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Electrical conductivity and viscosity play a major role in the tip jetting behaviour of liquids subjected
to electrohydrodynamic (EHD) forces, thus influencing significantly the printing performance.

Recently, we developed a nozzle- and electrode-free pyro-EHD system as a versatile alternative to
conventional EHD configurations and we demonstrated different applications, including inkjet print-
ing and three-dimensional lithography. However, only dielectric fluids have been used in all of those
applications. Here, we present an experimental characterization of the pyro-EHD jetting regimes,

induced by laser blasts, of sessile drops in case of dielectric and conductive liquids in order to extend
the applicability of the system to a wider variety of fields including biochemistry and biotechnology
where conductive aqueous solutions are typically used.

The electrohydrodynamic (EHD) jetting in which liquids

emerge from capillary tubes, nozzles, or orifices is used in a

number of technological fields including spray coating,1 inkjet

printing,2–6 patterning of biological suspensions,7–9 spraying

of agricultural chemicals,10 mass spectrometry,11 and film

deposition.12 Electric fields play an important role also in

processes of natural occurrence such as the formation of rain-

drops in thunderclouds13 and nuclear physics.14 The way the

liquid droplets are formed under electric fields is of funda-

mental importance in all of these applications. The early

works from Taylor and McEwan on the stability of a horizon-

tal fluid interface stimulated by a vertical electric field, are

worthy of mention.15,16 Thereafter, a huge amount of both the-

oretical and experimental studies, focused on different config-

urations, have been performed and have helped to elucidate

the basic mechanisms. These include some early works from

Basaran’s group,17–20 and from Hayati et al. who studied the

mechanism of EHD spraying.21 More recent works deal with

other specific topics such as the effects of bulk charges and

relaxation time on arc electrospraying,22 the scaling laws for

the disintegration of electrified drops,23 the characterization

and optimization of experimental parameters in jetting

performance,24–27 the oscillations of water droplets on insulat-

ing surfaces,28 the EHD response of low-conductivity pendant

drops to a step change in the electric field,29 the liquid menis-

cus oscillations and tip streaming under continuous and pulsed

voltages,30–32 the development of a multi-nozzle EHD

device,33 the investigation on the regimes of water-oil inter-

face,34 numerical simulation of cone-jet formation in electro-

static spray,35 and the stability of liquid bridges between two

opposite Taylor cones.36

However, the most studied configuration is that used in

EHD inkjet devices where an electric field is established

between a source nozzle and an extractor electrode. An elec-

tric charge is induced at the surface of the liquid meniscus,

creating an electric stress that stretches the meniscus in the

direction of the field, and a droplet or jet of liquid is formed

when the electrostatic force is stronger than the surface ten-

sion. An EHD inkjet head can produce droplets smaller than

the size of the nozzle. This unique feature distinguishes EHD

printing from conventional methods by allowing sub-micron

resolution.2

Only a few works deal with the shape evolution of sessile

drops17,30,37 or liquid layers38 immersed in ambient air under

the action of an electric field. Anyway, these works make use

of external electrodes, and no attention at all has been devoted

to the behaviour of sessile drops immersed in ambient air and

subjected to pyroelectric charges in case of low and high con-

ductivity. Recently, we developed a pyro-EHD printing sys-

tem free from nozzles and electrodes and based on the use of

surface charges generated spontaneously onto pyroelectric

crystals.39 That work demonstrated the capability of the sys-

tem for fine printing of oil-based inks and discussed deeply

the advantages compared to well-established EHD printing

heads. Among these assets the nozzle-free condition allows

one to avoid cross-contaminations and detrimental cloggings

of the orifice. Use of spontaneous charges allows one to cir-

cumvent high voltage external electrodes and circuits and can

facilitate the parallelization of the process. Nowadays, the

pyro-EHD system has been demonstrated useful for diverse

applications that make use only of dielectric fluids,40–43 and it

is well known that the conductivity of the fluid influences sig-

nificantly the EHD behaviour. Therefore, we believe that it is

of great importance to study experimentally the behaviour of

sessile drops of dielectric and conductive liquids under the

action of pyroelectric fields, in order to identify the working
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regimes and so to extend the applicability of this promising

inkjet printing technology to conductive fluids. This would

enable the pyro-EHD to find application also in fields like bio-

chemistry and biotechnology where typically one deals with

high-conductive aqueous solutions.

