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Contact angle measurement of low-energy surfaces (superhydrophobic, superoleophobic, etc.)
with needle-drop assembly is critical towards characterizing such substrates. However, it is ex-
tremely difficult to detach the needle from the drop when it is brought in contact with a charac-
terizing substrate and often one has to report contact angles with the needle attached with the
drop itself. To overcome this challenge, here, we present a new technique to achieve a ‘needle-
free’ drop by bringing the drop in contact with an additional elastic membrane, kept between the
needle-drop assembly and the characterizing substrate. The detachment of the drop from the
needle is achieved by retracting the needle-drop assembly at a finite speed and allowing the drop
to receive the elastic energy of the soft flexible membrane. Such interaction of the drop with the
elastic membrane allows the drop to get repelled from the elastic membrane and further gets
deposited on a characterizing substrate. The repelling behavior of the drop can be controlled by
appropriately selecting the mechanical and wetting properties of this additional elastic membrane.
This technique not only provides a needle-free drop deposition that is independent of the physical
properties of the liquid and the needle but it also allows achieving the drop size that is independent
of the needle diameter. The experimental analysis and theoretical investigations suggest that the
mechanical property of the elastic membrane, particularly its elasticity, plays an important role
towards the success of the drop deposition technique.

1 Introduction

Drop deposition on a given target substrate has a plethora of
applications starting from characterizing the wetting properties
of natural, bio-inspired, and artificial micro/nano-structured sur-
faces1–5 to drop impact studies to determine the pre and post-
impact dynamics6–10. In all of these examples, the critical step
is to detach the drop reliably from the needle that is typically
used in any drop deposition method - be it using the traditional
pendant drop method6 or drop weight method4,11. Often this
critical step poses a challenge in itself when the surface energy
of the needle-drop assembly is comparable with the surface en-
ergy of the drop and the characterizing substrate1,12,13 or when
a significant height is required to dispense the drop reliably by
its own weight on a given substrate or the needle diameter pro-
duces only finite range of drop sizes that can be deposited onto
a given substrate14–20. In the latter case, the volume of the drop
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poses a limitation as one needs a significantly large drop volume
to achieve deposition due to its own weight21.

Contact angle measurement has been one of the crucial tasks
for accurate quantification of the wetting characteristics of a given
substrate22–26. Recently, we have proposed a ‘needle-free’ drop
deposition technique for a contact angle measurement of a sub-
strate placed under-water, where a favorable spreading param-
eter between the drop, the surrounding liquid medium and the
fluid at the interface of the surrounding medium and the needle
has been appropriately configured to detach the drop from the
needle1. This study was recently been extended to achieve sim-
ilar needle-free drop deposition, but in air medium27, which is
the common scenario for characterizing substrates or performing
drop-impact studies. However, this technique27 has a limitation
in terms of minimum drop volume that could be detached from
the needle, which has implication in terms of the drop radius in
comparison to the capillary length scale for wetting studies28,
achievable Weber numbers and Reynolds numbers for drop im-
pact studies17,18 etc. In our previous study27, the drop detach-
ment was achieved by bringing in an additional superhydrophobic
rigid substrate and the needle with the drop at its end is with-
drawn through such surface, the interaction of the drop with the
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Fig. 1 (a) Schematic of a needle-free drop deposition system using elastic membrane. A specialized holder, shown in details in the inset diagram, is
used to maintain the elastic membrane in a perfectly horizontal, wrinkle-free configuration. (b) Membrane configuration before (solid line) and after
(dotted line) the impact with upward deflection over a length for a membrane of radius R f .

superhydrophobic substrate creates the detachment of the drop
from the needle and allows the drop to be deposited on the char-
acterizing substrate kept below the superhydrophobic substrate.
However, the extent of superhydrophobicitiy (attained by using
special coating to achieve static contact angle > 165◦) alone could
not produce reliable drop detachment for drop volume less than
3µL for needle diameter of 0.5 mm. Moreover, the argument of
using a superhydrophobic coating on the needle itself to make the
drop also has its own shortcomings. For that technique to work,
prior knowledge of surface energies of the needle material and
the characterizing substrate is required, which then itself defeat
the very purpose of developing reliable tools to measure contact
angle (or interpret the surface energies of unknown substrates).

