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ABSTRACT 

The locomotion into sand is needed in various applications, but due to the complex mechanics 
of granular matter it causes special difficulties. High resistance forces on penetration systems 
and parameter dependent behavior, like stable or instable boreholes, complicate the design of 
mobile robots for the locomotion in sandy soil. The most effective state of the art devices 
deploy hammering mechanisms. Screw-driven systems arise more and more in the literature, 
as they promise to be a simple, robust and low-cost solution. In this paper, an autonomous 
drilling robot for the locomotion into sandy soils is presented. The design is based on 
theoretical modeling and experimental analyses of the screw drive aiming to minimize the 
needed torque and to maximize the locomotion speed. The presented prototype is able to 
reach a depth of 20 centimeters within a minute with a torque of 0.66 Nm. 

Index Terms – Mobile robot, locomotion, sand, granular matter, screw drive 

1. INTRODUCTION

Wherever risks for human operators are high, or the areas are inaccessible at all, autonomous 
robots are able to support the exploration of the mentioned areas. The use of soil penetration 
systems ranges from everyday terrestrial applications like trenchless pipe and cable laying 
over disaster management to tasks like planetary subsurface exploration. 
The mechanics of granular matters is still not fully understood. Its complex micromechanical 
behavior causes special effects on macroscopic scale. Thus, locomotion into sands is 
complicated by effects like the conditional liquidification dependent on the load history. Due 
to the solid phase in subcritical loading, high resistance forces on locomotion systems are 
arising, and boreholes might be open or collapse dependent on soil parameters. Furthermore, 
granular matter is abrasive by nature, and thus poses a threat to every technical system it 
ingresses. To avoid excessive wear and early end of life, the sealing concept is a major part of 
the design of subsurface locomotion systems. 
In order to tackle those difficulties, we developed an autonomous, low-cost drilling robot with 
internal energy supply. The design has been model-based with the aim to lower the number of 
needed prototypes to be operational. As the purpose is to gain optimal locomotion 
performance as well as low energy consumption, the screw geometry is varied and tested. A 
special testbed has been set up to perform systematic measurements, varying the screw’s 
geometric parameters. The prototype is tested in different soils: quartz sand, chalk and lava 
sand. 

2. STATE OF THE ART

The most established principles to autonomously explore the subsurface of sandy sediments 
are internal hammering mechanisms [1-6]. To cite an example, the NASA InSight mission, 
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planned to launch in May 2018, will feature a self-impelling nail nicknamed the “Mole” to 
transport heat sensors five meters into the sandy Martian regolith [5-6]. So far hammering is 
the only principle capable of reaching depth greater than several body lengths of the systems. 
Due to the incremental, periodic strokes, energy consumption is kept low while still achieving 
high locomotion performance. But these positive effects come with the cost of high inner 
shock loads, which cause high development costs. Furthermore, complex simulations and 
optimization runs are required to cover the inner dynamics and to design properly the 
mechanism [5]. 
In comparison to the high technical readiness level of autonomous hammering devices, the 
state of the art drilling systems are primarily in early prototype states. Most of those robots do 
not reach depth much higher than their own body length, cf. Fig. 1 [7-10]. The effect is not 
yet fully understood, but the most prominent reason mentioned is the limited actuation torque 
in relation to the high soil resistance. There are only few attempts to understand the cause of 
immobilization by modeling, such as in [8].  
Alternative designs, such as the combination of different motion principles, are reported in the 
literature [11-14]. The robot shown in [11-12] is using combined hammering and drilling, but 
requires a stable open borehole. Deploying several screws, [15] presents a robot able to roll 
and drill. Additionally, biologically inspired systems are also reported in literature [16-22]. 
 

 
Figure 1: State of the art prototypes compared by the ratio of penetration depth and body length s/L. 

