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This paper explores the superposition of ultrasonic vibration on vertical rotating augers in a variety of granular
media. Ultrasonic vibration is known to facilitate direct penetration of granular media, and it is anticipated that
any related reduction in the torque requirements of a rotating system might improve augering performance.
Experimental results suggest that, compared to the non-ultrasonic scenario, ultrasonically assisted augering
significantly promotes the flow of granular media, while moderately reducing the torque required to operate the

device. Furthermore, it was discovered that particle size, helix angle, and auger speed all affect the performance
of the auger in different ways as the ultrasonic amplitude is adjusted.

1. Introduction

Ultrasonic vibration as a penetration aid with respect to granular
materials was explored in some detail in 2017 [1], when it was
demonstrated that the forces required to access the near subsurface
could be substantially reduced. The proximate application was consid-
ered to be planetary exploration, where reduced forces could make it
easier for penetrating probes to explore the dusty regolith of planets,
moons, and asteroids.

However, it may be necessary to explore beneath rocky terrain as
well, which requires drill systems to break the harder material. In every
drill used in space to date, the rock breaking function has been combined
with an auger to elevate the spoil out of the hole. This paper will explore
whether sonication could similarly enhance the flow of spoil up such an
auger, and therefore contribute to exploration of these more challenging
terrains by reducing the effort required to rotate the drillstring. This
would be particularly applicable for drillstrings less than a few wave-
lengths long.

Such an outcome may be possible because, in augering, the relatively
low friction of the flights causes the spoil to preferentially slide up the
scroll, rather than rotate at considerable speed against the higher fric-
tional forces created at the borehole edge or auger tube wall [2]. If the
reduced forces seen in sonicated penetration events could be recreated
in a sonicated rotating system, then the differential friction effect that
leads to elevation should be augmented and the auger should operate
more effectively. This experimental study confirms that such an effect
exists.
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2. Material and methods
2.1. Granular material

The spoil created during actual drilling may have a wide range of
properties, so for the purposes of this experiment a highly-repeatable
substitute is used. Three batches of glass beads, with approximate di-
ameters of 0.1 mm, 0.4 mm and 0.7 mm, are used, as per Fig. 1.

2.2. Ultrasonic augers

Fig. 2 shows the structure of the ultrasonic augers, as part of a Bolted
Langevin Transducer (BLT) architecture. This configuration is
comprised of a half-wavelength ultrasonic transducer (L500, Sonic
Systems Ltd, Puckington, Ilminster, UK) tuned to resonate in its first
longitudinal mode (L1) at around 20 kHz. Three cylindrical augers
(made from Ti-6A1-4V material), with helix angles of 5°, 10° and 20°,
were designed using the finite element analysis (FEA) software package
Abaqus-Simulia (Dassault Systemes, Vélizy-Villacoublay, France),
manufactured, tuned to the full-wavelength, and then interfaced so that
they can be attached to the transducer by means of a threaded stud. This
forms a one-and-a-half wavelength device, resonating at around 20 kHz
overall. The diameter of the cylindrical core of the auger is 34 mm,
matching the transducer, and the outer diameter (across the auger
scrolls) is 38 mm.
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Fig. 1. Three different diameters of glass beads, used as granular materials for
experimental purposes.

2.3. Characterisation

Characterisation of the ultrasonic augers is required to ensure that
they operate as designed. The characterisation consists of an analysis of
the electrical impedance and an experimental modal analysis.

(i) Electrical impedance analysis

Impedance analysis (IA) measurements were performed on all ul-
trasonic augers using a commercial device (4294 A, Agilent Technolo-
gies, Santa Clara, CA, USA). A swept signal of 1 V peak-to-peak over a
bandwidth covering the frequency range of interest was applied, and the
impedance spectrum was measured. The effective electromechanical
coupling coefficient, ke, was calculated from the impedance spectrum
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data using equation (1) [3], providing an understanding of the ultra-
sonic augers’ conversion efficiency from electrical energy to mechanical
vibrations.

szf - f2 (1 )

fa represents the anti-resonant frequency and f; stands for the resonant
frequency.

Mechanical Q factor, which is a measure of system damping derived
from the peak response and the relative position of the half-power
points, was also calculated from the impedance measurements to bet-
ter define the bandwidth of the operating mode. The result was found to
be consistent with the electromechanical findings, as described below.

