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ABSTRACT  

The exploration, characterisation, and monitoring of the subsurface is relevant to a wide range of applications, from 

environmental monitoring and in-situ characterisation to infrastructure construction (e.g., directional drilling and 

tunnelling) and resource withdrawal. Bio-inspiration offers promising solutions to overcome two of the most important 

challenges in the development of autonomous subsurface exploration probes: exploration range (related to drag forces) 

and steerability (i.e., ability to control direction of movement). The work uses a previously proposed bio-inspired intruder 

shape to study the relationship between tip orientation and the resulting forces (lateral and vertical); and explores the idea 

that these forces can be used to steer the probe, i.e., control the direction of motion of the probe as it advances. Numerical 

results with the discrete element method and experimental results with a large-scale test bed show a direct relation between 

tip orientation and the steering (lift and lateral) forces – supporting the case for steering systems based on intruder tip 

rotation. In the results, lateral and vertical forces also show a strong relation with tip orientation, however, for the tip 

shape tested, the vertical forces are limited to the neutral to upwards range (i.e., towards the free surface). Experimental 

results evidence the significant effect of intruder deformation (bending) and/or path deviation in the penetration forces 

acting on the intruder. 
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1. Introduction 

The development of self-burrowing devices for 

underground exploration will enable autonomous 

geotechnical in-situ characterisation, more efficient 

exploration of hazardous or difficult access locations, and 

cost-effective tillage and construction of underground 

infrastructure. Two of the most significant challenges in 

the development of subsurface exploration methods are 

exploration range and steerability. Reducing the drag 

forces that oppose intruder movement has the potential to 

lower the energy consumption during burrowing – 

increasing exploration range. Similarly, reducing the 

Figure 1. Representative DEM model with a tip orientation of 90⁰ 



 

‘granular lift’ forces that develop in the vertical direction, 

can improve the steerability, i.e., the ability to maintain 

and change the course of underground intruders.  

 

Horizontal burrowing methods under development 

have proposed different strategies to overcome these 

challenges, including: constrained penetration with rig 

bound penetrometers (Broere and Van Tol 2001; Wei, 

Tumay, and Abu-Farsakh 2005), bio-inspired peristalsis 

(Borela et al. 2021; Das et al. 2023), anchor-push 

mechanisms (Zhang et al. 2023; Tao, Huang, and Tang 

2020), and intruder/tip rotation (Jung et al. 2017; Tang, 

Zhong, and Tao 2024).  

 

This contribution assesses the potential of a 

burrowing system based on an optimised intruder 

coupled with a tip rotation system, to tip minimise drag 

forces, while controlling steering forces during 

burrowing. This design is motivated by the 

aforementioned body of research, and on the prevalent 

steering method in horizontal directional drilling, based 

on the constant rotation of an asymmetric drill string end 

(known as bent subs) (Royal, Riggall, and Chapman 

2010). We present a numerical and experimental 

investigation into the relationship between intruder tip 

orientation, and the resulting penetration forces: drag, 

lateral and lift, encountered during horizontal penetration 

in granular media. The intruder tip tested was proposed 

by (Patino-Ramirez and O’Sullivan 2023) as the optimal 

trade-off between drag (i.e., penetration force that 

develops against the direction of movement) and lift 

(vertical) forces.  

 

Constant velocity tests were carried out using a 

cylindrical intruder of diameter Dp=40mm (similar to a 

standard CPT cone) moving horizontally at a depth of 

200mm (5∙Dp). Three tip orientations were tested 

(numerically and experimentally) to assess the viability 

of a steering system based on tip rotation control. Tip 

orientations are rotations around the axis of the 

cylindrical probe (x-axis, see Figure 1). 

 Section 2 of the manuscript details the discrete 

element model and its results, while Section 3 of the 

manuscript describes the experimental setup and its 

results. Lastly, Section 4 summarizes the findings of the 

study and directions of future work. 

2. Discrete element model 

2.1. Model description 

Discrete element (DEM) simulations were carried out 

using the granular package of the open-source, molecular 

dynamics software LAMMPS (Plimpton 1995). A 

simplified Hertz-Mindlin model was used to model the 

contact between particles, using mechanical parameters 

consistent with the properties of quartz (Simmons and 

Brace 1965) and summarized in Table 1. The timestep of 

the simulations (1 ∙ 10−7𝑠) was calculated according to 

(Otsubo, O’Sullivan, and Shire 2017). 

