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A B S T R A C T   

Drilling in extreme environments may require reductions in weight-on-bit, applied torque, or energy use, without 
compromising rate-of-progress. This paper examines the use of ultrasonic vibration, directly superimposed onto 
an augering coring bit, to achieve this goal in aircrete, limestone, marble, tuff, and ice. 

Compared to traditional rotary drilling processes using the same tool, the ultrasonically assisted drilling 
processes demonstrated improved rate-of-progress (~400%) in all materials studied. In aircrete and limestone, 
there were also modest but consistent reductions in torque power demand and, at optimum vibration amplitudes, 
total energy consumption (~25%). The other materials gave more mixed results: ultrasonically assisted drill 
cycles in marble were energy intensive, those in tuff were unpredictable due to the inconsistencies in that ma-
terial, and those in ice led to the failure of the tooth bonding.   

1. Introduction 

Drilling in extreme environments can impose limitations on available 
weight-on-bit, torque, power, and energy. Relevant applications may be 
found in Antarctic exploration [1], or in space research [2], where 
terrestrial gravity cannot be relied upon to react the forces and torques 
required [3,4]. This means that drilling in planetary environments is 
particularly challenging [5]. To address these issues, the ultrasonic/ 
sonic driller/corer (USDC) technology was developed [6]. This tech-
nique uses a Langevin-style ultrasonic transducer to excite a percussive 
stack that consists of a free mass and a free drilling bit, such that 
percussive pulses can be transmitted into the rock [7]. The dynamic 
optimization of the stack is a complex problem [8], and to reach sig-
nificant depth issues surrounding spoil management still need to be 
addressed. 

Therefore, it would be attractive if more traditional drill tool archi-
tectures could operate at reduced weight-on-bit, torque, and energy 
consumption values. One avenue is based on ultrasonically assisted 
machining (UAM), which superimposes high frequency ultrasonic vi-
brations onto a near-traditional tool. This has been shown to reduce 
weight-on-bit, torque, temperature, and tool wear, across a wide range 
of difficult-to-cut materials [9-11] in various industrial machining pro-
cesses. This technique requires stabilization of the vibration response 
against the nonlinearities that would otherwise be induced by the ‘vibro- 
impact’ of the tool against the workpiece [12,13]. Choosing an appro-
priate feed rate is crucial in UAM, because this maintains some degree of 

tool-workpiece separation and hence allows common stabilization 
techniques, such as phase-tracking, to be deployed effectively. 

However, ultrasonically assisted machining (or more accurately ul-
trasonically assisted drilling, (UAD)) in rocks is quite uncommon, and 
although some studies have shown its potential in smaller bits of up to 7 
mm diameter [14-16], this is the first study to examine the effect when a 
sizeable drill-bit (21 mm) is managed using an autonomous control loop, 
as would likely be the case in flight. 

This work will include an examination of performance in rocks and 
ice at a range of targeted weights-on-bit and ultrasonic amplitudes, 
measuring rate-of-progress, ultrasonic power, torque power, and actu-
ation power, such that any optimum energy settings might be found. The 
drill cycles will be made horizontally to minimize any separate spoil 
augering issues, as that is a separate problem. 

2. Analogue materials for the drilling tests 

The materials for the experimental tests are aircrete, limestone, tuff, 
marble, and ice, as shown in Fig. 1. 

Aircrete is a porous construction material made from cement, lime 
and pulverised fuel ash. Limestone is a sedimentary rock, mostly 
composed of calcium carbonate (CaCO3) with a homogeneous but 
slightly granular texture. Marble is metamorphosed limestone, and tuff 
is lithified volcanic ash. However, unlike the other materials, tuff has 
random pores, vugs, and inclusions, which makes it behave unpredict-
ably in drilling experiments. The ice is normal water ice, Ih, made in a 

* Corresponding author. 
E-mail address: Patrick.Harkness@glasgow.ac.uk (P. Harkness).  

Contents lists available at ScienceDirect 

Ultrasonics 

journal homepage: www.elsevier.com/locate/ultras 

https://doi.org/10.1016/j.ultras.2022.106803 
Received 25 June 2021; Received in revised form 1 July 2022; Accepted 5 July 2022   

mailto:Patrick.Harkness@glasgow.ac.uk
www.sciencedirect.com/science/journal/0041624X
https://www.elsevier.com/locate/ultras
https://doi.org/10.1016/j.ultras.2022.106803
https://doi.org/10.1016/j.ultras.2022.106803
https://doi.org/10.1016/j.ultras.2022.106803
http://creativecommons.org/licenses/by/4.0/


Ultrasonics 125 (2022) 106803

2

freezer from an unboiled mains supply. 
The material properties summarised in Table 1 [17-25], where UCS 

stands for Ultimate Compressive Strength, show that these materials 
encompass a wide range of material properties. They also cover a wide 
range of potential substrates in planetary analogue and space environ-
ments: aircrete and tuff represent tephra, limestone forms in shallow 
oceans, and marble is often used as a representative test material for 
planetary drills. Ice is ubiquitous and challenging throughout. 