(i) Experimental modal analysis

Experimental modal analysis (EMA) was performed to understand
the consistency of the vibrational mode shapes with the theoretical
design. Frequency response functions (FRFs) were taken across a grid of
vibration response measurement points, from which the modal param-
eters (frequency, damping, and mode shape) were extracted [4].

To generate the FRFs, a white noise excitation of 10 V3 was
generated by a signal generator (Quattro, Data Physics, Santa Clara, CA,
USA) and amplified (RMX 4050HD, QSC Audio Products, Costa Mesa,
CA, USA), before being supplied to the ultrasonic augers. A 3-D laser
Doppler vibrometer (CLV3000, Polytec, Waldbronn, Germany) was used
to measure three orthogonal components of the vibrational velocities
from the grid points. Data acquisition and processing software (Signal-
Calc, Data Physics, Santa Clara, CA, USA) was then used to apply curve-
fitting routines to extract the magnitude and phase data. Finally, the
measured FRFs were exported to modal analysis software (ME’sco-
peVES, Vibrant Technology Inc, Centennial, CO, USA) to extract the
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Fig. 2. Three ultrasonic auger models, nomenclatures, and the final devices. The augers are around 250 mm long, and the dimensions of the full stacks will be shown

in Fig. 5.
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Fig. 3. (a) Cross-sectional view of the experimental platform of ultrasonic augers, (b) real experimental setup, (c) ultrasonically assisted auger in operation, with the

granular media overtopping the tube (the scoop is not present).

modal parameters.
3. Experimental platform

The experimental platform is presented in Fig. 3 (a). Fig. 3 (b) and (c)
illustrate the platform while the auger system is in operation. The red
arrow indicates the direction of the rotation of the auger, inside the
auger tube.

The ultrasonic stack is fixed to a spun housing through its nodal
flange, with two contact bearings supporting the assembly. A cog gear is
seated on the upper shoulder of the transducer housing, where it can be
driven by a small pinion and a gearmotor (Maxon Group, Sachsein,
Switzerland). To supply power to the spun assembly, a slip ring
(MFS028-P0210-440V, Moflon Technology, Shenzhen, China) is used. A
benchtop power supply (BK9129B, BK Precision, Yorba Linda, CA, USA)
provides this power, with the power consumption of the gearmotor
being recorded using an associated kit (IT-E132B) and LabView.

A bucket with granular media (shown in Fig. 1) is deployed directly
underneath the ultrasonic auger. A transparent polystyrene tube is
placed concentrically around the auger and is inserted in the granular
material, to the very bottom of the bucket, to help stabilise the auger
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against oscillation and whirl. The tube has an inner diameter of 40 mm,
leaving a 1 mm circumferential gap, and it has two 20 mm holes at the
sides which act as inlet ports. A scoop made from polylactic acid is press
fitted to the top of the tube, with an inclined surface that causes any
material lifted by the auger to be directed towards an outlet port where
it may be collected for transfer to a digital scale. In this way, the mass
uplifted by the auger during an experiment may be recorded.

To energise the ultrasonic augers, a P100 control unit (Sonic Systems
Ltd, Puckington, Ilminster, UK) is used. This vibration control unit em-
ploys a resonant frequency tracking technique [5], which automatically
adjusts the output frequency to precisely match the resonance of the
augers. A negative feedback control loop is integrated in the P100
control unit to maintain a constant displacement amplitude of the augers
under load. The ultrasonic power consumption can be directly acquired
from the P100 control unit.

4. Results
4.1. Electromechanical characteristics

To ensure the ultrasonic augers can be driven by the P100 control
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Fig. 4. Measured electrical impedance and phase of three different helix angle angers: (a) Impedance, (b) phase.
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Table 1

Ultrasonic augers’ electrical characteristics.

5° auger 10° auger 20° auger

Resonance frequency f, [Hz] 19,666 19,620 20,372
Anti-resonance frequency f, [Hz] 19,799 19,745 20,552
Impedance magnitude Z [Q] 123 130 112.4
Phase 0 at f; [°] 18.5 27 12.6
Coupling coefficient kg [—] 0.117 0.112 0.132
Q factor [—] 1093 998 886

unit under load (with the surrounding granular materials), the electro-
mechanical characteristics will need to be confirmed.

