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Abstract

Unmanned ground vehicles (UGVs) can be integrated as part of environmental characterization

campaigns in difficult terrains, such as oil sands tailings ponds. The feasibility of using such systems

and designing sampling tool payloads which can deliver sufficient performance and reliability to

perform field operations in the oil sands has not been previously achieved. A wheeled robotic system

for collecting samples and characterizing mine waste deposit soil properties based on terramechanics

models was designed and tested under field conditions. An automated vane shear test tool, designed

for deployment and field operations onboard the UGV, was built and experimentally validated. A

novel measurement apparatus was developed to estimate the inertia tensor of the robot for future

simulation and model-based control design purposes. A modular robotic arm, used to deploy and

wield the automated vane shear as well as a scoop-type sampler and an instrumented terramechanics

wheel, was designed, built and tested in field trials. An improved terramechanics model for the

scoop-type sampler was proposed, validated in simulation and experiment and shown to provide

superior performance relative to the existing state-of-the-art model. The overall work and its

contributions are summarized, limitations are analyzed, and recommendations for future work and

commercialization of the developed technology are given.
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Chapter 1

Introduction

Industrial operations which generate waste require continuous environmental stewardship and mon-
itoring. Generally, land must be returned to an equivalent original state once industrial activities
are finished [1]. Until closure certificates are granted, the aquatic, terrestrial, and atmospheric
conditions must be monitored.

The long-term goal of this research is to develop autonomous robotic systems that will lead the
field of environmental monitoring of industrial sites. It is conceivable that within the next decade,
the functionality of robots deployed for this task will rival those of multi-million dollar robots used
for space exploration, e.g. the Curiosity rover [5], both in terms of reliability and complexity of
operations.

This thesis compiles advances made towards environmental monitoring in the difficult terrain of oil
sands tailings ponds using unmanned ground vehicle systems. To achieve this aim, new sampling
tools and manipulators had to be designed, built and tested under field conditions, and improved
terramechanics models for tool-soil interaction had to be developed and validated through experi-
ments.

1.1 Background and Motivation

All treated tailings deposits require continuous monitoring for (i) legislative compliance [24], (ii)
improving performance of mining processes [15], (iii) environmental monitoring [23], and (iv) timely
feedback to refine remediation efforts [12]. Regular soil sampling and measurement of terrain proper-
ties are required to identify hazards, understand sedimentation processes, and facilitate reclamation
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[14, 2]. Currently the characterization of tailings deposits is done using manual geotechnical sam-
pling and measurement campaigns [6]. Manual campaigns are labour intensive, costly, and may
pose risks to workers.

The Alberta Energy Regulator (AER), through Directive 085 (Fluid Tailings Management for Oil
Sands Mining Projects) and the Tailings Management Framework (TMF), regulates the allowable
volume of fluid tailings, as well as requirements for land reclamation, continuous monitoring, and
reporting [3]. This agency has reported that the fluid tailings volumes in oil sands sites in Northern
Alberta have increased from 1075 million cubic meters in 2014 to 1253 million cubic meters in
2018 [4]. This translates to an ever-increasing workload for oilsands mining companies to actively
monitor their tailings deposits.

There is an unrealized potential to integrate Unmanned Ground Vehicles (UGVs) into ground
surveys of tailings deposits. Robotic systems can overcome many of the limitations of manual
surveys and provide additional benefits: (i) minimize risk to workers, (ii) characterize locations
which are not accessible for manual campaigns, (iii) estimate soil properties in a timely manner,
(iv) collect samples from deep deposits, (v) assess trafficability of the terrain, (vi) identify hazards
and their location, (vii) minimize risks and costs of surveying, and (viii) generate reports of soil
shear strength and fines capture rates for regulatory compliance [14].

Robotic systems have been used to investigate Amazon rainforest rivers [9]; surface vessels were
used to study bodies of water [11]; and teams of unmanned aerial vehicles (UAVs) and unmanned
ground vehicles (UGVs) have been used to conduct tasks too risky and costly for humans, such
as mine waste pond sampling [8, 13]. Specialized UGVs have been used for mapping underground
mines that human workers cannot access [7, 10, 17], and for other mining applications such as
explosives handling, haulage, surveying, dozing, excavation, and drilling [16].

The benefits of performing geotechnical surveys with robotic systems is a driver for the development
of novel technologies to characterize terrain properties and collect soil samples. Soil sampling would
allow oil sands tailings operators and researchers to understand and predict consolidation processes
by analyzing solids concentration, bitumen content, and mineral content. Continuous monitoring
enables mining companies to precisely determine when a holding pond is ready to proceed to the
next stage of reclamation, where the tailings are covered with sand and topsoil. Subsurface samples
are necessary to monitor changes in the deposit over time, which are affected by factors such as
multiple lifting and the presence of a surface charge, or the development of a hard crust which
impedes surface evaporation and slows dewatering and consolidation processes.

For recently poured materials and deposits with soft crusts, on-the-fly surface characterization
would allow estimation of key soil parameters, as well as associated terrain properties such as shear
strength which are important for trafficability assessment. Characterizing surface properties of
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soft tailings in real time would enable improved path planning for robotic systems as well as the
identification of hazards such as soft spots where a rover might sink.

The research group in the University of Alberta’s Integrated Reliable Oil Sands Systems Laboratory
has been developing UGVs for tailings characterization in collaboration with companies operating
oil sands tailings facilities. The long-term goal of this program is to produce field robotic systems
for navigation, sampling, soil parameter estimation, and geotechnical measurements of such envi-
ronments, and to evaluate their capabilities through laboratory trials and field experiments.

1.2 Objectives of the Present Work

The original objectives of this research project were to consider the potential advantages and tech-
nology development requirements for field robotics systems which would contribute to the long-term
objective of performing unmanned environmental monitoring in difficult terrains. Specific objectives
include:

1. Build a field UGV and validate the idea of using unmanned systems for investigating mine
waste through field experiments;

2. Demonstrate improved performance of new robotic geotechnical tools over traditional equip-
ment for characterizing soil properties, with laboratory and field experiments;

3. Propose a methodology and instrumentation to measure the inertia tensor of complex bodies,
such as robots and robotic payloads, which can be used for high fidelity simulation and
improved model-based control;

4. Develop novel UGV-deployed robotic tools to collect surface samples and conduct terrame-
chanics model parameter identification; and

5. Propose and validate an improved terramechanics model for robotic sampler-soil interactions.

These objectives were formulated to address the hypothesis that environmental monitoring can be
improved through the use of robotic systems and payloads. Advancing the understanding of the
robotic vehicle, instruments, and terrain-tool interactions is required to maximize the benefits that
can be obtained from the proposed solution, to improve on current designs, control strategies, and
dynamic models, and to identify further gaps in knowledge that still need to be addressed.

This process has now led to the development of original designs and new technologies, whose details
are presented in individual chapters of this thesis. In addition, consideration is given for paths to
commercialize some of the technologies created during this research.
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1.3 Overview of Content

The work carried out on demonstrating the feasibility of robotic systems for geotechnical and
environmental monitoring has been compiled into journal articles, which are presented as individual
chapters in this thesis as detailed below. Some of the work has also been presented at international
conferences and archived in proceedings.

• Chapter 2 describes an unmanned ground vehicle (UGV) that has been developed and de-
ployed for characterizing reclaimed soil regions. Experiments on tailings treatment cells
demonstrated the feasibility of remotely operated sampling technologies as well as param-
eter estimation methods for some types of soil surfaces based on terramechanics models and
on-board measurements of vehicle-soil interactions [22].

• Chapter 3 gives a description and details of the design, development, and characterization of
a novel robotic vane shear test tool for measuring undrained shear strength of soils. The pro-
posed system is capable of performing high-resolution torque measurements under controlled
rotational speeds. These measurements are then used to estimate the shear strength of soil
under both laboratory conditions and in the field from onboard a UGV [21].

• Chapter 4 presents a new methodology and instrumentation for estimating inertia tensors of
complicated mechanical assemblies such as UGVs. This work was conducted in support of
creating more accurate vehicle dynamical models for improved simulation and control design.
The proposed method is shown to produce accurate results, first through simulation to validate
the proposed method and choices of design, sensing and parameter estimation, then validated
by experiment on samples with precisely known inertial properties. As a case study, the
mass moments and products of inertia and the centre of mass location of a small UAV were
estimated [18].

• Chapter 5 presents the design of a robotic manipulator and two novel instrument payloads
used for evaluating soil properties near the surface. A scoop-type sampler was designed and
developed to collect undisturbed soil samples; and an instrumented wheel was developed for
terramechanics-based soil parameter estimation. Both instruments were successfully operated
in field conditions [20].

• Chapter 6 proposes a new terramechanics model for the robotic scoop surface sampler de-
scribed in Chapter 5, which captures the behaviour of this sampler more accurately than
existing state-of-the-art models for scoop-type tools interacting with soil which is adhesive
and cohesive [19].

• Chapter 7 offers conclusions and recommendations for future work to improve the capability

4



of robotic tools for remote monitoring of terrestrial and aquatic environments, and suggests
additional applications.
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Chapter 2

Design and field experimentation of a
robotic system for tailings
characterization

Abstract

There is an ongoing requirement to conduct ground surveys of engineered mine tailings deposits
to monitor dewatering performance and consolidation prior to completing reclamation work.
The deposit variability can make such surveys hazardous for humans. A rover is described that
has been developed and deployed for characterizing reclaimed soil regions. This paper presents
the functional requirements for unmanned ground vehicles used in this application, including
the need for low-risk and timely subsurface sampling and terrain parameter estimations on
highly uncertain terrains. Developments of the field-ready prototype wheeled rover are sum-
marized, including tooling; and field tests are described in an industrial site at an Athabasca
oil sands facility. Experiments on tailings treatment cells showed the feasibility of the sampling
technologies and parameter estimation methods based on classical terramechanics models. The
rover capabilities were further demonstrated by collecting samples from production treatment
cells and estimating the cohesion and internal friction angle of tailings sand used in fluid con-
tainment dykes. The limitations of the current system helped identify future work for the
design and development of new mobile robot systems for tailings characterization.
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2.1 Introduction

Robotic systems are playing increasingly important roles in the field of environmental monitoring
of industrial sites. Industrial operations that affect soil properties require continuous and rigorous
monitoring of soil characteristics. One example of this is oil sands bitumen production processes in
northern Alberta, Canada. It is currently estimated that there are 170 billion barrels of recoverable
oil in Canadian oil sands deposits [3]. The oil sands industry produced 1.9 million barrels of oil per
day in 2012 and is expected to double that production rate in the next decade [1]. In surface mining
methods, the water-based bitumen extraction process generates fluid tailings, comprising sand, silts,
clays, process-affected water, and residual bitumen. Tailings from these plants are deposited into
impoundments where the sand forms an earth dam that holds the fine solids suspended in water.
The fines slowly settle and form water-saturated layers [11]. These partially consolidated fine solids
are called Mature Fine Tailings (MFT). With approximately 30-35 wt% solids [6], MFT has a
consistency similar to yogurt and is not trafficable. For this reason, MFT cannot be reclaimed
without further treatment. To further densify and consolidate the material, MFT is mixed with
reagents (and sometimes tailings sand to provide a weight-bearing charge) [18]. The resulting
material called composite or consolidated tailings (CT) is moved into permanent tailings areas. An
alternative method is to add anionic flocculants to MFT and partially dry the resulting paste (Fig.
2.1).

Figure 2.1: Soft Tailings Drying Production Cell, Athabasca Oil Sands, Alberta.

In most jurisdictions, land used for industrial operations such as mining must be returned to its
equivalent natural state once industrial activities are completed [2]. The challenge is that often
the time scale for reclamation and closure of a site is long; and, until the regional regulatory
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authority grants a closure certificate, the terrestrial, aquatic, and atmospheric condition must be
monitored.

An important example in Canada is reclamation of tailings impoundments. Reclamation work can
only be done once fluid tailings (a mixture of water and fine solids) have drained enough water and
gained enough bearing strength to support equipment and workers.

Currently, there are over 840 million cubic meters of fluid tailings stored in approximately 170 square
kilometers of impoundments on oil sands sites in Northern Alberta [5]. These impoundments are
water saturated, and MFT sludge in the bottom of these water-capped ponds consolidates very
slowly, reaching only the consistency of thick mud. To deal with the increasing volume of tailings
and the extensive land area required to support the operations, companies have developed new
tailings treatment processes to produce consolidated tailings that release water and gain shear
strength over time. Two main processes have been implemented: coagulant addition, and flocculant
addition. Coagulant addition entails mixing gypsum with MFT, and a large volume of sand is added
to create a gravity load to press water out of the mixture. Flocculant addition involves adding a
polymer to MFT and placing the mixture into a cell to allow dewatering to occur followed by
drying. Both processes require ongoing monitoring. The Alberta Energy Regulator has published
legislation to regulate tailings management [4]. Measurements of soil properties and sampling are
required to identify hazards, understand sedimentation processes, minimize long term storage of
tailings, and facilitate progressive reclamation [16, 4].

Currently the characterization of tailings deposits is done using manual geotechnical sampling and
measurement campaigns [9]. These campaigns are costly and are limited to very few locations that
have been made accessible to workers by installing floating docks on tailings treatment cells, or
by employing large amphibious barges (Fig. 2.2). Equipment sinking and injuries to workers are
possible risks due to variability in the consistency of the deposits and the nature of the sampling
procedures. Due to these limitations and risks, manual surveys do not provide an adequate and
timely characterization and mapping of the deposits.

Unmanned Ground Vehicles (UGVs) can be integrated as part of ground surveys of oil sands tailings
deposits. Robotic systems can overcome many of the limitations of manual surveys and provide
additional benefits: (i) minimize risk to workers, (ii) characterize locations that are not accessible
to manual campaigns, (iii) estimate soil properties in a timely manner, (iv) collect samples from
deep deposits, (v) assess trafficability of the terrain, (vi) identify hazards and their location, (vii)
minimize risk & cost of a survey, and (viii) generate reports of soil shear strength and fines capture
rates for regulatory compliance [16]. The potential value of geotechnical surveys with robotic
systems is a strong motivation for the development of new technologies that can characterize key
soil properties and can collect soil samples.
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Figure 2.2: Floating dock on a tailings treatment test cell with two workers collecting samples.

A team at the University of Alberta’s Integrated Reliable Oil Sands Systems Laboratory is de-
veloping UGVs for tailings characterization in collaboration with companies that operate oil sands
tailings facilities. The goal of this program is to produce a robust field robotic system for navigation,
sampling, and geotechnical measurement, and to evaluate its capability through controlled labora-
tory trials and field experiments. In accordance with this goal, specific objectives are as follows: (i)
detail the robotic system’s functionality requirements for characterizing the oil sands tailings, (ii)
develop a mobile robot prototype, (iii) conduct field trials on an industrial site, (iv) analyze the
results and discuss the feasibility of the proposed system , and (v) provide recommendations based
on the results and analysis of the field trials.

The present work discusses the development and field trials of the first field-ready Rover for Tailings
Characterization (RTC-I) (Fig. 2.3), in five sections: a discussion of related work and a summary of
developments of previous prototypes; functional specifications for characterizing tailings; description
of the development of RTC-I; description & discussion of a set of field trials performed in an
industrial setting; and recommendations are provided & future work is identified.

11



Figure 2.3: Robotic system for tailings characterization.

2.2 Related work

This section presents related work focused on the techniques, methods and technologies used to
characterize environments using mobile robots, summarizes the group’s previous developments of
mobile platforms and geotechnical tooling for monitoring soft tailings deposits, and discusses the
limitations of current solutions.

2.2.1 Recent research on environmental characterization using UGVs

Remote sensing with UGVs has been applied to rugged environments. Freitas et al. developed an
Environmental Hybrid Robot that has been used to monitor the Amazon rain forest [12]. The robot
was designed to operate in various field conditions such as sand, water, marshes, and swamps. Its
main objectives were to obtain water samples and insect larvae samples, measure water parame-
ters, and detect combustible gases [12]. The success of this platform demonstrated the value of
introducing robotic systems to perform work in areas inaccessible to workers.

Lipsett et al. discussed mission concepts utilizing mobile platforms, both aerial and ground-based,
for condition monitoring of industrial installations [17]. The study suggested that a combination of
platforms can be commissioned as a remote monitoring solution that can achieve higher timeliness,
accuracy and number of collected features of interest than current methods of information gathering.
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It was also noted that the robotic systems used for inspection and fault detection must have higher
reliability than the overall system and that risk assessment methods, such as Fault Modes and
Effects Analysis (FMEA), are well suited to mobile field robotics [17].

Rock and regolith sampling technologies have been advanced for applications in space exploration
using mobile robots. Wettergreen et al. developed and field tested a Lunar rover with a regolith core
drill system for the surveying of resources in polar craters [21]. The Sample Acquisition/Sample
Processing and Handling subsystem of Mars Science Laboratory was designed to study the geological
history of Mars [7]. It has been successful in conducting the first extraterrestrial drilling of rocks
[13]. Sampling of soft subsurface watered soils still remains a challenge.

Unmanned systems have been proposed to estimate soil properties of unknown environments [15].
Terramechanics models have been utilized to relate loads on a wheel of a vehicle to its motion
and key soil properties such as the cohesion stress, c, and the internal friction angle, φ [10]. The
shear strength of the soil can be computed from these soil properties and can be used to assess
the trafficability of an environment. Iagnemma et al., and Yoshida et al. have used Bekker’s
terramechanics models to estimate the cohesion stress and the internal friction angle of soils using
instrumented mobile platforms for space exploration applications [14, 22]. Other studies have
focused on the simulation and empirical work on test beds to develop least-square methods for
online soil parameter estimation [22]. Terrestrial rovers can be developed and instrumented to use
similar techniques to aid in the geotechnical surveys of industrial sites.

2.2.2 Developments of mobile platforms and tooling for studies of tailings
deposits

Our group has conducted preliminary work to design and instrument mobile platforms and spe-
cialized geotechnical tooling. A lightweight gas powered mobile robot was retrofitted to conduct
wheel-soil interaction studies in a laboratory setting [19] (Fig. 2.4). The objective of these studies
was to estimate the cohesion stress and internal friction angle of dry sand using an instrumented
mobile platform analogous to the mobile equipment used in an industrial environment. Measure-
ments of linear velocity, angular velocity, sinkage, and torque of the front wheels were obtained
as the robot moved through sand. A linearized slip-based terramechanics model was used to esti-
mate the soil parameters, with favourable results. There were challenges with the controllability of
the hydraulic motors, the vibration of the internal combustion engine, and the high maintenance
requirements of the hydraulic system.

A tooling package was then developed for subsurface soil sampling (Fig. 2.5a). The soil sampler was
designed to be mounted on the gas-powered rover and capture material from tailings deposits with
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Figure 2.4: Gas powered mobile robot.

shear strengths up to 10 kPa. The system used a vertical hydraulic actuator to push a container
through the soil and capture material up to 50 cm deep. Several container configurations were
required to manage the uncertainty of the shear strength and cohesive stress of the deposit. The
tool was designed to be automated to capture multiple samples using a rotary magazine to switch
between containers. A key limitation of this system is that a layer of high strength material on the
surface of a tailings deposit, such as a crust, would reduce its functionality.

An electric mobile robot was prototyped to overcome the challenges of the gas powered rover proto-
type discussed previously (Fig. 2.5b). Electric actuators improved the controllability of the system,
produced less vibration and required less maintenance. The electric rover was instrumented to
conduct terramechanics studies, similarly to the gas powered rover. The robot was also equipped
with a cone penetrometer and a soft soil sampler mounted on linear electric-motor actuators. The
geotechnical tools were powered by on-board electronics and teleoperated using a wireless controller
(although capability was included for autonomous tool operation). The system was tested in labo-
ratory settings and outdoor environments. Soft soil samples were collected up to 35 cm deep. The
mobile platform is limited to traverse deposits with a bearing strength greater than 35 kPa, due to
the mass of the platform and payload, and the size of the tires. This is adequate for some tailings
structures, noting that other types of structure would require much lower ground-pressures, or even
a floating platform for cases where there is no effective shear strength.

The gas powered rover and the electric platform were successful proofs-of-concept of UGVs instru-
mented for characterizing the surface of a deposit through wheel-soil interaction experiments and
geotechnical tooling. The success and limitations of these systems has spurred the development of
improved technologies and their evaluation in real industrial settings.
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(a) (b)

Figure 2.5: (a) Soft soil sampler concept. (b) Electric platform with cone penetrometer and soil
sampler.

2.3 Functional specifications for characterizing oil sands tail-

ings

Geotechnical surveys are conducted on tailings treatment cells to monitor the dewatering process.
Recently poured, flocculated MFT is water-saturated and has no bearing strength. As water drains,
consolidation occurs, and percolation and evaporation result in a crust forming on the surface (Fig.
2.6). This crust can be up to 45 cm deep and have a bearing strength higher than 30 kPa, enough
to support a person or low-ground-pressure equipment. The material under the crust does not
readily consolidate and its bearing strength can remain very low. Without large and expensive
amphibious equipment, robotic systems are the only option to conduct soil sampling and surface
soil characterization on these tailings treatment cells.

Soil sampling would allow oil sands tailings operators and researchers to understand and predict
consolidation processes by analyzing solids concentration, water chemistry, bitumen content, and
mineral content. Mineral content is especially valuable for understanding the relationship between
mineral characteristics and reagent addition. Fines abundance, cation exchange activity, and par-
ticle size distribution are all important. Decreasing particle size means increasing surface area,
in a squared relationship. Knowing that there is a large amount of fines is important for tailings
treatment, with the reasonable assumption that with increasing surface area more reagent will be
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needed for effective flocculation to promote dewatering and strengthening of the resulting soil. Sur-
face soil characterization would allow estimation of key soil parameters, as well as establishment of
relationships with terrain properties such as shear strength for trafficability assessment, which is
needed to know when the soil is suitable for the next stage of reclamation where equipment cover
the soft tailings with sand and topsoil. As well, understanding the tailings properties can allow
better mobility control of the robotic system as well as the identification of hazards such as soft
spots where a rover might sink. The requirements for soil sampling and surface soil characterization
are summarized based on discussions with oil sands tailings operators and researchers.

Figure 2.6: High strength crust on top of a tailings deposit.

2.3.1 Subsurface sampling

A teleoperated mobile robot is required to collect tailings samples far from the edge of a treatment
cell. For proof-of-concept trials, a distance of 10 metres was deemed to be representative. The
robot must be able to maneuver on crusts with bearing strengths as low as 20 kPa and must have a
cable tether that can be used to retrieve it in case of excessive sinkage. Subsurface samples must be
collected from a minimum of 1.5 m below the surface and have a volume larger than 400 cubic cm.
The operator must receive sensory feedback of the sampling process. Undisturbed surface samples
can also be collected but these samples are not a priority.

2.3.2 Surface characterization

A teleoperated mobile robot is required to traverse soft ground and estimate properties of the
deposit surface. The instrumentation required to accomplish this task will depend on the method
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chosen to estimate soil properties. A set of samples can be collected, but the spacing of samples
will make the resulting map quite uncertain.

Undisturbed surface samples can be used to validate material properties estimates from other in-
struments such as a Fourier Transform Infrared Radiometer (FTIR) or hyper-spectral cameras,
which can take a set of measurements over the entire surface of interest with reasonable resolution,
related to estimating water content, hydrocarbon abundance, and mineral abundance and prop-
erties. These remote sensing approaches, however, provide no direct geotechnical shear strength
measurements.

Soil properties can be estimated directly by exploring the vehicle-ground interactions. Primary sen-
sors include encoders and torque transducers on the wheel shafts to measure speed and loads. Co-
hesive stress and internal friction angle are the required parameters to estimate. These parameters
can be used to compute the maximum shear stress before failure using Coulomb’s equation:

τmax = c+ σ tanφ (2.1)

where c is the cohesion stress, σ is the normal stress, and φ is the internal friction angle. Terrain
trafficability assessment and hazard identification can be conducted with accurate estimates of the
shear strength of the deposit. Online soil parameter estimation and hazard detection can also be
implemented. The next section reviews the existing soil parameter estimation method based on
wheel-soil interactions.

Terramechanics modeling

The wheel-soil interaction is modeled using Bekker’s classical slip-based terramechanics models [10].
This formulation has been used extensively, and is currently being used on simulation environments
for planetary rovers [23].

The states and loading of a rigid wheel traversing deformable terrain are shown in Figure 2.7, where
W , DP , and T are the normal load, draw-bar pull, and torque applied to the wheel respectively.
The states of the wheel are the wheel’s angular speed ω, ground speed v, and sinkage z. The contact
area is defined by the front and rear contact angles θ1 and θ2. The normal and shear stresses are
shown by σ and τ and the angle of maximum stress is given by θm. In this formulation, the shear
and normal stresses are related to the terrain properties using Equations 2.2 and 2.3 where θ is
the angular displacement around the wheel, k is the shear displacement under the wheel, and kc,
kφ and n are soil parameters. The terrain is assumed to be homogeneous and isotropic within the
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Figure 2.7: Wheel-soil interaction.

volume of interest.