3. Methodology 

3.1. Ultrasonic drill tool 

Fig. 2 presents the custom-designed Ti/6Al/4V ultrasonic drill tool, 
connected to a Sonic Systems L500 transducer and energised by a Sonic 
Systems P100 control unit. The tool has a step to boost amplitude, and a 
two-start auger to extract spoil. Two tungsten carbide teeth are silver- 
soldered into the cutting face [8], but this is known to be a difficult 
technique with titanium [26] and tooth failures will be noted as a 
consequence. 

The outer diameter of the coring bit is 21 mm and the central hollow 

diameter is 8.5 mm, with a depth of 180 mm. The device operates in the 
3rd longitudinal mode (L3), at around 20 kHz, as characterised by an 
electrical impedance analysis (IA) and an experimental modal analysis 
(EMA). 

3.1.1. Electrical impedance analysis (IA) 
The IA measurements were performed using an impedance analyser 

(4294A, Agilent, Santa Clara), with a swept signal of 1 V peak-to-peak 
applied. The effective electromechanical coupling coefficient, keff , was 
calculated from the impedance spectrum data using equation (1) [27], 
providing a measurement of the electromechanical conversion 
efficiency… 

k2
eff =

f 2
a − f 2

r

f 2
a

(1)  

where f a is the anti-resonance frequency and f r is the resonance 
frequency. 

The mechanical Q factor was also evaluated, as an indicator of the 
potential to achieve high ultrasonic amplitudes. 

3.1.2. Experimental modal analysis (EMA) 
The EMA was performed by measuring the frequency response 

functions (FRFs) across a grid of points [28]. A white noise excitation 
signal was generated by a signal generator (Quattro, Data Physics, San 
Jose) and amplified by a power amplifier (QSC, RMX 4050HD, Costa 
Mesa), before being supplied to the transducers. A 3-D laser Doppler 
vibrometer (CLV3000, Polytec, Waldbronn) was used to measure 
orthogonal vibration components at each point. Processing software 
(SignalCalc, Data Physics, San Jose) was used to calculate FRFs from the 
excitation and response, and then to apply curve-fitting to extract 

Fig. 1. Materials obtained for ultrasonic drilling experiments.  

Table 1 
Material properties for drilling experiments.  

Material ρ [kg/m3] Porosity [%] Hardness [Mohs] UCS [MPa] 

Aircrete 350 85 – 3.5 
Limestone 2550 5.3 3.5 30 
Marble 2750 0.49 4 100 
Tuff 1955 18.8 3 46 
Ice 917 – 1.5 4  

Fig. 2. The ultrasonic drill tool used in this study.  
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magnitude and phase. Finally, the FRFs were exported to modal analysis 
software (ME’scopeVES, Vibrant Technology, Denver) to extract modal 
parameters. 

3.2. Experimental test rig 

The ultrasonic drill system is presented in Fig. 3. The tool is fitted 
into a housing at its nodal flange, which is free to rotate and equipped 
with a spur gear. A pinion gear is fixed to a DC motor (476 rpm, 0.9 Nm 
maximal torque) to drive the spur. The gear ratio is 1:2.5, which pro-
vides 190 rpm at the tool, and a slip ring (MFS028-P0210-440V, 
MOFLON, Shenzhen) is used to supply power to the rotating ultrasonic 
assembly. 

The ultrasonic assembly is driven forwards by a linear actuator 
(GLA750-P Gimson Robotics, Bristol), with its load path running 
through a force sensor/charge amplifier (9321B, 5015A, Kistler, Win-
terthur) to provide the weight-on-bit information. A benchtop power 
supply (BK9129B, BK Precision, Yorba Linda) is used to supply power to 
the motor and linear actuator. Power consumption on each channel can 
be recorded through an associated kit (IT-E132B) and LabView. 

3.3. Control system 

Ultrasonically assisted machining (UAM) can often be carried out at 
constant feed rates, because the industrial substrate is usually a highly- 
repeatable material. However, in our experiment, the properties of the 
natural materials are inconsistent and a constant feed rate approach 
could lead to permanent contacts between the tool and the workpiece. 
This would disrupt the behaviour of the tool, and a different approach 
based on constant weight-on-bit (WOB) is therefore proposed instead. 

The schematic for the WOB system is presented in Fig. 4 (a), and the 
control algorithm is shown in (b) [29]. In summary, this system uses a 
tunable bang-bang approach in constant pursuit of a target WOB, where 
that target may be varied as an experimental parameter. 