 

Table 1. Material and contact properties - DEM model 

Property Symbol Value 

Shear Modulus G 29 GPa 

Poisson’s ratio v 0.2 

Particle density ρ 2670 kg/m2 

Friction 

coefficient 
µ 0.25 

 

The spherical particles in the model are scaled-up 

from the particle size distribution (PSD) of Toyoura sand, 

a fine, rounded sand with a mean particle size d50 = 0.22 

mm, coefficient of curvature Cc = 0.96 and coefficient of 

uniformity Cu = 1.39; the scaled-up PSD has a 

d50=7.2mm (scale factor 33). Randomly generated 

particles are placed and left to settle under gravity (9.81 

m/s2) to form a testbed under geostatic stress conditions, 

and rigid boundaries. The surface of the testbed is 

unconstrained to allow free movement of the material.  

A cylindrical, horizontal probe with a diameter 

Dp=40mm enters the domain at a depth Hp = 200mm from 

the free surface. The probe is modelled as a group of 

spherical particles arranged to follow the contour of the 

probe (cylindrical body plus optimal tip), referred as 

intruder particles herein. The diameter and spacing 

between particles (measured between particle centers) 

are 2mm and 1mm respectively. Intruder particles move 

as a rigid body in the positive x-direction at a speed of 

25mm/s over a total distance of 440mm (11 times Dp).  

 

The flow regime of objects moving in granular media 

is controlled by the Froude number, a dimensionless 

number that compares the characteristic times of the 

intruder movement versus the time for a particle to fall 

back as the intruder moves past (Hilton and Tordesillas 

2013). The simulations presented are in the quasi-static 

regime with Froude numbers ≪ 1. In this regime, 

penetration forces are expected to be independent of 

penetration velocity (Seguin 2022). 

Figure 1 shows a representative DEM model 

indicating the axes and dimensions used. The dimensions 

of the model are summarized in Table 2. Model 

dimensions were chosen to balance computational cost, 

while minimizing boundary effects.  

 



 

Table 2. DEM model dimensions 

Dimension Symbol Value 
Normalized 

value (by Dp) 

Intruder 

diameter 
Dp 40 mm 1 

Mean 

particle 

diameter 

d50 7.2 mm 1/5 

Model width Wm 520 mm 13 

Model 

Length 
Lm 720 mm 18 

Model Height Hm 420 mm 10.5 

Intruder 

depth 
Hp 200 mm 5 

2.2. Numerical results 

Discrete element method (DEM) simulations are 

performed, measuring the penetration forces exerted on 

the intruder for tip orientation angles: 0⁰, 45⁰ and 90⁰. 

Figure 3 shows the intruder tip at the orientations tested; 

different orientations are rigid body rotations around the 

axis of the cylindrical body of the intruder (parallel to the 

x-axis) in the counterclockwise direction. 

 

 
Figure 3. Intruder tip at the different orientations tested 

The forces acting on the tip of the intruder in the x, y 

and z directions are referred to herein as the drag, lateral, 

and lift forces (respectively). Figure 2 shows the 

evolution of the penetration forces as a function of the 

penetration distance Xp (normalised by the diameter of 

the probe). Drag forces increase slightly with the angle of 

tip orientation, with the 90⁰ orientation exhibiting an 

average drag force that is 11% higher than that of the 

original tip orientation (0⁰).  

 
Amongst the three forces, the lateral forces show the 

largest variation, increasing significantly with orientation 

angle and reaching a maximum for the 90⁰ orientation. 

Expectedly, the direction of the lift force ranges from 

(nearly) neutral, for the original tip, to a comparatively 

strong force that would steer the intruder towards the free 

surface. For the 90⁰ orientation, the magnitude of the 

lateral and lift forces is similar – future studies with tip 

orientations over 90⁰ will test if lateral forces continue to 

increase. 

Applications that require steering in the negative z-

direction (i.e., moving the intruder deeper into the soil) 

may require a different tip shape and/or a different 

steering system that does not rely on rotation alone. 