τ(θ) = (c+ σ(θ) tanφ)(1− e(−r/k(θ1−θ−(1−s)(sin θ1−sin θ)))) (2.2)

σ (θ) =

(
kc

b
+ kφ

)
z(θ)n (2.3)

The slip ratio s can be calculated from ω, v, and the wheel radius r, using

s =

(rω − v)/rω rω > v accelerating

(rω − v)/v rω < v decelerating
(2.4)

Linearized stress distributions have been proposed to estimate the loading expected on the wheel
during quasi-static motion [14]. The maximum normal and shear stresses, σm and τm, are assumed
to occur at θm, midway between the front and rear contact angles. The rear contact angle is
assumed to be zero, for in practice it is very small. Previous work has used this assumption for a
range of soil parameters [15]. By assuming linear stress distributions, the normal force and torque
on the wheel can be related to the wheel’s motion, loading, and soil properties using Equations 2.5
and 2.6, where b is the wheel width, and τm can be calculated from Equation 2.7.

W =
rb (σm (−θm cos (θ1 ) + θ1 cos (θm)− θ1 )− τm (θm sin (θ1 )− θ1 sin (θm)))

θm (θ1 − θm)

+
rb
(
−c
(
θ1 sin (θm)− θm sin (θm)− θm θ1 + θm

2
))

θm (θ1 − θm)
(2.5)
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T = 1/2 r2b (τm θ1 + cθm) (2.6)

τm = (c+ σm tan (φ))
(

1− e−(r/k)(θ1−θm−(1−s)(sin(θ1 )−sin(θm)))
)

(2.7)

By manipulating Equations 2.5, 2.6, and 2.7 and ignoring terms of with low relative contribution,
as detailed in [15], the parameters of interest are found in the expression shown in Equation 2.8,
where terms C1, C2, and C4 are calculated from the motion and loads on the wheel as presented
in Equations 2.9, 2.10, and 2.11, where A is calculated using Equation 2.12.

C2/C4 = c− tan (φ) C1/C4 (2.8)

C1 = A
(
θ1

2Wr + 4T sin (θ1 )− 8T sin (1/2 θ1 )
)

(2.9)

C2 = 4T (cos (θ1 )− 2 cos (1/2 θ1 ) + 1) (2.10)

C4 = θ1 r
2b(cos(θ1)− 2 cos(θ1/2) + 2A cos(θ1)− 4A cos(θ1/2) + 2A+ 1) (2.11)

A = 1− e−(r/k)(1/2 θ1+(1−s)(− sin(θ1 )+sin(θ1/2))) (2.12)

A linear least-squares regression can be conducted with Equation 2.8 to determine the maximum
likelihood estimates of the coefficients c and tan(φ), with the assumption that the errors are normally
distributed. The calculations of C1, C2, and C4 rely on observations of θ1, T , W , k, and s. T is
measured with a torque transducer on the wheel axle, s is calculated using the measurements of ω
and v, θ1 is calculated from the sinkage z, and W is calculated from the weight distribution of the
robot. k has been shown to have low variations and is taken as a constant [15].

2.4 Development of a mobile robot for geotechnical ground

surveys of oil sands tailings

At the outset of the design process the functional specifications discussed in the previous section
formed the design basis for the prototype rover RTC-I. The system was designed to take part in
two trials: 1) Conduct a sample return mission: drive into deposit, drive to the sampling location,
drill through the crust, reposition rover to take a sample, collect sample at depth, and drive back
to shore (Fig. 2.8); and 2) Conduct a wheel-soil interaction study by traversing a patch of terrain
(tailings sand around the deposit) and take measurements of the loads and state of a wheel to
estimate soil parameters.

The following factors are taken into account in the general design of RTC-I: bearing strength of
the treatment cell surface, thickness of crust, and depth of sample. In addition, the system needs
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Figure 2.8: Tailings sample return mission: (a) RTC-I driving to the sampling location. (b) Rover
drilling through the crust. (c) Rover collecting a sample at depth after repositioning. (d) Rover
driving back to shore with sample.

to be ruggedized sufficiently to work in an open industrial environment, and to comply with safety,
health, and environment (SHE) requirements of an industrial site.

The prototype comprises three main subsystems: a mobile platform, an auger drill, and a soft soil
sampler (Fig. 2.9). The design of RTC-I allows it to traverse deposits with bearings strengths
as low as 15 kPa, drill through crusts up to 45 cm thick, and sample up to 3 m deep. The
characteristics of the field-ready platform vehicle are summarized in Table 2.1. The following
subsections present the design of the subsystems, focusing on solutions specific to meeting the
functional specifications.

2.4.1 Mobile platform

Experience acquired while working with previous prototypes drove the selection of an electric plat-
form for this study. A Clearpath Robotics Husky A200 UGV was modified to carry the payloads
and instrumentation required for field experiments (Fig. 2.10a). A frame made of standard T-
slotted aluminum framing was fixed to the chassis of the robot. This frame forms a high-stiffness
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Figure 2.9: RTC-I with a soft soil sampler mounted on the front (a) and a drill on the back (b).

and high-strength structure, into which reaction loads and vibrations can be transmitted during
operation of the drill and sampler. The drill and sampler mechanisms are mounted on the front
and back of the frame to keep the centre of mass close to the centre of the vehicle. As built, the
rover has mass of 123 kg. A key design assumption is that the vehicle operates at slow speeds over
a relatively flat terrain, except for the ramp to drive onto the deposit from the perimeter berm of
the treatment cell. The rover is capable of a maximum climb grade of 28◦ and has a roll-over angle
of 35◦. The position of the centre of gravity (CG) and the static pitch-over and roll-over angles
were found empirically.

The robot has two geared brushed DC Motors with rated continuous torques of 19.4 Nm. Each
motor drives the wheels of one side of the rover using a belt and pulley transmission. The platform
has a skid steering (differential drive) configuration, which was preferred over explicit steering due
to its simplicity and because this configuration allows for quick changes in locomotion components,
such as adding tracks. The platform does not have a suspension mechanism. The compliance
of the pneumatic tires is sufficient to keep ground contact on the four wheels in the terrain of
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Table 2.1: RTC-I Specifications

Mass (with payloads) 123 kg
Locomotion speed 1 m s−1
Wheel diameter 330 mm
Ground clearance 130 mm
Vehicle track 556 mm
Vehicle wheel base 513 mm
CG location from 7 mm
vehicle track centre

CG location from 36 mm
wheel base centre

CG height from wheel shaft 400 mm
Static pitch-over angle 28◦
Static roll-over angle 35◦
Drill tower (upright) 2060 mm
Sampler tower (upright) 2570 mm
Runtime (heavy usage) 2 hours

interest at target vehicle speeds. Previous studies have suggested that traditional spring-damper
suspensions can lead to instabilities while conducting high vibrations operations such as drilling [8].
Outriggers were considered to secure the mobile platform during drilling, but this was found to be
an unnecessary addition.

Tracks were used to reduce the ground pressure of the robot (Fig. 2.10b). The rover requires low
ground pressure to be able to traverse tailings with low bearing strengths. A ground pressure of
15 kPa was achieved with the tracks. The tracks were designed to be easily removable in the field
without having to remove wheel. In this way, wheel-soil interaction studies could be conducted
with this platform without substantial modifications. The tracks were mounted by deflating the
pneumatic tires and wrapping the tracks around them. They were secured by inflating the tires
back to 20 psi. Initial laboratory testing demonstrated that several point turns on pavement were
required for the tracks to show any misalignment with the tires. Additionally, the tracks were found
to have sufficient flexibility to maintain ground contact over uneven terrain. No traction failures
occurred, even when gravel was forced between the track and tires.

The main compartment in the chassis is used as an electronics bay to enclose the on-board com-
puter, motor controllers, wireless connectivity modules, data acquisition units and batteries. These
components are powered with a 24 V 20 Ah sealed lead acid battery. A 12 V 10 Ah lead acid battery
is used to power other payloads. The power consumption levels and temperatures are monitored
constantly during operation.

The front right wheel was instrumented for wheel-soil interaction studies. The torque on the axle of
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Figure 2.10: (a) RTC-I mobile platform. (b) RTC-I with tracks and drill in view.

the wheel is measured with a wireless torque transducer composed of strain gauges in a Wheatstone
bridge configuration mounted on an aluminum shaft, a signal amplifier and a wireless transceiver
mounted in the wheel hub. The torque transducer was developed specifically for this application.
An aluminum shaft was selected to provide sufficient strength and deformation over the operating
range of the wheel. The signal amplifier was built to multiply the analog output signal of the
Wheatstone bridge with a variable gain, which was fixed after initial operating range testing of
the sensor. The amplified signal is sampled by a 2.4GHz module and transmitted to the robot.
The wireless module, signal amplifier and bridge are powered by a rechargeable battery mounted
on the hub of the wheel. The transducer was calibrated using a load cell and a lever arm. The
digital output of the wireless module was recorded for different torques applied to the shaft over
the operating range of the wheel.

In addition the torque on the axle, the contact angles of the wheel are estimated by measuring
the sinkage of the wheel with infrared (IR) distance sensors. The wheel’s angular and ground
(linear) velocities are measured with off the shelf quadrature encoders and optical flow sensors.
These measurements are used to estimate the cohesion stress and internal friction angle of the
terrain.

2.4.2 Drill

A drilling mechanism was required to make a hole in the crust of the deposit so that the sampler
can be lowered to the unconsolidated material. A brushless DC motor drives a 100 mm diameter
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auger as shown in Figure 2.10b. This modified commercial auger is powered by a 40 V lithium
ion battery and has maximum speed of 180 rpm. The electric drill is mounted on a vertical linear
actuator that can produce a maximum weight on bit (WOB) of 650 N and has a maximum extension
of 60 cm. Tests of this subsystem in a controlled setting by drilling into compacted turf soil were
successful.

2.4.3 Sampler

A custom rack-and-pinion mechanism lowers a sample container through the unconsolidated ma-
terial to collect samples (Fig. 2.3), driven by a high-power geared DC motor that moves a steel
rack vertically on an aluminum extrusion supported by guide rails and linear bearings for T-slotted
framing. The mechanism has a pull-push force of approximately 8800 N. The rack has a usable
length of approximately 1.9 m, although extensions were built to extend the maximum depth of
sampling to 3 m.

A sample container with dimensions of 64 mm diameter and 127 mm length was fixed to one end
of the rack with a custom bracket that allowed soft tailings to flow through the sampling container
while it was open on both ends. One-way valves inside the bottom of the sample container allow
soft material to move through the container as the rack is lowered. When the rack is lifted, the
valves close and contain the material.

A GPS module is used to record the location where a sample is collected.

2.4.4 Human-robot interaction and control systems

The RTC-I is primarily controlled by teleoperation. Autonomous system monitoring, fault detec-
tion, and recovery routines have been incorporated to address issues when communication links fail
or there are human-induced errors. At this point, the operator acts as the high level controller, task
planner, and mission manager of the system. In the future, these subsystems can be automated.
Automated discrete-event control has been demonstrated for most navigation functionality, and for
payload operation, with human supervisor override of autonomous control.

Reliable communication is critical for a robot working in environments that are not accessible to
workers. Fault tolerance of the system is improved by implementing two separate communication
links between the Operator Control Unit (OCU) and RTC-I. Wireless communication is suitable
for this application because RTC-I operates in an open space and remains in line of sight of the
operator. The primary communication link (PCL) is composed of a wireless local area network
(WLAN) created by the on-board computer’s 802.11g wireless access point. The OCU computer
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Figure 2.11: Outdoors testing of RTC-I: (a) Operator controlling the rover from a distance in a
simulated sample return mission. (b) Teleoperating the drilling mechanism. (c) Repositioning the
rover using visual feedback from the on-board cameras.

connects to the network through a long range wireless client bridge. A high gain antenna was used
to increase the communication range to over 150 m.

The PCL transmits control commands and receives sensory feedback. The operator’s control com-
mands are gathered through a joystick and keyboard. These inputs are mapped to emergency-stop
triggers, as well as speed, position, and on-off commands that are used by the mobile platform,
drill, and sampler mechanisms. A system diagnostics module was integrated to monitor the status
of the communication links and take action if a fault is discovered. If the PCL fails, a secondary
communications link (SCL) relays basic motion commands. With this configuration, the user can
maintain control of the robot unless there is a system-wide power failure.

The SCL consists of a remote control (RC) transmitter on the OCU and an RC receiver on the
robot that has a range of over 1 km. The RC transmitter inputs are used as velocity commands and
emergency-stop triggers. Failsafe routines are required to ensure that the payloads are retracted
from the ground if the PCL fails. Once the robot’s payloads are secured, the operator can use the
SCL to drive the robot back.

A steel cable was attached to the rover’s chassis to be able to retrieve the robot in case that both
communication links fail or if the robot’s locomotion system malfunctions. The design did not allow
for remote disconnection of the sampler or auger if they had already been deployed. This mission
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risk was accepted for proof-of-concept trials; but a commercial system would need to be able to
jettison a stuck payload.

The software for the OCU and RTC-I was developed under the Robot Operating System (ROS)
standard, which allows for a modular design methodology [20]. ROS software modules running on
board the rover interact with data acquisition units and low-level control units. These modules
receive control commands from the OCU through the ROS communication layers. Additionally,
they transmit sensory feedback to assist the operator on the safe and effective control of the mobile
platform and its payloads. Two video cameras monitor the sample collection procedure. One camera
points forward, to aid in navigation, while another camera points to the sampling mechanism so
that the operator can reposition the mobile platform to align the sampler with the hole drilled
through the crust. Other sensory feedback transmitted to the OCU includes the vertical position
of the drill, WOB on the auger, battery voltage levels, and mobile platform status. Measurements
gathered by the instrumented wheel are also transmitted. The ROS built-in recording tools log all
sensory information.

Outdoor trials verified the performance and reliability of the human-robot interaction and control
systems (Fig. 2.11). The experimental trials consisted of a simulated sample return mission: (1) an
operator controls the robot from a distance to a predetermined sampling location, (2) the operator
deploys the drill to make a hole, (3) repositions the rover to align the sampler to the hole using the
visual feedback of the two on-board cameras only, and, (4) lowers the sampler to simulate sample
collection. The operator was effective in controlling the robot throughout the simulated mission.
It was noted that it is necessary to detect possible human-induced errors. We designed an ROS
module to monitor the system state to detect command conflicts during operation. For example,
the module prevents the operator from moving the robot while the drill or sampler are deployed.
System state monitoring was implemented and verified before field testing.

2.5 Field-Testing Experiments

Field trials have been critical in determining the feasibility of introducing unmanned systems to
industrial operations for environmental monitoring. This section presents several field-testing exper-
iments that were conducted in October, 2013, at an oil sands operating plant near Fort McMurray,
Alberta, Canada. This site contains several tailings treatment cells, both for experimental studies
and for commercial production. The experimental cells are small deposits, holding approximately
2000 m2, dedicated to test consolidation processes. Production cells are on the order of 100 times
larger and are part of tailings operations. The deposits are surrounded by berms made of tailings
sand.
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2.5.1 Safety and risk management and fail-safe demonstration

Safety and risk management is an essential for introducing new technologies to industrial sites,
such as UGVs to oil sands tailings sites. Throughout RTC-I’s design process, FMEAs were used
to address critical failure modes and improve the overall reliability of the robot. Redundant com-
munication systems and a tether retrieval cable were identified as necessary to manage the effects
of possible component failures; both improvements were implemented on the final design. Tether
cables are impractical and may pose risks to the robot’s stability when it’s operating very far away
from the shore. A tether cable was used in these field trials because the rover was not expected to
travel further than 25 meters away from the shore of partially dried tailings deposits. Tether cables
should not be used for long distance operations, instead rescue robots should be deployed to drag
the rover back to shore if there is a failure. Rescue vehicles are typically used by tailings operators
to retrieve trapped manned vehicles.

Safety training sessions were required for the robot operators before working on the field. A test
plan was discussed with the mine operators and a Job Safety Analysis (JSA) was developed by the
researchers and operations staff. Before starting any new experiment, a Field Level Risk Assessment
(FLRA) was completed and the risks were controlled to acceptable levels.

On site, the rover was first tested to demonstrate the fail-safe systems to the mine operators.
The rover was deployed on the sand dyke around the research cells. Mine operators identified the
communication links as the components with highest risk of failure. The fault tolerance of the
communication system was demonstrated by teleoperating the robot on the sand dyke and forcing
the PCL to fail by disconnecting the wireless client bridge from the OCU computer. The broken
link was detected by the robot’s state monitoring system, triggering recovery routines. First, all
actuators including payload and robot motors were stopped; then, any deployed tools were auto-
matically retracted; and finally, the robot’s control systems switched to the SCL and control of
the mobile platform was maintained through the RC controller. A failure of the SCL was forced
by switching the RC transmitter off. Once this failure was detected, all robot actuators were dis-
connected automatically to facilitate its retrieval using the tether cable. These tests demonstrated
the redundancy of the rover’s control channels and its fail-safe routines. The demonstrations were
sufficient for the mine operators to consider the level of risk acceptable and to allow experiments
to be conducted with RTC-I, provided that personnel were not in the area where the RTC-I was
operating.

For this initial technology demonstration the mine operators preferred the robot to be teleoperated
rather than to be navigated autonomously. Autonomous navigation to the platform is achievable
using existing open-source ROS packages and will be demonstrated in future work.
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2.5.2 Surface characterization of dry tailings sand

Surface characterization instrumentation and methods were tested on the tailings sand dyke sur-
rounding the fluid tailings (Fig. 2.12). The robot was teleoperated over flat soft soil while collecting
wheel loading and state measurements. The tether cable was not attached to the robot during these
tests because the tailings sand had sufficient bearing strength to support the rover and workers
without excessive sinkage.

Figure 2.12: Field testing of RTC-I: Tailings sand surface characterization.

Measurements were recorded for the wheel’s angular speed ω, ground speed v, sinkage z, and torque
T . The front contact angle θ1 was estimated from the sinkage, and the slip ratio s was calculated
from ω, v, and the wheel radius r, using Equation 2.4.

An example of the recorded measurements of the angular and ground speeds of the wheel is shown
in Fig. 2.13a, with the corresponding slip ratios. The steady-state regions can be used for the
parameter estimation algorithms that assume quasi-static motion. In this example, two regions of
interest can be identified between the time ranges of 104 s to 106 s and 108 to 110 s. The torques
recorded during the test are shown in Figure 2.13b and the sinkage and calculated contact angle
on a region of interest are shown in Figure 2.13c. The results of the soil parameter estimations are
discussed in Section 2.6.2.

2.5.3 Subsurface sampling of partially dried tailings from tailings treat-
ment cells

Subsurface sampling experiments were carried out on three treatment cells. The first two trials
were conducted on experimental cells, and the third trial was conducted on a large scale production
cell.
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Figure 2.13: (a) Wheel speeds and slip ratio during sand surface characterization experiment, with
measurements show two steady-state regions in this trial. (b) Wheel torque recorded during a
surface characterization experiment. (c) Sinkage and calculated front contact angle recorded at
steady-state motion.

Teleoperation on experimental tailings treatment cell with partially dried crust

The rover was teleoperated into the deposit and positioned approximately 2 meters from the shore
of the cell (Fig. 2.14a). Initially, the robot was teleoperated farther away from the shore, but the
partially dried crust did not have sufficient bearing strength to support its weight. The auger was
tested on the surface of the deposit up to a depth of 30 cm (Fig. 2.14b). Then, the robot was
repositioned over the auger hole, and the sampling tool was lowered (Fig. 2.14c). It was found that
the material under the crust at 2 meters from the shore was not sufficiently fluid to move through
the sampling tool, and therefore no sample was collected. This motivated the subsequent sampling
trial to be conducted on an cell with a high-strength dry crust that would support the weight of
the robot further away from the shore.
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The partially dried crust was pictured from the robot’s camera view, as shown in Figure 2.14d. The
dried mushroom-shaped structures can have high bearing strengths but the water-saturated cracks
can cause the crust to fail easily and induce excessive sinkage of the platform. These instabilities
may result in equipment getting stuck and limit manual sampling to floating docks.

(a) (b)

(c) (d)

Figure 2.14: (a) RTC-I roving into an experimental cell. (b) Auger and drill subsystem test. (c)
Sampler subsystem test. (d) On-board camera’s view of the partially dried tailings surface.
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Experimental cell with dry crust

The robot was deployed on a deposit with high surface strength (Fig. 2.15a). The deposit had an
estimated bearing strength of 60 kPa, which permitted the robot to drive a distance of 15 meters
from the shore without any noticeable sinkage. The robot was positioned approximately 10 m from
the shore of the deposit and the auger was lowered to make a hole 60 cm deep through the crust
(Figure 2.15b). The robot was repositioned, the sampling tool was lowered, and a sample was
collected at 1.7 meters depth (Fig. 2.15c). The rover was teleoperated back to the shore of the
deposit and the sample was contained and stored (Fig. 2.15d).

Production cell

A final sample retrieval trial was conducted on a production cell. The experiment was performed
similarly to the previous trials. The rover was teleoperated down a soil ramp onto the surface of
the cell, to approximately 15 meters from the shore (Fig. 2.16a). The deposit’s crust was partially
dried and supported the robot with minimal sinkage, although there was some general deflection of
the surface. The rover successfully drilled through the crust (Figure 2.16b), repositioned, deployed
the sampling tool to a depth of 1.5 meters and retrieved a sample (Figure2.17). The sampling
process was monitored through the robot’s on-board cameras as pictured in Figure 2.18.

The sample qualitatively showed very little shear strength, indicating that rather than the cell
acting as an elastic foundation, the crust was acting as a membrane to support the weight of the
rover with shear strength at the surface crust only.
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(a) (b)

(c) (d)

Figure 2.15: (a) RTC-I teleoperated into an experimental cell. (b) Drilling thought the crust. (c)
Sampling tool lowered through the curst. (d) RTC-I with sample collected from 1.7 m depth.
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(a) (b)

Figure 2.16: (a) RTC-I teleoperated into a production cell. (b) Drilling thought the crust.

(a) (b) (c) (d)

Figure 2.17: RTC-I lowering the sample container into the deposit to collect a sample. The sample
container is pictured on the left side of each image. (a) RTC-I repositioned over the hole drilled
through the deposit’s crust. (b) RTC-I lowering sampling tool. (c) Sampling depth reached. (d)
Sampling tool retracted with sample.
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(a) (b) (c)

Figure 2.18: (a) Sampling tool repositioned over the drilled hole. (b) Sampling tool lowered through
the crust to retrieve a sample. (c) Sampling tool retracted with sample.
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2.6 Surface & Subsurface Characterization Results

2.6.1 Sample analysis

The samples collected in the experimental and production cells were sent for analysis. For tailing
characterization, typical analyses include bitumen content, particle size analysis, Methylene Blue
Index (MBI), and solids content. These analyses were contracted to a laboratory that regularly
studies tailings samples for the oil sands tailings operators. The results for the Dean & Stark
analysis and MBI analysis are presented in Table 2.2. It is noted that due to an unsecured seal,
some moisture of the production cell sample evaporated before the analysis was conducted, and
therefore the reported water content of the sample is less than a percentage by weight. The results
of the Laser Diffraction Particle Size analysis are presented in Table 2.3. Both samples have similar
particle size distributions (Figure 2.19) .
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Figure 2.19: Particle size distributions of the samples collected.

Table 2.2: Dean Stark Analysis and Methylene Blue Index (MBI) Report

Sample Weight Bitumen Mineral Water Bitumen Mineral Water MBI
[g] [g] [g] [g] % % % [meq/100g]

Experimental Cell 134.81 10.47 78.68 45.66 7.77 58.36 33.87 5.81
Production Cell 90.43 7.61 82.22 0.60 8.42 90.92 0.66 6.02

Table 2.3: Laser Diffraction Particle Size Analysis

Sample Particle Diameter Size [µ m]
Mean Median Mode d5 d10 d25 d50 d75 d90 d95

Experimental Cell 50.00 27.58 127.7 2.40 4.00 9.39 27.58 76.73 136.60 161.10
Production Cell 53.83 30.78 140.1 2.44 4.06 9.72 30.78 88.50 142.10 164.50
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2.6.2 Terrain parameters estimation

The cohesive stress and internal friction angle of tailings sand can be estimated from the wheel-soil
interaction observations during the surface characterization experiments. These parameters can aid
in understanding the trafficability of the terrain as described in Section 2.3.2.

This section discusses the parameter estimation results obtained from the field trials.

Tailings sand parameter estimation results

The cohesion stress and internal friction angle of the terrain were estimated recursively from the on-
board measurements collected during the field trials. As described in Section 2.5.2, measurements
of z, ω, v, and T were obtained during the surface characterization experiments. A least-squares
regression was used with Equation 2.8 to obtain ĉ and β̂, the estimates of c and tan(φ) respec-
tively. Only measurements of steady-state operation were included in the parameter estimation
analysis.