The experimentally-measured impedance curves of all three helix
angle augers are shown in Fig. 4, with the calculated electrical charac-
teristics presented in Table 1. All three ultrasonic augers show resonance
frequencies within the tracking range of 19.5-20.5 kHz, where the
resonance can be maintained by the P100 control system. Also, the
impedance magnitude values are all between 100 Q and 150 Q, close to
the output impedance of the P100 control unit (50 Q), to ensure
maximum energy transfer. Electromechanical coupling coefficient
values between 0.1 and 0.14 were found, suggesting a similar electro-
mechanical energy conversion rate for all augers. Finally, Q factor
values were found to be around 1000, demonstrating low losses in the
systems as manufactured.

The simulated and experimentally identified vibration mode shape
for the three ultrasonic augers at their one-and-half wavelength longi-
tudinal modes are presented in Fig. 5, and the modal parameters have
been summarised and presented in Table 2.

All three ultrasonic stacks present three nodes, located at the flange
of the L500 transducer (allowing the ultrasonic stack to be clamped),
and at roughly quarter-distance points from both ends of the actual
augers. Amplification gain values (defined as the ratio of the displace-
ment amplitude at the front face of the auger and end face of the back
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4.2. Final setup for the mass flow experiments

Three buckets of glass spheres with diameters of 0.1 mm, 0.4 mm,
and 0.7 mm were prepared for the experiment (see Fig. 3 (b)).
Displacement amplitudes at the base of the ultrasonic transducer were
set to 0 pm (non-ultrasonic), 5 pm and 10 pm, amplified by a gain of
1.3-1.4 (see Table 2) to achieve a slightly higher amplitude at the tip of
the augers. After a few exploratory runs, rotational speeds of 96 rpm,
144 rpm, and 192 rpm were selected for the 5° auger; 120 rpm, 180 rpm,
and 240 rpm for the 10° auger; and 144 rpm, 216 rpm, and 288 rpm for
the 20° auger. These speeds provided a broad range of throughput for
each individual auger.

Each uplift cycle ran for 30 s and was repeated three times. Average
output parameters of the systems, such as mass uplifted in grams, ul-
trasonic power consumption, motor power consumption and total power
consumption were recorded. Finally, the torque exerted on the auger
systems was calculated using equation (2), where T is the torque in Nm,
P is power in Watts, and V is the rotational speed of the motor in rpm.

9548.8P
T=22 2
v 2
4.3. Mass flow

The mass of material uplifted over 30 s, for each auger system, is
presented in Fig. 6. In general, when operating at a higher ultrasonic
amplitude, more granular material was transported.

As expected, the steeper augers required faster rotation. It was also
more challenging to sustain uplift in finer materials, so that in the

Table 2
Ultrasonic augers’ mechanical characteristics.

. . 5° auger 10° auger 20° auger
mass) are all consistently betwefen 1.3.and 1.4. Resgnance frequencies Resonance frequency FEA f, [Hz] 19,563 19,705 10,878
are all around 20 kHz for both simulation and experiment. Resonance frequency EMA f, [Hz] 19,668 19,584 20,340

Amplification gain FEA [—] 1.29 1.30 1.30
Amplification gain EMA [—] 1.41 1.35 1.32
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Fig. 5. Simulated and measured vibration mode shapes and longitudinal waveforms of the three helix angle ultrasonic augers.
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Fig. 6. Collected mass over 30 s, for three augers and three granular medium diameters, as a function of excitation amplitude and rotational speed. Each datapoint is
the average of three experimental runs.
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10° auger 5° auger

20° auger

Fig. 8. Average motor power, for three augers and three granular medium diameters, as a function of excitation amplitude and rotational speed. Each datapoint is

the average of three experimental runs. Omitted points reflect runs that did not succeed in lifting significant granular material.

extreme case of the 20° auger and the 0.1 mm material, no significant
uplift was achieved at any speed or amplitude. In some cases, no sig-
nificant uplift found nearby in the experimental parameter space either,
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particularly in the unsonicated and lower speed experiments. The 0.7
mm material appeared to be facilitated by ultrasonic excitation to the
greatest degree, with sonication reducing the grinding noise heard in the
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Fig. 9. Total power, for three augers and three granular medium diameters, as a function of excitation amplitude and rotational speed. Each datapoint is the average
of three experimental runs. Omitted points reflect runs that did not succeed in lifting significant granular material.
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unsonicated cases and generally providing a more fluid-like appearance 4.4. Ultrasonic power
through the sides of the transparent tube. The grinding noise was likely
generated by the larger individual particles becoming trapped between The ultrasonic power required to maintain the chosen amplitude
the auger and the tube, as this gap was nominally only 0.3 mm wider (Fig. 7) is, as expected, not a strong function of the auger selected, the
than the particles in question. rotational speed, or the granular material used — it simply rises with
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Fig. 12. Motor current as a function of ultrasonic transducer excitation amplitude and rotation for the 5° auger.

amplitude. In this figure, datapoints have been eliminated where the
experiment did not result in significant throughput in Fig. 6.

