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Abstract

To maximise the efficiency and usability of autonomous systems in geotechnical
applications and natural environments, it is necessary to understand the ter-
rain with which the systems interact. While significant advances have been made
in mechatronics, methods for perceiving and predicting deformation within the
terrain itself are underdeveloped. This paper introduces the Terra-Robotics Lab-
oratory, a new lab investigating the effect of robotic interaction on deformable
terrain. The article describes the laboratory setup based in Cambridge and how it
will contribute to the overall understanding of soil-robot interaction. Data on end-
effector force-displacement histories are presented for a spherical object traversing
sand, examining straight-line and spiral motion as two examples with disparate
responses. The preliminary results highlight the need for fast and accurate terrain
mapping and other open challenges in the domain of soil-robot interaction.
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1 Introduction

A considerable amount of robotics research is completed on hard surfaces with little
to no deformation (almost completely elastic) [1-3]. This is unsuitable and unreal-
istic for geotechnical contexts, particularly in construction scenarios where a major
interest is in manipulating the ground. This requires precisely controlled deformation
[4] and an understanding of how the terrain can be deformed effectively. The scale
of earthmoving operations around the world is staggering [5], and thus any gains in
efficiency in individual processes translate to enormous impact globally. An efficient



model for deformable terrains will enable real-time full autonomy, which will lead to
increased usage of robotics in civil engineering processes such as autonomous earth-
moving. Research into characterising terrain during locomotion (e.g., [6]) is a precursor
to improving efficiency based on terrain type.

Various methods for predicting the response of terrain under machine loading have
been devised (e.g., [5, 7-10]). One of the major works in soil-machine interaction (SMI),
is so-called resistive force theory (RFT), based on a fluid dynamics model [11]. This
model was adapted to granular media and called “granular RFT” [8] (and “dynamic
RFT” [12]). Granular RFT is effective for the purpose of analysing movement in gran-
ular materials, namely sands. The model proposed by Aguilar and Goldman [13] relies
on approximating an intrusion in granular material as a point interaction. As such,
the model has been used for locomotion [14] but would be unsuitable for tasks where
predicting the deformation is the goal. Other prominent models in SMI (and therefore
robot-soil interaction) are based on soil plasticity theory (e.g., [15-18]) and numerical
simulation (e.g., [19, 20]). These generally allow for assessment of deformations and
forces, but such models tend to be problem specific and/or computationally onerous.

Here we introduce the term “terra-robotics” to describe problems involving the
interaction between robots and terrain, where SMI is relevant. A number of applica-
tions will benefit from advancements in this field. For civil engineering, it would be
desirable to have autonomous terrain manipulation, as it would increase safety and
productivity [21]. It also has the potential to decrease energy usage by reducing oper-
ator inefliciencies. Autonomous systems can also be utilised in harsh environments to
reduce risk to human operators [22]. For example, autonomous excavation would be
useful in radioactive or extra-terrestrial environments. Autonomous soil interaction
could be used to increase the efficiency of locomotion, as a robot would be able to adapt
to soil deformation and optimise its gait/speed accordingly [6]. For full soft-terrain
autonomy, there needs to be real-time analysis and adaptation that can be generalised
for any type of terrain. This full bodied rapid terrain modelling and estimation does
not exist in the literature.

This paper introduces the Terra-Robotics Laboratory (TRL), a new laboratory that
investigates the reaction of deformable materials when manipulated by autonomous
and intelligent systems. The lab expands on multidisciplinary efforts looking at the
interaction between robots and soils (e.g. [23-25]) by explicitly interrogating the defor-
mation of soils, rather than concentrating on the robot. The flexibility of the TRL
allows for study of a variety of deformable terrains.

2 Terra-Robotics Laboratory

The TRL contains an ABB TRB6400 6-axis robot (Fig. 1) with a 6-axis force sensor
installed. This allows for a large range of motion in the manipulation of terrains, whilst
measuring the forces acting on the end-effector. Terrain is emulated using a custom-
built 2x2 m soil bed (Fig. 1). The test and data acquisition system is controlled by
software written in RAPID (ABB’s proprietary language) that maintains a TCP host
on the robot system. This is in turn controlled by a C++ stack which acts as a TCP
client, generating the trajectory for the robot, and reading and recording the data.
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Fig. 1: IRB6400 6-axis robot and soil bed in the TRL

3 Preliminary testing and results

3.1 Test setup

To test the efficacy of the setup, a spherical end effector was positioned at a depth
within the terrain and then moved along two different trajectories: straight-line motion
and spiral motion. The end effector was inspired by typical quadrupedal robot feet
of spherical shape [1, 26], enabling the preliminary research to focus on common
interactions that might be seen in the field by existing robots. A spherical shape also
simplifies the analysis due to axial symmetry, which reduces the number of parameters
in experimentation. A schematic and photograph of the end effector can be seen in
Fig. 2. Force and moment components are measured with respect to the centre of the
sphere using a 6-axis load cell mounted between the robot and end effector, as shown
in Fig. 2b. The terrain consisted of air-dried sand.

3.2 Straight-line motion

Straight-line motion was considered first for its simplicity. Figure 3 shows the final
deformed shape of the terrain and the history of forces, where F, and F, are the force
components in the X and y directions, respectively. The X-y plane is parallel to the
bed, and the y direction is aligned with the axis of motion. An initial spike in both
components is visible in Fig. 3b, corresponding to the point at which the end effector is
pushed vertically into the bed. At this point, the component of force in the z direction
is significantly larger than F, and F, and therefore omitted for clarity. As the arm
starts tracing the motion, F, increases as a large quantity of sand is gathered in front
of the end effector, while F, diminishes to roughly zero, as expected due to symmetry.
The results highlight that, for one of the simplest conceivable motions, the response
is rather complex. After the initial spike in F,, a transient phase is followed by a
period over which a steady state of deformation (with respect to a moving reference
frame attached to the end effector) appears to be reached. However, unevenness of the
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