The ‘needle-free’ drop deposition technique presented in this
work is motivated by studies conducted in literature for un-
derstanding the drop impact on elastic membranes29,30, where
ethanol drops from a certain height were imparted on a stretch-
able polymer film kept below and it was found that drop impact
energy gets transferred to the elastic (soft) membrane thereby re-
ducing the drop splashing effects. Hence, it can be inferred that
the additional energy transfer mechanism between the drop and
a substrate can be obtained by utilizing a deformable solid sub-
strate, as opposed to a rigid superhydrophobic surface, as done
in our earlier study27. In this present work, we take this added
advantage provided by such soft membranes, where we coat such
membranes with superhydrophobic coating and utilize it as a top
low-energy substrate to obtain ‘needle-free’ drop deposition in air

medium.

2 Experimental Methods
A schematic of the experimental setup used in this study is shown
in Fig. 1. The experimental set-up consists of a regular con-
tact angle measurement system, DSA 100 (Krüss, Germany) with
two key modifications. First, we have designed a special holder
(details provide in inset diagram (a) in Fig. 1), which allows
an elastic (soft) deformable membrane to be attached in a par-
ticular fashion to avoid any wrinkling in the elastic membrane
and further undesirable defects due to non-uniform tension31.
To achieve this condition, the elastic membrane was secured be-
tween two rings; both rings were fabricated using the prototype
machine Eden 350V, Stratasys Ltd., USA. The one end of the in-
ner ring was clamped to the outer ring (with the membrane held
in between), whereas the other end of the inner ring was fixed to
the pillar-stand of this specially designed membrane holder. This
holder with the elastic membrane was attached firmly to the char-
acterizing base-table of the DSA system with nuts and bolts. This
arrangement not only allowed to place a membrane with neg-
ligible initial tension or stretching but also provided a perfectly
horizontal membrane configuration, which remain parallel with
the bottom characterizing substrate placed at the base of the DSA
system. The second modification is done by attaching the needle-
drop assembly to a traversing mechanism (Zaber, Canada) which
allows the needle to be retracted vertically at a speed varying
between 0.1mm/s− 100mm/s. This retraction mechanism is sim-
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Fig. 2 Snap shots of the interaction of the needle-drop assembly with the hydrophilic elastic membrane (plastic wrap) θ ≈ 76.1◦ and needle retraction
speed of 30mm/s. (a) Drop- needle assemble before impacting the elastic membrane (b) Impact of the drop on the elastic membrane. (c) The
equilibrium configuration of the drop after spreading on to the elastic membrane. The scale-bar at the bottom of Fig. 2(a) represents 1mm.

ilar to the one used in our previous study27. The interaction of
the needle-drop assembly with the elastic membrane causes the
membrane to be deflected by an amount δ in the vertical upward
direction, as shown in Fig. 1(b). The elastic (soft) deformable
membrane, used in this study, is a plastic wrap (NoName brand)
purchased from a local store (Edmonton, Canada). The wetting
properties of this plastic wrap were determined by performing
static equilibrium contact angle measurements (θ = 76.1◦± 6.6),
using DSA 100 (Krüss, Germany) system. This measured value
is based on Young-Laplace equation for equilibrium contact an-
gle. A more accurate measurement can be performed by using
the ‘Tadmor method’33, however, in case of flexible substrates,
like the plastic wrap used here, the definition of a static contact
angle is still in an evolving phase34. A commercially available
coating spray (NeverWet) was used to alter the wetting proper-
ties of this elastic membrane, thereby achieving equilibrium con-
tact angle ∼ 165◦. Deionized water (PURELAB Ultra, ELGA) was
used as a working fluid to generate drops with the help of stain-
less steel needles (NE44, Krüss, Germany) and the glass syringe
(SY20, Krüss, Germany). To perform the needle-free drop deposi-
tion, the elastic membrane was punctured using a stainless steel
needle (needle diameter 0.5mm) approximately at the center of
the membrane to create a hole. Then the needle attached with
the water filled syringe was inserted through this hole. After that,
a drop of a certain volume (2µL) was generated at the tip of the
needle. Finally, the drop-needle assembly was retracted with a
finite velocity to allow the drop to impact on the bottom coated
surface of the elastic membrane. The interaction (impact) of the
drop with the elastic membrane was recorded using a Phantom
V711 (ViSion Research, USA).

