	 by	 applying	 solvent	 evaporation	 to	

assemble	superstructures	[29,	34].	However,	the	synergistic	effect	of	shear	flow	and	

evaporation	 on	 highly	 ordered	 and	 dense	 assembly	 structures	 has	 not	 been	 well	

addressed.	

Our	understanding	of	how	to	precisely	assemble	highly	ordered	and	dense	assembly	

structures	 through	 shear	 flow	 and	 solvent	 evaporation	 need	 to	 be	 advanced,	 for	

example,	with	knowledge	and	insights	from	their	microscopic	dynamics.	To	this	end,	

here	we	 present	 a	 numerical	 study	 based	 on	 dissipative	 particle	 dynamics	 (DPD)	

simulations	for	the	flow-	and	evaporation-induced	assembly	process	of	nanofibers	in	

liquid.	We	consider	factors	that	influence	the	assembled	structure	such	as	the	shear	

rate	 of	 flow,	 properties	 of	 the	 fluid,	 geometry	 and	 properties	 of	 the	 nanofibers,	

evaporation	kinetics,	as	well	as	the	nanofiber-nanofiber,	nanofiber-fluid	interactions.	

Based	on	the	findings,	we	identify	the	viable	conditions	for	aligned,	densely-packed	

nanofiber	 assemblies	 with	 specific	 inter-fiber	 overlap,	 and	 propose	 a	 practical	

design	of	the	fluidic	channel.	

2.	Models	and	methods	

In	 this	 work,	 we	model	 the	 flow-	 and	 evaporation-driven	 assembly	 of	 nanofibers	

using	 2D	 DPD	 simulations,	 which	 is	 a	 mesoscale	 particle-based	 coarse-graining	

simulation	method	 [35,	 36].	DPD	 is	 demonstrated	 to	be	powerful	 in	 exploring	 the	

dynamic	and	rheological	properties	of	simple	or	complex	 fluids	at	 the	microscopic	

level	 [37].	 A	 direct	 two-way	 coupling	 between	 the	 fluid	 (diffusion,	 flow)	 and	

structures	(deformation,	dynamics)	are	 included	 in	 the	simulations.	The	motion	of	

the	DPD	beads	is	governed	by	Newton’s	equations,	and	the	force	on	particle	can	be	
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decomposed	into	three	parts	of	contributions	

Fi	=	Σj≠i(FijC	 +	FijD	 +	FijR)	 (1)	 	

Here	C,	D,	and	R	stand	for	conservative,	dissipative,	and	random,	respectively.	For	a	

bead	 in	 the	 single-component	 DPD,	 the	 forces	 exerted	 on	 particle	 i	 by	 particle	 j	

include	

FijC	=	a(1	-	rij/Rc)r̂ij,	rij	<	Rc	 	 (2)	 	

FijD	=	-γwD(rij)(r̂ij∙υij)r̂ij	 	 (3)	 	

FijR	=	σRwR(rij)θijr̂ij	 (4)	 	

Here	υij	=	υi	−	υj,	rij	=	ri	−	rj,	rij	=	|rij|	and	r̂ij	=	rij/rij.	The	conservative	force	FijC	is	a	soft	

repulsion	acting	along	the	line	of	bead	centers	and	a	=	aij	=	(aiaj)1/2,	where	ai	and	aj	

are	conservative	force	coefficients	for	particles	i	and	j,	and	Rc	is	the	cut-off	distance	

for	this	soft	repulsion.	The	coefficients	γ	in	FijD	and	σR	in	FijR	define	the	amplitudes	of	

the	dissipative	and	random	forces,	respectively.	wD	and	wR	are	weight	functions	that	

vanish	for	rij	>	Rc,	and	θij	is	a	Gaussian	random	variable	that	satisfies	<	θij(t)	>	=	0	and	

<	θij(t)θkl(t′)	>	=	(δikδjl	+	δilδjk)δ(t	−	t′).	To	ensure	that	the	Boltzmann	distribution	is	

achieved	at	 thermal	 equilibrium,	we	 require	wD(rij)	=	 [wR(rij)]2	and	σ2	R	 =	2γkBT.	 For	

simplicity,	wD(rij)	is	chosen	to	be	1	-	rij/Rc,	which	defines	the	same	interaction	region	

as	that	for	the	conservative	force.	

We	coarse	grain	both	solvent	and	nanofibers	in	the	DPD	simulations.	For	the	solvent,	

nine	water	molecules	are	grouped	into	one	bead.	The	molecular	volume	of	water	is	

vw	 =	 30	 Å3,	 so	 that	 one	 bead	 represents	 the	 volume	 of	Vw	 =	 270	 Å3.	 The	 number	

density	of	DPD	beads	is	chosen	to	be	ρRc3	=	3,	where	ρ	is	the	number	of	DPD	beads	

per	cubic	volume	Rc3.	Accordingly,	we	have	Rc	=	9.32	Å	and	m	=	2.69×10−25	kg.	The	

DPD	time	scale	for	the	assembly	dynamics,	τ	=	549	ps,	is	obtained	by	matching	the	

bulk	diffusion	constant	of	water	[35].	In	the	DPD	simulations,	we	use	Rc,	kBT,	m	and	τ	

as	the	reference	units	for	length,	energy,	mass	and	time	[38].The	value	of	parameter	

a	 is	 fitted	 to	 reproduce	 the	 solvent	 compressibility	 as	 shown	 in	 Fig.	 S1	 in	 the	

Supplementary	Material.	In	summary,	these	settings	are	validated	by	reproducing	

the	mass	density,	1000	kg/m3,	diffusion	coefficient,	2.43±0.01×10-5	cm2/s,	and	bulk	
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modulus	of	water,	2.2	GPa,	as	summarized	in	Table	S1.	

