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Fingering induced by a solid sphere impact to viscous ﬂuid
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Abstract. The number of splashed ﬁngers generated by a solid projectile’s impact onto a viscous liquid layer
is experimentally studied. A steel sphere is dropped onto a viscous liquid pool. Then, a ﬁngering instability
occurs around the crater’s rim, depending on the experimental conditions such as projectile’s inertia and the
viscosity of the target liquid. When the impact inertia is not suﬃcient, any ﬁngering structure cannot be observed.
Contrastively, if the impact inertia is too much, the random splashing is induced and the counting of ﬁngers
becomes diﬃcult. The clear ﬁngering instability is observable in between these two regimes. The number of
ﬁngers N is counted by using high-speed video data. The scaling of N is discussed on the basis of dimensionless
numbers. By assuming Rayleigh-Taylor instability, scaling laws for N can be derived using Reynolds number Re,
Weber number We, and Froude number Fr. Particularly, the scaling N = (ρr Fr)1/4 We1/2 /33/4 is obtained for the
gravity-dominant cratering regime, where ρr is the density ratio between a projectile and a target. Although the
experimental data considerably scatters, the scaling law is consistent with the global trend of the data behavior.
Using one of the scaling laws, planetary nano crater’s rim structure is also evaluated.

1 Introduction
Since Worthington’s pioneering work for the splashing of
ﬂuid impact [1], the impact splashing has been studied intensively by many physicists. Recent developments of the
numerical computation and the high-speed imaging enable
us to reveal the detailed dynamics of the ﬂuid impact [2–
4]. Particularly, a liquid droplet impact either onto a liquid pool or a hard ﬂoor has been studied well so far [2].
A solid sphere impact to a non-Newtonian target ﬂuid has
been also investigated experimentally [5,6]. Furthermore,
some recent studies have concerned granular target impacts as well as ﬂuid target impacts. Examples include a
solid sphere’s impact to a granular bed [7–12], a liquid
droplet impact to a granular bed [13,14], and a vortex ring
impact to a granular bed [15].
In spite of these recent eﬀorts for the soft matter impact, ﬁngering instability by the impact between a solid
sphere and a liquid pool has not been studied well. This
is a little surprising because it is probably one of the simplest setups. So far, the study of ﬁngering instability has
been almost restricted within a droplet impact. However,
natural ﬁngering instability is not limited in the macroscopic droplet impact. For instance, microscopic impact
cratering has been found in the space environment. Nakamura et al. have found wavy rim structures of tiny ( 100
nm order) craters on the sample returned from the asteroid
Itokawa [16]. This crater rim structure reminds us the ﬁngering instability. The petal-like crater’s rim structure has
been also found in the droplet impact to a granular bed [13,
14]. From the high-speed video data taken in the experiments, we have conﬁrmed that the petal-like structure is
caused by the ﬁngering instability of the impacting droplet.
Petal-like ejecta blanket structure called Rampart crater
can be also found in the Martian surface and a laboratory
experiments of the hypervelocity impact to a muddy tara
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get [17]. Such simple laboratory experiments might be useful to discuss the origin of widely variated natural craters
shapes. Note that, however, surfaces of actual astronomical objects do not consist of liquid. They are rather covered with regolith. Moreover, Itokawa’s returned samples,
on which nano craters were found, are solid (not liquid).
Thus the real craters morphologies might not directly link
to the liquid impact. However, we believe that the fundamental study of the liquid impact could be a ﬁrst step to
understand the variety of complex craters morphologies.
To classify the physical origins of various ﬁngeringlike structures in soft matter impacts, fundamental investigations on the ﬁngering instability with various projectiles
and targets are necessary. For example, viscoelastic property of the target material might play a certain role in the
very high-speed impact in which the melting of the target could occur. As a ﬁrst step, we should begin with the
simplest setup. Therefore, we carry out one of the simplest
impact experiments—a steel sphere impact onto a viscous
liquid—in order to approach a fundamental law of the ﬁngering instability. Particularly, we analyze the experimental data by combining the models of liquid deformation and
Rayleigh-Taylor instability. Using the derived model, we
speculate the impact velocity to make astronomical nano
craters accompanied with wavy rim structure. Then the
limitations for this consideration are also discussed ﬁnally.