The regression results for ĉ and β̂ are presented in Table 2.4. The P-value of the the two-sided
test for ĉ is higher than 0.05, therefore the analysis fails to reject the null hypothesis: H0 : c = 0

[Pa], for a 95% confidence level. This result is expected for cohesionless soils such as dry sand. The
estimates obtained recursively show that after approximately 140 observations, the estimates do
not vary significantly (Fig. 2.20a and 2.20b).

The results of the regression analysis assuming cohesionless soil are presented in Table 2.5. The
coefficient of determination for this analysis was calculated to be: R2 = 0.974. The 95% confidence
intervals of β̂ correspond to an estimate of the internal friction angle, φ̂ = 33.64 ± 0.63, which
is similar to the values obtained from shear failure experiments of washed dry sand reported in
literature, c = 0.65 ± 0.24 kPa and φ = 32.1 ± 2.82 deg [15]. It is expected that different types
of sand will have moderate variations in their soil parameters because these are affected by many
factors including moisture content, particle size distribution, and particle angularity.

Estimation errors are expected due to the linearization assumptions and further simplifications of
the linearized terramechanics model. Additionally, sensor noise and error in the assumed value
of the shear displacement under the wheel contribute to the overall error of the estimation. The
experiments were conducted on an uncontrolled terrain around the tailings deposit, therefore, it is
possible that deviations existed on the homogeneous and isotropic characteristics assumed for the
terrain.
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Figure 2.20: (a) Recursive estimation results for ĉ (a) and β̂ (b). Error bars show standard error
of the estimates.

Table 2.4: Regression Results

Est. Std. Error 95.0% Conf. Int. t P>|t|
ĉ [Pa] 940.426 2555.953 -4101.782, 5982.634 0.368 0.713
β̂ 0.599 0.180 0.244, 0.954 3.327 0.001

Table 2.5: Regression Results For Cohessionless Soil

Est. Std. Error 95.0% Conf. Int. t P>|t|
β̂ 0.665 0.008 0.650, 0.681 83.758 0.000

2.7 Lessons Learned and Future Work

The results of the field trials indicate that surface and subsurface characterization of oil sands
tailings is technically feasible. Sampling and surface characterization have been demonstrated with
RTC-I but still several improvement areas have been identified.

A limitation of the current system is that the instrumentation required to collect measurements
for the terrain parameter estimation algorithms is coupled to the propulsion mechanism of the
robot. While wheels are all right for terrain with good bearing strength, that circumstance may
not always be the case with soft tailings deposits. A wheeled platform is generally not suitable
to traverse water-saturated terrains, especially in low-bearing strength deposits. Balloon tires can
be used, but tracked vehicles and amphibious vehicles are preferred for these applications. In the
current design, the terrain parameter estimations can only be conducted when wheels are being
used, limiting the terrain surfaces that can be characterized. A separate payload for wheel-soil
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interaction force estimation is required. This payload would consist of an actuated wheel that is
pressed onto the terrain with variable normal forces, while collecting measurements similarly as the
instrumented wheel used in RTC-I. The payload can be integrated into other ground vehicles as part
of a collection of instruments to characterize very soft deposits. Spatial verification of the estimated
soil parameters can be obtained by integrating standard geotechnical tools for cone-penetrometer
and a vane shear testing.

Two limitations were found on the sampling subsystem of RTC-I. First, the sampling mechanism is
currently limited to a single sample per trip, which is not desirable when working on large deposits
where a large number of samples is required. The subsurface characterization of a deposit can be
conducted faster if a sample magazine were added to the rover to collect and store more samples.
A design has been created for a magazine that can collect and carry twelve samples. On very large
deposits higher sample capacities and multiple unmanned systems may be required. Second, an
improvement in the sample collection mechanism is required to minimize the risk of hard material
obstructing the sample container as it is lowered through the deposit. The one-way valves of the
sample container can be replaced with an actuated mechanism to open and close the container. The
closed container can be moved through hard material and be opened to capture material only at
the desired sampling depth, reducing the uncertainty of the depth where the material was captured
and minimize cross-contamination between material from different depths.

Additional instrumentation and payloads can be mounted on the rover for in-situ analysis. In
future field trials, a hyper-spectral imaging camera and data acquisition system mounted on the
rover will be used to detect different clay types, quantify material composition, assess hydrocarbon
abundance, and to create moisture content maps.

Near-term developments will focus on implementing the improvements discussed, as well as adding
different levels of autonomy to the system. Initially, the drilling and sampling subsystems can be
automated to operate with minimal human supervision. Further developments can lead to full
autonomy of the system, with on-board task planning and mission managing. Possible long-term
work will focus on adding cooperation between several unmanned systems, including aerial vehicles
that could conduct surveys to identify regions of interest for ground vehicles to explore, and any
zones that would not be navigable.

The technologies developed through this work can be used for environmental monitoring of other
types of mine tailings, and can be further extended to other applications, such as robotic systems
working on agricultural land, on glaciers, and on permafrost.
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2.8 Conclusions

The development and field experimentation trials of RTC-I, a rover for tailings characterization,
have been described. The design of RTC-I focused on meeting the functional specifications for char-
acterizing soft oil sands tailings. The rover was uniquely configured to estimate terrain parameters
while traversing deformable terrain, and capture a subsurface sample from the tailings deposit. The
different subsystems of the field-ready prototype have been described. Building and field testing
RTC-I has demonstrated that robotic systems can aid in environmental monitoring of potentially
hazardous industrial sites, such as a treated tailings impoundment. Field demonstrations have
established the concept of collecting samples from tailings deposits, as well as the capability to es-
timate cohesive stress and internal friction angle of tailings sand. The favourable results of the field
trials show that the technologies proposed are suitable for tailings characterization. Limitations
of the demonstrated system have led to a set of possible improvements; and future work has been
outlined with the intent to develop and implement robotic systems with geotechnical tools to aid
in the environmental monitoring of industrial sites and other challenging soil types.
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Chapter 3

An Automated Vane Shear Test Tool
for Environmental Monitoring with
Unmanned Ground Vehicles

Abstract

The present work describes the development of a novel robotic vane shear test tool for charac-
terization of soil parameters with high precision and accuracy. The tool automates industrial
standards for testing procedures. The proposed system is capable of performing high resolution
torque measurements, which are then used to estimate the shear strength of the soil. The design
of the instrument and its advantages over traditional manual instruments are discussed, after
which error sources, calibration, and test procedures are described. The developed tool was
successfully validated against high-end commercial equipment. Our built unit was employed
for characterizing mine waste in a laboratory setting and also deployed in the field on board
an Unmanned Ground Vehicle for remote soil characterization.

3.1 Introduction

Automated tools and unmanned robotic systems have become increasingly important for monitoring
challenging terrain and hazardous environments. Natural areas affected by industrial operations
must be remediated to a state that is equivalent to the original environment once industrial activities
are completed [38]. The terrestrial, aquatic, and atmospheric conditions must be actively monitored
throughout the operations and until closure certificates are issued. In many cases, unmanned
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monitoring solutions can ease access to hazardous environments and reduce the costs and difficulty
of working in difficult terrains, as well as reduce the risk to human workers [33].

Tailings storage facilities built for mining activities around the world are an example of industrial
sites which require ongoing environmental and geotechnical monitoring. Processes such as mineral
extraction and other resource separation processes generate fluid tailings, which cannot be released
back into the natural environment without treatment [24]. Fluid tailings are typically stored in
dedicated disposal areas to manage and contain liquids and suspended solids until subsequent
reclamation activities restore the land to a state suitable for mine closure. The characteristics,
environmental impacts and remediation of tailings impoundments are ongoing research topics [24].
The need for monitoring programs has been highlighted throughout the extractive industries [25].
Mine waste can be a very significant ongoing liability to mining companies [14].

In the Athabasca Oil Sands of Alberta, Canada, open-pit mining and water-based bitumen extrac-
tion processes produce large volumes of soft tailings composed of sands, silts, clays, process-affected
water, and residual bitumen [28]. Oil sands tailings are placed in impoundments to allow prelim-
inary settling of fine solids and recycling of process-affected water [13]. The partially densified
material, known as Mature Fine Tailings (MFT) containing approximately 30-35 wt.% solids [1]
cannot be reclaimed without further dewatering and consolidation. A number of technologies and
treatment methods have been used to accelerate these processes, including flocculation, coagula-
tion, centrifugation, conventional thickening, and dessication [30]. The resulting materials are then
deposited into storage facilities, where they must be constantly monitored for further treatment
processes [27], environmental monitoring [34], legislation compliance [38], as well as to identify
areas which require additional remediation work [19] as illustrated in the photograph in Figure
3.1.

Figure 3.1: Centrifuged MFT dedicated disposal area, Athabasca Oil Sands, Alberta

Geotechnical investigations of mine waste storage facilities are typically performed using manual
geotechnical sampling and measurement campaigns [7]. These activities are costly and are limited
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to areas which are accessible to human workers. Floating docks often need to be constructed to
provide access to certain areas of tailings treatment cells. In some cases, manned barges are used
to carry equipment and workers, disturbing the terrain up to a depth of several metres. Due to
the unknown soil conditions and variability in the consistency of tailings, these large amphibious
barges risk getting stuck. Because of these factors and associated risks to workers, manual surveys
often do not provide a complete or timely characterization and mapping of tailings deposits.

Unmanned Ground Vehicles (UGVs) can be deployed as part of geotechnical campaigns in challeng-
ing environments. Robotic systems can reduce risks to workers, investigate locations not accessible
in conventional studies, provide timely soil characterization, collect samples from hazardous lo-
cations, assess trafficability of terrain, locate and identify hazards, reduce the risk and cost of
geotechnical surveys, and produce reports on soil shear strength and fines capture rates for regula-
tory compliance [26]. The benefits of unmanned site investigations are strong drivers for the devel-
opment of novel robotic systems to characterize soil properties and collect soil samples [33].

UGVs can be instrumented with tools used in conventional geotechnical investigations of mine waste
storage facilities. These terrains are characterized by their shear strength and other geotechnical
parameters, such as grain size distribution, solids content, and Atterberg limits [16]. Typical
geotechnical analysis includes a combination of in-situ measurements as well as laboratory testing
of samples. The results of the analyses are used to calculate load-bearing limits of the terrain at
different locations and to track the consolidation progress of the deposits, taken as inputs to tailings
management and remediation plans.

The present work focuses on the development of a vane shear test (VST) device for in-situ studies,
based on ASTM D2573 [3], as well as for laboratory testing of samples based on ASTM D4648
[4]. The VST method is commonly used to estimate the undrained shear strength of very soft
or weak cohesive soils [31] such as tailings. VST is both economical and widely used in field and
laboratory studies [12]. The test consists of slowly rotating a vane in the soil to generate shear. The
relationship between the torque applied to the vane and the strength of the soil is a function of the
vane geometry. Other methods for in-situ testing such as the cone penetrometer [5], the bevameter
and other vane-cone devices have been used to investigate terrain trafficability [39], and could also
be integrated into UGVs in future studies.

The contribution of this paper is to present the design of a novel automated field vane shear test tool
which can be deployed from a UGV in the field. Innovations of the design include a dual encoder
structure for measuring the true angular deflection of the spring, a highly precise identification of
the torsional spring constant, and a novel friction torque compensation scheme. The built unit is
successfully validated against a high-end commercial laboratory instrument for estimating shear
strength of various soil samples. Finally, the feasibility of deploying the design onboard a UGV is
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demonstrated through experimental results from a field trial.

The remainder of this paper is structured as follows. Related work, industrial measurement stan-
dards and limitations of current instruments are discussed in Section 2. Section 3 gives a detailed
description of the proposed automated vane shear test tool. Section 4 presents laboratory vali-
dation experiments and comparisons with commercially available instruments. Section 5 discusses
integration of the developed unit onboard a robotic UGV platform. Finally, conclusions and rec-
ommendations for future work are provided in Section 6.

3.2 Background

3.2.1 Robots for Environmental Monitoring of Difficult Environments

UGVs have been used for environmental monitoring in challenging environments. Freitas et al.
developed an Environmental Hybrid Robot to study the aquatic environments of the Amazon rain
forest [15]. It was used to collect water and insect larvae samples, and to detect combustible gases
[15], demonstrating the value of using robot systems in areas inaccessible and/or dangerous to
human workers.

Recently, UGVs have been used to navigate underground mines and assist workers [20]. Some
work has focused on the development of autonomous robots that can map environments that are
too dangerous for humans [11, 17], such as abandoned mines [32], or assist in search and rescue
operations in underground mines [37].

Our previous work [33] demonstrated the use of a customized UGV, RTC-I, capable of collecting
subsurface samples from an oil sands tailings deposit covered by a crust, which was instrumented for
characterization of soil terramechanics parameters of oil sands tailings. The robot was designed to
operate on low bearing-strength deposits. A Clearpath Robotics Husky A200 platform was outfitted
with tracks, a drilling system, and a subsurface sampling end-effector. RTC-I was successfully tested
at an industrial site. Subsurface samples were collected from an experimental tailings treatment cell
and a production treatment cell (Figure 3.2). These samples were analyzed for solids concentration,
bitumen content, and mineral abundance in the tailings. Surface parameter estimation (via least-
squares) was run on the tailings sand dyke surrounding the fluid tailings to estimate the cohesion
stress and internal friction angle parameters to calculate the shear strength of the soil at the
surface. However, the UGV was not equipped with any geotechnical instrumentation which could
independently confirm these estimates. The RTC-I demonstrated the benefits of introducing a
UGV into tailings operations, and motivated further development of unmanned platforms and
instrumentation for monitoring mine waste impoundments.
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(a) (b) (c)

Figure 3.2: (a) Robotic system for tailings characterization. (b) RTC-I drilling through a soft crust.
(c) RTC-I with sample collected from 1.7 m depth. Images from [33]

3.2.2 Vane Shear Testing and Tools

The vane shear test method has been extensively used for estimating the undrained shear strength of
materials for various applications, including geotechnical investigations [31]. The industry standards
for laboratory and field vane testing methods, ASTM D4648 [4] and ASTM D2573 [3], respectively,
are widely used. Various addenda have been published to address the needs and constraints of
specific applications, for instance vane shear testing in oil sands tailings [22].

The vane shear test tool comprises a section that is inserted into the medium, and a section that
measures the torque during interaction between the instrument and the medium. A set of thin blades
of height h and width d/2 meet at a central axis of rotation, as shown in Figure 3.3. Typically four
blades are fixed at an angle of 90 degrees to each other. The vane is inserted into the test material
and is then smoothly rotated to generate shear around the vane, using a prescribed turning speed
whose value depends on whether the test is conducted in the laboratory or in the field [4, 3].

The vane geometry determines the relationship between the undrained shear stress on the soil Cu
and the torque applied to the vane Tv as [9]

Tv = Cuπ

(
hd2

2
+
d3

6

)
(3.1)

The VST method can be used to estimate the peak, residual, and remolded shear strength of the
soil [4]. The key assumptions of the test are: homogeneous and isotropic soil, negligible disturbance
caused by vane insertion, no drainage during the test, no consolidation when inserting the vane or
during the test, cylindrical, uniform, and fully mobilized shear surface at failure, and no progressive
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Figure 3.3: Vane diagram.

failure [9, 8, 36].

The relationships between the undrained shear stress at soil failure and vane geometries, as well
as soil parameters such as moisture content and bulk density, have been studied in the context of
agricultural tillage systems [18]. VST results have been compared with cone penetrometer devices,
showing similar performance [6].

The VST has been used to investigate strain rate effects in soils. Motorized rheometers based on the
vane shear have been developed for determining soil visco-plastic parameters [23]. The motorized
vane tool was used to study the values of yield stress and viscosity of different soils with varying
moisture content and soil compaction levels. The authors stated that the vane apparatus is the
most widely used tool for in situ measurements of undrained shear strength due to its ease of use
and convenience.

VST devices used in the field are typically manually operated and provide low-resolution measure-
ments. A commercially available vane inspection kit (Figure 3.4a) can have a measurement range
between 0 to 260 kPa using its four provided vane blade sizes. Vane rod sections approximately
0.5 m long are used to reach subsurface soils. The manufacturer of this vane kit estimates that the
accuracy of the readings should be within 10% of the true value [21].

Manual field tests are prone to operator errors, such as applying a twisting motion while inserting
the vane, or reading values incorrectly from the graduated ring. Systematic errors can be introduced
by an incorrect speed of rotation. Typically, it is very difficult for a human operator to rotate the
vane at a constant angular rate and at the prescribed (slow) speed of 6 degrees per minute, or to
achieve good repeatability between tests. Vane operators in the field were observed to rotate the
vanes between 10 to 100 times the prescribed rate. Generally, measurement of shear strength in
the field is considered to be difficult, time-consuming, and costly [2].
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Commercially available laboratory VST devices (Figure 3.4) can be manually operated (Figure 3.4b)
or motorized (Figure 3.4c). Torque is applied to the vane through interchangeable torsional springs,
and the resulting angular displacement is read off a graduated scale. The shear stress Cu is obtained
from the vane geometry, spring constant value, and the indicated angular rotation. Depending on
the nature of material being tested, vanes with different sizes and springs with different stiffness
constants may need to be used.

To run an experiment with a manual device, the operator connects a vane to the end of the spring
and places the blades into the tested material. The operator then rotates the handle to transmit
a shearing load to the material through the spring and vane. This load is increased until the
tested material fails and starts exhibiting slip. The maximum angular displacement shown on the
device’s dial is used to calculate the peak undrained shear stress before failure of the material. The
accuracy of such instruments is estimated to range between 5 to 10 % [21]. The manual equipment
is also subject to errors caused by the variable rotation speed used by the human operator. The
measurement resolution of the equipment depends on both the vanes and springs selected, and
is fundamentally limited by the resolution of the graduated angular displacement scale, typically
marked with 1 degree increments.

(a) (b) (c) (d)

Figure 3.4: (a) Manually operated field VST device. (b) Manually operated laboratory VST device.
(c) Motorized laboratory VST device. (d) Laboratory rheometer.

Digital rheometers, such as the Brookfield DV3THB shown in Figure 3.4d, have both higher ac-

48



curacy and better repeatability than manual devices. They employ stepper motors to control the
rotation of the vane, and have a digital display indicating the shear stress being applied to the
material. Unfortunately, such tools are expensive, not suitable for in-situ measurements, run on
closed-source software, and only measure a subset of parameters at once. For instance, when test-
ing for peak shear stress, the unit does not allow for residual and remolded strength tests to be
conducted.

The limitations of commercially available manual VST devices and digital rheometers, as well as the
need for unmanned monitoring in difficult environments, motivated our development of a custom
automated vane shear test tool.

3.3 Design of an Automated Vane Shear Tool

The development of an Automated Vane Shear Tool (AVST) involves: i) the design of a torque
transducer with resolution, precision and accuracy comparable to commercially available digital
laboratory rheometers, ii) the design of the electro-mechanical, data acquisition, and software sub-
systems, and iii) system integration, prototyping and validation.

3.3.1 Design Criteria and Considerations

The resolution and accuracy of the torque transducer used in the VST determines the performance
of the tool. Manual devices have a torque measurement resolution of 0.03 Nm and accuracy of 10%
[21]. High-end laboratory rheometers, such as the Brookfield DV3THB, have resolutions of 0.006
Nm and accuracy of 1% of the full-scale range [10].

The present work aims to produce a VST device which matches the performance of high-end lab-
oratory tools. During preliminary design, a torque load-cell approach was considered based on
mounting strain gauges onto the shaft in a fully-balanced Wheatstone bridge shear configuration,
which compensates for temperature changes and the Poisson effect. While this approach is consid-
ered appropriate for high load applications, for measurements with small vane shears on soft clays,
the reaction torque will be very small. Also, the sensitivity of the transducer depends on the gauge
factor of the strain gauges, the material properties of the shaft, and its geometry. Reducing the
diameter, cross-sectional area, and the modulus of elasticity of the shaft material would result in
higher sensitivity; however, measuring torque with a resolution of 10−4 Nm would require the use
of highly deformable components, leading to a device which is very fragile, susceptible to creep and
plastic deformation over repeated use and accidental impacts, and with a very limited operating
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range. Typically, it is recommended to design these transducers so that the operating range is
within ten percent of the yield stress in order to obtain an adequate signal to noise ratio.

For all the reasons mentioned above, typical laboratory rheometers use calibrated springs, rather
than load cells, to measure torque. The performance of spring torque transducers is limited by
the accuracy of the spring constant and the measurement of the effective angular displacement
of the spring. The main design differences between high-end digital rheometers and manual lab-
oratory equipment are electronic readings of angular displacement and the use of well-calibrated
springs.

3.3.2 Description of Apparatus

An AVST prototype was built as shown in Figure 3.5. The system consists of a geared DC motor,
gearbox, optical encoders, torsional spring, and output shaft. The components are mounted onto
an aluminum frame. A DC motor was chosen to enable continuous rotation of the vane, and to
allow precise control of the rotational speed. Alternative actuators, such as geared stepper motors,
could also have been used. The gearbox allows reconfiguring the system to accommodate different
motors and loading requirements. The output shaft is connected to standard vanes using shaft
couplers. The output shaft is supported with a double ball-bearing assembly and is stepped in
order to transmit any vertical loads to the bearings.

