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ABSTRACT 

 

,  rotational and oscillatory motions are often adopted by many living organisms 

to penetrate into or burrow in the soil. For example, seeds of the Erodium cicutarium and 

Pelargonium can bury themselves into the ground for future germination with a continuous 

rotational motion. The angled worm lizards (Agamodon anguliceps) make tunnels by oscillating 

their head along the long axis of the trunk. Our previous numerical simulations indicate that both 

rotational modes lead to comparable reductions of penetration resistance of a rod with a conical 

tip. In this study, both modes of rotational penetration were further investigated through 

laboratory experiments. The penetrator consists of a cylindrical shaft and a conical tip with an 

apex angle of 60°. A gear motor is integrated into the penetrator for rotational motion control: 

both continuous rotation and oscillatory rotation can be achieved. The penetrator assembly is 

connected to a six-axis robotic arm, which controls the vertical penetration and collects the 

force/displacement data. A series of rotational penetration tests were conducted in Ottawa sand 

F65 with different combinations of vertical and rotational velocities while the resultant velocity 

was kept as a constant. Different oscillation amplitudes were used under the same rotational 

velocity for the oscillatory rotational penetration cases. The results confirmed the conclusions 

drawn from the numerical simulations: for both rotational penetration modes, the rotational 

penetration forces decrease with the relative slip velocity (ratio between the rotational and 

vertical velocity); comparing with the non-rotational case, the reduction of penetration force is 

about 80% for the whole-body-continuous-rotation (WCR) case and 60% for the cone-

continuous-rotation (CCR) and cone-oscillatory-rotation (COR) when the relative slip velocity 

reaches 20. Under the tested conditions, the penetration forces were not affected by the 

oscillation amplitudes. Comparing with continuous rotational penetration, oscillatory penetration 

achieved less reduction of penetration force, but it is easier to be implemented in cone 

penetration tests or self-burrowing robots. 

 

INTRODUCTION 

 

In nature, numerous organisms live underground or grow within the soil. The burrowing 

organisms move in the soil effectively and efficiently by using a wide spectrum of traits. But 

most burrowing organisms do not penetrate directly using a blunt force. They dynamically 

change their body shapes so as to wiggle, rotate, undulate, oscillate or expand/contract. These 

motions lead to a reduction of the penetration resistance, an increase of the thrust and anchorage, 

or both. For instance, the razor clams (Ensis directus) penetrate the wet sand by periodically 

expanding and contracting its shell and muscular foot (Dorgan 2015; Huang and Tao 2020; 

Trueman and Yonge 1967; Winter et al. 2014); the sandfish lizards (Scincus scincus) undulate its 
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Fig. 4. Total penetration force and torque for WCR tests under different velocity 

combinations: (a) penetration force ( ); (b) penetration torque ( ). 

 

 

Fig. 5. Total penetration force and torque for CCR tests under different velocity 

combinations: (a) penetration force ( ); (b) penetration torque ( ). 

 

 

Fig. 6. Total penetration force and torque for COR tests under different velocity 

combinations: (a) penetration force ( ); (b) penetration torque ( ). 
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Fig. 7. Total penetration force and torque for COR tests under different rotational angles: 

(a) penetration force ( ); (b) penetration torque ( ). 

 

 
 

Fig. 8. Penetration force and torque with different rotational modes under the same 

velocity combinations: (a) penetration force ( ); (b) penetration torque ( ) (The rotational 

degree for the selected COR case is 90 ). 

 

The effects of rotation mode and velocities on penetration force are better demonstrated 

when examined using non-dimensional metrics (Fig. 9). The normalized curves for three modes 

showed similar trends: the penetration force reduces dramatically with the relative slip velocity, 

until which reaches a critical value around 10 when the reductions start to plateau. Furthermore, 

the curves for the CCR and COR cases are almost identical to each other. The normalized 

penetration forces for all modes are close to each other when the relative slip velocity is less than 

4. After that, the difference of the whole-body rotation case (WCR) and the cone-only rotation 

cases (CCR and COR) starts to increase. 
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Fig. 9. The normalized penetration force  for different rotational modes.  indicates 

the penetration force for the direct penetration;  indicates the penetration force for the 

rotational penetration;  and  represent the vertical and rotational velocities, 

respectively. Each point was calculated by getting the normalized penetration force at 

every 0.05 m (0.05 m, 0.10 m, and 0.15 m) for each trial first and then averaging the 

normalized penetration force of the three trials under each case. Namely, the average value 

was calculated by averaging the values of nine points; the shaded area represents the 

difference between the average value of each case and the normalized penetration force for 

each trial under the same case.) 

 

DISCUSSION 

 

At the maximum relative slip ratio of 40 in this study, the penetration force reduced to about 

30% of that in direct penetration when only the cone rotates during penetration; this number 

reduces to 20% when the whole penetrator rotates during penetration. The difference of 10% can 

thus be attributed to the effect of shaft rotation on the shaft resistance. It can also be concluded 

that when the whole penetrator rotates, the majority of the reduction of penetration force occurs 

at the cone. 

The fact that continuous or oscillatory rotations have comparable effects on the reduction of 

penetration force implies that the forces resulting from continuous shearing and cyclic shearing 

under the test conditions in this study: shallow, dry, loose sand. This conclusion also underscores 

that a burrowing organism (such as the worm lizard) or robot does not have to perform 

continuous rotation to achieve the reduction of penetration force. Burrowing animals can 

certainly benefit from this since the rotational amplitude of a certain body part is almost always 

limited by the joints; and continuous rotation is not possible for most living organisms. For a 

burrowing robot, the oscillatory design may be simpler than a continuous rotation design since it 

can eliminate the use of a slipping ring. Whether this conclusion still holds for conditions 

involving different penetration depths, water contents, relative densities, and soil types warrants 

further investigation. 
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CONCLUSIONS 

 

Different rotational modes including continuous or oscillatory, whole-body or cone-only 

rotations at different relative rotational speeds can all lead to a considerable reduction of the 

penetration force in shallow, dry, loose sand. With increasing relative slip velocity, the 

penetration force decreases while the penetration torque increases. With the same relative slip 

velocity, continuous and oscillatory cone-only rotations result in comparable effects on the 

change of penetration force and torque and rotational amplitude have negligible effects. On the 

other hand, whole-body continuous rotations result in greater reductions of penetration force and 

greater increases of penetration torque; the differences between whole-body rotation cases and 

cone-only rotation cases underscore the effect of rotating shaft on shaft penetration resistance, 

which is relatively small comparing with that of rotating cone on cone penetration resistance. 
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