2 Experimental
We build a simple experimental apparatus as schematically
shown in ﬁgure 1. A steel sphere in diameter D p = 3, 6.35,
or 8 (mm) is held by an electromagnet. Then it is dropped
from a certain height h to commence a free fall. The freefall height h ranges from 20 to 605 (mm) corresponding
to the impact velocity of U = 0.2 − 3.6 (m/s). This freefall drop system is basically identical to that used in our
previous experiment on the agar gel impact [6]. Density
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Fig. 1. A schematic drawing of the experimental apparatus. A
stainless steel sphere is dropped onto a viscous liquid pool by
free fall. The splashing is taken by a high-speed camera.

of the steel sphere is ρ p = 8.0 × 103 (kg/m3 ). We employ silicone oil (Shin-Etsu Chemical Co., Ltd.) or distilled
water as target ﬂuids. The range of kinematic viscosity ν
and surface tension γ of target ﬂuids are 0.65 ≤ ν ≤ 200
(×10−6 m2 /s(=cSt)) and 16 ≤ γ ≤ 72 (×10−3 N/m), respectively. The density of ﬂuid ranges 0.8 ≤ ρ f ≤ 1.0
(×103 kg/m3 ). Namely, main control parameters are the
impact inertia and the target viscosity. Target surface tension and density are varied slightly. Actually, we have used
the viscoelastic ﬂuid target as well. However, we could
not observe any ﬁngering instability for viscoelastic targets, at least in the range of current experimental condition.
Much larger impact inertia is probably required to induce
the ﬁngering instability in the viscoelastic impact. Thus we
are going to focus only on the viscous target case, in this
study. Impact and splashing are captured by a high-speed
camera (Photron SA-5) at 5, 000 fps. All the experiments
are performed under the atmospheric pressure environment
( 101 kPa).

3 Results and discussion
Typical snapshots of the experimental results are presented
in ﬁgure 2. When the target viscosity is large, any ﬁngering
instability cannot be observed. Such an example (ν = 120
cSt) is shown in ﬁgure 2(a). To induce the ﬁngering instability on a very viscous target, much larger impact inertia is
necessary. On the other hand, we can conﬁrm the clear ﬁngering instability for an impact to a less viscous target (ﬁgure 2(b); ν = 0.89 cSt). When the impact inertia increases
more, random splashing is induced as shown in ﬁgure 2(c).
In this regime, it is hard to count the number of ﬁngers
from the raw video data. Perhaps, this limit comes from
the limitations of temporal and spatial resolutions of the
images taken by the high-speed camera. Much higher resolution images might enable us to study this random regime.
Since we are interested in the typical ﬁngering structure,



Fig. 2. Typical snapshots of the impacts: (a) no-ﬁngering case
(d = 8 mm, ν = 120 cSt, and h = 240 mm); (b) ﬁngering case
(d = 6.35 mm, ν = 0.89 cSt, and h = 120 mm); (c) random
splashing (d = 6.35 mm, ν = 0.65 cSt, and h = 605 mm).

