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ABSTRACT 

 

This study demonstrates the application of a coupled discrete element method (DEM) multi-

body dynamics (MBD) framework in simulating the self-burrowing behavior of a robot in dry 

sand. In robotics, a robot can be modeled using MBD, in which each component of the robot is 

modeled as interconnected rigid or flexible bodies whose motions obey the laws of motion and 

are limited by kinematic constraints. In this study, DEM is coupled to MBD using Chrono an 

open-source physics engine to model the self-burrowing behavior of a two-auger robot in dry 

sand. The robot consists of a pair of horizontally aligned, auger-shaped bodies, which are 

connected with two rotational motors in MBD; and the sand is simulated as packing of 

monodispersed, frictional spheres in DEM. A typical co-simulation loop starts with the DEM 

module that solves the inter-particle and particle-structure forces and displacements; the particle-

structure forces are then transferred to the MBD module to solve the dynamics of the robot; with 

the updated robot position and velocity, information is then transferred back to the DEM module. 

The rotation of the augers was set to different directions and speeds. It was found that the 

rotation of the two augers in the same direction enables horizontal translational movement of the 

robot, while rotation in the opposite directions hinders such movement: higher rotational speeds 

lead to higher translational velocities. 

 

INTRODUCTION 

 

Bio-inspired burrowing robotics is an emerging field at the interface of biology, robotics, and 

soil mechanics. Such robots can find applications in exploration, search and rescue, sensor 

deployment, inspection, monitoring, surveillance, transport, and construction purposes (Tao 

2021). A key question to answer is how a burrowing organism or its robot counterpart moves by 

itself in the soil. Of interest in this paper is burrowing driven by helical motions such as that used 

by self-burying seeds (Jung et al. 2014). The awns of these self-burying seeds coil and uncoil in 

self-burying process is similar to screw driving, auguring or drilling processes but differs in that 

the motions are self-generated, and no external forces are needed. Previously, this helically 

friction law with idealized helical geometry and properties of the granular media (Darbois Texier 

et al. 2017). 
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To assist robotic design and to better understand robot-granular media interactions, the 

discrete element method (DEM) is often used (Chen et al. 2022; Huang and Tao 2020; Ma et al. 

2020; Tang and Tao 2022). However, most of the sim -

meaning that the simulations were advanced by prescribing the displacement or velocity of the 

motion. In contrast, a robotic structure can be modeled using Multi-body Dynamics (MBD), in 

which each component of the robot is modeled as interconnected rigid or flexible bodies whose 

motions obey the laws of motion. The movements of the components can be limited by 

kinematic constraints such as linear or rotational joints. 

In this study, DEM is coupled to MBD using Chrono  an open-source physics engine  to 

demonstrate the modeling of the self-burrowing behavior of a bio-inspired two-auger robot in 

dry sand. In such a simulation, the contacts between particles and robot components are detected 

and the corresponding reaction forces are resolved and shared. The motions of all the particles 

 

 

METHODOLOGIES 

 

DEM model. In a DEM simulation, particles are allowed to undergo small interpenetrations, 

and the primary assumption is that the mechanical behavior of the system is understood by 

Newtonian dynamic updates between individual entities (Campello 2018). In each time step, the 

normal contact force, friction tangential force, rolling friction torque and cohesion forces are 

calculated based on the stiffness, damping coefficients, and contact constitutive models including 

the Hertzian contact theory, the Mindlin friction law, and rolling resistance models (Fang et al. 

2021). The stiffness and damping parameters of the Hertzian model are defined based on 

 and coefficient of restitution. 

In Chrono, the DEM part leverages the Graphic Processing Unit (GPU) architecture and is 

handled by the Chrono::GPU simulator. In Chrono::GPU, a few efficiency-enhancing features 

are implemented: 1) mixed data types are used to reduce memory footprint and increase 

simulation speed, and 2) a Lined-Cell based domain decomposition approach and combined 

global-subdomain particle position representation are implemented to improve memory 

bandwidth and cache utilization. 

The granular material consists of sphere-shaped bodies with a radius of 5 mm and assigned 

elastic and plastic materials as defined in Table 1. The elastic and plastic material properties are 

derived from a previous study in which a validation test, using glass bead particles, was 

performed (Thoesen et al. 2019). Another recent study has been investigated the validation of 

Project Chrono by performing both laboratory and simulated direct shear test (Yong and Tao 

2023). 