For	nanofibers,	without	loss	of	generality,	we	use	structural	and	material	parameters	

for	typical	multi-walled	CNTs	as	adopted	in	our	previous	work	[9].	The	typical	length,	

l,	of	CNTs	in	wet-spun	fibers	is	on	the	order	of	micrometers	[1],	much	smaller	than	

their	persistence	length	lp	(tens	of	millimeters	for	the	parameters	used	here	at	300	

K),	and	thus	the	CNTs	are	stiff,	rod-like	fibers	during	the	assembly	process	in	solvent.	

Although	not	discussed	here,	more	flexible	(thinner	or	longer,	with	l	>>	lp)	CNTs	are	

expected	 to	 bend	 and	 even	 collapse	 in	 the	 solvent,	 leading	 to	 more	 complicate	

dynamics	 (e.g.	 forming	 self-adhesion	 contact,	 entanglement	with	 other	 CNTs)	 and	

less	 ordered	microstructures.	 For	 each	 CNT,	 the	 stretching	 contribution	 between	

two	bonding	beads	 to	 the	 total	 energy	 is	 given	by	ET	=	KT(R	 –	R0)2/2,	where	KT	=	

YA/2R0	 is	 the	 spring	 constant	 related	 to	 the	 tensile	 stiffness,	 expressed	 in	 the	

Young’s	 modulus	 Y,	 the	 cross-section	 area	 A,	 and	 distance	 between	 two	 bonding	

beads	R.	R0	is	the	equilibrium	inter-bead	distance.	The	bending	energy	contribution	

within	 an	 adjacent	 beads	 triplet	 is	 described	 as	 EB	 =	 KB(1	 +	 cosθ),	 where	 KB	 =	

3YI/2R0	 is	 the	angular	spring	constant	 related	 to	 the	bending	stiffness	D	=	YI,	θ	 is	

bending	angle	within	 the	 triplet,	 and	 I	 is	 the	bending	moment	of	 inertia.	Although	

the	van	der	Waals	cohesion	between	CNTs,	modelled	by	the	Lennard-Jones	potential	

in	 the	12-6	 form	with	parameters	 ε	 and	σ,	 helps	 them	 to	 form	bundles	 in	 the	dry	

condition,	 it	 is	 screened	here	 in	 the	 solvent	by	 the	microhydrodynamical	 effect.	 In	

experimental	 preparation	 of	 CNT	 solution	 for	 fiber	 fabrication,	 the	 CNT	walls	 are	

usually	treated	by	protonation	to	promote	the	dispersion	process,	which	effectively	

eliminates	the	wall-wall	interaction	between	CNTs	[39].	Consequently,	we	model	the	

inter-fiber	 and	 the	 fiber-solvent	 interaction	 in	 a	 soft	 repulsion	 form	 (Eq.	2)	 if	 not	

specified,	 where	 fiber	 crossing	 is	 prohibited	 by	 use	 a	 relatively	 small	 inter-bead	

distance	in	the	fiber.	As	the	CNTs	are	simulated	in	a	bead-chain	representation,	the	

CNT-solvent	interaction	and	thus	the	hydrophobicity	of	CNTs,	cannot	be	adequately	

modeled.	 However,	 for	 fiber	 assembly	 in	 solvent,	 the	 key	 mechanism	 of	

fluid-structure	interaction	is	the	momentum	exchange	between	the	solvent	and	CNT,	

which	is	not	expected	to	depend	on	the	hydrophobicity	of	CNTs	significantly.	These	
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force	field	parameters	are	summarized	in	Table	S2.	

All	DPD	simulations	run	under	 the	constant-temperature	condition	at	300	K	using	

the	DPD	thermostat,	which	conserves	the	total	momentum	of	system	and	correctly	

captures	 the	hydrodynamics	 [35,	 36].	 To	maintain	 the	balance	between	numerical	

stability	and	 the	computational	 consumption,	we	use	 two	different	 time	step	sizes	

for	the	DPD	beads	of	solvent	(~105	beads)	and	nanofibers	(~103	beads),	0.005τ	and	

0.0001τ,	 respectively,	 which	 are	 implemented	 through	 the	 reversible	 reference	

system	 propagator	 algorithms	 (rRESPA)	 multi-timescale	 integrator	 with	 two	

hierarchical	levels	[40].	More	details	can	be	found	in	the	Supplementary	Material.	