Motor
<latexit sha1_base64="FOjksR8T4XK46uqS4cxsPt9BXsA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqST1oMeCFy9CBdMW2lA22027dLMbdidCCf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXpQKbtDzvp3SxubW9k55t7K3f3B4VD0+aRuVacoCqoTS3YgYJrhkAXIUrJtqRpJIsE40uZ37nSemDVfyEacpCxMykjzmlKCVgnuFSg+qNa/uLeCuE78gNSjQGlS/+kNFs4RJpIIY0/O9FMOcaORUsFmlnxmWEjohI9azVJKEmTBfHDtzL6wydGOlbUl0F+rviZwkxkyTyHYmBMdm1ZuL/3m9DOObMOcyzZBJulwUZ8JF5c4/d4dcM4piagmhmttbXTommlC0+VRsCP7qy+uk3aj7V3XvoVFrNoo4ynAG53AJPlxDE+6gBQFQ4PAMr/DmSOfFeXc+lq0lp5g5hT9wPn8A5PiOrQ==</latexit>

Gearbox
<latexit sha1_base64="8yeRt/NCeI+KF9IaEk3p7wl/nKA=">AAAB7nicbVA9SwNBEJ3zM8avqKXNYhCswl0stAxYaBnBfEByhL3NJFmyt3vs7onhyI+wsVDE1t9j579xk1yhiQ8GHu/NMDMvSgQ31ve/vbX1jc2t7cJOcXdv/+CwdHTcNCrVDBtMCaXbETUouMSG5VZgO9FI40hgKxrfzPzWI2rDlXywkwTDmA4lH3BGrZNat0h1pJ56pbJf8ecgqyTISRly1Hulr25fsTRGaZmgxnQCP7FhRrXlTOC02E0NJpSN6RA7jkoaowmz+blTcu6UPhko7UpaMld/T2Q0NmYSR64zpnZklr2Z+J/XSe3gOsy4TFKLki0WDVJBrCKz30mfa2RWTByhTHN3K2EjqimzLqGiCyFYfnmVNKuV4LLi31fLtWoeRwFO4QwuIIArqMEd1KEBDMbwDK/w5iXei/fufSxa17x85gT+wPv8AUgkj3g=</latexit>

Encoder 1
<latexit sha1_base64="CiasVjMX7cTMePKVNmtlwumJ5C4=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hd140GNABI8RzEOSJczOziZD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFKWfG+v63t7a+sbm1Xdop7+7tHxxWjo7bRmWa0BZRXOluhA3lTNKWZZbTbqopFhGnnWh8M/M7T1QbpuSDnaQ0FHgoWcIItk56vJVExVSjYFCp+jV/DrRKgoJUoUBzUPnqx4pkgkpLODamF/ipDXOsLSOcTsv9zNAUkzEe0p6jEgtqwnx+8BSdOyVGidKupEVz9fdEjoUxExG5ToHtyCx7M/E/r5fZ5DrMmUwzSyVZLEoyjqxCs+9RzDQllk8cwUQzdysiI6wxsS6jsgshWH55lbTrteCy5t/Xq416EUcJTuEMLiCAK2jAHTShBQQEPMMrvHnae/HevY9F65pXzJzAH3ifPwZzj9U=</latexit>

Encoder 2
<latexit sha1_base64="6wGxywAHPdqbeJsN2vshmTZcN64=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hd31oMeACB4jmIckS5idnU2GzGOZmRVCyFd48aCIVz/Hm3/jJNmDJhY0FFXddHfFGWfG+v63t7a+sbm1Xdop7+7tHxxWjo5bRuWa0CZRXOlOjA3lTNKmZZbTTqYpFjGn7Xh0M/PbT1QbpuSDHWc0EnggWcoItk56vJVEJVSjsF+p+jV/DrRKgoJUoUCjX/nqJYrkgkpLODamG/iZjSZYW0Y4nZZ7uaEZJiM8oF1HJRbURJP5wVN07pQEpUq7khbN1d8TEyyMGYvYdQpsh2bZm4n/ed3cptfRhMkst1SSxaI058gqNPseJUxTYvnYEUw0c7ciMsQaE+syKrsQguWXV0krrAWXNf8+rNbDIo4SnMIZXEAAV1CHO2hAEwgIeIZXePO09+K9ex+L1jWvmDmBP/A+fwAH94/W</latexit>

Spring
<latexit sha1_base64="Z9/SH8BygQUBiNAl11YLn4KjR2Q=">AAAB7XicbVA9SwNBEJ3zM8avqKXNYhCswl0stAzYWEY0H5AcYW8zSdbs7R67e0I48h9sLBSx9f/Y+W/cJFdo4oOBx3szzMyLEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03jUo1wwZTQul2RA0KLrFhuRXYTjTSOBLYisY3M7/1hNpwJR/sJMEwpkPJB5xR66TmfaK5HPZKZb/iz0FWSZCTMuSo90pf3b5iaYzSMkGN6QR+YsOMasuZwGmxmxpMKBvTIXYclTRGE2bza6fk3Cl9MlDalbRkrv6eyGhszCSOXGdM7cgsezPxP6+T2sF1mHGZpBYlWywapIJYRWavkz7XyKyYOEKZ5u5WwkZUU2ZdQEUXQrD88ippVivBZcW/q5Zr1TyOApzCGVxAAFdQg1uoQwMYPMIzvMKbp7wX7937WLSuefnMCfyB9/kDoJiPGQ==</latexit>

Bearing
<latexit sha1_base64="PS47qkHX2HoTSqT1RNSgu+zpOxk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nqQY9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZqDtj4YeLw3w8y8IBFcG9f9dkobm1vbO+Xdyt7+weFR9fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPp3cLvPqHSPJaPZpagH9Gx5CFn1Fipe4tUcTkeVmtu3c1B1olXkBoUaA2rX4NRzNIIpWGCat333MT4GVWGM4HzyiDVmFA2pWPsWypphNrP8nPn5MIqIxLGypY0JFd/T2Q00noWBbYzomaiV72F+J/XT01442dcJqlByZaLwlQQE5PF72TEFTIjZpZQpri9lbAJVZQZm1DFhuCtvrxOOo26d1V3Hxq1ZqOIowxncA6X4ME1NOEeWtAGBlN4hld4cxLnxXl3PpatJaeYOYU/cD5/AC/Tj2g=</latexit>

Output Shaft
<latexit sha1_base64="WByYUFUlw/lEuNCPHNZw+Z17sAE=">AAAB83icbVA9SwNBEJ3zM8avqKXNYhCswl0stAzY2BnRfEByhL3NXrJkb+/YnRVCyN+wsVDE1j9j579xk1yhiQ8GHu/NMDMvyqQw6Pvf3tr6xubWdmGnuLu3f3BYOjpumtRqxhsslaluR9RwKRRvoEDJ25nmNIkkb0Wjm5nfeuLaiFQ94jjjYUIHSsSCUXRS985iZpE8DGmMvVLZr/hzkFUS5KQMOeq90le3nzKbcIVMUmM6gZ9hOKEaBZN8WuxawzPKRnTAO44qmnATTuY3T8m5U/okTrUrhWSu/p6Y0MSYcRK5zoTi0Cx7M/E/r2Mxvg4nQrm/uGKLRbGVBFMyC4D0heYM5dgRyrRwtxI2pJoydDEVXQjB8surpFmtBJcV/75arlXzOApwCmdwAQFcQQ1uoQ4NYJDBM7zCm2e9F+/d+1i0rnn5zAn8gff5A+kjkYk=</latexit>
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<latexit sha1_base64="UakJVHJELWtm/e23s65T4rgj8Nk=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVZK60GVBBJcV7APSUCbTSTt0MhNmboQS+hluXCji1q9x5984bbPQ1gMDh3PuZe45USq4Qc/7dkobm1vbO+Xdyt7+weFR9fikY1SmKWtTJZTuRcQwwSVrI0fBeqlmJIkE60aT27nffWLacCUfcZqyMCEjyWNOCVopuBOMolaSUzOo1ry6t4C7TvyC1KBAa1D96g8VzRImkQpiTOB7KYY50cipYLNKPzMsJXRCRiywVJKEmTBfnDxzL6wydGOl7ZPoLtTfGzlJjJkmkZ1MCI7NqjcX//OCDOObMOcyzZBJuvwozoSLyp3nd4dc28hiagmhmttbXTommlC0LVVsCf5q5HXSadT9q7r30Kg1G0UdZTiDc7gEH66hCffQgjZQUPAMr/DmoPPivDsfy9GSU+ycwh84nz99QZFT</latexit>
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<latexit sha1_base64="F/hDkl94q1EmSDXHpfB+ifczxzA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nqQY8FQTxWMG2hDWWznbRLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32yltbG5t75R3K3v7B4dH1eOTtk4yxdBniUhUN6QaBZfoG24EdlOFNA4FdsLJ7dzvPKHSPJGPZppiENOR5BFn1FjJv1M0xkG15tbdBcg68QpSgwKtQfWrP0xYFqM0TFCte56bmiCnynAmcFbpZxpTyiZ0hD1Lpd2hg3xx7IxcWGVIokTZkoYs1N8TOY21nsah7YypGetVby7+5/UyE90EOZdpZlCy5aIoE8QkZP45GXKFzIipJZQpbm8lbEwVZcbmU7EheKsvr5N2o+5d1d2HRq3ZKOIowxmcwyV4cA1NuIcW+MCAwzO8wpsjnRfn3flYtpacYuYU/sD5/AGrJY6H</latexit>
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Figure 3.5: Main components of proposed AVST design.
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The spring is made from 316 stainless steel round wire with a diameter of 2.3mm. The length and
diameter of the spring are 60 mm and 38 mm respectively. The coils are separated to avoid contact
and friction as the spring is rotated. The spring provides a restoring torque linearly proportional
to the angular displacement between the top and bottom of the spring. It has an identified spring
constant of 0.3904 Nm/rad (Section 3.3.3). The recommended maximum angular displacement
between the top and bottom of the spring is one-quarter of a revolution.

Two optical quadrature encoders are used to measure the angular displacement of the top and
bottom of the spring. The encoders have 40,000 counts per revolution, corresponding to an angular
resolution of 0.009 deg. This translates to a torque measurement resolution of 6× 10−5 Nm.

A system diagram of the AVST is shown in Figure 3.6. A Micro-controller Unit (MCU) is used to
interface with a motor driver and the encoders. The MCU sends voltage commands to the motor
driver to control the speed of the motor. The MCU counts the pulses generated by the optical
encoders to determine the angular positions of the top and bottom of the springs. The pulses can
also be used to estimate the speed of rotation obtained from numerical differentiation and moving
average filter, despite the low sample rate (10Hz), the results are satisfactory because of the slow
movements. In typical laboratory equipment, only the speed of rotation of the top of the spring
is measured and controlled. In our proposed design, the rotational speed of the vane (fixed to the
output shaft) can be controlled. All measurements from the system are sampled at 10 Hz.

A computer running a custom GUI is used to send commands, program tests, and log measurements.
The computer communicates with the AVST’s MCU wirelessly over a 900 MHz wireless connection;
alternatively, the MCU can be connected to the computer through a USB cable.

The components of the system have an approximate total cost of USD 1500, excluding the computer,
with the majority of costs being due to machining parts.

3.3.3 Equipment Calibration

The torsion spring constant ks was estimated by linear regression between torque applied to the
output shaft Ts(t) and the resulting net angular displacement of the spring θ(t):

Ts(t) = ksθ(t) (3.2)

The net angular displacement of the spring θ(t) was determined from the encoder measurements
θ2(t) and θ1(t) as

θ(t) = θ2(t)− θ1(t) (3.3)
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Computer
<latexit sha1_base64="orXvDCB7KjfVkMo0LR0d+KUia0o=">AAAB73icbVC7SgNBFL0bXzG+opY2g0GwCrtroWUgjWUE84BkCbOT2WTIPNaZWSGE/ISNhSK2/o6df+NssoVGDwwczrmXuefEKWfG+v6XV9rY3NreKe9W9vYPDo+qxycdozJNaJsornQvxoZyJmnbMstpL9UUi5jTbjxt5n73kWrDlLy3s5RGAo8lSxjB1km9phJpZqkeVmt+3V8C/SVBQWpQoDWsfg5GimSCSks4NqYf+KmN5lhbRjhdVAaZoSkmUzymfUclFtRE8+W9C3ThlBFKlHZPWrRUf27MsTBmJmI3KbCdmHUvF//z+plNbqI5k3kmSVYfJRlHVqE8PBoxTYnlM0cw0czdisgEa0xcBabiSgjWI/8lnbAeXNXDu7DWCIs6ynAG53AJAVxDA26hBW0gwOEJXuDVe/CevTfvfTVa8oqdU/gF7+MbPa+QCw==</latexit>

Motor
<latexit sha1_base64="s/U+0dyq/94Bl4l2SvzarHHaQEc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqST1oMeCFy9CBdMW2lA22027dLMbdidCCf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXpQKbtDzvp3SxubW9k55t7K3f3B4VD0+aRuVacoCqoTS3YgYJrhkAXIUrJtqRpJIsE40uZ37nSemDVfyEacpCxMykjzmlKCVgnuFSg+qNa/uLeCuE78gNSjQGlS/+kNFs4RJpIIY0/O9FMOcaORUsFmlnxmWEjohI9azVJKEmTBfHDtzL6wydGOlbUl0F+rviZwkxkyTyHYmBMdm1ZuL/3m9DOObMOcyzZBJulwUZ8JF5c4/d4dcM4piagmhmttbXTommlC0+VRsCP7qy+uk3aj7V/XGQ6PWbBRxlOEMzuESfLiGJtxBCwKgwOEZXuHNkc6L8+58LFtLTjFzCn/gfP4A5ZyOrw==</latexit>

Encoder 1
<latexit sha1_base64="CiasVjMX7cTMePKVNmtlwumJ5C4=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hd140GNABI8RzEOSJczOziZD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFKWfG+v63t7a+sbm1Xdop7+7tHxxWjo7bRmWa0BZRXOluhA3lTNKWZZbTbqopFhGnnWh8M/M7T1QbpuSDnaQ0FHgoWcIItk56vJVExVSjYFCp+jV/DrRKgoJUoUBzUPnqx4pkgkpLODamF/ipDXOsLSOcTsv9zNAUkzEe0p6jEgtqwnx+8BSdOyVGidKupEVz9fdEjoUxExG5ToHtyCx7M/E/r5fZ5DrMmUwzSyVZLEoyjqxCs+9RzDQllk8cwUQzdysiI6wxsS6jsgshWH55lbTrteCy5t/Xq416EUcJTuEMLiCAK2jAHTShBQQEPMMrvHnae/HevY9F65pXzJzAH3ifPwZzj9U=</latexit>

Encoder 2
<latexit sha1_base64="6wGxywAHPdqbeJsN2vshmTZcN64=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hd31oMeACB4jmIckS5idnU2GzGOZmRVCyFd48aCIVz/Hm3/jJNmDJhY0FFXddHfFGWfG+v63t7a+sbm1Xdop7+7tHxxWjo5bRuWa0CZRXOlOjA3lTNKmZZbTTqYpFjGn7Xh0M/PbT1QbpuSDHWc0EnggWcoItk56vJVEJVSjsF+p+jV/DrRKgoJUoUCjX/nqJYrkgkpLODamG/iZjSZYW0Y4nZZ7uaEZJiM8oF1HJRbURJP5wVN07pQEpUq7khbN1d8TEyyMGYvYdQpsh2bZm4n/ed3cptfRhMkst1SSxaI058gqNPseJUxTYvnYEUw0c7ciMsQaE+syKrsQguWXV0krrAWXNf8+rNbDIo4SnMIZXEAAV1CHO2hAEwgIeIZXePO09+K9ex+L1jWvmDmBP/A+fwAH94/W</latexit>

test
Motor
Driver

<latexit sha1_base64="f1Z3vBJdCLNbinpEvB1PY+IZD3o=">AAAB/nicbVDLSsNAFJ34rPEVFVduBovgqiRxocuCLtwIFewDmlAm00k7dJIJMzdCCQV/xY0LRdz6He78G6dtFtp6YJjDOecyd06UCa7Bdb+tldW19Y3Nypa9vbO7t+8cHLa0zBVlTSqFVJ2IaCZ4yprAQbBOphhJIsHa0eh66rcfmdJcpg8wzliYkEHKY04JGKnnHAPTEAT2nQSpzH2juIn3nKpbc2fAy8QrSRWVaPScr6AvaZ6wFKggWnc9N4OwIAo4FWxiB7lmGaEjMmBdQ1OSMB0Ws/Un+MwofRxLZU4KeKb+nihIovU4iUwyITDUi95U/M/r5hBfhQVPsxxYSucPxbnAIPG0C9znilEQY0MIVdzsiumQKELBNGabErzFLy+Tll/zLmr+vV+t+2UdFXSCTtE58tAlqqNb1EBNRFGBntErerOerBfr3fqYR1escuYI/YH1+QOXGZUw</latexit>

Radio
<latexit sha1_base64="3kCTGUj0x4AOrC3e2k5e4Q1pwVg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0niQY8FLx6rmLbQhrLZbNqlm92wuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzoowzbVz326lsbG5t71R3a3v7B4dH9eOTjpa5IjQgkkvVi7CmnAkaGGY47WWK4jTitBtNbud+94kqzaR4NNOMhikeCZYwgo2VggccMzmsN9ymuwBaJ15JGlCiPax/DWJJ8pQKQzjWuu+5mQkLrAwjnM5qg1zTDJMJHtG+pQKnVIfF4tgZurBKjBKpbAmDFurviQKnWk/TyHam2Iz1qjcX//P6uUluwoKJLDdUkOWiJOfISDT/HMVMUWL41BJMFLO3IjLGChNj86nZELzVl9dJx296V03/3m+0/DKOKpzBOVyCB9fQgjtoQwAEGDzDK7w5wnlx3p2PZWvFKWdO4Q+czx+x2I6N</latexit>

Radio
<latexit sha1_base64="3kCTGUj0x4AOrC3e2k5e4Q1pwVg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0niQY8FLx6rmLbQhrLZbNqlm92wuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzoowzbVz326lsbG5t71R3a3v7B4dH9eOTjpa5IjQgkkvVi7CmnAkaGGY47WWK4jTitBtNbud+94kqzaR4NNOMhikeCZYwgo2VggccMzmsN9ymuwBaJ15JGlCiPax/DWJJ8pQKQzjWuu+5mQkLrAwjnM5qg1zTDJMJHtG+pQKnVIfF4tgZurBKjBKpbAmDFurviQKnWk/TyHam2Iz1qjcX//P6uUluwoKJLDdUkOWiJOfISDT/HMVMUWL41BJMFLO3IjLGChNj86nZELzVl9dJx296V03/3m+0/DKOKpzBOVyCB9fQgjtoQwAEGDzDK7w5wnlx3p2PZWvFKWdO4Q+czx+x2I6N</latexit>

Batteries
<latexit sha1_base64="MgYHYINzx4t8UcVqMqM+pYdmG0Q=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSJ4Kkk86LHoxWMF+yFtKJvtpF262YTdjVBCf4UXD4p49ed489+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDJssEYnqhFSj4BKbhhuBnVQhjUOB7XB8O/PbT6g0T+SDmaQYxHQoecQZNVZ6vKHGoOKo+5WqW3PnIKvEK0gVCjT6la/eIGFZjNIwQbXuem5qgpwqw5nAabmXaUwpG9Mhdi2VNEYd5PODp+TcKgMSJcqWNGSu/p7Iaaz1JA5tZ0zNSC97M/E/r5uZ6DrIuUwzg5ItFkWZICYhs+/JgCtkRkwsoUxxeythI6oosynosg3BW355lbT8mndZ8+/9at0v4ijBKZzBBXhwBXW4gwY0gUEMz/AKb45yXpx352PRuuYUMyfwB87nD+TJkGk=</latexit>

MCU
<latexit sha1_base64="Cn0FOM9H86SRP3FxgZ/jCIkvR9o=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0niQY+FXrwIFU1baEPZbDft0t1N2N0IJfQnePGgiFd/kTf/jds2B219MPB4b4aZeVHKmTau++2UNja3tnfKu5W9/YPDo+rxSVsnmSI0IAlPVDfCmnImaWCY4bSbKopFxGknmjTnfueJKs0S+WimKQ0FHkkWM4KNlR7umsGgWnPr7gJonXgFqUGB1qD61R8mJBNUGsKx1j3PTU2YY2UY4XRW6WeapphM8Ij2LJVYUB3mi1Nn6MIqQxQnypY0aKH+nsix0HoqItspsBnrVW8u/uf1MhPfhDmTaWaoJMtFccaRSdD8bzRkihLDp5Zgopi9FZExVpgYm07FhuCtvrxO2n7du6r7936t4RdxlOEMzuESPLiGBtxCCwIgMIJneIU3hzsvzrvzsWwtOcXMKfyB8/kD0gGNbw==</latexit>

Encoder pulses and power
<latexit sha1_base64="yxv7vEjEFvCFGpYjbqRA1k7vXck=">AAACAXicbVA9SwNBEN2LXzF+ndoINotBsAp3sdAyIIJlBPMByRH29uaSJXu7x+6eEkJs/Cs2ForY+i/s/Ddukis08cHA470ZZuaFKWfaeN63U1hZXVvfKG6WtrZ3dvfc/YOmlpmi0KCSS9UOiQbOBDQMMxzaqQKShBxa4fBq6rfuQWkmxZ0ZpRAkpC9YzCgxVuq5R9eCyggUTjOuQWMiIpzKB1A9t+xVvBnwMvFzUkY56j33qxtJmiUgDOVE647vpSYYE2UY5TApdTMNKaFD0oeOpYIkoIPx7IMJPrVKhGOpbAmDZ+rviTFJtB4loe1MiBnoRW8q/ud1MhNfBmMm0syAoPNFccaxkXgaB46YAmr4yBJCFbO3YjogilBjQyvZEPzFl5dJs1rxzyvV22q55uVxFNExOkFnyEcXqIZuUB01EEWP6Bm9ojfnyXlx3p2PeWvByWcO0R84nz8uFJan</latexit>

Serial RX/TX
<latexit sha1_base64="qNYFo1qqMm+h87VV514ePrPsvtg=">AAAB83icbVA9SwNBEJ3zM8avqKXNYhCs4l0stAzYWEbNx0FyhL3NXLJkb+/Y3RNCyN+wsVDE1j9j579xk1yhiQ8GHu/NMDMvTAXXxnW/nbX1jc2t7cJOcXdv/+CwdHTc0kmmGDZZIhLlh1Sj4BKbhhuBfqqQxqHAdji6nfntJ1SaJ7JhxikGMR1IHnFGjZW6j6g4FeTBv2z4vVLZrbhzkFXi5aQMOeq90le3n7AsRmmYoFp3PDc1wYQqw5nAabGbaUwpG9EBdiyVNEYdTOY3T8m5VfokSpQtachc/T0xobHW4zi0nTE1Q73szcT/vE5moptgwmWaGZRssSjKBDEJmQVA+lwhM2JsCWWK21sJG1JFmbExFW0I3vLLq6RVrXhXlep9tVxz8zgKcApncAEeXEMN7qAOTWCQwjO8wpuTOS/Ou/OxaF1z8pkT+APn8wfxcpDn</latexit>

Power (7.2V,GND)
<latexit sha1_base64="xpHPSXrFOFbVJT4xj+SZnqj+Cwc=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0WoICGJi7osKOhKKtgHtKFMppN26GQmzEwqJfRP3LhQxK1/4s6/cdpmoa0HLhzOuZd77wkTRpV23W+rsLa+sblV3C7t7O7tH9iHR00lUolJAwsmZDtEijDKSUNTzUg7kQTFISOtcHQ981tjIhUV/FFPEhLEaMBpRDHSRurZdl08EQkrVcdvXtze35z37LLruHPAVeLlpAxy1Hv2V7cvcBoTrjFDSnU8N9FBhqSmmJFpqZsqkiA8QgPSMZSjmKggm18+hWdG6cNISFNcw7n6eyJDsVKTODSdMdJDtezNxP+8TqqjqyCjPEk14XixKEoZ1ALOYoB9KgnWbGIIwpKaWyEeIomwNmGVTAje8surpOk73qXjP/jlmpvHUQQn4BRUgAeqoAbuQB00AAZj8AxewZuVWS/Wu/WxaC1Y+cwx+APr8wetNpGr</latexit>

Motor Power
<latexit sha1_base64="hssNdgp2d4cc4en3ld1vTcHX1XE=">AAAB8nicbVC7TsNAEFzzDOEVoKQ5ESFRRXYooIxEQ4MUJPKQHCs6X87JKWefdbcGRVY+g4YChGj5Gjr+hkviAhKmGs3samcnTKUw6Lrfztr6xubWdmmnvLu3f3BYOTpuG5VpxltMSaW7ITVcioS3UKDk3VRzGoeSd8LxzczvPHJthEoecJLyIKbDRESCUbSSf6dQadJUT1z3K1W35s5BVolXkCoUaPYrX72BYlnME2SSGuN7bopBTjUKJvm03MsMTykb0yH3LU1ozE2QzyNPyblVBiSyxyOVIJmrvzdyGhsziUM7GVMcmWVvJv7n+RlG10EukjRDnrDFoSiTBBWZ/U8GQnOGcmIJZVrYrISNqKYMbUtlW4K3/PIqaddr3mWtfl+vNtyijhKcwhlcgAdX0IBbaEILGCh4hld4c9B5cd6dj8XomlPsnMAfOJ8/IA2RFg==</latexit>

Wireless RX/TX (900 MHz)
<latexit sha1_base64="BOWg0Mx3MP7Hri6XZBglfm01+CI=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR6qZm6kLdFdx0I1TpY6AdSibNtKGZzJBkhDrUjb/ixoUibv0Ld/6NaTsLrR4IHM65l5tz/JgzpRH6snJLyyura/n1wsbm1vaOvbvXUlEiCW2SiEfS9bGinAna1Exz6saS4tDntO2PrqZ++45KxSLR0OOYeiEeCBYwgrWRevZBm0nKqVLw1j1tuLB0iRC8rt2f9OwiKqMZ4F/iZKQIMtR79me3H5EkpEITjpXqOCjWXoqlZoTTSaGbKBpjMsID2jFU4JAqL50lmMBjo/RhEEnzhIYz9edGikOlxqFvJkOsh2rRm4r/eZ1EBxdeykScaCrI/FCQcKgjOK0D9k18ovnYEEwkM3+FZIglJtqUVjAlOIuR/5JWpeyclSs3lWIVZXXkwSE4AiXggHNQBTVQB01AwAN4Ai/g1Xq0nq03630+mrOynX3wC9bHNzL6lLc=</latexit>

Electronics
<latexit sha1_base64="7EbOgDV9IJbxcqnB+5jSpft6KaM=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVZK60GVBBJcV7APSUCbTSTt0MhNmboQS+hluXCji1q9x5984bbPQ1gMDh3PuZe45USq4Qc/7dkobm1vbO+Xdyt7+weFR9fikY1SmKWtTJZTuRcQwwSVrI0fBeqlmJIkE60aT27nffWLacCUfcZqyMCEjyWNOCVopuBOMolaSUzOo1ry6t4C7TvyC1KBAa1D96g8VzRImkQpiTOB7KYY50cipYLNKPzMsJXRCRiywVJKEmTBfnDxzL6wydGOl7ZPoLtTfGzlJjJkmkZ1MCI7NqjcX//OCDOObMOcyzZBJuvwozoSLyp3nd4dc28hiagmhmttbXTommlC0LVVsCf5q5HXSadT9q3rjoVFrekUdZTiDc7gEH66hCffQgjZQUPAMr/DmoPPivDsfy9GSU+ycwh84nz99S5FT</latexit>

Figure 3.6: AVST system diagram

A known torque was applied to the output shaft by hanging a mass of 0.49957 kg from a symmetrical
bar as shown in Figure 3.7. The equipment was placed on its side with the spring unloaded; the bar
was attached vertically; and then the mass was hung from one of end of the bar. The calibration
dataset was generated by applying a small voltage to the motor, yielding a new equilibrium of the
system at a non-zero output shaft angle θ1(t).