 
3. MODELING 

 
Modeling and simulation in this field is mainly divided into two streams: complex, high-
fidelity numerical models and simpler, but faster, analytical and empirical models. High-
fidelity models are often based on Finite [23-24] or Discrete Element Method [5, 25]. Even 
though those models are adequate to the real system on a specified abstraction level, they are 
not fast enough for quick engineering decisions. Faster models are mostly based on 
RANKINE’s theory of earth pressure or empirical equations. Such approaches are shown by 
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�+φ, ∆<- =
=>
?tan� �CD − φ# ;												∀	∆<	 ≤ −0.001 ∙ %	1 − sin+φ-;												∀	∆<	 ≈ 0 ∙ %											tan� �CD + φ# ;										∀	∆<	 ≥ 0.05 ∙ %							       (6) 

 
As the cavity in the soil is opened by the robots tip, no virtual wall movement at the outer hull 
can be assumed. The soil pressure coefficient K simplifies to the soil pressure �  at rest, cf. 
[28]: � = � = 1 − sin+φ-	                                  (7) 

 
Applying /L to Coulomb’s friction for slipping and stiction as shown in [26] yields: 
 ��� = 2π! 45|45| ��N × /�	 &tan+φP-;		∀	9: <	9�tan+φR- ;	∀	9: ≥ 9� 	             (8) 

 
whereby φS and φT  are the stiction and slipping interface friction angles, ��N the tangential 
component of the cylinder coordinates and 9� the friction dead band velocity. 
Due to the assumption that the cavity enclosing the robot is opened by its tip, an additional 
force is needed to cover this effect. In literature this force is covered by empirical models, 
e.g., an elasto-plastic element [26], soil pressure or by cavity expansion theory (CET) [6,8]. 
CET is based on the energy needed to open the cavity inside the soil [29-30]. The approach 
assumes several deformation zones around the penetrating body: plastic zone, non-linear 
elastic and elastic zone. By application of the simplified empirical CET, a prediction accuracy 
of ±40% is stated. Utilizing it for the sand screw tip, it yields: 
 ��� = 5.15 ∙ !� ∙ X� ∙ �+ .1 D1YZ+ . �[D\ .   �Y-]^- ∙ �_�`�ab #+ .cD1\ .  Dd	-]^ ∙ ��:; 			∀	φ ∈ f0.506,0.628i	 (9) 
 
which means for friction angles between 29° and 36°. X� is the unit pressure. With all the 
resistive forces covered as shown above, the propellent force is derived by the soil weight on 
top of the robot and the driving force ��j of the screw: 
 ��� = ��:+ρ�+� − *-� +k�- + ��j                     (10) 

 
with k� the robots mass. It should be noted that the literature does not sufficiently cover ��j. 
E.g., [8] gives an estimate dependent on the slip of the device, which itself depends on the 
propellent and resistive forces as well as the exerted torque. Given the open issues in driving 
force models, this part of the model will be subject to ongoing research. The models have 
been used in the development of the robot, to predict the behaviour before the first prototype 
has been available. 
In order to verify the proposed force models, dedicated measurements have been performed. 
Throughout the tests a nearly cohesionless quartz sand, similar to the Martian simulant used 
for the HP³ [26], is used. The parameters are: 
 ρl = 1600	kg/m³; 			φ = 31°; 				� ≪ 1	kPa. 
 
To measure the frictional forces, a cone indenter is equipped with a hollow cylinder and 
embedded into the soil in different depths up to 450 mm. The force needed for extracting the 
hollow cylinder is measured. To verify the further complex interaction at the tip, cylindrical 
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as well as conical indenter have been loaded with weights of 10 – 25 kg and the resultant 
penetration depth is measured. Fig. 3 shows the results of the campaign. For all the cylindrical 
indenters the prediction using the CET is in good correlation with the measurements. The 
conical indenters however show the expected lower resistance values over depth, which are 
right near the lower boundary of the ±40% confidence interval. 

 
Figure 3: Analytic and experimental results of the front resistance �� = ��/� of cylindrical bodies 

and conical bodies with the cone angle α = 60°:  ●- Ø 30 mm, ■- Ø 40 mm,▲- Ø 50 mm.. 
 
As worst-case estimates are needed in order to develop robots for harsh environments, the 
CET is still a valid worst-case approximation of the tip resistance. As the CET also does not 
directly pose a dependency on the tip’s cone angle α, the dependency of the tip resistance � 
against the cone angle is measured analog to the CET verification. In Fig. 4 it can be seen that 
a minimum in cone resistance occurs at α = 40°. For lower angles, the resistance is slightly 
increasing again. This result coincides with the findings of Whitaker 1976 [31]. Absolute 
differences may be explained by differences in the used soil. The comparison of the result to 
[32] shows good correlation for the pure cone resistance, substracting frictional forces, too. 