Equilibrium	molecular	dynamics	(EMD)	simulations	are	performed	to	measure	the	

rotational	 coefficient	based	on	 the	Einstein	 relation,	by	 tracking	 the	angular	mean	

square	 displacement	 (AMSD).	 The	 Lees-Edwards’s	 boundaries	 conditions	 are	

applied	 to	 generate	 the	 shear	 flow,	 so	 that	 the	 same	 shear	 rate	 is	 applied	 to	 the	

whole	 system	 globally.	 Periodic	 boundary	 conditions	 (PBCs)	 are	 applied	 to	 the	

simulation	box	with	 a	 fixed	number	of	 nanofibers	dispersed	 in	 the	dilute	 solution	

regime,	 with	 cl2	 <	 1	 in	 2D.	 Here	 c	 is	 the	 number	 density	 of	 nanofibers	 [41].	 All	

simulations	are	performed	using	the	large	scale	atomic/molecular	massively	parallel	

simulator	(LAMMPS)	[42].	 	

3.	Results	and	discussion	

3.1	Orientational	ordering	

The	process	of	flow-directed	assembly	is	illustrated	in	Fig.	1,	where	three	simulation	

snapshots	 summarize	 the	 key	 steps	 in	 forming	 the	 assemblies.	 The	 first	 step	 is	 to	

disperse	nanofibers	in	solvents	with	randomly	distributed	position	and	orientation.	

The	center	of	nanofibers	is	placed	in	a	regular	square	lattice	and	slightly	perturbed	

in	a	random	direction.	A	random	orientation	is	then	sampled	to	construct	the	model	

of	a	whole	nanofiber.	The	second	step	is	to	expose	them	under	controlled	shear	flow,	

which	 introduces	 a	 high	 orientational	 order	within	 the	 nanofiber	 assemblies.	 The	

third	 step	 is	 to	 evaporate	 the	 solvent	 to	 reach	 the	 final	 assemblies	 with	 highly	

ordered	 and	 dense	 microstructures.	 These	 steps	 are	 reminiscent	 of	 the	
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microstructural	 transition	 of	 rod-like	 polymers	 in	 solvent	 as	 their	 concentration	

increases,	 from	 dilute,	 semi-dilute	 solutions	 to	 isotropic	 concentrated	 and	 liquid	

crystalline	solutions	[39,	43].	

To	gain	more	insights	into	these	processes,	we	analyze	the	controlling	steps	of	shear	

flow	 and	 evaporation	 in	 the	 assembly	 process.	 We	 define	 an	 orientation	 order	

parameter	(OOP)	O	to	quantify	the	orientational	order	of	nanofibers	in	the	assembly,	

which	is	also	named	as	the	nematic	order	parameter	since	it	is	zero	for	the	randomly	

aligned	 isotropic	 phase	 and	 one	 for	 the	 perfectly	 aligned	 phase,	 respectively.	

Consequently,	the	alignment	of	nanofibers	to	the	flow	direction	(θ	=	0)	is	signaled	by	

the	saturation	of	O	towards	1,	since	in	2D	we	have	

O	=	<2cos2θ	−1>		 (5)	

where	 definition	 of	 θ	 is	 shown	 in	 Fig.	 1c	 and	 2b.	 In	 the	 assembly	 dynamics,	

orientation	 of	 the	 nanofibers	 is	 determined	 by	 the	 competition	 between	

hydrodynamic	 forces	 and	 Brownian	 random	 perturbation.	 The	 Peclet	 number	 Pe	

measures	the	relative	strength	of	hydrodynamic	forces	and	Brownian	forces,	that	is	

Pe	=	 /Dr	 (6)	

Here	 the	 rotational	 coefficient	 Dr	 is	 measured	 through	 the	 tracked	 AMSD	 in	

equilibrating	DPD	simulations	using	the	Einstein	relation	in	2D,	i.e.	

Dr	=	Δθ2/2t	 	 (7)	

To	 probe	 the	 effect	 of	 Brownian	 forces	while	 keeping	 other	 factors	 fixed,	we	 first	

consider	 various	 lengths	 of	 nanofibers,	 l,	 in	 our	 DPD	 simulations.	 The	 rotational	

trajectory	of	nanofibers	in	equilibration	simulations	is	plotted	in	Fig.	S4a,	with	the	

AMSD	 in	Fig.	S4b	 in	 the	Supplementary	Material.	These	results	demonstrate	 the	

distinct	 nature	 of	 Brownian	 rotational	 motion,	 and	 that	 the	 rotational	 diffusion	

coefficient	Dr	 decreases	with	 the	 increase	 in	 the	 length	 of	 nanofibers.	 To	 validate	

that	 our	 2D	 model	 is	 able	 to	 capture	 the	 key	 dynamical	 processes	 in	 nanofiber	

assembly,	 a	3D	model	 is	 constructed	by	extruding	 the	current	2D	model	along	 the	

third	dimension.	The	results	show	that	the	rotational	diffusion	behaviors	are	similar	
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in	2D	and	3D,	which	can	both	well	 fitted	by	Eq.	7	 (Fig.	S5	 in	 the	Supplementary	

Material).	