The resulting torque applied to the spring Ts(t) was calculated from the mass value m, the half-
length of the bar l, gravity g, and the angle of the bar to the vertical θ1(t):

Ts(t) = mlg sin θ1(t) (3.4)

Ten calibration datasets were obtained. A sample dataset is shown in Figure 3.8. The points were
fitted to the linear model yi = αxi + β + εi assuming that errors εi were statistically independent
and identically distributed. The R2 value of the regression was calculated to be 0.9999. The
resulting model parameters and fit errors are presented in Table 3.1, demonstrating that (3.2) with
ks = 0.39401 Nm/rad is a valid model. Assuming the maximum net angular displacement of the
spring is one-quarter turn, the maximum transmitted torque will be 0.619 Nm.

Table 3.1: Torsion spring calibration results

α β 95%CI
ks [Nm/rad] 0.39401 3.×10−5 (0.39396, 0.394063)
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Calibration Bar
<latexit sha1_base64="79LXASl+AB1W5n4p0g1vQ0eBtu4=">AAAB+HicbZC7TsMwFIZPyq2USwOMLBYVElOVdIGxogtjkehFaqPqxHVaq85FtoNUoj4JCwMIsfIobLwNbpoBWn7J0uf/nCMf/34iuNKO822VtrZ3dvfK+5WDw6Pjqn1y2lVxKinr0FjEsu+jYoJHrKO5FqyfSIahL1jPn7WW9d4jk4rH0YOeJ8wLcRLxgFPUxhrZ1RYK7sv8Rm5RjuyaU3dykU1wC6hBofbI/hqOY5qGLNJUoFID10m0l6HUnAq2qAxTxRKkM5ywgcEIQ6a8LF98QS6NMyZBLM2JNMnd3xMZhkrNQ990hqinar22NP+rDVId3HgZj5JUs4iuHgpSQXRMlimQMZeMajE3gFRysyuhU5RItcmqYkJw17+8Cd1G3TV836g1G0UcZTiHC7gCF66hCXfQhg5QSOEZXuHNerJerHfrY9VasoqZM/gj6/MHUjmSzA==</latexit><latexit sha1_base64="79LXASl+AB1W5n4p0g1vQ0eBtu4=">AAAB+HicbZC7TsMwFIZPyq2USwOMLBYVElOVdIGxogtjkehFaqPqxHVaq85FtoNUoj4JCwMIsfIobLwNbpoBWn7J0uf/nCMf/34iuNKO822VtrZ3dvfK+5WDw6Pjqn1y2lVxKinr0FjEsu+jYoJHrKO5FqyfSIahL1jPn7WW9d4jk4rH0YOeJ8wLcRLxgFPUxhrZ1RYK7sv8Rm5RjuyaU3dykU1wC6hBofbI/hqOY5qGLNJUoFID10m0l6HUnAq2qAxTxRKkM5ywgcEIQ6a8LF98QS6NMyZBLM2JNMnd3xMZhkrNQ990hqinar22NP+rDVId3HgZj5JUs4iuHgpSQXRMlimQMZeMajE3gFRysyuhU5RItcmqYkJw17+8Cd1G3TV836g1G0UcZTiHC7gCF66hCXfQhg5QSOEZXuHNerJerHfrY9VasoqZM/gj6/MHUjmSzA==</latexit><latexit sha1_base64="79LXASl+AB1W5n4p0g1vQ0eBtu4=">AAAB+HicbZC7TsMwFIZPyq2USwOMLBYVElOVdIGxogtjkehFaqPqxHVaq85FtoNUoj4JCwMIsfIobLwNbpoBWn7J0uf/nCMf/34iuNKO822VtrZ3dvfK+5WDw6Pjqn1y2lVxKinr0FjEsu+jYoJHrKO5FqyfSIahL1jPn7WW9d4jk4rH0YOeJ8wLcRLxgFPUxhrZ1RYK7sv8Rm5RjuyaU3dykU1wC6hBofbI/hqOY5qGLNJUoFID10m0l6HUnAq2qAxTxRKkM5ywgcEIQ6a8LF98QS6NMyZBLM2JNMnd3xMZhkrNQ990hqinar22NP+rDVId3HgZj5JUs4iuHgpSQXRMlimQMZeMajE3gFRysyuhU5RItcmqYkJw17+8Cd1G3TV836g1G0UcZTiHC7gCF66hCXfQhg5QSOEZXuHNerJerHfrY9VasoqZM/gj6/MHUjmSzA==</latexit><latexit sha1_base64="79LXASl+AB1W5n4p0g1vQ0eBtu4=">AAAB+HicbZC7TsMwFIZPyq2USwOMLBYVElOVdIGxogtjkehFaqPqxHVaq85FtoNUoj4JCwMIsfIobLwNbpoBWn7J0uf/nCMf/34iuNKO822VtrZ3dvfK+5WDw6Pjqn1y2lVxKinr0FjEsu+jYoJHrKO5FqyfSIahL1jPn7WW9d4jk4rH0YOeJ8wLcRLxgFPUxhrZ1RYK7sv8Rm5RjuyaU3dykU1wC6hBofbI/hqOY5qGLNJUoFID10m0l6HUnAq2qAxTxRKkM5ywgcEIQ6a8LF98QS6NMyZBLM2JNMnd3xMZhkrNQ990hqinar22NP+rDVId3HgZj5JUs4iuHgpSQXRMlimQMZeMajE3gFRysyuhU5RItcmqYkJw17+8Cd1G3TV836g1G0UcZTiHC7gCF66hCXfQhg5QSOEZXuHNerJerHfrY9VasoqZM/gj6/MHUjmSzA==</latexit>

Mass
<latexit sha1_base64="ftQLSYtwJq5N7HPTnaFl+kDWZno=">AAAB63icbVC7SgNBFL0bXzG+opY2g0GwCrux0DJgYyNEMA9IljA7mU2GzGOZmRXCkl+wsVDE1h+y82+cTbbQxAMDh3PuvXPviRLOjPX9b6+0sbm1vVPereztHxweVY9POkalmtA2UVzpXoQN5UzStmWW016iKRYRp91oepv73SeqDVPy0c4SGgo8lixmBNtcusfGDKs1v+4vgNZJUJAaFGgNq1+DkSKpoNIS7gb0Az+xYYa1ZYTTeWWQGppgMsVj2ndUYkFNmC12naMLp4xQrLR70qKF+rsjw8KYmYhcpcB2Yla9XPzP66c2vgkzJpPUUkmWH8UpR1ah/HA0YpoSy2eOYKKZ2xWRCdaYWBdPxYUQrJ68TjqNenBV9x8atWajiKMMZ3AOlxDANTThDlrQBgITeIZXePOE9+K9ex/L0pJX9JzCH3ifPwDejiY=</latexit>

Encoder 1
<latexit sha1_base64="CiasVjMX7cTMePKVNmtlwumJ5C4=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hd140GNABI8RzEOSJczOziZD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFKWfG+v63t7a+sbm1Xdop7+7tHxxWjo7bRmWa0BZRXOluhA3lTNKWZZbTbqopFhGnnWh8M/M7T1QbpuSDnaQ0FHgoWcIItk56vJVExVSjYFCp+jV/DrRKgoJUoUBzUPnqx4pkgkpLODamF/ipDXOsLSOcTsv9zNAUkzEe0p6jEgtqwnx+8BSdOyVGidKupEVz9fdEjoUxExG5ToHtyCx7M/E/r5fZ5DrMmUwzSyVZLEoyjqxCs+9RzDQllk8cwUQzdysiI6wxsS6jsgshWH55lbTrteCy5t/Xq416EUcJTuEMLiCAK2jAHTShBQQEPMMrvHnae/HevY9F65pXzJzAH3ifPwZzj9U=</latexit>

Encoder 2
<latexit sha1_base64="6wGxywAHPdqbeJsN2vshmTZcN64=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hd31oMeACB4jmIckS5idnU2GzGOZmRVCyFd48aCIVz/Hm3/jJNmDJhY0FFXddHfFGWfG+v63t7a+sbm1Xdop7+7tHxxWjo5bRuWa0CZRXOlOjA3lTNKmZZbTTqYpFjGn7Xh0M/PbT1QbpuSDHWc0EnggWcoItk56vJVEJVSjsF+p+jV/DrRKgoJUoUCjX/nqJYrkgkpLODamG/iZjSZYW0Y4nZZ7uaEZJiM8oF1HJRbURJP5wVN07pQEpUq7khbN1d8TEyyMGYvYdQpsh2bZm4n/ed3cptfRhMkst1SSxaI058gqNPseJUxTYvnYEUw0c7ciMsQaE+syKrsQguWXV0krrAWXNf8+rNbDIo4SnMIZXEAAV1CHO2hAEwgIeIZXePO09+K9ex+L1jWvmDmBP/A+fwAH94/W</latexit>

Motor
<latexit sha1_base64="FOjksR8T4XK46uqS4cxsPt9BXsA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqST1oMeCFy9CBdMW2lA22027dLMbdidCCf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXpQKbtDzvp3SxubW9k55t7K3f3B4VD0+aRuVacoCqoTS3YgYJrhkAXIUrJtqRpJIsE40uZ37nSemDVfyEacpCxMykjzmlKCVgnuFSg+qNa/uLeCuE78gNSjQGlS/+kNFs4RJpIIY0/O9FMOcaORUsFmlnxmWEjohI9azVJKEmTBfHDtzL6wydGOlbUl0F+rviZwkxkyTyHYmBMdm1ZuL/3m9DOObMOcyzZBJulwUZ8JF5c4/d4dcM4piagmhmttbXTommlC0+VRsCP7qy+uk3aj7V3XvoVFrNoo4ynAG53AJPlxDE+6gBQFQ4PAMr/DmSOfFeXc+lq0lp5g5hT9wPn8A5PiOrQ==</latexit>

Spring
<latexit sha1_base64="Z9/SH8BygQUBiNAl11YLn4KjR2Q=">AAAB7XicbVA9SwNBEJ3zM8avqKXNYhCswl0stAzYWEY0H5AcYW8zSdbs7R67e0I48h9sLBSx9f/Y+W/cJFdo4oOBx3szzMyLEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03jUo1wwZTQul2RA0KLrFhuRXYTjTSOBLYisY3M7/1hNpwJR/sJMEwpkPJB5xR66TmfaK5HPZKZb/iz0FWSZCTMuSo90pf3b5iaYzSMkGN6QR+YsOMasuZwGmxmxpMKBvTIXYclTRGE2bza6fk3Cl9MlDalbRkrv6eyGhszCSOXGdM7cgsezPxP6+T2sF1mHGZpBYlWywapIJYRWavkz7XyKyYOEKZ5u5WwkZUU2ZdQEUXQrD88ippVivBZcW/q5Zr1TyOApzCGVxAAFdQg1uoQwMYPMIzvMKbp7wX7937WLSuefnMCfyB9/kDoJiPGQ==</latexit>

✓1(t)
<latexit sha1_base64="qEJYoqgklN/BparCAyCu3AoG8XI=">AAAB8nicbZDLSgMxFIYz9VZr1apLQYJFqCBlRhe6LLhx2YK9wHQomTRtQzPJkJwRytBncOWmC0Xc9mnc+TJiello6w+Bj/8/h5xzwlhwA6775WQ2Nre2d7K7ub38/sFh4ei4YVSiKatTJZRuhcQwwSWrAwfBWrFmJAoFa4bD+1nefGLacCUfYRSzICJ9yXucErCW34YBA9LxSnDZKRTdsjsXXgdvCcVK/rk2nXyfVTuFz3ZX0SRiEqggxvieG0OQEg2cCjbOtRPDYkKHpM98i5JEzATpfOQxvrBOF/eUtk8Cnru/O1ISGTOKQlsZERiY1Wxm/pf5CfTugpTLOAEm6eKjXiIwKDzbH3e5ZhTEyAKhmttZMR0QTSjYK+XsEbzVldehcV32bspuzStWrtBCWXSKzlEJeegWVdADqqI6okihF/SK3hxwJs6787EozTjLnhP0R870BzCZlCY=</latexit>

Figure 3.7: AVST calibration setup.
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Figure 3.8: Torsion spring calibration. Only one of every seventy-five points used for the calibration
are shown.

3.3.4 Equipment Error Analysis

Bearing rolling resistance, misalignment between shafts connected to the top and bottom of the
spring, and eccentricity of the spring all contribute to errors in torque measurements. A constant
friction torque is expected to be observed due to low speed rolling resistance at the bearings. An
oscillating friction torque is also expected to be observed, generated by shaft misalignment and
spring eccentricity, which produce loading varying with the angle of the spring.

Even very small-magnitude friction torques can be measured thanks to the high-resolution optical
encoders used in our AVST design. To collect these measurements, the output shaft was rotated
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at two constant speeds: 60 deg/min and 600 deg/min without any load, then 60 deg/min with a
lateral force of 5 N on the output shaft and a load torque of 0.4 N m, both generated by hanging a
mass on a pulley attached to the output shaft. Figure 3.9 presents the measured friction torque as a
function of the angular position of the output shaft for the three test conditions. This demonstrates
that the friction torque does not significantly depend on speed or loading of the output shaft. The
peak-to-peak amplitude is approximately 0.003 Nm in all three cases, which corresponds to less
than 0.5% of the full-scale reading of the instrument. For the third case, an increase in torque was
observed after approximately 800 degrees of rotation. This was caused by the winding around the
pulley of the string attached to the hanging mass, increasing the moment arm.
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Figure 3.9: Observed friction torque under different test conditions.

In traditional VST devices, the torque applied to the vane, Tv, is assumed exactly equal to the torque
measured through the spring, Ts. As seen in Figure 3.9, the system is subject to non-negligible
friction torque, which invalidates this assumption. From equation (3.1),

Cu = Tv/Kv = (Ts − Tf )/Kv (3.5)

where Cu is the undrained shear stress acting on the tested material, Tf is the friction torque and
Kv is the vane constant

Kv =
πd2 (3h+ d)

6
(3.6)

The error in Cu due to Tf can be expressed as

Cue = Tf/Kv =
6Tf

πd2 (3h+ d)
(3.7)

While the magnitude of Tf can be relatively small — for instance 0.003 Nm peak-to-peak amplitude
in the preceding test — note the error Cue is also proportional to 1/Kv, which can have a very

54



large magnitude for smaller-sized vanes. The increased errors obtained when using small vanes is
highlighted in Figure 3.10, showing the expected error for different vane sizes under a constant
friction torque Tf of 0.003 Nm.
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Figure 3.10: Parameter error Cue versus vane constant Kv under a friction torque Tf = 0.003 Nm

For large vane sizes, such as those used for field investigations, the errors are negligible (less than
50 Pa). For smaller vane sizes, as used on laboratory equipment, the errors can be significant
and reach up to 1 kPa for the smallest vane sizes. Our proposed AVST design is well suited for
characterizing substances held in relatively small containers, which limits the vane size which can be
used [29]. In these cases, the errors created by friction torques become significant, which motivates
the development of a friction compensation strategy.

It is important to note that other sources of error can affect vane shear measurements, for instance
the bending of the vane connection rod and contact friction between the rod and the medium.
Strategies to mitigate these effects are discussed in [3]. For instance using enclosed and stiff rods
has been recommended in order to reduce these errors.

3.3.5 Friction Compensation

In order to increase the accuracy of parameter estimation, we developed a process to estimate
the error in the calculated shear stress Cu caused by friction torque within the AVST, then to
compensate for it. This error is modeled as a trigonometric function of the output shaft angle
θ1, whose parameters are estimated from measurements collected by running an unloaded vane.
Additionally, we can improve the repeatability of our apparatus by starting each test with the output
shaft at approximately the same rotation angle. The details of our process are given below:

1. Collect a set of measured shear stresses {Cui} as the unloaded vane is rotated over at least
two full revolutions at a constant speed of 60 deg/min.
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2. Use the resulting dataset to estimate the parameters of a trigonometric function modeling
the relationship between the position of the output shaft θ1 and Cui, using a non-linear least
squares curve fitting method such as Levenberg—Marquardt.

3. Identify the angular position of the output shaft θ1 with the lowest Cui. This position is to
be used as the starting configuration in further experiments.

4. Prior to testing a sample, place the output shaft at the designated starting angular position
and zero the encoder counts.

5. Employ the identified error model to correct the measured shear stresses Cu.

A sample friction compensation dataset is shown in Figure 3.11. The fitted curve was produced by
finding the parameters β1, β2 and β3 in the candidate function

Cui = β1 sin(θ1i + β2) + β3 (3.8)

where Cui is the measured shear stress and θ1i is the angular position of the output shaft. The
parameters β1, β2, β3 can be interpreted as the amplitude, phase, and mean of the trigonometric
function (3.8).

The corrected shear stress Cci, can be obtained by subtracting the fitted function from the measured
shear stress Cui:

Cci = Cui − (β1 sin(θ1i + β2) + β3) (3.9)

A plot of the distribution of residuals is presented in Figure 3.12. Over 95% of the residuals have a
magnitude of less than 0.015 Nm, which is over six times smaller than the amplitude of the fitted
function.
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Figure 3.11: Example of a friction compensation dataset and fitted cyclic function.
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Figure 3.12: Example of distribution of residuals.

A comparison between the measured and compensated shear stress is shown in Figure 3.13. This
data set was collected using a vane with a diameter of 1.6 cm and and a height of 3.2 cm on a
sample of centrifuged oil sands tailings.
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Figure 3.13: Comparison between measured and corrected shear stresses during a test.

3.4 Laboratory Equipment Validation

Our AVST apparatus was validated against a Brookfield DV3THB rheometer. The tests were con-
ducted with materials encountered in geotechnical investigations of oil sands tailings. Specifically,
the tailings materials resulting from five different treatment options were used as test samples:
MFT, floculated MFT with concentrations of 650ppm and 850ppm, centrifuged tailings, and aged
MFT.

The peak shear stress Cp, representing the shear strength of the material, is reported for both
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instruments over five trials on each material in Table 3.2, where µCp is the mean shear strength and
σCp is the standard error. The results are also presented in Figure 3.14. Each test was conducted
according to the ASTM D2573 standard [3], using a vane rotation speed of 60 degrees / min, and
using the same vane for both units. The materials were tested in containers which had been left to
settle for several months. The vane was inserted at least two vane heights deep and at least one
diameter from the edges of the container.

The mean of the shear strengths measured with our AVST design are within one standard error
of the measurements obtained with the Brookfield rheometer. An illustration of the repeatability
of the measurements is presented in Figure 3.15. The favourable results of precision and accu-
racy demonstrate that our design can be used in place of standard laboratory rheometers without
sacrificing the quality of results.

Figure 3.14: Peak stress comparison between AVST and Brookfield DV3THB rheometer. The bars
represent the 95% confidence intervals of the tests.

Table 3.2: Instrument evaluations: Comparison of AVST and Brookfield DV3THB rheometer on
five treated tailings.

Brookfield DV3THB AVST
µCp

[Pa] σCp
[Pa] 95%CI [Pa] µCp

[Pa] σCp
[Pa] 95%CI [Pa]

MFT 20.7 2.6 (15.5,26.0) 26.4 0.3 (25.9,27.0)
F. MFT 650 278.2 86.8 (104.7,451.8) 294.1 27.1 (239.8,348.4)
F. MFT 850 691.4 74.5 (542.4,840.4) 638.3 92.9 (452.6,824.0)
Centrifuged 1840.0 99.9 (1640.6,2039.8) 1937.8 2.4 (1933.0,1942.5)
Aged MFT 1819.0 305.1 (1208.9,2429.1) 1856.7 243.7 (1369.3,2344.1)
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Figure 3.15: Example of shear stress determination for centrifuged tailings using our AVST and
a Brookfield DV3THB rheometer. The Brookfield rheometer automatically stops the test once it
determines the peak shear stress has been reached.

3.5 Example Laboratory Applications

A key constraint imposed by the ASTM standard for field vane shear testing is the speed of rotation
of the vane: a speed of 6 deg/min is recommended. For some materials, such as centrifuged tailings,
this leads to a single vane shear test taking between 1 to 5 hours to complete, depending on whether
the peak, residual, and remolded strengths are required. For laboratory vane shear testing, the speed
of rotation is recommended to be 60 deg/min, ten times faster than in field testing. In this case the
tests can take minutes rather than hours. In order to maximize the number of measurements that
a robot carrying an AVST can conduct without needing to recharge, we will evaluate the effect of
rotation speed on the precision and accuracy of the measurements.

The peak shear stress Cp of centrifuged tailings samples was tested using three rotation rates: 6,
60, and 600 deg/min, corresponding to ASTM D2573, ASTM D4648, and the rate for manual tests.
The equipment was lowered manually using a linear guide into a large container that had been left
to settle for several months. The vane was inserted at least two vane heights deep and at least one
vane diameter from the container edges, as shown in Figure 3.16. The tests were each run four
times at 6, 60, and 600 deg/min, as shown in Figure 3.17. The differences observed between 6 and
60 deg/min are significantly lower than the differences between these speeds and 600 deg/min, as
shown quantitatively in Table 3.3. The results suggest that a 60 degrees/min vane speed can be
used to reduce the time required to conduct a field test without losing accuracy. The tests at 6
and 60 deg/min agree within two standard errors (95% confidence interval). Meanwhile the 600
deg/min results do not agree with the results at the lower speeds. This shows that an operator
who conducts a vane test with a handheld instrument quickly, on the order of 600 deg/min, can
overestimate the strength of the material being tested, which may lead to reduced safety factors for
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the design of impoundments and reclamation activities.

Table 3.3: Comparison of peak shear stress obtained with varying vane speeds.

Speed [deg/min] µCp
[Pa] σCp

[Pa] 95%CI [Pa]
6 517.5 17.2 (483.2,551.9)
60 542.1 31.9 (478.3,605.9)
600 955.3 50.8 (853.7,1056.8)

Figure 3.16: AVST laboratory experiments on treated oil sands tailings. The equipment was
manually lowered into a container filled with tailings. A linear guide was used to support and lock
the equipment in place.

Our AVST apparatus is currently being used in tailings consolidation experiments. It has also
been used in the formal comparison of shear strengths of different foods and soft oil sands tailings
[29].

60



0 100 200 300 400 500
θ1 [deg]

0.0

0.2

0.4

0.6

0.8

1.0

S
h

ea
r

S
tr

es
s

[k
P

a]

600 deg/min

60 deg/min

6 deg/min

Figure 3.17: Comparison of shear stress measured at varying vane speeds.

3.6 Integration of AVST onto Unmanned Ground Vehicles

Our prototype AVST has been integrated onto field robotic systems as a self-contained payload. A
Husky A200 platform was customized with a mechanism to deploy the AVST, as shown in Figure
3.18. A rigid aluminum frame was built to support payloads above the UGV. The AVST was
attached to a linear guide on linear bearings and was moved vertically by a linear actuator with a
stroke length of 30 cm, allowing the UGV to conduct shear strength tests close to the surface of
the terrain. The UGV’s on-board computer running the Linux-based Robot Operating System [35]
was used to interface with the tool and to log measurements.

A measurement campaign using an instrumented UGV will generally follow the following steps and
guidelines:

1. An operator determines the area that needs to be surveyed, and defines GPS fencing. Addi-
tionally, the operator sets the grid spacing for the vane shear measurements to be conducted,
as well as general test specifications, such as depth of vane insertions. In the future, an intel-
ligent UGV may be able to determine the boundaries of the areas autonomously and adjust
the grid spacing to optimize surveying time.

2. The UGV navigates to the test locations via way-point navigation, while avoiding obstacles.

3. Once the UGV has arrived at a specified test location, it runs payload-specific system checks
and preparations before the test. For the AVST, the friction compensation data set can be
collected at this point.

4. The UGV deploys the tool. The AVST can be deployed using a rotating actuator driving a
rack and pinion mechanism as seen in [33] to deploy tools below the surface; or the payload
can be lowered with linear actuators guided by rails.
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(a) (b)

Figure 3.18: (a) AVST mounted on a Husky A200. (b) Instrumented UGV on outdoor trials.

5. The UGV runs automated tests using its instruments. For the AVST, an automated test is
programmed to follow ASTM D2573, and can be modified depending on the application, such
as increasing the vane speed to 60 deg/min. The peak, residual, and remoulded strengths
are measured and recorded, along with other relevant information such as location, date, and
time.

6. The UGV transmits the results of the test to a ground station, making the information
immediately available to the robot operators and other personnel on site.

7. Once the test is completed and the results transmitted and logged, the UGV moves to the
next test location and repeats the procedure.

8. Throughout the operation, the UGV is monitoring system status and health. The UGV may
be required to return to the base station to recharge or swap in new batteries.

Proof-of-concept experiments were conducted on clayey soil. Examples of the data collected are
presented in Figure 3.19. The robot operated on terrain with sufficient bearing capacity to support
its weight. Future work is planned for integrating the tool onboard robots which are capable of
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moving on very soft terrains and water-capped materials. Additionally, the current setup requires
an operator to switch vanes; a mechanism to switch vanes automatically, depending of the soil
strength, has been conceptualized but not yet prototyped.
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Figure 3.19: Field measurements example. The data was obtained in clayey soil at three different
locations.