4.5. Motor power

It was anticipated that ultrasonic vibration would reduce the rota-
tional power requirement, and this effect is indeed observed in Fig. 8. It
appears most strongly in the shallowest helix angles operating at the
lowest speeds, in the coarsest materials: the 5° auger in the 0.7 mm
material sees a reduction in motor power of 14%, 27%, and 52% for the
192 rpm, 144 rpm, and 96 rpm cases as displacement amplitude rises
from O pm to 10 pm.

4.6. Total power

The total power consumption, calculated as the aggregation of the
ultrasonic power and motor power for all three augers, is presented in
Fig. 9. Unsurprisingly, the value increases with both the rotational speed
and the displacement amplitude of the auger.

4.7. Energy density

To determine if the application of ultrasonics is energy-efficient, we
must reflect that the greater mass flows seen in Fig. 6 must be balanced
against the greater power requirements seen in Fig. 9. Dividing the re-
sults in one figure by the results in the other, and making minor scaling
corrections, yields a new metric: grams per joule. This is shown in
Fig. 10. This figure demonstrates that there is indeed a significant energy

advantage in ultrasonically assisted augering, and it is again most
consistently seen in the shallowest augers.

4.8. Motor torque

The final metric of interest is the motor torque. Using equation (2)
and the motor power consumption values shown in Fig. 8, the torque
exerted on each auger can be estimated. The results are presented in
Fig. 11.

As expected, the steeper helix angle augers required larger torque. As
was the case in the motor power analysis, the advantages of ultrasonic
vibration are most strongly felt in the shallowest helix angles operating
at the lowest speeds, in the coarsest materials. Under these circum-
stances, auger torque reductions on the order of 50% are possible.

4.9. Startup considerations

One particular aspect of augering systems is the startup torque,
which is often higher than the steady-state torque [6]. By measuring the
motor power as the auger is started under various levels of sonication, it
should be possible to determine if this startup phenomenon is mitigated.
The results are shown in Figs. 12-14 and they indicate, once again, that
the strongest effects are seen in the shallowest augers, rotating at low
speeds. Most significant are the results of the 5° auger, at 96 rpm, in the
0.7 mm material: in this case the unsonicated auger actually seized on
startup, and drew the maximum 1.6 A of rated current without rotating
for the duration of the experiment. The sonicated cases of the same
experiment were able to start and continue to rotate throughout.
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Fig. 13. Motor current as a function of ultrasonic transducer excitation amplitude and rotation for the 10° auger.

4.10. Repeatability

The 5° auger, at 96 rpm, in the 0.7 mm material, was consistently
prone to seizure at startup, and so the effects of ultrasonics were
examined in more details by cycling the vibration on and off. In this case,
shown in Fig. 15, the motor initially stalled, but was able to start to move
when the ultrasonics were cycled on. Multiple cycles have the consistent
effect of reducing the motor current by around 50%, as was seen in
Fig. 11.

5. Discussion

The effects observed in this study are believed to be associated with
ultrasonically-enhanced fluidization in the space between the auger and
the surrounding auger tube and, at least in part, a reduction in the
effective drag forces therefore encountered at the auger surface itself.

Fluidization is a complex phenomenon and, of course, any granular
material already satisfies some of the basic qualitative criteria for
‘fluidity’. Granular materials will fill a container, but they can also
maintain internal shear stresses, which is why they can cause an auger to
seize. This is possible because stable chains of relatively few contacting
particles can form dendritic patterns to transmit force into the far-field
[7]. However, as is familiar in common materials such as mayonnaise,
this apparent solidity can quickly give way to a viscous fluid-like
behaviour at higher stress. The transition is more complex though,
because in mayonnaise (a Bingham plastic) it occurs at a particular yield
stress, but in granular media the breakdown (unjamming) is friction
based [8], and influenced by pressure and particle shape [9]. It can also,

apparently, be triggered by ultrasonic vibration [10].