We	 apply	 a	 shear	 rate	 of	 	 =	 0.01τ-1	 to	 the	 solvent	 where	 these	 nanofibers	 are	

dispersed	 and	 monitor	 the	 PDF	 of	 their	 orientational	 distribution,	 as	 well	 as	 the	

value	 of	 O.	 From	 the	 results	 summarized	 in	 Fig.	 2,	 one	 finds	 that	 the	 PDF	 of	

nanofiber	 orientation	 distribution	 becomes	 sharply	 peaked	 around	 the	 most	

probable	 orientation	 angle,	 indicating	 a	 certain	 degree	 of	 orientational	 order.	 The	

parameter	O	plotted	in	Fig.	4a	demonstrates	that	OOP	increases,	while	Dr	decreases	

as	 l	 increases.	A	similar	trend	was	reported	in	the	previous	study	of	CNTs	in	argon	

gas	shear	flow	[22].	 	

We	then	explore	the	role	of	hydrodynamic	forces	exclusively,	by	changing	the	shear	

rate	 	 while	keeping	other	factors	fixed.	The	distribution	of	nanofiber	orientation	is	

peaked	around	the	most	probable	value,	and	the	OOP	increases	with	the	shear	rate	

in	the	low-Pe	region,	as	shown	in	Figs.	3	and	4b.	However,	this	trend	is	reversed	as	

the	Peclet	number	exceeds	a	critical	value	of	Pe	=	~95.	This	finding	at	low	Pe	values	

agrees	 with	 the	 analytical	 and	 numerical	 studies	 by	 Tannous	 [26],	 where	 inertial	

effects	 are	 excluded.	 In	 contrast,	 the	 observation	 in	 high	 Pe	 number	 region	 is	

anomalous	as	shown	in	Fig.	4b.	To	explain	this,	one	should	note	that	the	shear	flow	

simulated	here	includes	both	dilatation	and	rotational	components,	which	thus	not	

only	enhances	 the	orientation	of	nanofibers,	but	also	randomizes	 their	orientation	

by	rotating.	Therefore,	depending	on	the	strength	of	the	shear	field,	one	effect	can	be	

dominating	the	other	[44].	At	high	Pe,	 the	rotational	effect	controls	the	assembling	

dynamics	and	 leads	 to	 the	anomalous	decline	of	OOP	with	 further	 increased	shear	

rate.	This	anomalous	region	of	Peclet	number	(or	shear	rate)	should	be	avoided	in	

practical	design,	and	our	following	discussions	in	this	work	only	focus	on	the	region	

of	 Peclet	 number	 that	 has	 a	 positive	 correlation	 between	 the	 Peclet	 number	 and	

OOP.	

Highly	 ordered	 nanofiber	 assemblies	 can	 be	 achieved	 in	 a	 specific	 range	 of	 Peclet	

numbers.	However,	an	experimental	study	reported	relaxation	of	orientational	order	

following	 shear	 flow	 cessation	 [28].	We	 confirm	 this	 result	 in	 our	DPD	 simulation	
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results,	which	are	summarized	in	Figs.	5	and	S6.	Our	DPD	simulation	results	show	

that,	in	the	absence	of	evaporation	(Fig.	5a),	the	OOP	increases,	reaches	a	constant	

under	shear	 flow	with	t	 increases	 from	0	to	5×103τ,	and	then	relaxes	 to	zero	after	

shear	flow	cessation	after	t	=	5×103τ.	While	in	the	condition	that	85%	of	the	solvent	

is	 evaporated	 (Figs.	 5b	 and	 S6,	 details	 of	 DPD	 simulations	 can	 be	 found	 in	 the	

Supplementary	Material),	the	orientational	order	is	partially	preserved	after	shear	

flow	cessation.	In	addition,	from	the	DPD	simulation	results,	we	find	that	the	density	

of	 oriented	 nanofiber	 assemblies	 in	 dilute	 solution	 is	 too	 low	 to	 fabricate	

high-performance	 materials	 in	 fiber	 or	 film	 forms.	 Although	 low	 density	 of	

nanofibers	 reduces	 local	 microstructural	 defects	 in	 the	 assembly	 process	 [9],	 it	

prevents	wide	applications	because	of	 the	poor	mechanical,	 thermal	and	electrical	

properties	 of	 the	 assembly.	 Hence	 the	 density	 and	 microstructural	 stability	 of	

nanofiber	 assemblies	 need	 to	 be	 improved,	 and	 solvent	 evaporation	 becomes	 a	

feasible	approach.	As	solvent	evaporation	is	introduced,	the	orientational	order	can	

be	partially	preserved	even	after	flow	cessation.	From	the	effect	of	evaporation	rates,	

we	conclude	 from	the	simulation	results	 that	solvent	evaporation	 leads	 to	ordered	

and	stable	assemblies	as	shown	in	Fig.	5.	