3 Results and discussions

The ‘needle-free’ drop deposition was first attempted with the un-
coated elastic membrane (hydrophilic deformable substrate) at-
tached to the holder, as shown in Fig. 2. A drop volume of
2µL was produced with the needle of outside diameter 0.5mm
and was withdrawn through the elastic membrane. The needle
retraction speed in this case was maintained at 30 mm/s. Fig-

ure 2 shows different time snaps of the interaction of the wa-
ter drop with the uncoated elastic membrane. As evident from
Fig. 2, the drop detaches from the needle but spreads on the
elastic membrane. It is to be noted that the retraction of the
needle with a finite speed along with the drop attached at its
end imparts energy to the membrane during the contact of the
drop with the membrane causing a finite deflection in the mem-
brane. Together with the inherent background stress, due to the
special holding arrangement of the elastic membrane, the mem-
brane vibrates post impact (see Supplementary Video S1). It is
evident from this video and Fig. 2(c) that in the case of an un-
coated elastic membrane, the drop does not detach upon impact.
Rather, it spreads on the elastic membrane. This is due to the
more dominant drop-membrane adhesion force by the virtue of
its hydrophilic nature that dominates over the elastic response of
the membrane, hence the cause for drop spreading. Therefore, to
obtain the detachment of the drop from the membrane, thereby
achieving the desired ‘needle-free’ drop deposition, firstly the wet-
tability of the membrane should be such that it opposes spreading
and ensures minimal drop-membrane adhesion, i.e., a hydropho-
bic/superhydrophobic one. Secondly, the elasticity of the mem-
brane should be such that the post impact elastic response dom-
inates over drop-membrane adhesion and aids drop detachment.
Hence, we present both the scenarios: we changed the wettabil-
ity of the membrane significantly - the hydrophilic membrane was
converted into a superhydrophobic membrane using the special-
ized spray, discussed earlier; Secondly, we varied the elasticity of
the membrane by using a different material for the deformable
membrane, viz., Polydimethylsiloxane (PDMS), details of which
are discussed later.

To restrict the spreading of the drop on the elastic membrane,
first we have applied superhydrophobic coating on the elastic
membrane and then the coated membrane is attached to the
holder in a similar manner as done for the uncoated elastic mem-
brane case. Here, all other experimental parameters are kept the
same as shown for Fig. 2. Hence, as expected, it was found that
the superhydrophobicity (low energy) of the membrane reduces
force of adhesion between the drop and the elastic membrane,
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Fig. 3 Needle-drop interaction with a coated superhydrophobic elastic membrane (plastic wrap) (θ ≈ 165◦ ) and needle retraction speed of 30mm/s
(a) Drop before impacting the elastic membrane (b) Drop impact on the elastic membrane (c) The deflection of membrane due to drop impact and the
needle-free drop descending due to gravity. The scale-bar at the bottom of Fig. 3(a) represents 1mm.