3. Experimental campaign 

3.1. Experimental setup 

The testbed used for the experimental validation 

consists of a polypropylene box holding a sand specimen 

of the dimensions summarized in Table 3 and shown in 

Figure 4. The material used is Fuse sand 80/20, a fine, 

angular, and uniform sand with a median particle size 

(d50) of 0.4mm. The sand specimens are prepared with 

dry pluviation, using the moving pluviometer described 

in (Patino-Ramirez et al. 2024); a constant pluviation 

height of 200mm yielded an average unit weight of 16.7 

kN/m3, corresponding to a relative density of 74%. Prior 

to every test, the testbed was emptied and a new specimen 

pluviated; the variation in relative density among 

specimens was <5%. 
 

Figure 2. Penetration forces from DEM simulations 



 

Table 3. Experimental setup dimensions 

Dimension Symbol Value 
Normalized 

value (by Dp) 

Intruder 

diameter 
Dp 40 mm 1 

Mean 

particle 

diameter 

d50 0.4 mm 1/100 

Model width WE 1000 mm 25 

Model 

Length 
LE 920 mm 23 

Model Height HE 470 mm 11.75 

Intruder 

depth 
HDE 200 mm 5 

 

The intruder consists of an aluminium pipe with a 

40mm diameter, attached to a 3D printed tip following 

the same geometry described in the numerical modelling 

section. The movement of the intruder was constrained to 

the horizontal direction with two linear bearings, while a 

linear actuator pushed the intruder into the testbed at a 

speed of 4mm/s over a total stroke of 300mm. The forces 

acting on the tip of the probe were measured using a 6- 

axis force sensor (reference Nano25 – ATI industrial 

automation) attached to the tip and placed inside the 

hollow body of the intruder. Tip orientations were 

manually set prior to pluviation and fixed for the entire 

duration of the test.  

3.2. Experimental results 

Ther experimental campaign seeks to validate the 

results from the numerical simulations, while also 

capturing the complexities associated with physical 

testing. Three different probe orientations were tested: 0⁰, 

45⁰ and 90⁰. The penetration forces (drag, lateral and 

vertical) as a function of intruder penetration are 

summarized in Figure 5. Interestingly, the drag forces 

decrease for the 45⁰ and 90⁰ orientation angles, being 

about 19% lower than that of the 0⁰ orientation. 

 

Figure 5. Penetration forces - Experimental tests 

 

Lift forces show a slight increase with tip orientation, 

while lateral forces significantly increase. Differences in 

the results from numerical and experimental modelling 

can be attributed particle size and shape effects, and 

potential bending of the intruder in the physical 

Figure 4. Experimental setup 



 

experiments, which may affect the trajectory of the 

intruder, and with it the steering forces.  

4. Conclusions 

This paper has considered the influence of the 

orientation of an asymmetrical probe tip on the forces 

acting on the probes in horizontal penetration of sand. 

The work contributes to explorations of the potential to 

develop bioinspired devices to penetrate soil. The key 

idea explored here is whether the evolution of forces with 

tip orientation probe can be harnessed to steer the probe, 

i.e. to control the direction of motion of the advancing 

probe.  The conclusions are informed by data from DEM 

simulations and 1g physical tests. The main conclusions 

of this contribution are: 

 

• The geometry of the intruder limits the range of 

lift forces to the neutral-to-positive range. These 

data indicate that the capacity to control 

orientation of the advance or steer the probe by 

rotating the tip may be limited. However, the 

strong relationship between orientation and 

steering forces motivates the use of tip shapes 

with a different degree of asymmetry, which may 

expand the range of resulting lift forces. 

• Lateral forces can be controlled with an 

asymmetric tip and a single rotation system. The 

magnitudes of the resulting lateral forces range 

between 0 to 50% of the maximum lift force 

obtained. 

• Results show a significant increase in lateral 

forces with tip orientation, while lift forces show 

only a slight increase.  

• Observed differences between the experimental 

and numerical results may obey to the effect of 

intruder deformation and path deviations, which 

are not captured by the numerical simulations. 

 

Future research will focus on the development of 

other steering systems that expand the range of 

achievable lift forces, and intruder designs and 

experiments that allow and track unconstrained 

movements in the subsurface.  
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