3.2	Stacking	order	

Besides	orientational	order,	the	stacking	order,	or	interfiber	overlap,	of	flow-directed	

nanofiber	 assembly	 is	 another	 dominating	 factor	 controlling	 the	 capability	 of	

interfiber	load	transfer	[4].	To	measure	the	degree	of	stacking	order	of	an	assembly	

of	nanofibers,	assumed	to	have	the	same	length,	we	define	a	parameter	S	 from	the	

distribution	of	interfiber	overlap,	i.e.	

	 (8)	

w(x)	=	1	–	|2x	–	1|	 (9)	

Here	x	is	the	normalized	overlap	between	neighboring	pairs	of	nanofibers,	with	the	

value	 ranging	 from	0	 (perfectly	 end-aligned)	and	1	 (perfectly	half-staggered)	 (Fig.	

6a),	 f(x)	 is	 the	PDF	of	x,	and	w(x)	 is	a	weight	 function.	For	S	=	0	or	1,	 the	PDF	is	a	

Dirac	delta	function,	and	for	a	uniformly	random	distribution	of	overlap,	we	have	f(x)	
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=	1	and	S	=	0.5.	As	a	result,	the	value	of	S	allows	us	to	characterize	the	deviation	of	

the	end-alignment	from	the	limits	of	perfectly-end-aligned,	perfectly-half-staggered	

and	uniformly	 random	assemblies.	 For	practical	 consideration,	 interfiber	 adhesion	

could	 be	 designed	 to	 control	 the	 microstructural	 ordering	 in	 the	 densely-packed	

assemblies,	 and	 thus	 we	 introduce	 a	 12-6	 Lennard-Jones	 form	 of	 interaction	

between	 DPD	 beads	 in	 neighboring	 nanofibers	 (Table	 S2).	 The	 DPD	 simulation	

results	(Fig.	6b)	show	that	the	dependence	of	S	on	the	shear	rate	 	 is	negligible	if	

the	 interfiber	 adhesion	 is	 absent.	 However,	 the	 value	 of	 S	 increases	 with	 	 as	

adhesion	is	on	[45].	By	elevating	the	adhesive	strength,	S	significantly	decreases	(Fig.	

6c),	 implying	 that	 the	 stacking	 of	 closely-packed	 nanofibers	 becomes	 more	

end-aligned.	 The	 stacking	 order	 also	 becomes	 more	 sensitive	 to	 the	 bending	

stiffness	if	the	adhesion	is	activated	(Fig.	6d),	with	the	value	of	S	decreasing	with	D.	

As	a	 result,	 interfiber	adhesion	and	bending	resistance	of	 the	nanofibers	 favor	 the	

formation	of	assemblies	with	 the	ends	of	nanofibers	well	aligned,	weakening	 their	

mechanical	properties	by	limiting	the	load	transfer	capacity	through	interfaces,	and	

should	be	avoided	by	choosing	the	solvent	to	disperse	the	nanofibers,	for	example	[1,	

39].	On	the	other	hand,	with	the	adhesion	turned	on,	elevating	the	shear	rate	could	

result	 in	 an	 increasing	 value	 of	 S	 approaching	 0.5,	 with	 a	 uniformly	 random	

distribution	for	the	overlap	and	improved	interfiber	load	transfer.	

3.3	Practical	design	

From	 previous	 analysis,	 we	 conclude	 that	 highly	 ordered	 and	 dense	 assembled	

structures	 of	 nanofiber	 assemblies	 can	 be	 obtained	 by	 controlling	 flow	 and	

evaporation.	 Based	 on	 these	 understandings,	 we	 propose	 a	 design	 of	 a	 fluidic	

channel	where	the	nature	of	flow	and	evaporation	can	be	engineered.	

The	profile	of	2D	fluidic	channel	can	be	described	with	two	profiles	as	h(x),	-h(x)	and	

the	local	tangent,	tanα,	as	shown	in	Fig.	7a.	The	width,	pressure	and	flow	rate	at	the	

inlet	(outlet)	are	h1(h2	=	βh1,	where	β	=	h2/h1	defines	the	channel	width	reduction),	

p1	 (p2)	 and	 q1	 (q2),	 respectively,	 and	 the	 length	 of	 channel	 is	 L.	 From	 the	

Navier-Stokes	equation	for	one	dimensional	and	incompressible	flow	that	disregards	

gravity	and	inertia	forces	for	the	assembly	of	nanostructures,	we	have	
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	 (10)	

where	u	 and	p	 are	 the	 flow	velocity	and	pressure	along	channel,	 respectively.	This	

equation	 can	 be	 solved	 with	 boundary	 conditions	 u(x,	 y	 =	 ±h(x))	 =	 0	 and	 the	

equation	of	continuity,	which	gives	the	spatial	distribution	of	flow	velocity,	pressure,	

and	 the	 correlation	 between	 the	 flow	 rate	q	 and	 pressure	 difference	Δp	 =	p1	 –	p2.	

Detailed	derivation	can	be	found	in	the	Supplementary	Material.	