If a granular material is fluidized, it will remain unjammed at all
times. The grains lose their permanent contacts [11] and the
load-bearing mechanism breaks down. Experiments have shown that
bodies in fluidized granular media float according to their relative
density, which suggests that the yield stress is reduced to zero [12] and
that near-classical local viscosity can be recreated.

One method of characterizing the extent of this fluidization is
granular temperature [13], a metric which rises as the velocity of indi-
vidual grains increases with respect to the wider velocity field.
Increasing granular temperature tends to reduce the apparent viscosity
according to n~T~ 5, where n is viscosity and T is granular temperature
[14].

It appears possible that the ultrasonic vibration of the auger serves to
increase the granular temperature and hence reduce viscosity near the
auger itself, with the material having a reduced ability to transmit drag
forces due to the breakdown mechanism described above. This would be
somewhat analogous to the ‘no-slip’ condition in aerodynamic boundary
layers and start to explain why augers with the longest flights (the
shallow helix angles) can obtain the greatest relief. Naturally, the
breakdown would be weaker at the unsonicated tube interface, and
hence the increased friction differential would manifest as improved
auger performance in terms of torque, speed, and throughput. Such an
explanation would be consistent with the effects observed and described
in this paper.

Another way to consider the same effect is to imagine that the son-
icated rotating auger imparts less torque to the bulk material between
the auger and the surrounding tube, which responds by rotating less
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Fig. 14. Motor current as a function of ultrasonic transducer excitation amplitude and rotation for the 20° auger.
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Fig. 15. Motor current monitoring when cycling ultrasonic vibration.

quickly against the walls of the tube itself. The relative speed of the
flights with respect to the material would therefore be increased, and the
auger would effectively operate at a higher speed than its true rpm
would otherwise suggest.

That said the effects discussed above, in either explanation, may be
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expected to weaken somewhat at the nodes of vibration. Perhaps this is
in fact the case, and the observations are simply an average across the
whole auger, but they are no less interesting as a result.

The question also arises as to whether the separation between the
auger and the surrounding tube is affected by sonication. In unsonicated
augers this is an important parameter, because the system requires the
influence of both surfaces to function: the (low friction) scroll must push
the material upwards using the inclined plane effect, while the (high
friction) tube must decelerate the material with respect to the auger core
such that the scroll can move relative to the material and thus deploy its
inclined plane effectively. Should the separation be too wide, the
required constraint will not be felt and the auger will rotate without
lifting. As an analysis of the consequences of the differential friction
model indicates that steeper scroll angles require a higher rpm to
operate [2], it is reasonable to expect that this failure mechanism should
first manifest itself in steeper scroll angle devices. This is indeed what is
seen in simulation [15].

The ideal separation is therefore small, but in practical terms it is a
function of the particle size such that the material cannot easily fall past
the scrolls. The results in this paper must be considered accordingly: the
0.7 mm particles generally performed best, perhaps because their size
most closely approaches the 1 mm nominal gap between the auger and
the tube. However, the extent to which the ‘boundary layer’ model
might be applicable in a granular material only a few particles deep
remains an open question.

Finally, on a practical note, the design of drilling systems requires
that thought be applied to both the auger and the rock-breaking
mechanism that creates the spoil in the first instance. The rock-
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breaking mechanism can also be supported by ultrasonic excitation, and
indeed rate-of-progress increases of up to 400% with respect to the
unsonicated case have already been achieved in a range of rock types
[16]. Therefore an ultrasonic drill tool that exploits both these effects in
a single piece, as could easily be implemented, might well prove to be
highly effective in shallow drilling.

6. Conclusion

The application of ultrasonic vibration to an auger has been shown to
have a positive effect of the rate of material throughput, the torque re-
quirements, and the overall energy efficiency of the system. This effect
appears to be most significant when the helix angle is shallow and the
auger is being rotated at the lower end of its operational speed band.

It is suspected that the mechanism is connected to a reduction in the
effective friction coefficient of the auger scrolls against the granular
material, which may in turn be connected to the fluidization effects of
the ultrasonic vibration in the near-field.

The effect itself is consistent and repeatable, and it has particular
applicability in shallow drill systems that require drillbits no longer than
a few hundred mm, which could be engineered to resonate in a similar
manner to the experimental rigs described herein. These implementa-
tions could easily be combined with an ultrasonically assisted drilling
mechanism to create an integrated tool.
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