Robot design and MBD model. MBD allows the modeling of dynamical systems and studies 

the kinematic updates and constrains between assembled rigid or deformable bodies (Skrinjar et 

al. 2018). In Chrono, the MBD part is handled by the Chrono core APIs. The MBD module 

calculates the kinematic updates of the robot based on the contact forces from the granular 

particles in contact with the robot. 

In this study, rigid bodies were first defined, and rotational motor links were then utilized to 

constrain the motion of the augers. A burrowing robot is designed based on the helically driven 

burrowing mechanism. The general concept is to generate horizontal translational motion from 

axial rotation of a helical auger. In practice, a rotational motor must be used to drive the auger 
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and an anti-torque component is needed to prevent the rotational slip of the robot. That is the 

auger, and the anti-torque component is connected using a rotational motor link in which the 

anti-torque component is considered as a stator. The geometry of the augers and stators are 

shown in Figure 1. 

 

Table 1: Material and interactive properties of the simulated particles and meshes 

 

 
 

Figure 1: Dimensions of the robotic parts : a) horizontal augers; b) stators 

 

To facilitate dual-directional burrowing, a second set of auger-stator is created as a mirror of 

the first set, and the two stators are connected using a fixed link (Figure 2). 

Co-simulation Workflow. DEM and MBD are incorporated in Chrono:: GPU module, and 

the sharing and transferring data between DEM and MBD are achieved through a co-simulation 

workflow (Figure 3). In a nutshell, the Chrono::GPU engine or the DEM module, computes the 

Material Property Particles Mesh (robot) objects 

Particle radius (cm) 0.15 - 

Density (g/cm3) 2.55 1 

-) 0.22 0.3 

 7 e7 1.8 e9 

   

Interactive Property Phase 1 Phase 2 

   

Coefficient of restitution: sphere-sphere 0.22 0.22 

Coefficient of restitution: sphere-wall 0.22 0.22 

Coefficient of restitution: sphere-mesh 0.3 0.3 

Coefficient of static friction: sphere-sphere 0.08 0.16 

Coefficient of static friction: sphere-wall 0.08 0.16 

Coefficient of static friction: sphere-mesh 0.15 0.3 

Coefficient of rolling friction: sphere-sphere 0.0 2.5 e-5 

Coefficient of rolling friction: sphere-wall 0.0 2.5 e-5 

Coefficient of rolling friction: sphere-mesh 0.0 0.17 
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contact forces and torques between contacting particles as well as between the robot rigid body 

meshes and the particles in contact with them. The particle-mesh contact forces and torques are 

then transferred to the Chrono core module, in which the dynamics of the mesh objects are 

simulated to update their position and velocity information. These updates are then transferred 

back to the Chrono::GPU engine to update the dynamics of the granular media. 

 

 
 

Figure 2: Illustration of the robot assembly and kinematic constraints (rotational motor 

link and fixed link) among multiple body parts. 

 

 
 

Figure 3: DEM- MBD Co simulation workflow diagram (Fang et al. 2021) 

 

Simulation Set up. The simulations were conducted in two phases. Phase 1 is the model 

preparation phase, in which two layers of particles (602110 particles) were generated using a 

disk sampling method with layer distance of 2.04 times of particle radius. The particle layers 

started from height of 0 to 95 cm and the robotic parts were placed between two sections of 

particle layers. The particle layers and robotic parts were then allowed to fall by gravity into a 

big box with width of 42 cm and depth of 26 cm. In Phase 1, lower friction coefficients were 

used to facilitate particles sliding and rotation, which results in a relatively dense sample with a 

void ratio of 0.65. 

In phase 2, two motors defined by two links (Chrono::ChLinkMotorRotationSpeed) between 

stators and augers were activated to rotate the horizontal augers. Stators are attached by fixed 

links (Chrono::ChLinkMateFix). Previous simulations indicated that if stators had no blades, 

lack of adequate anti-torque would result in rotation of stators instead of the augers in the 

simulation. Fig. 4 illustrates the packing of the granular media as well as the position of the robot 

assembly at the beginning of Phase 2. 
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RESULTS 

 

Burrowing displacements. The displacement of the robot was obtained directly from the 

simulations with different rotational speeds and directions. When the generated torques from the 

left and right augers are in the same direction (Tr+ and Tl+) due to the same global rotation 

direction, the horizontal burrowing speed increases with rotational speeds (Figure 6a); there also 

exist vertical displacements, although much smaller than the horizontal displacements (Figure 

6b). 