Here, we report the experimental investigation of the

cone jetting regimes of sessile drops of dielectric and con-

ductive liquids, subjected to pyroelectric fields induced by

laser shoots. The early stages of the cone formation and the

successive temporal evolution were visualized and evaluated

by a high-speed camera and were characterized in terms of

different parameters, including shape and temporal evolu-

tion. Figure 4(a) in Ref. 39 shows the schematic view of the

pyro-EHD dispenser and details about the principle of opera-

tion can be found therein. Basically, a base drop of 0.5 lL
was deposited by standard pipette onto a hydrophobic sub-

strate (silicone rubber). A standard glass coverslip was

mounted parallel on the top and represented the target slide

where depositing the working fluid. The key component re-

sponsible for the generation of the pyroelectric field was a

wafer of LiTiO3 (LT, z-cut, 0.5mm thick) mounted over the

target slide. The beam exiting a CW CO2 laser (ULR-10,

wavelength 10.6 lm, output optical power 10W, and beam

size around 4mm) impinged directly onto the LT wafer, in

correspondence of the base drop, thus enabling the genera-

tion of pyroelectric surface charges on the crystal (around

10�8 coulomb44). The output of the CO2 laser was switch-

able on and off by a 5V signal delivered via a TTL port, and

typically, the crystal was stimulated by applying manually

one 5V square pulse, through the trigger of a conventional

signal generator.

According to the well-known principles of EHDs, the

pyroelectric field, generated by the laser stimulation,

induced the base drop to evolve under the action of electric,

capillary, and viscous forces. Here we focus the attention on

the role of the electrical conductivity of the working fluid in

the EHD behaviour of a sessile drop subjected to a pyroelec-

tric field. Two classes of liquid samples with common con-

ductive and dielectric properties were used. The conductive

liquid (CL) group included tap water, distilled water, water

suspension of polystyrene beads (diameter 2 lm, Sigma

Aldrich L4530), and a solution of biomolecules. The dielec-

tric liquid (DL) group included almond, soy, and mineral

oil. In particular, the biomolecule solution consisted of a

short oligonucleotide (15–20 bp) solubilized in Tris-EDTA

(TE) buffer solution and mixed with an advanced buffer sys-

tem (1:1 ratio) (Micro-Spotting Solution Plus 2�, ArrayIt).

A high-speed CMOS camera (Motion Pro Y3-S1, pixel size

10.85� 10.85 lm) was used for acquiring the side view of

the drop during the experiments. The camera provided a

frame rate up to around 25 000 fps with a spatial resolution

of 1280� 128 pixel and up to 88 000 fps with a spatial reso-

lution of 1280� 16 pixel. The same voltage generator was

used for triggering simultaneously the CO2 laser and the

camera and the image sequence was around 2 s long for

each experiment. The crystal was stimulated by one CO2

emission 250ms long in each experiment.

The supplementary movies45 1 and 2 show the typical

evolution of the drop profile under the pyro-EHD stimulation

for a CL and for a DL, respectively. The movies were

acquired at 12 100 fps with a ROI of (296� 1280) pixel,2 but

are shown in slow motion for better visualization. The two

liquid families exhibited clearly two different regimes. The

CLs exhibited a regime that we call here “pulsating,” due to

fast cone formation and fast restoring of the equilibrium

condition just after the cone formation. In fact, the average

life of the cone was around 0.1ms and a typical oscillating

behaviour of the drop from sharp cone to the equilibrium

profile was established. Moreover, in case of the CLs,

the meniscus profile exhibited a typical “conic cusping

singularity,” in agreement with previous studies performed

by traditional electrode-based EHD.38 Conversely, the DLs

exhibited a regime that we call here “steady,” due to the

slower growth of the conical meniscus and to the persistence

of the cone profile during the tip jetting process that evolves

into a dripping-like mode. The equilibrium profile was

restored only by reducing and ultimately removing the ther-

mal gradient, namely, the pyroelectric field. Moreover, the

meniscus profile of the DLs showed a sharper protrusion

shape, again in agreement with Ref. 38. Figures 1(a) and

1(b) show the snapshots of the meniscus profile observed

typically in case of CLs (a) and DLs (b). Figures 1(c) and

1(d) show the typical temporal evolution of the meniscus

profile in case of the oligonucleotide solution (CL group)

and of the almond oil (DL group), respectively. The figures

were obtained by overlapping the snapshots acquired during

the cone formation. The formation of the protrusion and cusp

shapes is clearly visible for the two liquid families. Figure

2(a) shows the temporal variation of the drop height till the

formation of the cone, for all of the samples. The CLs exhibit

faster cone formation and shorter cone heights, in agreement

with previous theoretical interpretations.38 Figure 2(b) shows

the distribution of the time formation of the cone for all of

the samples. It is clearly visible that the two families have

two time ranges, with the CLs showing a time for cone for-

mation that, in average, is around 5 times shorter than that

observed for the DLs. In case of CLs, a fast oscillation of the

meniscus profile was observed prior to cone jetting, and Fig.