This is executed using a square wave signal from an Arduino Uno 
board, with a high-level time duration T1 and a low-level time duration 
T2. The measured weight-on-bit is averaged within T1, then compared to 
the target value. The comparison will result in a decision to advance (if 
the cutting force is far below the target), not move (if the cutting force is 
within a dead zone centred on the target), or withdraw (if the cutting 
force is far above the target). This movement will then be carried out for 
the duration of T2. 

The dead zone is ±Δ% of the target weight-on-bit, and the speed of 
the linear actuator cannot exceed 3 mm/s. After iteration, T1 = 10 ms, 
T2 = 300 ms and Δ = 10 have been chosen to execute the control loop. 
These parameters, which essentially give up to approximately three 1 
mm control movements per second, were then held constant throughout 
the study. 

This autonomous control loop therefore ensures that near-constant 
WOB is maintained, regardless of the inconsistencies of the rock being 
drilled, ensuring that some tool separation is maintained. This, in turn, 
ensures that the phase-tracking mode stabilisation technique will work 
effectively. 

4. Results and discussion 

4.1. Characterisation of the ultrasonic drill tool 

The electromechanical coupling coefficient of the drill tool, 0.12, can 
be calculated from the resonance and anti-resonance frequencies in 
Fig. 5. The mechanical Q factor, 620, can also be calculated from the 
impedance measurement. The phase angle at the resonance frequency is 
equal to 24.5 degrees. 

Fig. 6 shows the predicted and measured operating modes. During 
simulation, a full integrated electromechanical model is created in finite 
element analysis software (Abaqus-Simulia, Dassault Systèmes, Vélizy- 
Villacoublay, France), and the dimensionless longitudinal amplitude is 
acquired from the eigenfrequency-eigenmode identification. 

Both waveforms suggest that there are three nodes in the ultrasonic 
drill tool, located at the transducer flange, at the step, and roughly one- 
third of the way along the auger section. This confirms that the ultra-
sonic drill tool will operate at its third longitudinal mode (L3) at around 
20 kHz. The gain, defined as the ratio between the amplitude at the teeth 
of and the amplitude at the back mass, shows an agreement of approx-
imately five. 

Due to the auger features, some torsional output is generated 
alongside the longitudinal mode. To quantify the torsionality (defined as 
the torsional amplitude in proportion to the longitudinal amplitude), the 
tangential direction (Y) amplitude and longitudinal direction (Z) 
amplitude at different transducer base excitation levels were measured 
at the lateral surface of the cutting tooth, as shown in Fig. 7. Similarly, 
the dimensionless tangential amplitude and longitudinal amplitude 
were acquired from the finite element analysis. Both measurements 
were taken at the same point on the tooth. 

The simulated torsionality of the drill tool is slightly under 8%. As 
the excitation of the transducer was increased in experiment, the 
measured torsionality varied between 10% and 8%, showing a generally 

Fig. 3. Ultrasonic drilling experimental test rig: (a) ultrasonic drill tool as-
sembly, (b) experimental test rig. 
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good agreement in performance. 

4.2. Drilling experiments in the rocks 

During rock drilling experiments, applied weight-on-bit and the 

displacement amplitude at the cutting teeth were varied. A new set of 
cutting teeth was fitted for each new analogue material, before each drill 
cycle, to minimise the effect of tool wear on the drilling performance. 

Vibration amplitudes of 0 µm, 2.5 µm, 5.0 µm, 7.5 µm, and 10 µm 
peak-to-peak were selected, then generated by the P100 control unit at 
the base of the transducer (Fig. 2). These correspond to 0 µm, 9.2 µm, 
18.2 µm, 27.4 µm, and 36.6 µm at the cutting teeth. This gain was 
confirmed by 1-D laser Doppler vibrometer measurements. 

N, 100 N and 150 N were chosen as target weights-on-bit, allowing 
the control loop to be set as per Fig. 4. 

4.2.1. Rate of progress 
The penetration results for aircrete, limestone, marble, and tuff are 

shown in Fig. 8. These experiments lead to boreholes such as those 
shown in Fig. 9, and are summarised in Fig. 10. 

In aircrete and limestone, maximum depth was attained for all 
combinations of amplitude and WOB. The curves are highly linear, and 
show that ultrasonic vibration consistently accelerates progress. 

Fig. 4. Ultrasonic drill tool control design: (a) schematic control diagram, (b) control algorithm.  

Fig. 5. Impedance and phase characteristics of the drill tool.  

Fig. 6. Predicted and measured longitudinal waveform of the ultrasonic 
drill tool. 