	 (11)	

	 (12)	

	 (13)	 	

Here	d	is	the	depth	of	this	2D	channel.	The	shear	rate	distribution	in	the	channel	can	

then	 be	 calculated	 from	 the	u(x,	 y),	which	 strongly	 affects	 the	 orientational	 order,	

while	the	pressure	difference	Δp	and	flow	rate	q	could	be	used	in	other	design	steps	

such	as	energy	consumption	and	structural	stability,	as	shown	in	Figs.	S2	and	S3.	

To	further	consider	the	effect	of	evaporation,	a	supplementary	condition	is	used	to	

satisfy	 mass	 conservation	 of	 the	 solvent.	 In	 practice,	 the	 evaporation	 could	 be	

achieved	by	use	porous	walls	in	the	channel,	where	liquid	is	extracted.	As	long	as	the	

evaporation	 rate	 is	 lower	 than	 the	 rate	 of	 solvent	 diffusion	 and	 flow	 that	 are	

responsible	for	mass	redistribution	in	the	channel,	the	situation	will	be	the	same	as	

we	 considered	 in	 the	model	 analysis.	With	 the	 assumption	 that	 total	 evaporation	

rate	 (qe	 =	λA)	 is	 proportional	 to	 the	 flow	area	 swept	 from	 the	 inlet	 to	x	 along	 the	

channel	A	=	[h12	–	h(x)2]/tanα,	the	coefficient	λ	defines	the	intensity	of	evaporation.	

Hence,	the	flow	rate	of	fluid	q(x)	at	position	x	can	then	be	expressed	as	

	 (14)	

The	distribution	of	average	shear	flow	rate	along	the	channel	significantly	affects	the	
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orientational	order	of	nanofibers	in	the	flow,	which	can	be	simply	defined	as	

	 (15)	

By	combining	Eqs.	14	and	15,	we	solve	 (x)	and	plot	the	results	for	 (x)	in	Fig.	7b,	

where	 the	dash	and	solid	 lines	 indicate	 the	evaporation-absent	condition	(q2	=	q1)	

and	strong	evaporation	limit	where	q2	at	the	outlet	vanishes	(q2	≈	0,	considering	the	

volume	 of	 nanofibers	 is	 far	 lower	 than	 that	 of	 the	 solvent	 at	 the	 inlet,	 as	 the	 all	

solvent	 evaporates	 along	 the	 channel,	 the	 outlet	 flow	 rate	 almost	 vanishes),	

respectively.	 Without	 evaporation,	 the	 average	 shear	 rate	 increases	 along	 the	

channel	from	the	inlet	to	outlet,	due	to	the	gradual	reduction	of	channel	width	h	(Fig.	

7a).	While	in	the	strong	evaporation	limit,	the	trend	of	shear	rate	distribution	along	

the	channel	is	reversed.	As	shown	before,	the	orientational	order	of	nanofibers	will	

relax	 under	 shear	 flow	 cessation	 or	 shear	 rate	 reduction,	 so	 the	 shear	 rate	 at	 the	

outlet	plays	an	 important	 role	 in	determining	 the	orientational	order	of	nanofiber	

assemblies.	 Furthermore,	 our	 discussion	 is	 focused	 on	 the	 region	 of	 Pe	 numbers	

with	 positive	 correlation	 between	 Pe	 and	 the	 OOP.	 Hence,	 the	 strong	 evaporation	

limit	is	not	beneficial	for	achieving	higher	orientational	order	in	practice	due	to	the	

reducing	shear	rate	distribution	from	the	inlet	to	outlet,	and	should	be	prevented	in	

paractical	 designs.	 It	 should	 be	 remarked	 that	 the	 setup	 we	 consider	 here	 is	

reminiscent	 of	 the	 industrial	 fiber	 spinning	process	 to	 improve	 the	 alignment	 and	

densification	 by	 extensional	 flow	 [46].	 The	 contraction	 flow	 in	 the	 channel	 we	

consider	here	has	a	strong	extensional	flow	effect,	 i.e.	along	the	centerline	the	flow	

velocity	 increases	 as	 the	 flow	 direction	 in	 the	 absence	 of	 evaporation.	 This	 effect	

could	be	even	stronger	if	we	solve	the	full	Navier-Stokes	equations	instead	of	using	

the	lubrication	approximation	here.	 	