3.7 Conclusion

Unmanned systems can deploy tools in terrains which are not accessible to human workers. Auto-
mated tools can reduce human error and variability. An automated vane shear test (AVST) tool
was developed for laboratory and field material characterization applications. The AVST’s design
criteria, considerations, and build details were described. The requirements of an accurate and pre-
cise torque transducer were highlighted, which were met by using a calibrated torsion spring and
optical encoders. Sources of error were discussed, and a procedure to correct for friction torques
caused by resistance of the bearings and component misalignment was presented.

The equipment was validated against a commercially available high-end instrument, with very
favourable results. The AVST was first tested in a laboratory setting to determine the effect of the
vane speed. It was determined that on centrifuged oil sands tailings there is no significant difference
between rotation speeds of 6 and 60 deg/min, whereas there is a large difference with speeds of 600
deg/min.

The proposed vane tool was also mounted and integrated onto a UGV and tested in outdoor field
conditions. Currently the UGV is limited to move on terrain with bearing capacity of 20 kPa or
higher. Future work will focus on mounting the AVST on novel platforms which can traverse very
soft terrain, as well as making the instrument more rugged and self-contained by packaging it for
field use.
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Chapter 4

Experimental Determination of the
Inertial Properties Of Small Robotic
Systems Using a Torsion Platform

Abstract

The present work describes the development and operation of a novel instrumented torsion
platform used to estimate the inertia tensor of small objects with complex geometries, such as
mobile robots. Our proposed methodology is capable of estimating the moments and products
of inertia plus the center of mass location of the rigid body being measured. The design of the
platform is described, along with the equipment calibration procedure and results. Uncertain-
ties are enumerated and quantified. The method is successfully validated in both simulation
and experiment. Two case studies illustrate the utility of the system: determining the iner-
tia tensor of a CNC-machined aluminum block and validating against its CAD model, and
estimating the inertia properties of a small off-the-shelf quadrotor unmanned aerial vehicle.

4.1 Introduction

Accurate estimates of the inertial properties of components in mechanical systems (mass, centre
of mass, mass moments of inertia, and products of inertia) are required to determine whether
a mechanical component meets specifications, and to understand the performance of mechanical
systems, in design, operation, and control.
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For objects with complex geometries such as small ground, aerial, underwater, and space robots,
the analytical calculation of the inertial properties is very challenging. While Computer Aided
Design (CAD) models provide estimates by direct calculation from the geometry and material
density of pieces and assemblies, it is not always practically feasible to model in CAD all of the
components in a system that has already been built [35], especially if there are small variations
due to manufacturing tolerances and material variability. In some systems, small variations may
result in significant changes in dynamic characteristics [18]. Typically, CAD model properties are
experimentally verified [4]. In most cases, experimental determination of inertial properties is the
best approach to obtain reliable estimates.

The objective of our work is to present the design of a reproducible apparatus and experimental
method for its use in the determination of the inertial properties of mechanical systems with complex
geometries, such as small mobile robots. The measurement of the inertia tensor and centre of mass
is required for the design and analysis of robotic components [10]. These parameters are also needed
in model-based control, specifically in nonlinear control strategies, as well as to accurately simulate
the resulting designs. An example from aerospace is the requirement for an accurate estimate of the
inertia tensor of a small cubic satellite (cubesat) to ensure that it conforms to design specifications
prior to launch.

In classical test engineering applications, such as the evaluation of large road vehicle dynamics, han-
dling, stability, and safety, inertia parameter errors and tolerances have been reported as relatively
large, with a 3% error and tolerance of ± 15 kg m2 in some components [18]. Some investigations
report smaller relative errors, 0.7% - 1.2% that still correspond to large absolute errors, 3.5-19.9 kg
m2 [34]. Specialized test beds for vehicle inertia identification [35] are very expensive and unsuitable
for studying smaller objects, such as cubesats, UAVs or small wheeled robots. Such systems have
inertial properties with magnitudes on the order of 0.1 kg m2 with some components with inertias
in the order of magnitude of 1 × 10−3 kg m2. For these reasons, new approaches are required to
estimate the inertial properties of such systems with sufficient precision and accuracy.

The proposed test method consists of a series of experimental procedures to determine the inertia
tensor of an object and the position of its centre of mass. It is well known that the period of
oscillation of a rigid body is a function of its inertia matrix. Our apparatus consists of a torsional
platform used to measure the oscillatory motion of the tested object. The object is oscillated in
different fixed positions and orientations on the mounting platform, with a total of nine experiments
required to estimate the six unique components of the inertia tensor and the three components of
the position of the centre of mass.

The precision of the results is estimated from the measurements and equipment calibration errors.
The proposed apparatus and experimental method are shown to obtain estimates of inertial prop-
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erties with tolerances of at least 1 × 10−4 kg m2. Additional advantages of the approach are the
simplicity of the test method and the low cost of the equipment required.

The remainder of this paper is organized into seven main sections. Related work and limitations
of current approaches are discussed in Section 2. Section 3 presents the general method formu-
lation, experimental methodology, and method verification. Section 4 gives a detailed description
of the torsion platform, including design details, device calibration, uncertainty estimation, and
initial experimental validation of single-axis inertia estimation. Section 5 presents validation exper-
iments of estimating the inertial properties of a calibration piece. Estimating the inertial properties
of a commercially available Unmanned Aerial Vehicle (UAV) is discussed in Section 6. Finally,
recommendations are provided and future work is identified in Section 7.

4.2 Background

While the mass and centre of mass location of a rigid body can be determined by static tests, the
mass moment of inertia tensor (inertia) can only be measured through dynamic testing [9]. The
general approach is to study the dynamic response of the system to initial conditions and/or forcing
input to determine its inertial properties.

An arbitrary rigid body rotating about a rotation axis passing through O has inertia properties
that can be described by the tensor IO expressed in a body-fixed reference frame with its origin at
O (Figure 4.1). IO is described by:

IO =

 IOxx IOxy IOxz

IOxy IOyy IOyz

IOxz IOyz IOzz

 (4.1)

The dynamics of the angular velocity vector ω(t) = (ωx(t), ωy(t), ωz(t))
T of the rigid body expressed

in coordinates of its body-fixed frame are governed by the Newton-Euler equation

τ = IO · ω̇ (t) + ω (t)× (IO · ω (t)) (4.2)

where τ is the net torque vector acting on the body about O, expressed in coordinates of its
body-fixed frame.

When the rotation is constrained to the vertical axis zO, Figure 4.1, such that the angular velocity
vector is expressed as

ω(t) =
(

0, 0, θ̇(t)
)T

(4.3)
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the equations of motion reduce to: τx

τy

τz

 =

 IOxz θ̈(t)− IOyz θ̇(t)2
IOxz θ̇(t)

2 + IOyz θ̈(t)

IOzz θ̈(t)

 (4.4)

Figure 4.1: Arbitrary rigid body rotating about axis passing through O.

Equation (4.4) has been traditionally used to experimentally determine IOzz, IOxz, and IOyz. Genta
et al [9] classified the experimental methods for estimating the moment of inertia, IOzz, into two
main categories: angular acceleration methods and oscillation methods.

In acceleration methods, an object is subjected to an external torque or initial condition and the
dynamic response is observed. The inertia is estimated from the time required for the object to
reach a specific angular configuration. Genta et al, [9], discussed three approaches: rolling, falling
weight, and running down. The first approach estimates the inertia from the time required for an
object to roll down a ramp or rotate about a point due to gravity. The second approach estimates
the inertia from the acceleration and deceleration time interval durations that an object experiences
after being spun up by a falling weight with a string wound around the axis of rotation. The third
approach estimates the inertia from the drag decelerating an object. In all cases, friction, drag, and
nonlinearities affect the inertia estimates significantly, and the methods only estimate the moment
of inertia about a single axis, IOzz, and not the products of inertia, IOxz and IOyz.

In some investigations, the products of inertia were neglected, due to the difficulty of direct mea-
surement and their relatively small magnitude [15]. These approaches have also been discussed in
more recent reviews of inertia parameter identification methods such as Shedlinksi et al [22].

Acceleration methods have been used for determining the inertia of large objects such as spacecraft
[17, 33] and spacecraft payloads with a robotic arm [20]. The inertia of vehicles with masses up to
3500 kg have been determined from measurements of motions of a suspended rigid frame carrying
the vehicle [7] with measurement errors reported to be less than 3%, which is acceptable for large-
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scale vehicle applications. More recently, another test bed has been commissioned and validated
and holds a third-party quality certificate with a reported uncertainty of 1% [11]. Other large-scale
instrumented test beds have also been used to measure forces and displacements needed to estimate
the inertia of large vehicles [6]. Brancati et al identified the difficulty of estimating the products of
inertia, which can be very small compared to the products of inertia [6].

In oscillation methods, an external periodic torque is applied to the system and the inertia is
estimated from the resulting period of oscillation [18]. Oscillation methods have the advantage
that observations can be collected after the system has reached a slowly decaying periodic motion
and initial transients have died out. [9] Some examples of oscillation methods include: hanging
torsional pendulum, linear spring, compound pendulum, curved rails, multifilar pendulum, and
variable centre of mass [9]. The oscillation methods are less affected by damping than acceleration
methods; but, for some setups, the dynamics require linearization, which introduces errors into the
inertia estimates. Oscillation methods have been used in large-scale test beds to study off-road
vehicle inertia properties [30].

Harris et al described the three most common oscillation methods: torsional, multifilar, and com-
pound pendulums [13]. The torsional pendulum can be constructed by suspending the body by a
single torsional spring, with known spring constant ks (Figure 4.2a). The object is oscillated about
a vertical axis aligned with the spring and the centre of mass of the body. The moment of inertia
about the axis of rotation can be determined by measuring the oscillation period T [13] using the
relationship

ITP =
ksT

2

4π2
(4.5)

The multifilar pendulum comprises a rigid body suspended by a set of flexible wires that oscillates
around an axis passing through its centre of mass (Figure 4.2b). A trifilar pendulum uses three
equally spaced wires of length L. The inertia about the rotation axis can be determined from

IMP =
mgr2T 2

4π2L
(4.6)

where the r is the distance between the wires and the rotation axis [13]. The derivation of this
expression assumes that L � r to linearize the equations of motion. An error analysis for the
multifilar pendulum is presented in [9]. Some investigations have used the multifilar pendulum
method to estimate the moment of inertia components of UAVs [29], but no estimation errors have
been reported. Wang et al, used a four-cable pendulum to determine the moment of inertia of
an electric powered wheelchair with a reported error of 10% [31]. Gobbi et al used a miltifilar
pendulum to test vehicles and highlight the correlations between the mass properties and simple
vehicle parameters [12].
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(a) (b)

Figure 4.2: (a) A torsional pendulum oscillates an arbitrary object using a spring element with
spring constant ks. The spring can be connected to a light platform to support the object. (b) A
multifilar pendulum oscillates an arbitrary object using four wires of length L, spaced at a distance
r from the rotation axis. Alternatively, the wires can be connected to a light platform to support
the object.

A limitation of the methods using a torsional or multifilar pendulum is that the axis of rotation
must be aligned with the centre of mass of the object. Generally, the location of the centre of
mass is unknown; but, even assuming that another test is conducted to determine the centre of
mass location, it can still be impractical to assume that the body can be positioned with sufficient
precision so as not to introduce significant error in the inertia estimate by misalignment [31]. As
well, the multifilar pendulum method may suffer from decreased accuracy due to the linearization
required to obtain Equation (4.6). The multifilar pendulum can also experience side swaying that
reduces estimation accuracy [31].

The compound pendulum can be used when it is difficult to align the centre of mass with the axis of
rotation. The object is hung by wires rotating on two overhead points (Figure 4.3a). The moment
of inertia about an axis parallel to the two overhead points and through the centre of mass can be
calculated by

ICP = ml2c

(
gT 2

4π2lc
− 1

)
(4.7)

where T is the oscillation period, g is gravity, m is the mass of the object, and lc is the distance
between the axis of rotation and the line between the two points of support [13].

The discussed oscillation methods are only useful to determine the moment of inertia about a single
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axis. To determine the remaining diagonal components of the inertia tensor, the orientation of
the object needs to be changed, which may be cumbersome or require specialized hardware [18].
Furthermore, these methods require very accurate determination of the geometrical parameters
of the test setups as well as very precise and accurate measurements of the oscillation period.
Typically, for the compound pendulum, the distance to the centre of mass from the rotation axis
cannot be easily determined, especially when the centre of mass point is inaccessible and so a direct
measurement is not practical [13].

Equations (4.5), (4.6), and (4.7), are very sensitive to the measurements of T and other parameters
(l, L, r, and ks). For high accuracy inertia estimates, T needs to be measured with uncertainties
on the order of less than a millisecond.

A method to estimate the products of inertia is by spinning the object at a constant angular speed
about an axis through its centre of mass [13], as shown in Figure 4.3b. From equation (4.4), if
the object is spinning with constant angular speed ωC = θ̇(t) such that ω̇C(t) = 0, the products of
inertia can be determined from the reaction torques, τx and τy, and ωC as

IOyz = − τx
ω2
C

(4.8)

IOxz
=

τy
ω2
C

(4.9)

(a) (b)

Figure 4.3: (a) A compound pendulum oscillates an arbitrary object hung by wires rotating on
overhead pins. (b) An arbitrary object spins at a constant angular speed ωC about an axis through
its centre of mass.

For small products of inertia, high angular speeds may be necessary to measure reaction torques
accurately. Practically, there may be constraints on the maximum speed that the object can
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withstand; and measurements of reaction forces at the bearings supporting the object requires
additional instrumentation such as force transducers mounted perpendicularly to each other.

Schedlinski et al used modal parameter methods [22] for mechanical systems supported by weak
springs which requires special caution in the test setup, the limits of the excitation forces, and
geometry transformations. Low accuracy results were attained, ± 10% to 20% for all parameters
[22] Schedlinski et al concluded indicating that the modal parameter method is less accurate than
the acceleration methods while requiring higher hardware requirements than the torsional pendulum
method. The torsional pendulummethod was the recommended solution [22]. Further developments
of methods using frequency response approaches have been discussed in [1, 2], with reported errors
of approximately 5% to 14%. A comparison between the time-domain multifilar pendulum and
frequency-domain frequency response approaches concluded that the multifilar method was much
more accurate [19].

Recently, other approaches have been proposed using very specialized test setups, such as parallel
manipulators. Tixian et al demonstrated a hydraulic Stewart platform for identifying the diagonal
terms of the inertia tensor, with errors of approximately 10% to 15% for inertias of approximately
30 to 55 kg m2 [28]. Barreto et al reduced the uncertainty of the estimated inertia tensor by using
a custom set of trajectories on a parallel manipulator [4] to maintain the center of mass fixed while
the object is rotated. The errors reported on the moments of inertia were between 0.1% to 2.2%,
corresponding to 0.3 to 4.5 ×10−3 kg m2 [4]. In these methods, the inertia tensor components were
determined by the least-squares method of parameter estimation from the governing equations of
motion, using measurements of the applied torques.

Currently, there exist several commercial products to estimate the inertia tensor of measured ob-
jects. SMARTMechanical offers two products, InTenso and InTensino [23, 24], for testing large
vehicles and their components, respectively. The systems are based on the work by Gobbi et al
[12]. Inertia Dynamics sells a torsion platform which estimates the MOI of an object about the
vertical rotation axis [3]. Resonic offers the Resonic K system, a torsional platform together with
a carrier adapter to support the test object in one of twenty-four possible orientations. The object
is sequentially placed into a configuration specified by the unit’s software, followed by a measure-
ment of the free oscillation response. Once all the data are collected, the system calculates the
inertia tensor and CM location of the test object [16, 21]. Space Electronics offers a variety of high-
precision torsional platforms. Their KSR series offer the highest accuracy and sensitivity. These
systems use spherical air bearings to minimize rotational friction and force feedback for balancing
and eliminating leveling errors [25]. Other systems include the XR and XKR [27], and the GB
series [26].

All these commercially available systems are summarized in Table 4.1. The cost and measurement
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precision of our proposed system will be presented in sections 4.4 and 4.5 respectively.

Table 4.1: Commercial Systems Presently Available, with Moment of Inertia Uncertainty (MOIu),
Product of Inertia Accuracy (POIa), Centre of Mass Uncertainty (CoMu) and Approximate Cost.
Unreported values are noted as N/A.

Brand Model Mass (kg) MOIu POIa CoMu Price (USD)

SMARTMechanical InTenso 500-3500 1% 0.5% 1.5 mm $̃400k
SMARTMechanical InTensino 7-400 1% 0.5% 1.5 mm N/A
Inertia Dynamics 11.4 max 0.5% 0.5% 0.5% $̃17k
Resonic K N/A 1% N/A 0.5% N/A
Space Electronics KSR330-6 N/A 0.1% N/A 0.025 mm $̃345k
Space Electronics XR 114 max 0.25% N/A N/A $̃55k
Space Electronics XKR 2.3 max 0.1% N/A N/A $̃70k
Space Electronics GB heavy N/A N/A N/A $̃115k
Space Electronics MP1100 500 max 0.25% N/A 2.54 mm $̃220k

Most of the above-mentioned products estimate only the MOI of the test object. In order to obtain
the POI and CM location, Resonic requires employing twenty-four object orientations during testing
[16], while Space Electronics suggests a method to calculate POI from MOI estimates [32] requiring
the rotation axis to pass through the CM of the object and the series of rotation axes to be exactly
perpendicular to each other. Our proposed method does not require a priori knowledge of the CM
location, nor does it constrain the directions of the rotation axes, and is able to estimate all nine
inertial parameters of the body (MOI, POI, and position of CM) using only nine configurations of
the test object. This simplifies experimental setup and provides faster testing times.

4.3 Estimating the Inertia Tensor Components and the Posi-

tion of the Centre of Mass of an Object

This section describes our proposed method to estimate all six inertia tensor components and
the position of the centre of mass of a rigid-body object. The method can be used with the
measurements collected using the torsion platform described in Section 4.4, or another equivalent
platform. The method requires a set of estimates of the mass moment of inertia of the object about
a vertical axis (IRzz, defined in this section). In the case of a torsion platform, these are obtained
by measuring the period of oscillation of the base platform with the object mounted in a series of
specified configurations.

The proposed method considers an object (Figure 4.4) with its CM located at rC with respect to
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Figure 4.4: Arbitrary object with a center of mass located at C.

frame O. Frame O has the axis zO aligned with the axis of rotation of the system (Figure 4.8).
Frame B is a body fixed frame located at an arbitrary location rB with respect to frame O and is
initially parallel to it. Frame C is a body fixed frame with origin at the CM and parallel to frame
B.

The object has an unknown inertia tensor I with respect to frame C:

I =

 Ixx Ixy Ixz

Ixy Iyy Iyz

Ixz Iyz Izz

 (4.10)

Vector rB can be measured directly:

rB = (xB , yB , zB)
T (4.11)

while the vectors rC/B and rC are unknown:

rC/B =
(
xC/B , yC/B , zC/B

)T (4.12)

rC = rB + rC/B = (xC , yC , zC)
T (4.13)

The inertia of the object prior to any rotations can be determined relative to frame O from the
parallel axis theorem:

IO = I +m(rTCrCI3 − rCrTC) (4.14)

where I3 is a 3 by 3 identity matrix, and m is the mass of the object.

77



The vector rB, which determines the position of a point on the object with respect to frame O,
can be chosen to simplify measurements. If the body is rotated about the origin of frame O, such
that ‖rC‖ is kept constant, the resulting inertia matrix IR is given by:

IR = R(I +m(rTCrCI3 − rCrTC))RT (4.15)

where R is a rotation matrix of the body-fixed frame C relative to frame O. Note vector rC is
measured with respect to frame O, and IR is the body’s inertia tensor with respect to frame O in
the final rotated configuration.

4.3.1 General Method Description and Formulation

The objective of our method is to estimate all of the unique components of I and rC/B. The
strategy relies on being able to translate the object by rB and then rotate it by R with respect to
frame O which is defined by the apparatus.

The term IR in Equation (4.15) can be expanded to:

IR = R

Ixx +m
(
yC

2 + zC
2
)

Ixy −mxCyC Ixz −mxCzC
Ixy −mxCyC Iyy +m

(
xC

2 + zC
2
)

Iyz −myCzC
Ixz −mxCzC Iyz −myCzC Izz +m

(
xC

2 + yC
2
)
RT (4.16)

The selection of R is very important. It was found that the rotations presented in Figures 4.5 and
4.6 are of mathematical and experimental convenience. For experimental testing, the object is first
rotated about yO by angle β, then about x1 by angle α, as shown in Figures 4.5 and 4.6, where the
bases x1, y1, z1 and x2, y2, z2 are the result of the first and second rotations respectively.

Figure 4.5: Rotation with β = -π/6.
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Figure 4.6: Rotation by β = -π/6, followed by a rotation by α = π/6.

The resulting rotation matrix is written as:

R = Ry,βRx,α =

 cos(β) sin(α) sin(β) cos(α) sin(β)

0 cos(α) − sin(α)

− sin(β) cos(β) sin(α) cos(α) cos(β)

 (4.17)

We focus on the bottom-right component of IR (4.16), denoted as IRzz, whose value can be measured
directly (c.f. Section 4.4):

IRzz = Ixx sin2(β)− 2Ixy sin(α) sin(β) cos(β)

+ 2 cos(α) cos(β)(sin(β)(mxCzC − Ixz) + sin(α) cos(β)(Iyz −myCzC))

+ sin2(α) cos2(β)
(
Iyy +m

(
xC

2 + zC
2
))

+ cos2(α) cos2(β)
(
Izz +m

(
xC

2 + yC
2
))

+mxCyC sin(α) sin(2β) +myC
2 sin2(β) +mzC

2 sin2(β)

(4.18)

where from (4.13),
xC = xB + xC/B (4.19)

yC = yB + yC/B (4.20)

zC = zB + zC/B (4.21)

The choice of rotation and translation configuration parameters β, α, xB , yB , and zB can simplify
the experimental determination of the desired inertia tensor I and CM location vector rC/B .

This method requires a minimum of nine experimental configurations to estimate nine unknowns:
Ixx, Iyy, Izz, Ixy, Ixz, Iyz, xC/B , yC/B , zC/B . It is assumed that the mass of the object, m, is
known or can be measured.

In experiments, mMotion measurements allow estimation of IOzz, the total mass moment of inertia
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about the oscillation axis, which is the summation of the inertia of the rotating assembly (plate,
attachment blocks, etc) IP and the inertia of the measured object IRzz. For a given experiment
with index i, the inertia corresponding to the measured object can be found from:

IRzz,i = (IOzz,i − IP,i) := Ie,i (4.22)

The terms IP,i can be estimated through direct experiments, which will be done in Section 4.4.7.

It is worth noting that IOzz,i is assumed to be constant during a given experiment, which means
the parameters β, α, xB , yB , and zB are configured before the tests, and remain constant.