we restricted ourselves to the transient regime in which the
clear ﬁngering structure can be observed.
Number of ﬁngers N is counted from the snapshots
(like ﬁgure 2(b)) by eye. Since the ﬁngers move, split, and
merge, it is not so easy to count N. Moreover, the ﬁngering
structure is ﬁnally relaxed relatively in a short time. To see
the initial instability, we count all of possible ﬁngers at the
early stage of the impact. We would like to characterize N
by the scaling analysis using some relevant dimensionless
numbers.
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Fig. 3. Scaling results of the counted ﬁngers number N by (a) impact Reynolds number ReI , (b) droplet-deformation-included RayleighTaylor instability, and (c) crater-deformation-based Rayleigh-Taylor instability. The solid and√dashed lines in (a) indicate the scaling
N ∼ ReI 1/3 and N ∼ ReI 3/4 , respectively. The solid line in (b) represents N = We1/2 Re1/4 /4 3. The solid line in (c) corresponds to
N = (ρr Fr)1/4 We1/2 /33/4 . While these scaling laws capture the global trend of data behavior, the data dispersion is signiﬁcantly large.

3.1 Impact Reynolds number

3.2 Rayleigh-Taylor instability

First, the simple scaling analysis is tried by combining two
possibly relevant dimensionless numbers: Weber number
We = ρ f U 2 D p /γ and Reynolds number Re = UD p /ν.
Here we introduce the impact Reynolds number [18]. Impact Reynolds number has been derived by considering
the representative length scale L = [ν(m p /γ)1/2 ]1/2 , where
m p is the sphere’s mass. The characteristic timescale tγ =
(m p /γ)1/2 comes from the spring-like eﬀect of the liquid
surface tension. And L indicates the length scale of momentum diﬀusion by tγ and ν. Then, the impact Reynolds
number ReI is deﬁned as

Next, Rayleigh-Taylor instability is considered as an alternative candidate to explain the ﬁngering. Rayleigh-Taylor
instability is induced at an interface of denser and lighter
ﬂuids when the denser one is accelerated toward the lighter
one. The capillary-based characteristic wave number k for
the Rayleigh-Taylor instability can be computed as [19–
21],

(ρh − ρl )a
,
(3)
k=
3γ

ReI =

UL
= We1/4 Re1/2 .
ν

(1)

Marmanis and Thoroddsen have shown that the number of
ﬁngers by a droplet impacting to a hard ﬂoor can be scaled
by N ∼ ReI 3/4 [18]. In ﬁgure 3(a), the counted result of N
as a function of ReI for the current experiment is displayed.
Although the data considerably scatter due to the diﬃculty
of ﬁngers-counting, here we apply the data ﬁtting to ReI
scaling. Then, as shown in ﬁgure 3(a), the data can be ﬁtted
by a scaling,
(2)
N ∼ ReI α .
The obtained scaling exponent α = 1/3 is diﬀerent from
the previously obtained droplet impact experiment, α =
3/4 [18]. Solid and dashed lines in Fgi. 3(a) correspond to
N ∼ ReI 1/3 and N ∼ ReI 3/4 , respectively. This diﬀerence
might come from the geometry diﬀerence. While α = 3/4
was obtained for the impacting droplet case, α = 1/3 corresponds to the case that a hard projectile impact to a liquid
target. Moreover, the obtained scaling means very weak
We and Re dependences: N ∼ We1/12 Re1/6 . Such small exponents are not so useful for the scaling analysis. It is hard
to discuss the underlying physical mechanism on the basis
of these small exponents. The data can be ﬁtted only because the model of Eq. (2) has two free ﬁtting parameters.

where ρh , ρl , and a are the density of denser ﬂuid, that of
lighter ﬂuid, and the applied acceleration, respectively. By
assuming ρ f = ρh  ρl and a  U 2 /D p , k can be rewritten
√
as k = We1/2 / 3D p . If this instability is induced at the
perimeter of a circle in diameter Dc , the number of ﬁngers
N is written as,
N=

Dc
We1/2 .
√
2 3D p

(4)

By considering a liquid droplet impact onto a hard ﬂoor,
the maximally deformed droplet diameter Dc at viscositydominant regime can be approximated by [22–24],
Dc 

1
D p Re1/4 .
2

(5)