In	 order	 to	 rationally	 control	 the	 orientational	 order	 and	 packing	 density	 of	 the	

nanofiber	 assemblies,	 we	 predict	 the	 correlation	 between	 the	 shear	 rate	 for	

orientational	 ordering,	 density	 of	 nanofibers	 at	 the	 outlet	 and	 the	 shape	of	 fluidic	

channel	 (the	 inlet,	 outlet	 width	 and	 the	 length	 of	 channel),	 evaporation	 intensity	

coefficient	 λ.	 The	 shear	 rate	 at	 outlet	 out	that	 controls	 the	 orientational	 order	 of	
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product	assemblies	can	be	derived	from	Eqs.	14	and	15	

	 (16)	

Here	 λ(h1+h2)L	 is	 the	 evaporation	 rate	 from	 the	 inlet	 to	 outlet.	 The	 density	 of	

nanofiber	 assemblies	 at	 the	 outlet	 ρout	 can	 be	 related	 to	 the	 evaporation	 rate	

λ(h1+h2)L	and	inlet	flow	rate	q1.	Accordingly,	the	density	of	nanofiber	assemblies	at	

the	outlet	ρout	can	be	defined	as	

ρout	~	1/[	q1	−	λ(h1+h2)L]	 	 (17)	

This	 indicates	 that,	 the	higher	 rate	 the	 solvent	 evaporates	 in	 the	 flow	process,	 the	

higher	density	of	assembled	structure	it	could	reach.	The	results	of	Eqs.	16	and	17	

are	 shown	 in	 Fig.	 8a,	 from	which	we	 can	 see	 that,	 the	 shear	 rate	 and	 density	 of	

nanofiber	assemblies	at	the	outlet	can	be	controlled	through	adjusting	the	shape	of	

fluidic	channel.	In	general,	long	channel	and	small	width	of	outlet,	compared	to	the	

width	of	inlet,	are	advantageous	to	fabricate	highly	ordered	and	dense	assemblies	of	

nanofibers.	 In	 addition,	 from	 Eqs.	 16,	 17	 and	 Fig.	 8b,	 both	 the	 shear	 rate	 and	

density	 of	 nanofiber	 assemblies	 at	 the	 outlet	 depend	on	 the	 evaporation	 intensity	

coefficient	λ,	which	suggests	that	the	orientational	order	and	density	of	assemblies	

can	be	adjusted	through	the	evaporation	intensity	coefficient	λ.	To	summarize,	Fig.	8	

illustrates	the	strategy	to	access	specific	ranges	of	density	and	orientational	order	of	

the	nanofiber	assemblies	through	adjusting	the	shape	of	fluidic	channel,	evaporation	

intensity	and	applied	pressure	gradient	or	rate.	

4.	Conclusion	

In	 this	 study,	we	 conducted	DPD	 simulations	 to	 explore	 the	 dynamic	 processes	 of	

flow	 and	 evaporation-induced	 assembly	 of	 nanofibers.	 Admittedly	 the	 results	

presented	here	are	 limited	as	we	consider	only	 identical	nanofibers	with	the	same	

geometry	 (length,	diameter)	 and	only	water	 as	 a	 solvent	 is	modeled.	However,	we	

corroborate	 recent	 findings	 in	 the	 experiments	 of	 controllable	 assembly	 of	

nanofibers	 [13,	 28,	 30,	 34,	 47,	 48]	 and	 explore	 the	 key	parameters	 in	 the	 process	

that	determine	the	microstructure	of	final	assembly.	The	major	findings	of	this	work	
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include	that	the	orientational	order	and	density	of	assembled	structure	can	be	well	

engineered	through	parametric	design	of	the	experimental	setup.	Specifically,	shear	

flow	within	a	range	of	Peclet	numbers	induces	fiber	alignment	and	the	evaporation	

process	 densifies	 the	 assembly,	 enhances	 alignment	 and	 prevents	 diffusion-driven	

relaxation	of	fiber	alignment	upon	cessation	of	flow.	The	overlap	distribution	largely	

depends	 on	 the	 strength	 of	 interfiber	 adhesion.	 Elevating	 the	 shear	 rate,	 reducing	

adhesion	or	 improving	 the	 flexibility	of	nanofibers	can	avoid	perfectly	end-aligned	

microstructures	with	insufficient	interfiber	load	transfer	and	weakened	mechanical	

performance.	 A	 wide	 spectrum	 of	 low-dimensional	 nanostructures	 such	 as	

nanotubes,	 nanowires,	 nanosheets,	 cyclic	 peptides	 can	 be	 utilized	 as	 the	

fundamental	 building	 blocks	 in	 constructing	 hierarchical	materials,	 and	 our	 study	

presents	 a	 numerical	 framework	 to	model	 the	whole	 fabrication	 process,	 offering	

key	 insights	 into	 the	 optimization	 for	 high-performance	materials	 [48].	 Using	 the	

methodology	 here,	 one	 can	 address	more	 practical	 issues	 in	 the	wet	 approach	 of	

nanofiber	 fabrication	such	as	spinning	and	3D	printing,	 including	 the	non-uniform	

distribution	 of	 length,	 diameter	 of	 CNTs,	 the	 end-to-end	 alignment	 of	 CNTs	 in	 the	

fiber	assembly,	other	solvents	such	as	acids	and	organic	solvents,	 the	rate	effect	of	

evaporation,	 modified	 inter-CNT	 interactions	 through	 surface	 functionalization,	

assembly	 of	 2D	 nanostructures	 or	 1D/2D	 hybrids,	 and	 the	 coagulation	 process	 to	

enhance	nanofiber	orientation	by	extracting	solvent	 through	 the	nanofiber-solvent	

interface	[49].	
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FIGURES	AND	FIGURE	CAPTIONS	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	