4.3.2 Experimental Determination of the Position of the Centre of Mass
and Diagonal Components of the Inertia Tensor

Estimating Izz, xC/B, yC/B

With β = 0, α = 0, Equation (4.18) reduces to:

Izz = Ie,i −m((xC/B + xB,i)
2 + (yC/B + yB,i)

2) (4.23)

where Ie,i was defined in equation (4.22) and is directly measurable, and i is the index of the
experiment. A minimum of three tests are required to estimate Izz, xC/B , yC/B . Using the
configurations in Table 4.2 leads to three equations with three unknowns:

Table 4.2: Experiments 1-3

i β α xB yB zB
1 0 0 0 0 0
2 0 0 0 yB,2 0
3 0 0 xB,3 0 0

Izz = Ie,1 −m
(
xC/B

2 + yC/B
2
)

(4.24)

Izz = Ie,2 −m
(
xC/B

2 + (yB,2 + yC/B)2
)

(4.25)

Izz = Ie,3 −m
(
(xB,3 + xC/B)2 + yC/B

2
)

(4.26)

which can be solved to give:

yC/B = −Ie,1 − Ie,2 +myB,2
2

2myB,2
(4.27)
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xC/B = −Ie,1 − Ie,3 +mxB,3
2

2mxB,3
(4.28)

Izz =

(
Ie,1 − Ie,2 +myB,2

2
)2

4myB,22
−
(
Ie,1 − Ie,3 +mxB,3

2
)2

4mxB,32
+ Ie,1 (4.29)

Alternatively, a linear regression can be set up to use more than two translations (xB,i, yB,i) to
reduce the error of the xC/B , yC/B estimates:

Ie,1 +m
(
2xC/BxB,i + xB,i

2 + 2yC/ByB,i + yB,i
2
)

= Ie,i (4.30)

Estimating Iyy, zC/B

With β = 0, α = π/2, Equation (4.18) reduces to:

Iyy = Ie,i −m
(
(xC/B + xB,i)

2 + (zC/B + zB,i)
2
)

(4.31)

A minimum of two configurations are required to estimate Iyy and zC/B , assuming xC/B has been
determined as described in the previous section. Using the configurations of Table 4.3 leads to two
equations with two unknowns:

Table 4.3: Experiments 4-5

i β α xB yB zB
4 0 π/2 0 0 0
5 0 π/2 0 0 zB,5

Iyy = Ie,4 −m
(
xC/B

2 + zC/B
2
)

(4.32)

Iyy = Ie,5 −m
(
xC/B

2 + (zB,5 + zC/B)2
)

(4.33)

which solve to:
zC/B = −Ie,4 − Ie,5 +mzB,5

2

2mzB,5
(4.34)

Iyy = Ie,4 −m
((

Ie,4 − Ie,5 +mzB,5
2
)2

4m2zB,52
+ xC/B

2

)
(4.35)

A linear regression can be formulated to reduce the estimation error:

Ie,4 +m
(
2xC/BxB,i + xB,i

2 + 2zC/BzB,i + zB,i
2
)

= Ie,i (4.36)
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Estimating Ixx

With β = −π/2, α = 0, Equation (4.18) reduces to:

Ixx = Ie,i −m
(
(yC/B + yB,i)

2 + (zC/B + zB,i)
2
)

(4.37)

One configuration is required to estimate Ixx, assuming that yC/B and zC/B have been determined
as described in the previous sections. For simplicity, consider the no-translation case in Table 4.4

Table 4.4: Experiment 6

i β α xB yB zB
6 −π/2 0 0 0 0

Ixx = −
(
Ie,1 − Ie,2 +myB,2

2
)2

4myB,22
+

(
Ie,4 − Ie,5 +mzB,5

2
)2

4mzB,52
+ Ie,6 (4.38)

A linear regression can be formulated to reduce the error of the estimates:

Ie,6 +m(2yC/ByB,i + y2B,i + 2zC/BzB,i + z2B,i) = Ie,i (4.39)

4.3.3 Experimental Determination of Off-Diagonal Components of the
Inertia Tensor

At this point, values of Ixx, Iyy, Izz, xC/B , yC/B , zC/B have been experimentally determined.
Three more configurations are required to determine Ixy, Ixz, and Iyz. The proposed configuration
parameters are presented in Table 4.5, where β7, α8, β9, α9 are non-zero angles that are not
multiples of π/2.

For configurations 7, 8 and 9, Ixz, Iyz and Ixy can be found from Equation (4.18) as, respec-
tively:

Ixz =
1

2
tan(β)

(
−Ie,7 csc2(β) + cot2(β)

(
Izz +m

(
xC

2 + yC
2
))

+2mxCzC cot(β) + Ixx +myC
2 +mzC

2
) (4.40)
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Iyz = −1

2
tan(α)

(
−Ie,8 csc2(α) + cot2(α)

(
Izz +m

(
xC

2 + yC
2
))

−2myCzC cot(α) + Iyy +mxC
2 +mzC

2
) (4.41)

Ixy =
1

2
(−Ie,9 csc(α) csc(β) sec(β) + Ixx csc(α) tan(β)

+ cot(α)
(
cos(α) cot(β)

(
Izz +m

(
xC

2 + yC
2
))
− 2Ixz + 2mxCzC

)
+Iyy sin(α) cot(β) + 2 cos(α) cot(β)(Iyz −myCzC)

+mxC
2 sin(α) cot(β) +myC

2 csc(α) tan(β) +mzC
2 sin(α) cot(β)

+mzC
2 csc(α) tan(β) + 2mxCyC

)
(4.42)

where xC , yC , and zC are defined in Equations (4.19), (4.20), and (4.21), respectively, and depend
on known parameters.

Table 4.5: Experiments 7 - 9

Config β α xB yB zB
7 β7 0 0 0 0
8 0 α8 0 0 0
9 β9 α9 0 0 0

In addition to the above approaches, it is also possible to use a nonlinear least-squares estima-
tion method (such as Newton’s method, Levenberg-Marquardt, or Conjugate Gradient) to simul-
taneously determine all nine unknown parameters in Equation (4.18) from a large (≥ 9) set of
experiments. This will be demonstrated in Section 4.5.2.

4.3.4 Method Verification

The proposed method was first verified in simulation in order to validate the provided equations. A
computer-generated solid model of the 6061-T6 aluminum block shown in Figure 4.7 was created,
with a resulting mass of 5.5700 kg. SolidWorks was used to calculate the inertia tensor relative to
frame O for the nine configurations shown in Table 4.6. The body-fixed frame B was placed at
the dimensional centre of the block (150mm lengthwise and 50mm from the top and sides); note
the dimensional centre and the centre of mass are at different locations due to the geometry of the
block.

The procedure given in the previous sections was used to calculate the inertia parameters and the
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Figure 4.7: General dimensions of validation block. The cutout section has a fillet with 0.8mm
radius.

Table 4.6: Method Verification Experiments

Config β α xB yB zB
rad rad mm mm mm

1 0 0 0 0 0
2 0 0 0 10 0
3 0 0 10 0 0
4 0 π/2 0 0 0
5 0 π/2 0 0 10
6 −π/2 0 0 0 0
7 −π/4 0 0 0 0
8 0 π/4 0 0 0
9 −π/4 −π/2 0 0 0

location of the centre of mass. The errors between the results from SolidWorks and our equations
differ by a maximum error with order of magnitude of 1 × 10−8, which is expected because the
inertias from the computer-generated model are reported to eight decimal points.

The inertia tensor and center of mass were calculated to be:

Iobj =

 0.008911945 0.001148855 0.002304845

0.001148855 0.049198284 0.001151337

0.002304845 0.001151337 0.050263570

 kg m2 (4.43)
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rC/B =
(
−0.0113818 −0.0056859 −0.0113557

)T
m (4.44)

The differences between the SolidWorks-reported inertia tensor and CM position vector and our
calculated values are:

Iobjerr =

 5 × 10−9 5 × 10−9 −1 × 10−8

5 × 10−9 −4 × 10−9 3 × 10−9

−1 × 10−8 3 × 10−9 1 × 10−8

 kg m2 (4.45)

rC/Berr
=
(

7× 10−8 8× 10−8 −3 × 10−8
)T

m (4.46)

4.4 Design of an Instrumented Torsional Platform

An instrumented torsion platform was developed and built to experimentally validate the proposed
method in Section 4.3 (Figure 4.8). In this section, we describe the design, equations of motion,
calibration and uncertainty analysis of this apparatus.

Figure 4.8: Instrumented torsion platform.
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4.4.1 Apparatus: Main System Components

An instrumented torsion platform prototype was built and is shown in Figure 4.9. The system is
designed to oscillate a small object about a vertical axis. The rotation shaft is supported by a small
double bearing block that is attached to an aluminum fixed frame, as shown in Figure 4.8. The top
end of the shaft is rigidly attached to a rotation plate with a clamping hub. The shaft is stepped
and rests on the edge of the bearing to carry the weight of the plate. The bottom end of the shaft
is connected to the top end of a linear torsion spring. The bottom end of the spring is connected to
the fixed frame with a rigid coupler. The spring is made from 316 stainless steel round wire with a
diameter of 2.29 mm. The diameter and length of the spring are 38 mm and 60 mm, respectively.
The coils are separated to avoid interference. The spring stores energy during angular displacement
and provides the restoring torque to oscillate the plate assembly. The spring was selected such that
the period of oscillation of the plate assembly is at least 1 s.

Figure 4.9: Torsion pendulum apparatus.

The test object is supported on the rotating plate by customized attachment blocks. The rotation
plate was fabricated from 6061-T6 aluminum by water-jet cutting, with a dimensional tolerance of
0.05 mm, and has the dimensions specified in Figure 4.10. The components of the rotating assembly
are shown in Figure 4.11. The rotation plate has a pattern of machined holes that allow blocks
to attach in different positions and orientations with respect to the rotation axis. The attachment
blocks can be 3D printed to reduce costs of manufacturing, or can be machined and positioned
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with high tolerance positioning pins to reduce the uncertainty of the position and orientation of the
object. A two-degree-of-freedom joint mechanism can also be used instead of several attachment
blocks. In that case, the joints may need to be instrumented or have mechanical stops to set the
orientation of the object, or the orientation can be measured directly.

Figure 4.10: Dimensions of the rotation plate. All dimensions in mm.

Figure 4.11: Plate and other rotating components

A high-resolution, quadrature optical encoder measures the angular position of the shaft at the top
of the spring. A second encoder is placed at the bottom of the spring and is used for its calibration
as described in Section 4.4.4. The encoder has 40000 counts per revolution, corresponding to an
angular resolution of 0.009 deg. The output signals of the encoders are sampled by a micro-controller
or other data acquisition system to measure the angular displacement of the spring. Half-periods
of oscillation are calculated from the angular displacement measurements during the negative angle
portions of the motion. It was found that the spring constants differ by approximately 4% between
the positive and negative rotation angles, 0.3904 Nm/rad and 0.4070 Nm/rad respectively. Thus
only the negative angle portion of the motions is considered and half-periods are used instead of the
full periods in order to use a single spring constant in the calculations. The position measurements
θ(t) are logged to an attached computer.
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The current system can carry objects of up to approximately 10 kg. There are no hard limits on the
test object’s geometry as long as it can be held rigidly during oscillations. Since the longest period
of oscillation for reasonable experiment times is approximately 10 s, the largest measurable MOI
is approximately 1 kg m2 for the existing spring by (4.5). The present design could be modified
through a redesign of the frame, shaft, bearings and plate to carry larger or smaller loads, and
the torsional spring sized to produce oscillations of adequate amplitude and period to obtain a
good signal-to-noise ratio. The components of our described system have an approximate cost of
USD 1200, with the majority being labour costs for machining components, one or two orders of
magnitude less than the commercial torsion platforms discussed in Section 4.2.

4.4.2 Equations of Motion of the Torsion Pendulum and Inertia Estima-
tion Method

The dynamics of an object rotating about a vertical axis zO were given in equation (4.4). For
the torsion platform, τx and τy correspond to reaction moments, and τz is the torque driving the
oscillatory motions. The block bearings of the torsion platform support the rotating shaft and
generate the reaction torques τx and τy. Torque τz is the result of the restoring torque of the spring
τs(t), and torques resulting from friction forces on the rotating elements τf (t) such that

τz = −τs(t)− τf (t) (4.47)

The torque of the spring is assumed to be linearly proportional to the angular displacement by a
spring constant ks:

τs(t) = ksθ(t) (4.48)

If friction torque τf (t) is negligible, the equation of motion along the z component of (4.4) reduces
to:

IOzz θ̈(t) + ksθ(t) = 0 (4.49)

which is a second order linear ODE. For an initial displacement, θ0, and initial velocity, ωo, its
solution is

θ(t) = θ0 cos

(√
ks
IOzz

t

)
+ ω0

√
IOzz
ks

sin

(√
ks

IOzz
t

)
(4.50)

The system has a natural frequency ωn and a period of oscillation T :

ωn =

√
ks
IOzz

(4.51)
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T = 2π

√
IOzz
ks

(4.52)

and the moment of inertia term IOzz can be estimated from the measured period of oscillation
as:

IOzz =
ksT

2

4π2
(4.53)

4.4.3 Effects of Friction on the Inertia Estimates

Equation (4.53) is only valid for mechanical systems in which τf (t) is negligible. For typical engi-
neering applications, τf (t) can be modeled as

τf (t) = c(t) + dθ̇(t) (4.54)

where the first and second terms of the RHS correspond to Coulomb and viscous friction components
respectively. The types of friction encountered are functions of the type of bearings, weight of the
object supported by the bearing blocks, and the lubrication of the bearings. The assumed friction
model (4.54) is tested in Section 4.4.7. More complex expressions for τf (t) could include the effects of
additional loading resulting from the reaction torques τx and τy, which depend on inertial properties
and angular velocities and accelerations, for instance an offset between the centre of mass and the
axis of rotation leading to centripetal acceleration during the oscillations. In the present work, only
the effects of viscous and Coulomb friction are investigated.

Effect of Viscous Friction

Assuming τf (t) = dθ̇(t), the equation of motion of the torsional platform is

IOzz θ̈(t) + dθ̇(t) + ksθ(t) = 0 (4.55)

where d is a constant damping coefficient. Defining the damping ratio

ζ =
d

2IOzzωn
(4.56)

and assuming 0 < ζ < 1, the solution of (4.55) with initial displacement θ0 and velocity θ̇0 is

θ(t) =
e−tζωn

ωd

(
ωdθ0 cos (ωdt) +

(
θ̇0 + ζθ0ωn

)
sin (ωdt)

)
(4.57)
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where
ωd = ωn

√
1− ζ2 (4.58)

is the frequency of oscillation of the damped system, with corresponding period

Td =
2π

ωn
√

1− ζ2
(4.59)

The inertia of the damped system can be calculated from:

IOzz =
ksT

2
d

(
1− ζ2

)
4π2

(4.60)

The error of the inertia estimate due to ignoring viscous damping ed can be quantified by:

ed =
IOzz damped − IOzz undamped

IOzz undamped
= ζ2 (4.61)

where IOzz undamped is given by (4.53) and IOzz damped by (4.60). This results indicates that ed is
constant and can be found by estimating ζ empirically. The parameter ζ can be obtained from the
ratio of the amplitudes of successive cycles using the well-known log decrement method [14].

The log decrement is defined as:

δ = ln

(
θi
θi+1

)
(4.62)

where θi and θi+1 are the amplitudes at the start of successive cycles. Their ratio AR is con-
stant,

AR =
θi
θi+1

= e2πζ/
√

1−ζ2 = eζωnTd (4.63)

and can be used to calculate ζ as

ζ =
ln (AR)√

4π2 + (ln (AR))
2

=
δ√

4π2 + δ2
(4.64)

For low-friction torsional platforms ed can be very small, as shown experimentally in Section
4.4.7.
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Effect Of Coulomb Friction

Coulomb friction can be modeled as a constant opposing moment τc, independent of velocity mag-
nitude, but dependent on its direction:

c(t) = τc sgn(θ̇(t)) (4.65)

where the sgn(·) function is defined as:

sgn(θ̇(t)) =


1 θ̇(t) > 0

0 θ̇(t) = 0

−1 θ̇(t) < 0

(4.66)

The equation of motion with Coulomb friction is:

IOzz θ̈(t) + ksθ(t) + τc sgn(θ̇(t)) = 0 (4.67)

The piecewise solution can be found by separating the motion into half-period intervals correspond-
ing to segments of motion in the same direction, separated by zero velocity points. For an initial
displacement θ0, and starting from rest, the solution for the first half period, 0 < t < T/2, is:

θhp1(t) = (θ0 − τc/ks) cos(ωnt) + τc/ks (4.68)

and for the second half period, T/2 < t < T :

θhp2(t) = (−θ0 + 3τc/ks) cos(ωn(t− T/2))− τc/ks (4.69)

The period of oscillation, T , can be used to calculate the inertia of the system by Equation (4.53).
The oscillations may stop at a point where the restoring torque of the spring is not enough to
overcome Coulomb friction; the period T must be measured before this occurs. Generally the
amplitude for the start of cycle n is:

θn = θ0 − n
4τc
ks

(4.70)

indicating that successive amplitudes at the start of each cycle decrease by a constant angle ∆θ,
linearly proportional to τc:

∆θ =
4τc
ks

(4.71)

While a constant AR characterizes the effect of viscous friction and can be used to estimate ζ
(Equation (4.63)), a constant ∆θ characterizes dry friction and can be used to estimate τc.
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Effect of Combined Viscous and Coulomb Friction

In the case where viscous and Coulomb friction are present, the equation of motion is:

IOzz θ̈(t) + dθ̇(t) + ksθ(t) + τc sgn(θ̇(t)) = 0 (4.72)

The solutions for the first and second half periods are:

θhp1(t) = e−tζωn(θ0 −
τc
ks

)

(
cos(ωdt) +

ωn
ωd
ζ sin(ωdt)

)
+
τc
ks

(4.73)

θhp2(t) = e−(t−
T
2 )ζωn(θ0 +

τc
ks

)

(
cos(ωd(t−

T

2
)) +

ωn
ωd
ζ sin(ωd(t−

T

2
))

)
− τc
ks

(4.74)

The period of oscillation is the same as for the damped system (Equation (4.58)), but in this case
it is not possible to estimate ζ and τc simultaneously from the ratios or differences of successive
amplitudes. In practice, preliminary experiments can be conducted to identify whether a viscous
or dry friction model best fits the system, and then use one or the other.

4.4.4 Torsion Platform Calibration Procedure and Results

The torsion spring constant ks introduced in Equation (4.48) was identified through a linear regres-
sion between applied torques and observed angular displacements. To find ks the torsion platform
was fixed sideways and a weight was hanged from a symmetrical bar attached to the shaft to apply
a known torque around the axis of rotation (Figure 4.12). The spring was unloaded by loosening
the shaft attached to the bottom of the spring and letting it unwind. The encoders were zeroed in
the unloaded position, with the weight hanging directly below the axis of rotation. The calibration
dataset was generated by applying a torque to the shaft attached to the bottom of the spring and
measuring the resulting rotation θ. The angular displacements measured by both encoders were
recorded. The spring’s net angular displacement, θ(t), is calculated from the measurements of the
top and bottom encoders, θ1(t) and θ2(t) as

θ(t) = θ2(t)− θ1(t) (4.75)

The torque applied to the shaft, τs(t), is calculated by

τs(t) = mclg sin θ1(t) (4.76)

where mc is the mass used for calibration (0.49957 kg), g is gravity, and l is the lever arm of the
bar (15.24 cm). An example calibration dataset is presented in Figure 4.13.
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Figure 4.12: Calibration setup.

Figure 4.13: Torsion spring calibration. Only one of every twenty-five points used for the calibration
are shown.

The calibration range was adjusted to the maximum expected amplitude of oscillations π/3. Only
positive angular displacements were used for the calibration. There was a small difference between
the calibration constants calculated from positive or negative angular displacements due to the na-
ture of the twisting of the spring, as described in the beginning of this section. In this investigation,
the half-period of oscillation was measured during positive displacements. This approach does not
require the reformulation the equations of motion with two spring constants that depend on the
sign of displacement.

The calibration experiment was repeated five times. θ(t) and τs(t) were fitted to a linear model
assuming the errors were independent and identically distributed (i.i.d). The model parameters and
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parameter fitting errors are presented in Table 4.7. The R2 value of the regression was calculated
to be 0.9998.

Table 4.7: Torsion spring calibration results

β̂k σ̂k 95%CI
ks [Nm/rad] 0.40699 5 ×10−5 (0.40688, 0.40710)

4.4.5 Uncertainty of Inertia Estimation with a Torsion Platform

The experimental determination of IOzz is subject to errors from the uncertainty of ks and T

(Equation (4.53)) for the case of negligible friction or Coulomb friction (which does not affect the
oscillation period), or the uncertainty of ζ if the oscillation is affected by viscous friction (Equation
(4.60)). Generally, the uncertainty of IOzz, uI , can be approximated from the uncertainties of
(ks, T, ζ), (uk, uT , uζ) respectively, using the root of sum of squares moethod, assuming uk, uT , and
uζ , are small, possess the same confidence interval, and are statistically independent [8, 5]:

uI =

√(
∂IOzz
∂ks

uk

)2

+

(
∂IOzz
∂T

uT

)2

+

(
∂IOzz
∂ζ

uζ

)2

=

√(
(1− ζ2)T 2

4π2
uk

)2

+

(
(1− ζ2)Tks

2π2
uT

)2

+

(
ζT 2ks
2π2

uζ

)2
(4.77)

Noting that uI depends on T and ks, the torsion pendulum can be designed to meet a specified
uncertainty range for the inertias being tested. Different springs can be used to tailor ks to the
desired experimental parameters. For the equipment presented here, uk was determined by doubling
the standard deviation of the calibration, σ̂k, to obtain a 95% confidence interval, which was
calculated to be 1 × 10−4 N m/rad. Uncertainty uT was determined for each experiment by
doubling the standard deviation of the measurements collected to obtain a 95% confidence; this is
expected to have an order of magnitude of 1 × 10−4 s. For a system with negligible friction and
an oscillation period on the order of 1 s, the uncertainty of uI is calculated to be on the order of
1× 10−5 kg m2 (Section 4.4.7).

4.4.6 Experimental Procedure

The experimental procedure to determine IOzz using our apparatus is outlined below.

1. Calibrate the torsion spring for positive angular displacements (Section 4.4.4).
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2. Configure the electronics to record the half-period of oscillation during the positive displace-
ment part of the motion.

3. Rigidly attach the rotation plate, attachment blocks, and test specimens in the desired position
and orientation, to the torsion platform (Figure 4.8).

4. Collect dataset:

(a) Start the motion of the platform by providing an initial angular displacement θ0 and
releasing it from rest. A θ0 of approximately π/3 is recommended.

(b) Record the amplitudes and half-periods of successive oscillations for the positive dis-
placement part of the motion until the amplitudes have reduced by approximately 50%.

(c) Calculate Tk, the period of oscillation, assuming that it is twice the half-period recorded.

(d) Report any external factors that could have affected the dataset obtained.

5. Select a subset of the dataset that is free of outliers.

6. Calculate the mean T̄ and uncertainty uT of the set of periods {Tk} from the selected subset.

7. Investigate the decay of oscillations and deduce the friction model. In the case of viscous
friction, calculate ζ (Equation (4.64)).

8. Use T̄ , uT , ks, uk, ζ, and uζ to determine IOzz (Equation (4.60)) and its uncertainty uI

(Equation (4.77)).

Step 5 is required to reduce the experimental uncertainty. A desirable subset of the data can be
determined by investigating any trends in the oscillation period. It is desired to find a region where
the random experimental errors have a normal distribution, and the data is free from outliers. The
measurements should also be tested to see whether their errors meet the i.i.d. assumption used by
linear regression.

4.4.7 Apparatus Validation

A set of experiments was conducted to validate the torsional platform apparatus described in
Section 4.4.1. These tests consisted of estimating IOzz of the rotating assembly in six attachment
configurations and comparing the estimates to the inertias obtained from a SolidWorks model of
this assembly in the same configurations (Figure 4.11).

The SolidWorks model is in close agreement with the physical assembly; for instance the mass of
the rotation plate was reported to be 0.87041 kg and it was measured to be 0.870 kg on a calibrated
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balance. The components can be expected to have constant densities, therefore, the inertia tensors
are expected to be in close agreement.

Apparatus Validation Experiments

Six different configurations were selected and ten datasets were collected for each configuration
following the procedure in Section 4.4.6. The system was configured by connecting the shaft to
the rotating plate in six different locations. The plate was displaced laterally in the directions of
xO and yO in Figure 4.9, and attached using the hole patterns near its center. The displacements
used for each configuration are presented in Table 4.8. The SolidWorks model was set to match the
experimental configurations of Table 4.8. The attachment blocks were removed for these validation
tests.

Table 4.8: Position of the center of the rotating plate

Config. xO yO zO
[mm] [mm] [mm]

1 0 0 0
2 6.92 0 0
3 13.83 0 0
4 20.74 0 0
5 0 6.92 0
6 0 13.83 0

The oscillation period and decaying amplitude measurements for 10 datasets in configuration 1 are
presented in Figures 4.14 and 4.15 respectively. The bounded region on the plots represents the
subset of measurements selected for further analysis.

Figure 4.14: Example measurements of the oscillation period for ten datasets for configuration 1.
The bounded region shows the subset of data used for further analysis.

The mean oscillation periods T̄ and corresponding 95% confidence intervals for ten datasets for the
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Figure 4.15: Example measurements of the oscillation amplitude for ten datasets for configuration
1. The bounded region shows the subset of data used for further analysis.

first four configurations are shown in Figure 4.16. Configurations 5 and 6 are not shown since they
overlap with configurations 2 and 3 due to the symmetry of the rotation plate. The means and
uncertainties of all the datasets are reported in Tables 4.9 and 4.10. For each dataset, at least 30
measurements were used to calculate the mean and standard error.

Figure 4.16: Mean oscillation period measurements for all datasets for configurations 1–4. The
error bars represent the 95% confidence intervals of the average oscillation periods.

The consistent means between datasets of the same configuration demonstrate repeatability of the
apparatus within the selected experimental data regions. The small uncertainties of each data set
demonstrate that the equipment has high precision. Because of the high resolution and sampling
rate of the angular encoder, the apparatus is able to detect very small changes in oscillation period,
and therefore is sensitive to even very small changes of inertia between configurations.

Apparatus Friction

As discussed in Section 4.4.3, friction can be characterized by investigating successive amplitudes of
oscillation. An example of the decreasing amplitudes for ten datasets in configuration 1 is presented
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Table 4.9: Mean oscillation period, T̄ , for all datasets. Units in s.