Here, D p corresponds to the initial droplet diameter. Substituting Eq. (5) to Eq. (4), one can obtain a form of N
as [24],
1
(6)
N = √ We1/2 Re1/4 .
4 3
It should be noticed that this scaling variable We1/2 Re1/4
is diﬀerent from ReI (= We1/4 Re1/2 ). The We1/2 Re1/4 is
sometimes called the splashing parameter. The scaling form
(Eq. (6)) is compared with the current experimental result
in ﬁgure 3(b). As can be seen, this scaling seems to correspond to the lower limit of the experimental data. Although
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the scaling in ﬁgure 3(b) might look worse than that in ﬁgure 3(a), note that the scaling of Eq. (6) does not include
any ﬁtting parameter.
To improve the scaling more, here we consider the crater
cavity model [25, 26]. Let us assume that the projectile’s
kinetic energy Ek is mainly consumed by the potential energy of the crater’s cavity Ecav . The cavity potential energy
Ecav is calculated as Ecav = πρ f gD4c /64 [25]. By equating
Ecav and the impacting kinetic energy Ek = πρ p D3p U 2 /12,
the cavity diamater Dc is obtained as,
⎞1/4
⎛
⎜⎜⎜ ρ p D3p U 2 ⎟⎟⎟
ρp
⎟⎟ = 2D p
⎜
Fr
Dc = 2 ⎜⎝
3ρ f g ⎠
3ρ f

1/4

.

(7)

Substituting Eq. (7) to Eq. (4), a scaling form is obtained
as,
N = 3−3 ρr Fr

1/4

We1/2 ,

(8)

where Fr = U 2 /gD p is Froude number and ρr = ρ p /ρ f
is the density ratio between a projectile and a target. This
form looks similar to Eq. (6); Re is replaced by ρr Fr in
terms of the scaling relation. While the dominant eﬀect in
Eq. (6) is viscosity, the gravity plays an essential role in
Eq. (8). This implies that the scaling of Eq. (8) is valid
for the gravity-dominant cratering regime. In ﬁgure 3(c),
the experimental data are compared with this scaling. The
abscissa of ﬁgure 3(c) comes from the right-hand side of
Eq. (8). Whereas the data still widely scatter, the scaling
captures the global trend without any ﬁtting parameter. Perhaps, the small projectile case (D p = 3 mm) can be better
explained by the viscosity-based scaling (Eq. (6)). Other
data seem to agree with the gravity-dominant scaling. This
ﬁngering relates to the surface tension eﬀect and we did not
directly measure the surface tension value (i.e. we use catalogue data). Therefore the data contain large uncertainty.
That is probably the reason why it is hard to reduce the
relatively large data dispersion in all panels of ﬁgure 3.
Moreover, the range of We swept by this study is not wide
enough. To make the scaling relation sure, more systematic
experiments with widely ranging dimensionless numbers
must be carried out.

3.3 Application to the ﬁngering of nano craters
found on the asteroid Itokawa

In principle, we can estimate the impact conditions for various (gravity-dominant) craters with ﬁngering instability,
by using Eq. (8). However, it is not easy to estimate the
proper value of Fr particularly for the astronomical impacts. Instead, the crater dimensions are directly accessible as far as the craters are observed. In such a situation,
Eq. (4) is useful to evaluate the impact conditions. This
scaling is based only on the Rayleigh-Taylor instability. It
does not assume the dominant dynamics of the deformation: e.g. viscosity, gravity, or strength.
Here, let us estimate the impact velocity U for the wavy
rim structure of nano craters found on Itokawa’s returned
samples [16]. To this purpose, Eq. (4) is rewritten as,

2N
U=
Dc

3D p γ
.
ρf

(9)