 
Figure 4: Experimentally obtained resistance values normalized to the cone angle of α = 30°. 

Using the proposed model, it is possible to predict the forces on the robot and to size certain 
parts. As the quasi-static approach still poses several limitations and the CET tends to 
overestimate the resistive forces, a fully dynamic model with enhanced force description is 
subject to future research. 
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4. EXPERIMENTS 

 
The critical part of a drilling robot is the screw drive, which is used to create a translational 
motion from the rotational motor. As the locomotion is highly dependent on the parameters of 
the screw drive, a testbed to investigate the influences has been developed. The testbed for the 
experimental invesitgations is presented in Fig. 5. The aim is to find an effective and efficient 
screw design. While the screw samples are drilled into the sand, the penetration depth, torque 
and rotaional and translational speed are measured simultaneously. 
 

 
Figure 5: Testbed for the experimental validation of the screw samples. 

 
The sand tank is 70 cm in height and has an average diameter of 50 cm. The soil simulant 
used is a quartz sand of around 98 % SiO2. The sand contains no grains bigger than 2000 µm 
and more than 80 % of the grains are sized between 200 µm and 1500 µm. A similar sand is 
used in [26] as reference Martian simulant. Additionally, quartz sand is only weakly 
hygroscopic enabling to neglect effects by cohesion due to the humidity of the laboratory air 
(average: 32 %). In order to achieve comparable test results, it is important to gain 
comparable soil states throughout consecutive measurements. Therefore, the sand is loosened 
up inbetween the single measurements to avoid compaction by experiments or settling. 
The screwhead is driven by a DC motor producing up to 10 Nm of torque. This provides 
sufficient torque to avoid immobilization due to resistance torques and to achieve a shaft 
speed of 8.8 rpm. A constant vertical force of �� = 6.2 N is applied. In order to measure the 
torque w, the penetration depth % and the translational speed 9, a torque measurement shaft 
and a draw-wire sensor are used. The analogue and digital sensor signals are recorded 
simultaneously using a DAQ hardware and software by National Instruments. 
For the measurements, screws with both right-handed (Type 1, grey color) and left-handed 
threads (Type 2, blue color) are used. Type 1 has a conical core, while the core of Type 2 is 
formed by a cylinder with a conical tip and bottom. The schematics of the screws showing 
their parameterization are presented in Fig. 6. The screw samples are produced by additive 
rapid prototyping. The used polylactide is postprocessed by chemical smoothing using 
dichloromethane after printing. The parameters of the screws are given in Tab. 1. The 
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experimental results are shown in Fig. 7 and Fig. 8. The mean values (MV) of five repetitions 
for each sample are plotted as a continuous line.  
 
 

 
Figure 6: Schematic screws with characteristic parameters. 

 
Table 1: Parameters of experimental screw samples. 

Parameters Screw samples 
Term Symbol (Unit) Type I Type II 
Thread radius R (mm) 20; 22.5; 25 10; 13.5; 20 
Thread height H (mm) 46 46; 90 
Pitch p (mm) 15; 22.5 15; 22.5 
Cone angle α (°) 40 45 
Core radius a (mm) - 5 
Bottom radius r (mm) 17 17 
Cone height b (mm) - 36; 82 
Total height h (mm) 56 56; 104 
Thread  Right-handed Left-handed 
    

The dashed lines, the filled area between the curves in Fig. 7 and the lighter bars in Fig. 8 
represent the root mean square (RMS) deviation, calculated by MV ± RMS. 
The maximum depth of each screw results from the vertical limits of the experimental setup 
and the screw height x. It is obvious that the required torque w and the translational 
velocity 9 depend on the penetration depth % and screw parameters. Fig. 7 and Fig. 8 show 
that screw samples with small thread radius are not able to reach greater depth. The applied 
torque cannot be transferred to the soil and the screws rotate without translational progress. 
However, too large radii ! lead to disadvantageous effects. The required torque increases, and 
the achievable speed decreases. 
Comparing the two different screw types it can be obtained that the samples of Type 2 with 
the smaller, cylindrical core are faster and need less torque than Type 1 with the larger, 
conical core. As presented in Fig. 8, the modification of the thread pitch has a remarkable 
influence on the torque w, and the time y that a screw needs to reach a certain depth. The 
increase of the pitch leads to faster translational motion and the need of higher torques. 
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Figure 7: Velocity v and torque M against depth s dependent on the radius R of the screw thread. 