2(c) shows the typical temporal variation of the height of the

drop apex during these oscillations. The heights were eval-

uated from the snapshots of a movie acquired at 12 100 fps

and denote an oscillation frequency around 300Hz, namely,

the same order of magnitude predicted in Ref. 46. Although

the viscosity of the surrounding medium is much lower here

compared to Ref. 46, the same order of magnitude value may

be attributed to the impulsive and transient nature of the field

generated pyroelectrically, compared to that generated by a

standard source.

Figure 3(a) reports also the evaluation of the cone semi-

angle (by applying the software NIH ImageJ) for each liquid

studied in this work. The CL group exhibited semi-angles in

the range of 48� while the typical cone semi-angle measured

in case of the DLs was around 32� in average, in agreement

with theoretical and experimental studies reported in litera-

ture in case of standard EHD configurations.37

Figures 3(c) and 3(d) show schematically the side view

of the fluid configuration considered in this work. An axi-

symmetric drop of incompressible viscous liquid and volume

V is attached onto an insulating plate. With gravity effects

neglected, the stationary shape of the drop is a segment of



sphere with a static contact angle hY defined by the mechani-

cal equilibrium of three interfacial tensions, according to the

well known Young’s equation clv cos hY ¼ csv � csl, where
clv, csv, and csl represent the liquid-vapor, solid-vapor, and

solid-liquid interfacial tensions, respectively (see Fig. 3(c)).

The surrounding air is supposed to be an electric insulator.

Figure 3(b) reports the experimental evaluation of the contact

angles of the test liquids used in this work. The measurements

of the contact angles were obtained from the snapshots of the

resting drop, by applying the software NIH ImageJ. Once the

pyroelectric effect is activated, an electric field surrounds the

drop that therefore evolves under the action of the electric,

capillary and viscous forces, as shown schematically in Fig.

3(d). While the potential increases, the drop deforms due to

the accumulation of charges on the surface. The fluid is accel-

erated continuously in what is a nearly spherically symmetric

flow and assumes the Taylor cone profile, which is maintained

over a certain critical limit of the electric potential. As shown

in the seminal work of Taylor,15 once exceeded that limit, the

meniscus profile can no longer be sustained by the surface ten-

sion, and jetting initiates from its tip. The charges induced by

the electric field are attracted towards the surface of the drop,

and produce an electrostatic polarization stress pe responsible
for the early stage deformation of the drop. This polarization

stress can be described in the form of a normal electrostatic

stress re, related to conduction charges, and a tangential elec-

trostatic stress se, related to convection charges
31,47

re ¼
E2
N

2er
; (1)

se ¼ e0ETEN; (2)

FIG. 1. Typical meniscus profiles of

the base drop in case of different sam-

ples. The group in (a) refers to the

CLs: A, distilled water; B, tap water;

C, oligonucleotide solution; D, disper-

sion of PS beads. The group in (b)

refers to the DLs: E, almond oil; F,

mineral oil; and G, soy oil. Temporal

evolution of the meniscus profile in

case of two typical cases: (c) almond

oil and (d) oligonucleotide solution.

FIG. 2. (a) Plot of the cone height as a

function of time for each liquid; (b)

distribution of the time formation of

the cone for all of the liquids investi-

gated. (c) Temporal variation of the

height of the meniscus apex of the oli-

gonucleotide solution, during the oscil-

lating behaviour.



where EN is the normal electric field, er is the relative permit-

tivity of the liquid to e0, and ET is the tangential electric field.