thereby preventing spreading, and together with the favorable
elastic response of the membrane, a successful drop detachment is
achieved. This ‘needle-free’ drop descends due to gravity and sub-
sequently gets deposited on the desired characterizing substrate,
kept at the bottom of this elastic membrane (Please refer Supple-
mentary Video S2). Figure 3 shows the snapshots of the needle-
free drop deposition using the coated superhydrophobic plastic
membrane. As mentioned earlier, the second approach to detach
the drop would be to change the elastic energy of the membrane.
To achieve this, we replace the elastic membrane used earlier
(i.e., the plastic wrap) by ∼ 1mm thick PDMS membrane. The
PDMS membrane was produced using the spin-coating technique
and appropriate operating parameters32 were used to obtain the
desired thickness of ∼ 1mm to allow the flexible property of the
PDMS membrane. We observed that a bare PDMS membrane is
hydrophobic with equilibrium contact angle θ = 111.8◦± 3.7. It
should be noted here that contact angle measurement on soft
PDMS is challenging since the applicability of Young’s law for
soft solids is debatable due to deformation of such surface at the
three phase contact line34. Upon retracting the drop-needle as-
sembly through it, it was found that the bare(uncoated) PDMS
membrane proved to be successful in detaching the drop by the
virtue of its significant elasticity, as depicted in Fig. 4. However,
the energy imparted due to its elasticity and vibrating modes are
significantly high and hence we observe that the drop does not re-
tain its original spherical shape (as opposed to the case shown for
coated plastic wrap membrane in Fig. 3 where the drop retains
its spherical shape), but rather breaks up into number of satellite
drops. It is to be noted that such a high magnitude of elastic en-
ergy, as observed here, is similar to effects (i.e., flattening of the
drop, recoiling, splashing and break-up35) that we witness during
drop-impact on a solid substrate with a very high impact velocity.
Recoiling and break-up of the drop can be observed in Figs. 4
(c)-(d). The wetting property of the membrane allows the drop
to spread on the membrane and we speculate that this spread-
ing of the drop further initiates such unwanted phenomena (See
Supplementary Video S3). It was also observed that the certain

amount of liquid volume always remains attached to the mem-
brane. Therefore, to avoid these undesirable effects and also to
achieve the detachment of an intact drop from membrane (as op-
pose to satellite drop formation), it is necessary to restrict spread-
ing of the drop on the membrane. Therefore, we have changed
the wetting properties of the PDMS membrane in a similar way in
which we had earlier changed the wetting properties of the plastic
wrap (elastic membrane used in Fig. 3). We noticed that when we
apply coating to the PDMS surface, due to the superhydrophobic
nature of the coated PDMS membrane (contact angle θ ≈ 165◦),
the entire drop gets detached from the membrane and the drop
break-up was arrested (See supplementary VideoS4). It should
be noted here that post impact, the drop, though undergoes de-
tachment, it does not retain its original spherical shape changing
from a donut like shape to a more elongated spherical shape at
later times. Therefore, we have demonstrated that by tuning the
elastic or wetting properties of elastic membrane, one can easily
obtain the needle-free drop deposition In the upcoming section,
we have provided theoretical analysis to this technique in terms
of the wetting and elastic properties of the membrane to achieve
the desired ‘needle-free’ drop deposition.

4 Theoretical Analysis

To explain the four different scenarios observed here, a theoret-
ical analysis is presented here. For ease of analysis, we have
applied conservation of energy at three different stages of the
process: firstly, before the impact of the drop with the elastic
membrane, secondly at the moment of maximum deflection of the
membrane due to impact and finally, after the impact where the
drop detaches or spreads on the membrane. For all these stages,
the system in consideration is the drop and the elastic membrane.
The drop attached to the needle, before impact, corresponds to a
spherical non-deformed drop of radius R, retracting with a veloc-
ity Vi. The total energy of the system at this initial stage can be
expressed as,

K.E.1 +S.E.1 =
2
3

πR3
ρV 2

i +4πγdaR2 (1)
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where ρ(1000kg/m3) and γda(0.072N/m) are the density and the
surface tension of the liquid drop, respectively. At stage 2, where
the membrane is at its maximum deflection δ , the kinetic energy
of the drop gets stored in as elastic energy of the membrane while
its surface energy depends on its configuration at that point. It
should be noted that the drop in stage 2 is in contact with the
membrane and tends to spread due to inertia. There are two
contributions to the elastic energy stored in the membrane: one
due to the inherent elastic nature of the membrane (Em

els) i.e., its
own elasticity while the background stress (σb) due to the tension
in the membrane is the other contribution (Em

σ ). The energy of
the drop-membrane system at this stage can be expressed as,

K.E.2 +S.E.2 = Em
els +Em

σ +S.E.2 = c1E f h f l2(
δ

l
)4 + c2σbh f l2(

δ

l
)2

+γdaAda + γdmAdm +Ediss

(2)