Fig. 7. Torsionality identification of the ultrasonic drill tool.  
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In marble, higher amplitude and WOB led to detachment of the teeth 
in the most aggressive scenarios, but the broad trends of enhanced 
progress with increasing amplitude, as seen in aircrete and limestone, 
were otherwise repeated. Where teeth became separated, they remained 
trapped under the tool and left burn marks in the material. 

Finally, in tuff, although the broad trends were still present, the 
performance was less repeatable due to the heterogeneous nature of the 
material. Motor stalls (which were sometimes irreversible) were also 
common, and may have been associated with damp regions in the 
porous material. 

Fig. 11 shows the average power consumption of the ultrasonic 
system, rotation system, linear actuator, added together to give total 
power throughout each drill cycle. 

In aircrete and limestone, investing in ultrasonic power consistently 
reduced torque motor power, but not enough to prevent an increased 
power requirement overall. 

In marble and tuff these savings in torque motor power did not 
appear, but these result sets are somewhat questionable due to the tooth 
detachment and jamming events baked into the data. 

4.2.2. Power and energy consumption 
The specific energy consumption, calculated from the power levels in 

Fig. 11 (multiplied by the relevant cycle duration), is shown in Fig. 12. 
There are clearly energy optima in aircrete and limestone, a possible 

energy optimum in marble, but no energy optimum in the unpredictable 
tuff. 

4.2.3. Ultrasonically assisted drilling vs conventional drilling 
To further demonstrate the effect, the transducer was cycled on and 

off during dedicated experimental runs (100 N weight-on-bit, 18.2 µm 
amplitude). The results are shown in Fig. 13. 

In each case, the run began with the ultrasonics off and there was an 
initial period of rapid progress as the teeth become fully engaged. Once 
this period was past the ultrasonics were cycled. 

In aircrete and limestone, ultrasonic vibration immediately and 
significantly increased rate-of-progress. In marble, the effect was less 
pronounced, but still visible. In tuff, there was not an immediate ac-
celeration but, when the ultrasonic vibration was turned off, the rate-of- 
progress collapsed. 

4.3. Drilling experiments in the ice 

The drilling experiments in ice were difficult, and only a few runs 
were undertaken due to constant tooth detachments. One of these runs is 

Fig. 8. Penetration depths against time and target weight-on-bit (WOB) in aircrete, limestone, marble and tuff: black 0 µm, blue 9.2 µm, cyan 18.2 µm, green 27.4 
µm, and red 36.6 µm of vibration amplitude at the cutting teeth. 

Fig. 9. UAD drill holes in aircrete, limestone, marble and tuff.  
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Fig. 10. Rate of progress variation with amplitude and weight-on-bit: O 50 N 
WOB, + 100 N WOB, Δ 150 N WOB. 

Fig. 11. Ultrasonic power, torque motor power, linear actuator power and total power consumption against amplitude: O 50 N, + 100 N, Δ 150 N target weight-on- 
bit (WOB). 

Fig. 12. Specific energy use, in terms of joules per mm progress, with ampli-
tude and weight-on-bit: O 50 N, + 100 N, Δ 150 N target weight-on-bit (WOB). 
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presented in Fig. 14, which shows a conventional run experiencing 
saturation and a UAD run with excellent progress. Both runs were con-
ducted at 50 N WOB. 

However, the power consumption in the UAD run behaved oddly, 
and it is suspected that one tooth was lost at 50 s while the drill cycle 
continued on the other tooth alone. Only the surviving tooth was found 
to be attached when the tool was removed from the hole afterwards. 

We believe that meltwater around the teeth began to cavitate, and 
this cavitation eroded the silver solder bond [30]. To validate this effect, 
the ultrasonic drill tool with two newly soldered teeth was inserted into 
a cup of water, and both teeth fell off in less than one minute. 

5. Conclusion 

This paper presents the experimental results arising from the appli-
cation of a UAD tool to different types of rocks and ice, at a range of 
ultrasonic amplitudes, with an autonomous system maintaining a series 
of prescribed weight-on-bit values. 

In relatively soft aircrete and limestone, near-linear results show rate 
of progress increasing with both weight-on-bit (50 N to 150 N) and 

ultrasonic amplitude (0 µm to 36.6 µm). In our experiments, an ampli-
tude of 9.2 µm resulted in the lowest energy consumption per unit depth. 

The harder marble was more challenging, but again there is some 
evidence that 9.2 µm represented an energy optimum. 

The results in tuff are harder to interpret, given the non-homogenous 
nature of the material. Nonetheless, there is little doubt that the appli-
cation of ultrasonic vibration had a generally positive effect on rate of 
progress. 

Finally, in ice, there are very positive indications, but the teeth were 
consistently unable to survive the drilling process. 
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