 
 

 
Figure 8: Drilling time t and torque M in depth s of 10 cm and 40 cm dependent on the pitch p of 

different screw types. 



 

©2017 - TU Ilmenau  9 

 
5. ROBOT 

 
For the design of the full robot, a single screw had to be chosen. A compromise between 
locomotion performance, i.e. high average speed, and energy consumption, i.e. low maximum 
torque, was made. The Type 1 screw with the best performance (purple graphs in Fig. 7, ! = 20 mm) is used. The developed robot was first described in [33]. Characteristic 
parameters are given in Tab. 2. The exploded view of CAD-design is presented in Fig. 9. The 
prototype is driven by a DC motor with an epicyclic gearing. For autonomous operation, 
energy is supplied by a lithium-ion battery. The current is limited electronically to 0.5 A in 
order to reduce heating. Using this current limit, a torque of 0.66 Nm is achieved. With this 
setup, the robot reaches a depth of 20 cm in less than a minute, see Fig. 10. 
 

Table 2: Characteristic parameters of the battery-powered robot prototype. 
 

Diameter (main cylinder) D (mm) 28 
Span (anti-torque panels) S (mm) 81 
Length (with sample screw) L (mm) 204 
Mass m (g) 150 
Angular velocity N (rpm) 11 
Maximal torque M (Nm) 0.66 
Maximal depth s (cm) 20 
Translational velocity v (mm/s) 4.6 
Operation time (with 800 mAh battery) T (min) 57 

 
As the robot features external parts with relative rotation, the interface needs to be properly 
sealed. Therefore, a two-staged sealing concept using rotational symmetric silicone seals is 
chosen. The first stage is V-seal followed by second stage radial shaft seal. The inter-sealing 
space is filled with grease to trap particles that may pass the V-seal. This concept was 
successfully tested in several soils and showed no sand ingress on the internals of the robot.  
In order to verify the principle, the robot has also been tested in two further Martian soil 
simulants in the Planetary Exploration Laboratory at German Aerospace Center. Thereby it 
was possible to show that the system is also able to proceed into coarse grained, gravelly lava 
sands as well as very fine cohesive simulants without much impact on performance, as it is 
presented in Fig. 10.  
While conducting those tests higher than nominal motor currents are tested as well. At higher 
motor current the immobilization is not necessarily caused by stopping of the screw rotation. 
A second failure mode caused by insufficient soil strength at the screw head was discovered, 
causing the screw to spin freely in the soil. 
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Figure 9: Exploded view of the prototype. 
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Figure 10: Drilling into different soils of the mobile robots with manual torque support -  

battery-powered robot and cable-based version. 
 

6. CONCLUSIONS AND OUTLOOK 
 
In this article an autonomous drilling robot for the locomotion in sandy soils alongside with a 
drilling performance testbed and approaches in modeling are presented.  Using the designed 
testbed, first effects caused by diverse screw parameters are identified deploying two different 
types of screws. The use of the full robot in different soils enabled to successfully verify the 
locomotion and sealing concept. However, different than stated in literature, the maximum 
torque is not the only limiting factor for the locomotion and final penetration depth. 
Dependent on the actuator torque and screw design, the final depth is also limited by the shear 
strength of the surrounding soil. Thus, future development should be focused on reaching 
greater depth, while reducing the required torque and having a well-balanced distribution of 
the loads on the screw head.  
However, to identify dedicated dependencies further parameters need to be investigated. 
Hence, such research will be part of future work in experiments and simulation. In order to 
enable the latter, a fully dynamic model, especially covering the driving forces of the screw 
head, will be developed. 
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