	

	
	

Figure	1	(a)	A	schematic	illustration	of	the	flow-evaporation	process	for	nanofiber	

assembly.	 (b)	 DPD	 simulation	 snapshots	 show	 the	 alignment	 and	 densification	 of	

nanofibers.	Only	nanofibers	are	plotted,	and	the	color	map	indicates	the	amplitude	

of	 velocity	 field	 in	 fluid.	 (c)	 Detailed	 snapshots	 show	 the	 Lees-Edwards	 boundary	

condition	to	simulate	the	shear	flow	and	DPD	beads	for	nanofibers	and	fluid.	
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Figure	2	(a)	Probability	distribution	functions	(PDFs)	of	nanofiber	orientation.	The	

red	 boxes	 are	 simulation	 results	 for	 different	 lengths	 of	 nanofibers	 l,	 fitted	 to	 the	

Gaussian	distribution	plotted	in	solid	blue	lines.	(b)	Comparison	of	PDFs	shows	the	

increase	 of	 the	 peak	 value	 and	 narrowing	 of	 the	 width	 as	 l	 increases,	 indicating	

improved	alignment	of	nanofibers.
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Figure	 3	 (a)	 PDFs	 of	 nanofiber	 orientations,	 plotted	 for	 different	 shear	 rates	 ,	

which	are	also	fitted	to	the	Gaussian	distribution.	(b)	Comparison	between	the	PDFs	

shows	the	shift	of	the	peak	value	and	change	in	the	width	as	 	 increases.	
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Figure	 4	 (a)	 The	 correlation	 between	 the	 rotational	 diffusion	 coefficient	 Dr,	

orientational	 order	 paramenter	 O,	 and	 the	 length	 of	 nanofiber	 l.	 Our	 simulation	

results	 show	 that	 Dr	 decreases	 with	 l,	 resulting	 in	 a	 higher	 Peclet	 number	 and	

increase	 in	 O.	 (b)	 The	 correlation	 between	 O	 and	 the	 shear	 rate	 .	 The	 value	 of	

orientational	order	parameter	O	 increases	first	with	 	 athe	the	 low-Pe	regime	but	

decreases	after	Pe	exceeds	a	critical	value	of	~95.	
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Figure	 5	Relaxation	 of	 the	 orientational	 order	 in	 nanofiber	 assemblies	 after	 flow	

cessation.	(a)	In	the	absence	of	evaporation,	the	OOP	increases,	reaching	a	constant	

under	shear	flow	(t	=	0	-	5×103	τ),	and	then	relaxes	to	zero	after	shear	flow	cessation	

(after	 5×103	 τ).	 (b)	 With	 evaporation,	 the	 OOP	 increases	 and	 becomes	 saturated	

soon.	 O	 keeps	 almost	 as	 a	 constant	 in	 ~1×104τ,	 where	 evaporation	 (85%	 of	 the	

solvent)	is	introduced	from	t	=	5×103τ	to	1×104τ.	After	the	shear	flow	cessation	from	

~1×104τ,	O	 relaxes	 to	~0.4	 and	and	 the	orientational	 order	 is	partially	preserved.	

The	light-red,	light-blue	and	light-green	regions	are	the	stages	of	steady	shear	flow,	

solvent	evaporation	and	flow	cessation,	respectively.	



	 22	

	

	

	

	

Figure	 6	 (a)	 PDF	 of	 interfiber	 overlap	measured	 from	DPD	 simulation	 results,	 as	

well	as	the	perfectly	aligned-	and	half-staggered	assemblies.	The	overlap	parameter	

S	plotted	as	a	function	of	(b)	shear	rate	 ,	(c)	interfiber	adhesive	strength	measured	

by	the	parameter	ε	in	the	12-6	Lennard-Jones	form	of	inter-bead	interaction,	and	(d)	

bending	stiffness.	Here	ε	and	KB	are	the	potential	parameters	listed	in	Table	S2.	

Zhiping Xu
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Figure	7	(a)	The	profile	of	fluidic	channel.	(b)	Average	shear	rate	distribution	along	

the	 fluidic	 channel	 for	 different	 geometrical	 parameters	 β	 =	 h2/h1.	 The	 dash	 and	

solid	 lines	 show	 the	 predictions	 for	 the	 evaporation-absent	 condition	 and	 strong	

evaporation	limit,	respectively.
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Figure	8	(a)	The	dependence	of	outlet	shear	rate	 out,	density	ρout	on	the	shape	of	

fluidic	channel,	expressed	in	the	ratios	of	channel	length	and	outlet	width	to	the	inlet	

width,	i.e.	L/h1	and	h2/h1.	The	value	of	 out	is	normalized	by	its	maxima.	(b)	R,	A,	and	

DA	 stand	 for	 the	 assembly	 with	 random,	 aligned,	 aligned	 and	 densified	

microstructures	obtained	from	DPD	simulations,	respectively.	(b)	The	dependence	of	

out	and	ρout	on	the	evaporation	intensity	coefficient	λ.	
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