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Introduction:  Subsurface planetary investigation is 
currently of highly interest to the scientific community.  
Knowledge of the subsurface enhances understanding 
of the history and evolution of these planetary bodies. 
Penetrometery, hyper velocity impactors, excavators 
and drillers are different methods which are used to 
investigate the sub-surface structure and composition of 
planetary bodies [1]. Delivering a probe to investigate 
the subsurface such as OPRA (Optical Probe for 
Regolith Analysis) require knowledge of the 
penetration forces which is of highly importance for 
mission designers since these forces can be translated to 
masses of the rovers or landers [2].  
The principal objective of this research is to determine 
the most optimized parameters which will facilitate the 
insertion and withdrawal of small (length about 50 cm) 
penetration probes which will investigate the subsurface 
composition of planetary bodies. Based on our previous 
results in sand, bulk density (B.D) and diameter (D) are 
considered first order effects on the penetration forces 
[3]. In this research, we are investigating these two 
parameters for different more relevant martian analog 
materials, including a palagonite JSC Mars-1, a 
composite analogue JSC Mars-2 (45% basalt, 45% 
montmorillonnite, 10% hematite) and an unaltered 
basaltic soil from Mojave desert. 
 
Experimental Methods and Equipment: Penetration 
testing is performed in constant velocity mode at a rate 
of 2 mm s-1. The test system consists of a constant-
speed motor driving a linear actuator screw that pushes 
the probe down and pulls it back out. The probe does 
not rotate during testing. A load cell is mounted 
between the force actuator and the probe for force 
measurement, both in and out. The electric actuator 
pushes the probe down to a designated depth and stops 
there while continuously measuring the required force. 

 
Results: Bulk Density Effect: In regolith materials, the 
required insertion force is generally a strong function of 
the density and thus of compaction [4]. Figures 1 A and 
B show the effect of changing the bulk density in JSC 
Mars-1 and Mojave Mars stimulant. In the Mojave 
Mars stimulant, at a bulk density of 1180 kg/m3, a 0.9 
cm diameter probe required about 50 N to penetrate to a 
depth of 30 cm while it took about 450 N to reach the 
same depth when the bulk density was 1440 kg m-3 

(Fig. 1A). With the same probe diameter at the same 
depth in JSC Mars-1, at a bulk density of 1010 kg/m3, it 
requires about 30 N to reach to 30 cm depth while it 

took about 500 N to reach the same depth at a bulk 
density of 1061 kg/m3 (Fig. 1B). 
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Figure 1. Penetration force as a function of depth under 
different bulk densities (D = 0.9 cm, Tip angle (T.A) = 60°). 
A. Mojave desert simulant. B. JSC Mars-1. 
 
 
Effect of probes diameter: The diameter of the probe 
has also an important effect on the penetration force. 
Four probes with a tip angle of 120° were tested in JSC 
Mars-1 and another four probes with a 60° tip angle 
(our previous work showed that the tipc angle does not 
have a significant effect on the penetration force [3]) 
were tested in Mojave Mars simulant to determine the 
effect of the probe’s diameter for different Martian 
analog material (Fig. 2). A 0.5 cm diameter probe 
require about 200 N in Mojave Mars stimulant (Fig. 
2A) and about 280 N in JSC Mars-1 (Fig. 2B) to reach 
about 30 cm  depth while it took the 0.9 cm diameter 
probe about 600 N in Mojave Mars stimulant and about 
500 N in JSC Mars-1 to reach the same depth.   
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Figure 2. Penetration force as a function of depth for different 
diameter probes. A. Mojave Mars stimulant (T.A =  60°; 
B.D = 1600 kg/m3). B. JSC Mars-1 (T.A = 120°; B.D = 
1090 kg/m3). 
 
Discussion: The axial downward movement of the 
penetrometer through regolith is closely related to the 
problem of driving piles in foundation engineering 
which uses bearing capacity theory to explain 
penetration forces [4]. The total resistance force (FT) 
during probes insertion into the subsurface is the sum of 
two forces; cone resistance (qc) and sleeve friction (fs): 

 SSCCT AfAqF   (1) 

Where Ac is the area of the cone, As is the area of the 
sleeve. For sands, the cone resistance can be calculated 
from [5]: 
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Where γ is the effective unit weight of sand (N m-3), Z 
is the penetration depth (m), φ is the friction angle of 
sand (degree), Dr is the relative density, K is the 
coefficient of lateral pressure at rest (dimensionless), Nq 

is the bearing capacity factor (dimensionless), L is the 
lateral extension of the slip lines (m). Figure 3 shows 
the experimental data verses theoretical model. As 
expected, the model shows that the sleeve friction 
accounts for only a minor part (<20%) of the total 
required force. The model is applied in sand due to the 
knowledge of the bearing capacity factor Nq. In future 
research, the model will be applied to martian analog 
materials once we have determined the Nq bearing 

capacity factor.  Alternatively, this model may allow 
determining several physical parameters directly from 
penetration experiments. 
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Figure 3. Theoretical verses experimental data in sand (D = 
0.9cm, B.D = 1700 1600 kg/m3). 
 
Energy of penetreation: Regarding the penetration 
energy, MSL will produce 125 W continuously from its 
radio-isotropic thermal generator, giving up to 3000 W-hrs/sol 
or 10.8 MJ. Integrating our measurements in compacted 
JSC Mars-1 with 1 cm square probe indicate a 
requirement of 170 J to achieve about 0.4 m (Fig. 4). 
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Figure 4. Energy of penetration as a function of depth for a 
square probe in JSC Mars-1 (S=1cm, B.D = 1090 kg/m3). 
 
Conclusions: Based on our results and theoretical 
model, compaction is the most dominant effect on the 
penetration force, the diameter of the probes being the 
second. Our theoretical model fits very well with the 
experimental data and shows that the peak rate of 
required power for probe insertion in JSC Mars-1 using 
a 1cm square probe will be only about 3 W (1500 N 
times 0.002 m s-1). A 1000 N rover or lander would be a 
good choice for having a 1 cm penetrometer to reach 
about 40 cm depth. 
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