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Introduction: NASA’s future missions to the 

Moon will include further exploration of its subsur-
face, in part to characterize potential resources such as 
water ice. Early robotic missions will likely employ a 
drilling and sensing system to characterize the perma-
nently shadowed craters, known as “cold traps,” at the 
poles that may contain significant amounts of frozen 
water [1]. Measurements from lunar orbit indicate that 
the concentration of water in some regions may be as 
high as ten percent by weight [R. Elphic, Personal 
Communication]. As part of the Construction and Re-
source Utilization eXplorer Project (CRUX), Honey-
bee Robotics began developing a fully autonomous 
drill system capable of reaching to a depth of 2 m or 
more, acquiring samples, and bringing sensors down-
hole. The drilling study presented here, part of an early 
phase of the project, aimed to design drilling hardware 
and test it in simulated frozen lunar soil, coming to 
understand hardware and controls design variables, the 
mechanics of the regolith, and the effects of drilling on 
samples to be later sensed. The key performance pa-
rameters included low power consumption, and low 
reaction force on the drill (weight-on-bit), which is 
constrained due to low lunar surface gravity and an-
ticipated low spacecraft mass. Since excessive heat 
input to the icy soil would result in altering or losing 
volatiles such as water ice prior to sensing, thermal 
effects have become another key metric.  

Experimental Details:  Drilling Apparatus. The 
drilling test equipment included an instrumented drill 
press, a test chamber that housed the test sample, sig-
nal conditioners, a digital display console, and a data 
acquisition and control system. The experimental ar-
rangement allowed for closed-loop control of the 
weight-on-bit (WOB) and the rotational speed. Ac-
quired data included WOB, rotational speed, reaction 
torque, (together converted to drilling power), depth of 
the bit inside the simulant column (converted to the 
penetration rate), bit temperature and the temperature 
of the simulant column. During some of the drilling 
tests, the simulant and the drilling chamber were 
cooled, either with dry ice, or liquid nitrogen flowing 
through a coil of copper tubing that surrounded the 
sample. All tests were performed under Earth atmos-
pheric pressure of 760 torr. 

Drill Bits. Two designs of drill bits were tested, 
one with Tungsten Carbide Cutters (WC), and the 
other with serrated cutters made of Polycrystalline 

Diamond Compact (PDC) as shown in Figure 1 and 
Figure 2, respectively. Both bits had a central point 
made of WC, and cutters held in place by screw-
clamped wedges. Thermocouples were imbedded in 
thermally conductive epoxy next to the leading edge of 
each cutter (see arrows in Figures 1 and 2). The WC 
bit had the cutters placed at a rake angle of +5°, while 
the PDC cutters were placed at a rake angle of -15°, 
where rake angle is defined as the angle of attack the 
cutter takes as it feeds across the surface of the object 
being drilled. 

  
Figure 1. Tungsten Car-
bide bit with a positive 5° 
rake angle.  

Figure 2. PDC bit with a 
negative 15° rake angle. 

Sample Preparation.  Since 
the mechanical properties of lu-
nar regolith, such as grain angu-
larity and abrasiveness, have sig-
nificant effects on drillability, an 
accurate simulant was acquired 
for testing. FJS-1 Lunar Simulant 
[2] was mixed with water at a 
concentration of 10wt%, com-
pacted to a density of 2 g/cm3 by 
the Modified Proctor Method 
(ASTM D1557) into 15 cm deep, 
stainless steel cylinders and fro-
zen to -85° C. During compac-
tion, thermocouples were placed 
close to the soon-to-be-drilled 
hole and at the edge of the simu-
lant column. This simulant prepa-
ration represents a “worst case” 
scenario for drilling, with the 
water completely mixed in the 
soil before freezing causing the 
water to act as a cementing agent, 
and the water concentration and 
total bulk density at the high end 

 
Figure 3. Au-
ger filled with 
loose, powdery 
cuttings. 
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Figure 4. Drilled hole 
was smooth with no 
amount of hole collapse 

of the estimated values for the Moon. We have meas-
ured an Unconfined Compressive Strength of such a 
sample at the Cold Regions Research and Engineering 
Laboratory and found it to be approximately 40 MPa. 
This strength is similar to that found for medium 
strength sandstones.  