Here, E f is the elasticity of the membrane. h f , δ and l are respec-
tively the membrane thickness, its maximum deformation and
the length over which the deformation is significant (see Table. 1
for detailed values of these parameters). The background stress
can be estimated as σb ∼ Mringg/2πR f h f , where Mring(0.6g) is the
mass of the ring and R f (15mm) is the radius of the membrane.
In Eq. 2, Ada and Adm are the drop-air and drop-membrane sur-
face area, respectively, and γda and γdm are the respective inter-
facial tensions. Ediss is the viscous dissipation , which is negli-
gible here. In Eq. 2, c1 and c2 are numerical constants. Unfor-
tunately, the exact magnitudes of c1 and c2 are unknown due to
lack of knowledge on nonlinear elastic properties of these mate-
rials. This stage could be crucial for the eventual outcome of the
process. Since most of the stored elastic energy in the membrane
will be eventually transferred back to the drop as kinetic energy,
whether the drop will detach or not will depend on the competi-
tion between the stored elastic energy and surface energy of the
drop at this stage. Hence, for Em

els +Eσ
els > γdaAda + γdmAdm, drop

detachment will be favored while for the opposite case, the drop
will spread further on the membrane. Hence, as mentioned pre-
viously, depending on the wetting property and elastic nature of
the membrane, four probable scenarios arise. For a hydrophilic
plastic membrane, the drop completely spreads on the membrane
due to dominant drop-membrane interfacial energy compared to
the elastic response of the membrane, and together with the de-
formed membrane performs oscillations with diminishing ampli-
tude. Hence, majority of the total energy of the system is now in
the form of surface energy of the drop in its final spreading con-
figuration, while a certain portion of the total energy is lost due
to the vibrations (Evib). The energy for stage 3 corresponding to
this outcome can be written as,

E3,I = S.E.3 +Evib =
[
γdaπ(R2

0 +h2
0)+ γdmπR2

0

]
+ρ f h f l2(δ/τ)2

(3)
where ρ f is the density of the membrane and τ is the contact
time of impact. R0 and h0 are respectively the radius and height
of the drop in its maximum spreading configuration (see Fig.

2(c)). As reported by Courbin et al.30 , for wide range of im-
pact velocities (0 to 1.4m/s), the contact time can be written
as τ ≈ δ/0.2Vi. For the superhydrophobic plastic membrane, the
drop does not spread on the membrane by the virtue of unfa-
vorable drop-membrane surface energy and aided by the more
dominant elastic response of the membrane, the drop smoothly
detaches (see Supplementary Video S3). For this case, the drop
practically regains most of its initial kinetic energy, while a small
amount of energy is lost due to vibrations of the membrane. The
energy for stage 3 corresponding to this is,

E3,II = K.E.3 +Evib =
2
3

πR3
ρV 2

f +ρ f h f l2(δ/τ)2 (4)

where V f is slightly less than Vi.
The situation is different for the more flexible PDMS mem-

brane. For the un-coated hydrophobic one, even though the drop
spreads initially due to inertia, but the elastic response of the
more flexible PDMS membrane is such that vibrations of larger
amplitudes eventually breaks up the drop into satellite drops.
This can be attributed to the fact that for the more elastic PDMS
membrane, less energy is available to the drop for spreading and
there is more residual kinetic energy in the membrane, resulting
in oscillations of larger amplitudes. So, in addition to stage 3,
there is another stage where the drop in its maximum spreading
configuration deforms and actually breaks up, and finally falls due
to gravity. Also, for the superhydrophobic(coated) PDMS mem-
brane, the drop detaches from the membrane, albeit with a de-
formed shape, and falls due to gravity. It should be noted that
for all the scenarios discussed above, the energies E1, E2 and E3

are same order of magnitude by the virtue of elastic collision. Un-
fortunately, a more detailed energy analysis is beyond the scope
of the present work. On the other hand, a force analysis of the
drop impact and subsequent detachment can also be performed
to account for the four scenarios described above. In that regard,
the competition between the force generated due to the drop im-
pact and the drop-surface adhesion force1,36 will dictate the even-
tual outcome of the process. The authors would like to point out
that drop impact and break up is a field in its own, while in the
present work, the focus is entirely on needle-free drop deposition.
Compared to our previous study27, using a rigid hydrophobic top
substrate to facilitate drop detachment, drop deposition using an
elastic membrane minimizes drop deformation and energy loss
upon impact and subsequent detachment due to perfectly elastic
interaction, and can be considered as a lower bound of any such
post impact drop deformation.