In order to compute a speciﬁc value of U, here we use
physical properties of SiO2 : ρ f = 2000 kg/m3 and γ =
0.014 N/m [27]. In addition, N  7 and Dc  200 nm
can be observed from the photos of nano craters [16]. Assuming D p = Dc /2, which is a reasonable assumption for
ﬂuid impacts, we ﬁnally obtain U  100 m/s. If we assume a molten glass state for the target, γ value is about
one order of magnitude greater than the currently assumed
value. However, the resultant U still remains in the order of
U = 102 m/s. The assumption D p = Dc /2 actually means
Fr  1 if we use Eq. (7). However, it is quite diﬃcult
to satisfy this condition under the very weak gravity like
Itokawa. Thus, the crater diameter Dc must be determined
rather by the target strength Y. By considering the energy
balance between Ecav,Y = πD3c T/12 and Ek , Dc is written
as,
ρpU 2
.
(10)
Dc = D p
Y
Then, the strength Y = 2.5 MPa is obtained from the condition D p = Dc /2. We can even estimate the ﬁnite strength
of the target in this framework. The existence of the ﬁnite
strength implies that the target material should somehow
be viscoplastic. Substituting Eq. (10) to Eq. (9), we obtain
a form of the impact velocity in strength-dominant cratering regime as,
U=

12N 2 γ
ρ f Dp

3/10

Y
ρp

1/5

.

(11)

Since this estimate is based on the simple scaling analysis, only the rough order estimate is possible. In terms
of the order estimate, the above estimate might be reasonable. However, there are some severe problems that must
be overcome to fully understand the impact causing the
wavy nano craters rim. Such problems are brieﬂy discussed
below.
In general, the region of ﬁngering instability depends
on surrounding gas pressure [28] and wettability of the
projectile [29] as well as impact inertia and properties of
projectile and target. The droplet impact under vacuum
condition cannot cause the ﬁngering [28]. If the surface of
projectile is hydrophilic, no-splashing is observed until the
critical impact inertia [29]. These characteristics relate to
the transition from the no-ﬁngering to the clear-ﬁngering
states. While these eﬀects might inﬂuence the value of parameters at the transition point, we consider the scaling exponent would not be aﬀected. Furthermore, a recent work
has revealed that the ﬁngering of a droplet impact depends
on the shape of the target [30]. In the current investigation, we performed a very simple experiment and found
that N might be scaled by the combination of We, Fr and
ρr . This means that the crater deformation and the associated Rayleigh-Taylor instability are the possible sources of
the ﬁngering pattern formation.
While only the viscous ﬂuid targets are used in this
study, viscoelastic or plastic behavior of the target must
be also studied in order to discuss the general ﬁngering instability. Moreover, the ﬁnite strength is indeed necessary
to explain the observed result as mentioned above. Elastic
property may work as a resistance to the splashing just like
an atmospheric pressure which induces the ﬁngering instability for the droplet impact [28]. Such solid-like elastic
or plastic property is advantageous also to retain the crater
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shape on the target surface just like Itokawa’s nano crater.
However, much higher impact velocity and vacuum conditions are needed to study a viscoelastic or viscoplastic
ﬁngering. This is the important future problem.

4 Summary
We performed the low-velocity impact experiment with
steel sphere projectiles and viscous target liquids. Milkcrown-like ﬁngering can be observed in a particular parameter regime. The number of ﬁngers created by the impact was counted from the high-speed video images. The
observed ﬁngers number N can be scaled by the relation
N  (ρr Fr)1/4 We1/2 /33/4 . This scaling is based on the
Rayleigh-Taylor instability and the balance between the
projectile’s kinetic energy and the target cavity’s potential energy. While the scaling reveals a certain aspect of
the ﬁngering induced by the impact to soft targets, further studies are necessary to clarify the details of impact
ﬁngering instability. Using
a Rayleigh-Taylor-based scal√
ing (N  Dc We1/2 /2 3D p ), one can estimate the impact
velocity for nano crater’s wavy rim found on samples returned from the asteroid Itokawa. Assuming the strengthdominant cratering, the strength of the target material can
also be estimated. However, more careful estimate by considering extreme conditions such as vacuum and low temperature is necessary to discuss the origin of wavy rim
structures on Itokawa’s nano craters.
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