In addition, when the generated torques from the left and right augers are in opposite 

directions (Tr- and Tl+) due to the opposite global rotation directions, the robot does not have 

obvious horizontal displacement (Figure 6a) but moves downward slightly (Figure 6b). 

For instance, at the same rotational speed of 90 RPM and when augers rotate in the same 

direction, the robot moves 3.5 cm leftward and 0.2 cm upward in 5 seconds; on the other hand, 

when augers rotate in opposite directions, the simulation shows almost no vertical displacement 

for the robot. 

 

 
 

Figure 6: Displacement of the simulated robot (Global axis): a) Horizontal displacement 

(  axis); b) Vertical displacement(  axis) 

 

Burrowing forces and torques. The resultant contact forces and torques by particles on 

auger meshes were obtained and the  -components (horizontal force and clockwise torque) are 

plotted in Figure 7 and Figure 8, in which L.A and R.A indicate the left and the right auger. 

With the same rotational direction, particles generate reaction forces and torques in the same 

direction on the two augers (Figure 7a and Figure 8a), indicating that both augers contribute to 

the thrust force which propels the robot forward; the forces and torques on the right auger are 

consistently lower than those on the left auger, due to the fact that the left auger first interacts 

with the undisturbed soils while the right auger only interacts with distributed soils. 

With opposite rotational directions, particles generate reaction forces and torques in the 

opposite directions on the two augers (Figure 7b and Figure 8b). 
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Figure 7: Contact force applied on the simulated robot (Global axis): a) first set in which 

augers rotate in same directions; b) Second set in which augers rotate in opposite directions 

 

 
 

Figure 8: Contact torque applied on the simulated robot (Global axis): a) first set in which 

augers rotate in same directions; b) Second set in which augers rotate in opposite directions 

 

Also, since the thrusts are in the opposite direction and there is no obvious tendency for the 

robot to move in either direction, the soil states on the two sides are similar to each other and the 

magnitudes of the resulting contact forces and contact torques in these two directions are almost 

identical. In summary, the generated thrusts from the two augers cancel out each other for the 

most part and the horizontal movements are negligible. 

 

DISCUSSIONS 

 

In all the simulations, vertical movements were observed. For the cases where the rotation 

directions of the two angers are the same, upward movements are expected due to the 

Ding et al. 2011), which is mainly due to the intrinsic 
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gradient in earth pressure. The vertical force on the top half of the robot is higher than that on the 

bottom half, resulting in a net lift force driving the robot upward. Also, the rotation of the augers 

leads to disturbance of the soil around them, and the particles will have a tendency to flow 

downward due to gravity, filling any available voids at the bottom of the robot. These 

observations are consistent with the models and findings on the upward burrowing mechanisms 

of razor clams (Tao et al. 2020). 

While the objective of this paper is to demonstrate the capabilities of a DEM-MBD co-

simulation tool in modeling the self-burrowing phenomenon, the full potential of such as method 

was not presented due to the length limitations. In the future, the rich particle-level force data can 

be used to better understand the burrowing mechanisms; due to the high computational 

performance of the Chrono::GPU simulator, it can be applied to perform parametric studies to 

aid the design and control of the burrowing robots. 

 

CONCLUSIONS 

 

In this study, DEM-MBD co-simulations were performed to demonstrate the self- burrowing 

behaviors of a two-auger robot. Project Chrono, an open-source physics-based platform, was 

utilized to calculate the contact forces and torques between particles and rigid mesh bodies using 

DEM and to calculate kinematics updates and complicated constraints in a system of rigid bodies 

using MBD. The results show that rotational speed and directions of the two augers with the 

same hardness directly affect its burrowing behavior. Specifically, when the rotation directions 

of the two augers are the same, both augers generate thrust in the same direction, and both 

contribute to the horizontal movement of the robot; the burrowing speed increases with the 

rotational speeds. On the other hand, when the rotation speeds are the same but the rotation 

directions of the two augers are opposite, the thrusts generated from the two augers cancel out 

each other and no translational movements are observed. In summary, it is concluded that DEM -

MBD co-simulations can be applied to model robotic burrowing in granular media. 
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