Results: Initial tests were performed with rota-
tional speeds upwards of 100 RPM in simulants that 
were not actively cooled, or cooled to -60°C with dry 
ice. The ROP for both the PDC and WC bits were ini-
tially quite high (50 cm/hr), but these could not be 
sustained because the augers clogged up with cuttings, 
eventually stalling the progress of the drill.  The clog-
ging resulted from ice thawing and turning the initially 
powdery cuttings into a sticky material. In subsequent 
tests with active LN2 cooling, the rotational speed was 
reduced to 60 RPM and WOB was controlled manu-
ally to prevent the bit temperature from exceeding -
10°C. In these tests, the 
cuttings were not 
compacted in the auger, but 
maintained the form of a 
loose powder (see Figure 
3) that was easily 
excavated from the hole 
(Figure 4). Even with the 
LN2 cooling system 
keeping the simulant at or 
below – 50°C, the increase 
in the temperature at the bit was high. Figure 5 shows 
that the bit temperature is directly proportional to the 
drilling power (power being RPM x torque). The curve 
indicates that seemingly modest drilling power can 
raise the temperature at the bit by 50°C and more. 
Thus maintaining stimulant sample temperatures to 
lunar levels for future testing is necessary for accurate 
results. Note also that these tests were conducted under 
Earth atmospheric pressure. Higher bit and soil tem-
peratures will be anticipated in hard lunar vacuum, 
where convective cooling is non-existent.  
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Figure 5. Bit temperature vs. Drilling Power shows a very linear 
relationship. Test performed with CO2 cooling. The equation holds 
for the given range of temperatures and power values. 

Figure 6 shows drilling data (drilling power and the 
rate of penetration) for WC and PDC bits as a function 
of WoB. With the constraint of keeping the bit tem-
perature no higher than -10°C, the rates of penetration 
of both types of bits were very modest. At 25 cm/hr, 
the PDC bit would take eight hours to drill two meters 
(the requirement of CRUX project), while, at 15 cm/hr, 
the WC bit would take more than thirteen hours of 
continuous drilling. The lower WOB required by the 
WC bit (120 N) could be very advantageous on the 
Moon, where the weight of a lander or rover would be 
only one sixth of its terrestrial weight and only a por-
tion of that weight is available for drilling down-force. 
Given a typical efficiency of a motorized drill system 
of 50%, the amount of drilling power consumed by 
both the PDC bit (16 W) and the WC bit (10 W) would 
translate to electrical consumptions of 32 W and 20 W 
respectively; both of these values would be quite ac-
ceptable in a future flight drill system.  
A comparison of the performance of the PDC and WC 
bits at 60 RPM and a similar bit temperature of ap-
proximately -10°C shows that the PDC bit is more 
efficient (the specific energy, an energy required to 
drill a volume of rock, for a PDC bit is approximately 
150 MJ/m3 and for the WC bit it is around 200 
MJ/m3), but also requires a higher WOB.  
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Figure 6. Power and Rate of penetration as a function of WOB for 
PDC and WC bits. The bit temperature was -10° C or lower. 

Conclusions: The results of this preliminary study 
indicate that it is possible to drill into ice-bound simu-
lated lunar soil with low drilling power (10-20 Watt). 
The crucial factor for successful drilling is to limit the 
amount of heating, and this is accomplished by keep-
ing the rotational speed low. Although, under terres-
trial pressures, the driving factor for low power drill-
ing is to prevent water-ice inside the soil from thaw-
ing, under Lunar conditions, it will be volatile reten-
tion i.e. preventing water ice from escaping by subli-
mation in order to support high fidelity characteriza-
tion of the subsurface ices.  
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