It should be noted here that the retraction velocity is impor-
tant for successful drop detachment upon impact with the elas-
tic membrane. The needle retraction velocity of 30 mm/s corre-
sponds to a Weber number(We = ρV 2

i R/γ) much lower than unity,
which is perfectly suited for successful drop detachment upon im-
pact. For We>1, unwanted phenomenon, such as splashing upon
impact or self-detachment from the needle during retraction is ex-
pected, as reported in our previous study27. On the other hand,
a very low retraction velocity will not produce the sufficient elas-
tic response from the membrane to enable drop detachment. In-
stead, for such a scenario, the drop will adhere to the membrane
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Fig. 4 Needle-drop interaction with a bare PDMS membrane ( θ ≈ 111.8◦) and needle retraction speed of 30mm/s. (a) Drop before impacting the
PDMS membrane. (b) Maximum spreading of the drop after impact. (c) Recoiling of the drop and the maximum deflection in the membrane during the
vibration in the membrane. (d) Breakup of the drop into number of satellite drops due to multiple vibrations in the membrane. The scale-bar at the
bottom of Fig. 4(a) represents 1mm.

surface.

Table 1 Different parameters of plastic and PDMS membranes

Parameters Plastic Wrap PDMS
ρ 1190kg·m−3 965kg·m−3

E f 2 GPa 720 kPa
h f 20µm 1mm
δ 2mm 5mm
l 2mm 5mm
σb 3.12kPa 0.624kPa
τ 0.133sec 0.665sec

5 Conclusions
In this work, a ‘needle-free’ drop deposition in air medium is ob-
tained that is independent of the mechanical, geometrical and
wetting properties of the needle and the characterizing substrate.
This is achieved by bringing in an additional flexible substrate
(soft elastic membrane) between the needle-drop assembly and
the bottom characterizing substrate. The ‘needle-free’ technique
works when the needle-drop assembly is retracted upward at a
finite speed, away from the characterizing substrate, and the in-
teraction of the drop with the flexible membrane ensures negli-
gible energy loss and drop deformation upon impact thereby al-
lowing the drop to be detached from the needle and settle on
the bottom characterizing substrate by gravity for accurate con-
tact angle measurement of the characterizing substrate. We have
considered two different kinds of membrane substrates - plastic
wrap and PDMS membrane with varying elastic property. We also
varied the wetting characteristics of each substrate by providing
specialized coating to make them superhydrophobic surfaces. It
was found that in case of plastic wrap, whose elasticity is signif-
icantly smaller than the PDMS membrane, the elasticity of such
surface alone is not good enough to detach the drop from the nee-
dle. Hence, for such low elastic energy membranes, one need to
alter the wetting characteristics of the elastic membrane so that

the drop spreading on to such surfaces can be minimized and
thereby achieving the desired ‘needle-free’ drop deposition in air.
On the other hand, large elasticity of the PDMS membrane cre-
ates unwanted drop splashing, break-up, etc. which to a certain
extent can be arrested by again altering the wetting characteris-
tics of such highly deformable membrane. Moreover, in our previ-
ous study27, we observed that the failure of the needle-free drop
deposition for drop volume less than 3µL corresponding to the
needle diameter of 0.5mm, which is of same dimension as that
used in our present study. This is because, in case of a rigid solid
substrate, there exists a finite gap between the needle and the in-
ner surface of the drilled hole, which allows capillary imbibition
of drops (smaller than 3µL volume) to occur inside the gap. Such
problem can be avoided in case of an elastic membrane, where
there exists practically negligible gap between the needle and the
flexible elastic membrane. Hence, the proposed technique elimi-
nates the dependence of the drop diameter, to be used for charac-
terizing a given substrate, on the needle diameter, which can be
of great advantage to studies related to drop impact. Therefore,
the ‘needle-free’ drop deposition technique, presented here, has
an universal appeal and not only helps in accurately determining
the contact angle of low-energy surfaces (superhydrophobic, su-
peroleophobic, etc.) but at the same time opens up a new avenue
to revisit the drop impact studies with controlled drop diameters
and over a wide range of impact Weber number.
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