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Penetration of fox and human skulls into granular matter:
Oversimplifying a complex phenomenon?

L. Martinez-Ortiz* (), R. Pupo-Santos®, P. Altshuler?, and E. Altshuler®’

The penetration of “perfect” objects such as spheres and
cylinders in granular beds has been systematically investi-
gated over the last decades. Given the complex interplay
between fluid and jammed states in granular matter, it is
already a challenging task (1-6). The study of granular pen-
etration of realistic—"imperfect"—objects is even more diffi-
cult and scarce (7, 8).

Recently, Yuk et al. (9) have approached that problem in
order to shed light on “mousing”: the plunge of the artic fox
(Vulpes lagopus) into snow to catch prey. The authors dropped
a 3D-printed model of the artic fox's skull in order to measure
the upward resistance force exerted on it by snow, assuming
it as a granular material. They concluded that the curvature
of the snout critically determines the impact force: A sharper
snout means a lower average impact force (9).

Previous to the work of Yuk et al. (9), we had performed a
quantitative study of the penetration of a skull into granular
matter—but a human one (7). It was shown that nonsymmetric
penetrating objects tend to rotate and to depart from the ver-
tical plunge. Furthermore, it was concluded that subtle imper-
fections in a sinking object may provoke large tilting angles.
Consistently, in the case of a human skull sinking in the head-up
position, the rotation occurs toward its smoother part, i.e., the
occipital region (see supplemental material in ref. 7).

Since in ref. 9 the authors restrict the fox skull to a purely
vertical penetration by attaching it to a load cell by a rigid
rod, the possibility of tilting during “free diving” was sup-
pressed. In this letter, we have tackled the problem: We
examined the unrestricted penetration of 3D fox skull mod-
els penetrating light granular material (expanded polystyrene
particles), to detect the possible presence of rotation. A skull
model similar to that reported in ref. 9 showed negligible
rotation, which seems to offer further support to Yuk et al.'s
conclusion that the artic fox is well adapted for mousing (9).
However, similar experiments with a different fox skull model
(10) did reveal rotation. Fig. 1 shows a snapshot sequence
showing the penetration of the latter as it enters the free
granular surface at a speed of 2 m/s (see ref. 7 for details of
the preparation of the granular bed). Thanks to a light rod
attached to the back of the skull, a systematic rotation with
afinal average angle of nearly 17 degrees is revealed, always
in the direction of the “smoother” half of the skull.

Fig. 1. Diving of a 3D-printed model of a fox's skull (10) into granular matter.
Left: Snapshots of the penetration process at different moments. Right:
Rotation of the skull relative to the vertical direction. The black line is the
average over 10 repetitions of the experiment, and the gray zone represents
the SD from the mean.

However, both the experiments reported in ref. 9 and the
ones presented here seem too simplified to support a full
biomechanical picture of mousing in real life. For example,
the surprising increase in the acceleration around 0.8 s
shown in Fig. 1B of ref. 9, probably means that the artic fox
propels itself into the snow using the anterior legs. Further
experiments allowing the possibility of skull rotation, leg
activity, and perhaps mouth opening are mandatory to get
a more realistic biomechanical characterization of fox
mousing.
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