The conduction charges move mainly from the bulk towards

the surface of the drop and the related normal stress tends to

deform the drop into a shape with spherical symmetry. The

convection charges are those that migrate along the surface

of the liquid, accumulate onto the apex of the drop,47 and

tend to accelerate the surrounding liquid towards the cone

apex, causing the stretching of the meniscus along the inter-

face. At this point, the evolution of the drop deformation

depends basically on the velocity of the liquid and of the

charges, according to these main parameters: the local

strength of the electric field; the permittivity, which is related

to the amount of charges in the fluid; the viscosity, which

regulates the flow properties of the liquid; the density; the

surface tension. In fact, the acceleration of the charges, pro-

duced by the electrostatic stresses, makes the fluid to experi-

ence viscous stresses, basically the normal viscosity stress rl
and the tangential viscosity stress sl

47

rl ¼ 2l
@Vz

@z
; (3)

sl ¼ 3lð@Vz=@zÞðdr=dzÞ
1þ ðdr=dzÞ2

; (4)

where l is the absolute viscosity of the liquid and Vz is the

liquid velocity in the axial direction. Summarizing, the

electric field generates normal and tangential electrostatic

stresses that consequently induce normal and tangential vis-

cosity stresses, and the interplay of charge and fluid

motions (related to dielectric and fluidic properties of the

liquid) forms the jet and regulates its temporal and shape

characteristics.

Therefore, the drop evolution differentiates significantly

for conductive and dielectric liquids, according to the studies

performed in Ref. 38 and in agreement with the experimental

results. In case of conductive fluids, the dominant charge

transport is due to ohmic conduction and the charging

time tC / e=r (e dielectric constant, r conductivity), which

depends basically on the conductivity of the fluid,36 is

always the shortest timescale in the system. In other words,

as the meniscus deforms, due to the charge migration and the

related fluid acceleration, those charges migrate to the free

surface instantaneously, compared with the fluid motion,

thus screening immediately the external electric field.

Therefore, the electric field components ET and EN inside the

drop vanish for any time and, consequently, the electrostatic

stresses re and se, tend to disappear (see formulas 1 and 2).

In this way the force that drives the spherical symmetry of

the flow is preserved. As a consequence, the Taylor cone, af-

ter sharpening in the typical conic cusping form, cannot go

further and returns to the equilibrium state for refilling its

charge, in perfect agreement with the result in the supple-

mentary movie 1.45

Conversely, in case of DLs, the local timescale for flow

becomes smaller with respect to the charging time and the

dominant mode of charge transport is due to convection. The

electrostatic stresses re and se increase due to a lack of fast

compensation of the external electric field at the interface of

the liquid. Therefore, the tip of the conical meniscus

sharpens, the fluid in the tip accelerates continuously and the

inertia of the fluid make the viscosity stresses rl and sl to

increase, thus destroying the spherical symmetry of the

flow. The cone assumes the typical elongated shape and the

inception of tip streaming takes more time and lasts longer

(see supplementary movie 245). These are the reasons that

decrease the pulsation frequency of the cone in case of lower

conductivities. The different regimes highlighted here for

conductive and dielectric liquids are of fundamental impor-

tance for all of those applications where precise liquid han-

dling and/or printing is required: in biochemistry, where

mainly conductive liquids are manipulated, or in the field of

biocompatible scaffolds, where mainly dielectric liquids are

employed. The CLs tend to release small droplets at every

discharge event exhibiting a pulsating behaviour, while the

DLs tend to deform slowly under the action of the electric

field and release small droplets while maintaining the cone

profile.

FIG. 3. Distribution of (a) the cone

semi-angle and of (b) the contact angle

for each liquid, and schematic view of

(c) the base drop under the equilibrium

condition and of (d) the base drop in

presence of the pyroelectric field. LN:

lithium niobate; G: glass slide; c0: con-
duction current; c00: convection cur-

rent; c: surface tension; se: tangential
electric stress; and re: normal electric

stress.



In conclusion, we reported the experimental investiga-

tion of the behaviour of sessile drops, with low and high con-

ductivities, under the action of a pyroelectric field. The

results show that the CLs exhibited a typical pulsating

behaviour, while steady cone behaviour was observed in

case of the DLs. The cone formation was characterized in

terms of shape and temporal evolution of the meniscus pro-

file, and the results were in good agreement with the predic-

tions reported in literature in case of standard EHD

techniques.38 Nowadays, we employed the pyro-EHD print-

ing system only for DLs. This close investigation of the drop

dynamics demonstrates that the system can be used also for

CLs and that the theoretical interpretation well established in

case of standard EHD can be adopted also in case of pyro-

EHD, thus extending its application to all of those fields

where conductive liquids are used, such as in biochemistry

and in biomedicine.
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