Configuration
1 2 3 4 5 6

1 0.82949 0.83235 0.83849 0.85137 0.83250 0.84004
2 0.82933 0.83238 0.83858 0.85141 0.83240 0.84010
3 0.82960 0.83235 0.83870 0.85135 0.83241 0.83995
4 0.82937 0.83263 0.83864 0.85148 0.83248 0.83998
5 0.82937 0.83264 0.83849 0.85140 0.83251 0.83997
6 0.82925 0.83257 0.83842 0.85132 0.83252 0.83994
7 0.82926 0.83283 0.83845 0.85154 0.83248 0.83989
8 0.82928 0.83263 0.83853 0.85132 0.83242 0.83992
9 0.82911 0.83275 0.83857 0.85132 0.83230 0.83985
10 0.82923 0.83276 0.83855 0.85142 0.83256 0.83993
Avg 0.82933 0.83259 0.83854 0.85139 0.83246 0.83996

Table 4.10: Uncertainty uT for each dataset for 95% confidence. Units in s.

Configuration
1 2 3 4 5 6

1 1× 10−4 3× 10−4 6× 10−4 7× 10−4 3× 10−4 3× 10−4

2 2× 10−4 5× 10−4 5× 10−4 7× 10−4 4× 10−4 6× 10−4

3 1× 10−4 4× 10−4 8× 10−4 6× 10−4 5× 10−4 4× 10−4

4 2× 10−4 4× 10−4 6× 10−4 7× 10−4 3× 10−4 3× 10−4

5 2× 10−4 5× 10−4 6× 10−4 7× 10−4 4× 10−4 3× 10−4

6 5× 10−5 5× 10−4 4× 10−4 8× 10−4 5× 10−4 3× 10−4

7 2× 10−4 7× 10−4 5× 10−4 9× 10−4 4× 10−4 3× 10−4

8 1× 10−4 5× 10−4 5× 10−4 7× 10−4 4× 10−4 4× 10−4

9 2× 10−4 7× 10−4 4× 10−4 5× 10−4 3× 10−4 4× 10−4

10 2× 10−4 6× 10−4 4× 10−4 7× 10−4 2× 10−4 4× 10−4

All 3× 10−4 6× 10−4 6× 10−4 7× 10−4 4× 10−4 4× 10−4

in Figure 4.15. The corresponding amplitude changes, ∆θ, and ratios, AR, of successive cycles, are
presented in Figures 4.17 and 4.18. The calculated Coulomb friction torque τc and viscous friction
damping ratio ζ, calculated from Equations (4.71) and (4.64), respectively, are presented in Figures
4.19 and 4.20. In the region of interest τc and ζ were calculated to be in orders of magnitude of
1 × 10−4 and 1 × 10−3 respectively. As previously shown in Section 4.4.3, Coulomb friction does
not have an effect on the period of oscillation, but viscous friction does. The expected error in the
estimate of the inertia due to ignoring viscous friction (Equation (4.61)) is in the order of 1× 10−6

kg m2, demonstrating that neglecting friction in our apparatus leads to a negligible contribution to
error.
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Figure 4.17: Amplitude differences ∆θ for successive cycles of an apparatus friction experiment.
The bounded region shows the range of data used for the analysis.

Figure 4.18: Amplitude ratios AR for successive cycles of an apparatus friction experiment. The
bounded region shows the range of data used for the analysis.

Figure 4.19: Friction torque τc for successive cycles of an apparatus friction experiment. The
bounded region shows the range of data used for the analysis.

4.4.8 Equipment Validation Results

The mean of the periods and the uncertainties for each configuration were used to calculate IOzz and
uI , using Equations (4.53) and (4.77) respectively. The results for each configuration are presented
in Table 4.11. The inertias obtained from SolidWorks are also tabulated, along with their difference
with respect to the experimental results. The results indicate that the inertias were estimated with
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Figure 4.20: Damping ratio zeta for successive cycles of an apparatus friction experiment. The
bounded region shows the range of data used for the analysis.

an uncertainty having a maximum order of magnitude of 1 × 10−5 kg m2, with a 95% confidence,
and the difference to the CAD model was calculated to be on the order of 1 × 10−5 kg m2, which
corresponds to less than 1% error. These results demonstrate that the torsion platform can be used
to experimentally determine IOzz with high accuracy and precision, both on the order of 1× 10−5

kg m2 in our apparatus.

Table 4.11: Equipment validation results

T̄ ūT IOzz uI IOSM (IOzz − IOSM )
s s kg m2 kg m2 kg m2 kg m2 %

1 0.8293 3×10−4 7.091×10−3 6×10−6 7.088×10−3 2×10−6 0.03
2 0.8326 6×10−4 7.147×10−3 1×10−5 7.130×10−3 2×10−5 0.2
3 0.8385 6×10−4 7.249×10−3 1×10−5 7.255×10−3 -6×10−6 -0.08
4 0.8514 7×10−4 7.473×10−3 1×10−5 7.463×10−3 1×10−5 0.1
5 0.8325 4×10−4 7.144×10−3 7×10−6 7.130×10−3 1×10−5 0.2
6 0.8400 4×10−4 7.274×10−3 7×10−6 7.255×10−3 2×10−5 0.3

4.5 Validation Experiments: Estimating the Inertia Proper-

ties of a Calibration Object

The proposed method and equipment were validated by estimating the inertia properties of a
calibration object (Figure 4.21). The object consisted of a block of 6061-T6 Aluminum machined
to the dimensions specified in Figure 4.7, which was previously used for the method verification
calculations in Section 4.3.4. The mass of the machined block was directly measured to be 5.5740
kg, a difference of 0.07% with the earlier SolidWorks model.

This section presents two sets of experiments. First, nine configurations are used to estimate the
inertial properties (minimum number of configurations). Then, as a comparison, 22 configurations
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are used to solve for the inertial properties using a nonlinear least-squares estimation method, as
described at the end of Section 4.3.3.

(a) (b)

Figure 4.21: The aluminum block supported by attachment blocks on the torsion platform. Two
configurations (a) and (b) are shown.

4.5.1 Estimating Inertial Properties With the Minimum Number of Con-
figurations

Nine different configurations were selected, and ten data sets were collected for each. Similarly
to Section 4.3.4, the body fixed frame B was defined at the dimensional centre of the block, and
mounted relative to the torsional platform’s frame O according to the configurations listed in Table
4.12. The attachment blocks were 3D printed. The hole patterns on the rotation plate were used to
offset the block by xB and yB . The oscillation periods and corresponding uncertainties were used
to calculate the inertia IOzz and uncertainty uI for each configuration (Table 4.13). The calculated
inertias were compared to the values reported by SolidWorks for each configuration. The results
indicate that the uncertainties of the estimates have a maximum order of magnitude of 1 × 10−4

kg m2, with 95% confidence, and the difference with the CAD model was calculated to be on the
order of magnitude of 1× 10−4 kg m2, which corresponds to less than 1% error, except for the case
of configuration 6. In that case the error is still on the order of magnitude of 1× 10−4 kg m2, but
since the inertia value of that configuration is lower, a higher error percentage results.
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Table 4.12: Validation Block Experiments

Config β α xB yB zB
rad rad mm mm mm

1 0 0 0 0 0
2 0 0 0 6.9 0
3 0 0 10 0 0
4 0 π/2 0 0 0
5 0 π/2 0 0 6.9
6 −π/2 0 0 0 0
7 −π/12 0 15 0 15
8 0 π/4 0 5 5
9 −π/12 π/4 11.2 25 25

Table 4.13: Validation Experiments For 9 Configurations

T̄ ūT IOzz uI IOSM (IOzz − IOSM )
s s kg m2 kg m2 kg m2 kg m2 %

1 2.375 2× 10−3 5.094× 10−2 9× 10−5 5.117× 10−2 −2× 10−4 −0.4
2 2.370 3× 10−3 5.061× 10−2 1× 10−4 5.099× 10−2 −4× 10−4 −0.8
3 2.362 2× 10−3 5.027× 10−2 9× 10−5 5.045× 10−2 −2× 10−4 −0.4
4 2.368 5× 10−3 5.058× 10−2 2× 10−4 5.064× 10−2 −5× 10−5 −0.1
5 2.359 2× 10−3 5.014× 10−2 9× 10−5 5.003× 10−2 1× 10−4 0.2
6 1.300 2× 10−3 1.020× 10−2 4× 10−5 9.810× 10−3 4× 10−4 4.0
7 2.337 2× 10−3 4.901× 10−2 8× 10−5 4.886× 10−2 2× 10−4 0.3
8 2.401 2× 10−3 5.186× 10−2 1× 10−4 5.169× 10−2 2× 10−4 0.3
9 2.357 2× 10−3 4.965× 10−2 9× 10−5 4.959× 10−2 6× 10−5 0.1

The results of the nine experiments were used to estimate the inertial properties of the object as
described in Section 4.3. The inertia tensor I relative to the centre of mass frame C, and the
position vector rC/B of the centre of mass with respect to the body fixed frame B were calculated
to be:

I_9 =

 0.00937 0.00020 0.00286

0.00020 0.04943 0.00150

0.00286 0.00150 0.04992

 kg m2 (4.78)

rC/B_9 =
(
−0.0110 −0.0078 −0.0093

)T
m (4.79)

The differences between the SolidWorks-reported inertia tensor and CM position vector and the
above values are:

I_9
err

=

 4× 10−4 −9× 10−4 5× 10−4

−9× 10−4 −2× 10−4 3× 10−4

5× 10−4 3× 10−4 −3× 10−4

 kg m2 (4.80)
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rC/B_9
err

=
(
−4× 10−4 −2.1× 10−3 −2.1× 10−3

)T
m (4.81)

The small errors indicate that the inertial properties can be estimated with high accuracy. The two
millimeter accuracy of the estimate of the position of the centre of mass corresponds to less than 1%
of the maximum linear dimension of the block. The errors of the inertia tensor are approximately
1% of the largest component, except for the case of Ixy,{1,2} which has an error of approximately
2% of the largest component. A larger error of Ixy,{1,2} is expected because the estimates of the
other components of the inertia tensor and position of the centre of mass are used for its calculation,
leading to an accumulation of error in Equation (4.42).

In addition to the sources of uncertainty discussed before, the experiments have other sources of
error. The most significant is the positioning of the object. Errors introduced by the configuration
parameters xB , yB , zB , β, and α need to be minimized. The attachment blocks to support the
object may need to be machined with high tolerances to reduce the errors, and additional direct
measurements of the rotation angles and positioning may be required. The rotation angles can be
precisely measured with an Inertial Measurement Unit (IMU), typically used in robotic systems,
and the positioning can be measured with digital calipers or laser range finders.

4.5.2 Estimating Inertial Properties With Nonlinear Least Squares

Twenty-two experimental configurations were used (Table 4.14), with measurement results listed in
Table 4.15. In this experiment, the Conjugate Gradient nonlinear estimation method was used on
Equation 4.18, as previously mentioned at the end of Section 4.3.3. This yields the inertia tensor I
and centre of mass position vector rC/B as

I_22 =

 0.00904 0.00019 0.00274

0.00019 0.04917 0.00141

0.00274 0.00141 0.05020

 kg m2 (4.82)

rC/B_22 =
(
−0.01158 −0.0054 −0.0118

)T
m (4.83)

The differences between the SolidWorks model values and the estimated values were:

Iobj_22
err

=

 1× 10−4 −9× 10−4 4× 10−4

−9× 10−4 −3× 10−5 3× 10−4

4× 10−4 3× 10−4 −6× 10−5

 kg m2 (4.84)

rC/B_22
err

=
(
−5× 10−4 −2× 10−4 −2× 10−4

)T
m (4.85)
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Table 4.14: 22 Configurations For Validation Block Experiments

Config β α xB yB zB
rad rad mm mm mm

1 0 0 0 0 0
2 0 0 5.0 0 0
3 0 0 10. 0 0
4 0 0 20. 0 0
5 0 0 0 6.9 0
6 0 0 0 -6.9 0
7 0 0 0 14. 0
8 0 π/2 0 0 0
9 0 π/2 5.0 0 0
10 0 π/2 10. 0 0
11 −π/2 0 0 0 0
12 −π/2 0 0 0 5.0
13 −π/2 0 0 0 10.
14 −π/2 0 0 6.9 0
15 −π/2 0 0 6.9 10.
16 −π/2 0 0 14. 10.
17 0 π/2 0 0 6.9
18 0 π/2 0 0 14.
19 0 π/4 0 5.0 5.0
20 0 π/4 10. 5.0 5.0
21 −π/12 0 15. 0 15.
22 −π/12 π/4 11.2 25. 25.

In the present case the position of the centre of mass was estimated with sub-millimeter accuracy,
and the error of the diagonal components of the inertia matrix were reduced by a factor of approxi-
mately four. The estimates of the off-diagonal components were not significantly improved because
no configurations had different angles α and β.
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Table 4.15: Validation Experiments For 22 Configurations

T̄ ūT IOzz uI IOSM (IOzz − IOSM )
s s kg m2 kg m2 kg m2 kg m2 %

1 2.375 2.× 10−3 5.094× 10−2 9× 10−5 5.117× 10−2 −2× 10−4 -0.4
2 2.363 2.× 10−3 5.033× 10−2 1× 10−4 5.067× 10−2 −3× 10−4 -0.7
3 2.362 2.× 10−3 5.027× 10−2 9× 10−5 5.045× 10−2 −2× 10−4 -0.4
4 2.374 2.× 10−3 5.090× 10−2 8× 10−5 5.086× 10−2 4× 10−5 0.1
5 2.370 3.× 10−3 5.061× 10−2 1× 10−4 5.099× 10−2 −4× 10−4 -0.8
6 2.402 3.× 10−3 5.221× 10−2 1× 10−4 5.187× 10−2 3× 10−4 0.7
7 2.396 3.× 10−3 5.172× 10−2 1× 10−4 5.135× 10−2 4× 10−4 0.7
8 2.368 5.× 10−3 5.058× 10−2 2× 10−4 5.064× 10−2 −5× 10−5 -0.1
9 2.361 3.× 10−3 5.023× 10−2 1× 10−4 5.014× 10−2 9× 10−5 0.2
10 2.352 3.× 10−3 4.981× 10−2 1× 10−4 4.993× 10−2 −1× 10−4 -0.2
11 1.300 2.× 10−3 1.020× 10−2 4× 10−5 9.810× 10−3 4× 10−4 4.0
12 1.271 2.× 10−3 9.430× 10−3 4× 10−5 9.317× 10−3 1× 10−4 1.0
13 1.257 2.× 10−3 9.065× 10−3 4× 10−5 9.102× 10−3 −4× 10−5 -0.4
14 1.290 2.× 10−3 9.869× 10−3 6× 10−5 9.639× 10−3 2× 10−4 2.0
15 1.255 1.× 10−3 8.954× 10−3 3× 10−5 8.931× 10−3 2× 10−5 0.3
16 1.281 1.× 10−3 9.492× 10−3 4× 10−5 9.292× 10−3 2× 10−4 2.0
17 2.359 2.× 10−3 5.014× 10−2 9× 10−5 5.003× 10−2 1× 10−4 0.2
18 2.361 2.× 10−3 5.007× 10−2 9× 10−5 4.995× 10−2 1× 10−4 0.2
19 2.401 2.× 10−3 5.186× 10−2 1× 10−4 5.169× 10−2 2× 10−4 0.3
20 2.390 2.× 10−3 5.133× 10−2 1× 10−4 5.098× 10−2 3× 10−4 0.7
21 2.337 2.× 10−3 4.901× 10−2 8× 10−5 4.886× 10−2 2× 10−4 0.3
22 2.357 2.× 10−3 4.965× 10−2 9× 10−5 4.959× 10−2 6× 10−5 0.1

4.6 Case Study: Estimating the Inertia Tensor of a UAV

The proposed method and equipment were used to estimate the inertia tensor of a small robotic
system. A commercially available Parrot Bebop 2 UAV was used for these experiments (Figure
4.22). The UAV has a mass of 504 g. As shown, the UAV was attached to the torsion platform
using a lightweight support structure. The orientation and position of the UAV were set using a
two degree of freedom gimbal and hole patterns in the support structure. The orientation angles of
the UAV were measured using an IMU.

The oscillations of the UAV were tested in nine configurations (Table 4.16). Five datasets were
collected for each configuration. The base frame O was defined at the intersection of the pivot
point of the gimbal and the rotation axis of the torsion platform. This placement is necessary to
directly control the rotation angles α and β with the gimbal’s degrees of freedom. A misalignment
would introduce systematic errors into the estimates.

Employing the procedure outlined in Section 4.4.6, the estimated inertia and position of the centre
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(a) (b)

Figure 4.22: The UAV supported by a lightweight metal structure and gimbal mounted on torsional
platform. Two configurations (a) and (b) are shown.

Table 4.16: Configurations For UAV Experiments

Config β α xB yB zB IOzz uI
rad rad mm mm mm kg m2 kg m2

1 0 0 0 0 0 3.380× 10−3 1.2× 10−5

2 0 0 0 6.9 0 3.404× 10−3 1.2× 10−5

3 0 0 6.9 0 0 3.359× 10−3 1.1× 10−5

4 0 π
2 0 0 0 4.513× 10−3 1.3× 10−5

5 0 π
2 0 0 19.1 5.999× 10−3 9× 10−6

6 −π2 0 0 0 0 4.422× 10−3 1.6× 10−5

7 −π4 0 0 0 0 4.301× 10−3 9× 10−6

8 0 π
4 0 0 0 4.138× 10−3 7× 10−6

9 −π4 π
4 0 0 0 4.726× 10−3 1.7× 10−5

of mass were estimated to be:

IUAV =

 0.00210 0.00023 0.00018

0.00023 0.00217 0.00019

0.00018 0.00019 0.00336

 kg m2 (4.86)

rC/B_UAV =
(
−0.0065 0.0000 0.0678

)T
m (4.87)

As shown in Figure 4.23, we define a reference point on the UAV located at the geometric centre
of the four propellers and on the surface of the battery attachment plane. By direct measurement,
the position vector of the point relative to the gimbal-centered frame O is rp = (−6, 0, 67.9)T mm.
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Combined with the rC/B_UAV estimate, the position of the centre of mass of the UAV with respect
to the geometric reference point is thus

rCM_UAV =
(
−0.5 0.0 −0.1

)T
mm (4.88)

The small values in rCM_UAV are as expected, since UAV designers place the centre of mass as
close as possible to the centre of pressure in order to simplify flight control.

Figure 4.23: Location of UAV centre reference point. Frame O origin is located under and forward.

4.7 Conclusions and Future Work

This paper described the development and construction of a torsional platform and novel calculation
method used to determine the inertia tensor and center of mass location of small rigid bodies with
high precision. The design and test method were described in detail to be reproducible. The
experimental procedure requires measuring the oscillation period of the system in at least nine
different configurations. A larger number of configurations can be used with a nonlinear least
squares method to obtain more precise estimates. The proposed calculation method is not specific
to the proposed torsion platform design, and could be used with other measurement systems.

The theoretical method was first verified in simulation, then the torsion platform was calibrated
and validated in experiments. A quantitative uncertainty analysis was performed, demonstrating
the high precision of the resulting estimates and showing that friction effects could be neglected.
The inertia tensor of a precisely machined aluminum block was estimated and compared against
SolidWorks, yielding errors of approximately 1% and orders of magnitude 1×10−4, while the position
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vector of the centre of mass was estimated with an error of less than 1% of the maximum linear
dimension. Finally, the inertia tensor of a commercially available quadrotor UAV was measured
using the proposed apparatus, demonstrating its interest for broader applications such as model-
based control and simulation.

The overall system offers an alternative to commercial high-precision platforms at a fraction of
their cost. While the achieved 1% error cannot match the 0.1% accuracy offered by the highest-
end commercial instruments, it can still be considered as highly accurate for applications such
model-based control.

Future work will focus on using the apparatus to build a catalogue of estimated inertia parameters
for a variety of commercially available small robotic systems. A scaled-up version of the apparatus
will also be built in order to estimate inertias of larger-scale robots.
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Chapter 5

A UGV-based modular robotic
manipulator for soil sampling and
terramechanics investigations on
mine waste

Abstract

Unmanned systems have been used to collect samples and investigate soil properties in difficult
to access environments. Mine waste monitoring can benefit from advanced robotic systems that
are able to collect soft soil samples and geotechnical measurements used to improve waste treat-
ment processes, monitor the environment, and determine whether a deposit is ready for reclama-
tion. The design of a robotic arm and two payloads are presented for evaluating soil properties
near the surface. The robotic arm was developed to be modular and sufficiently rugged for
field deployment. It is used to carry our custom payloads: a surface sampler to collect undis-
turbed surface samples from soft terrain, or an instrumented wheel for terramechanics-based
soil parameter estimation. The developed system is successfully tested in field experiments.

5.1 Introduction

Mobile robots have been used for environmental monitoring and in-situ investigations in hazardous
and challenging terrains, on Earth as well as on other planets [42, 40]. On Earth, environmental
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monitoring is done for both scientific and industrial analyses of soil characteristics, aquatic zones,
ecological systems, and their interactions. Measuring parameters of interest and collecting samples
for study and analysis is predicated on the ability to deploy instruments and samplers to locations of
interest. In the case of mine waste or areas affected by mining activities, monitoring programs can
greatly benefit from recent developments of autonomous mobile robots which can collect samples
and measure environmental parameters of interest [34]. Mine waste storage areas are required by
regulation to be monitored until the affected regions are reclaimed and restored to a state equivalent
to the undisturbed condition, at which point closure certificates are issued [43]. Until then, these
partially reclaimed areas are significant liabilities to the mining companies [12].

Inadequate mine waste disposal practices can lead to poor soil performance and in some cases
even catastrophic failures [39]. Fluid mine waste (tailings) require environmental monitoring and
characterization throughout the stages of being safely contained, treated, and remediated. Their
environmental impacts, treatment effects, and remediation processes are continuously monitored
[21].

Unmanned ground vehicles (UGVs) instrumented with specialized tools and sensors can reduce the
costs and difficulty of working in hazardous terrains, provide access to conventionally inaccessible
locations, and reduce the risks to human workers [34].

An example of a tailings disposal process is mining of the Athabasca Oil Sands in Alberta, Canada,
shown in Figure 5.1. The fluid waste from bitumen extraction processes, known as oil sands tailings,
is composed of sands, silts, clays, process-affected water, and residual bitumen [28]. Fluid Fine
Tailings (FFT) are deposited in ponds surrounded by sand dykes for initial settling of solids and
recycling of process-affected water [9]. The suspended solids slowly settle as a soft mud at the bottom
of the pond. This material is called Mature Fine Tailings (MFT), defined as FFT with a sand-to-
fines ratio that is less than 0.3, and a solids content greater than 30 % w.t. [1]. MFT does not
readily consolidate and cannot be reclaimed without further treatment [29]. Many treatment options
have been researched, and several technologies have been deployed to increase water recovery,
densify the MFT, and consolidate the tailings into a soil. Examples of processes implemented at
commercial scale include conventional thickening, centrifugation, coagulation, atmospheric drying,
and flocculation, often with sand added to increase the strength of the final deposit. It is becoming
common to combine several of these processes. Standard industrial practices for treating fine tailings
have been reviewed in [41].

Figure 5.2 depicts a Dedicated Disposal Area (DDA). These storage facilities are required to be
monitored for legislative compliance [43], environmental performance [35], and operational decisions
regarding repairs to DDAs or additional treatments [19]. Monitoring treatment processes in a timely
manner is key to determining which setpoints are effective for processing [26].
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Figure 5.1: Example of tailings processing and storage.

Figure 5.2: Oil sands tailings dedicated disposal area, Athabasca, Alberta.

Conditions within the dedicated disposal area, such as soil shear strength and tailings fines capture
rates, need to be regularly measured to comply with environmental regulations [3]. This is tradi-
tionally carried out by manual terrain sampling and measurement campaigns by human workers. In
the case of tailings ponds, the terrain may be water-capped or have low strength, and the materials
themselves may be toxic to people. In these cases, human monitoring activities are limited in scope,
expensive to perform, and potentially hazardous to the workers. The difficultly of gathering data
increases monitoring uncertainty and may delay reclamation activities [24].

Deploying UGVs outfitted with autonomous or remotely controlled sampling and measurement
instruments is an attractive option, which greatly increases worker safety as well as the speed and
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coverage of the sampling. UGVs are lighter than vehicles that carry humans and thus cause less
disturbances to the deposits, and can also precisely georeference the collected data for later analysis.
Clearly such unmanned site investigations can deliver monitoring data quickly and safely, which
motivates the development of novel robotic tools for measurement and sampling. In previous work,
a UGV was developed for mine waste monitoring and experimentally validated in field experiments
[34]. This paper extends that work by developing new tools for undisturbed terrain sampling and
parameter estimation.

Soil samples are used to determine geotechnical properties such as solids content, particle size
distribution, and Atterberg limits [14]. Depending on the application, samples can also be analyzed
for mineral content, and properties such as cation exchange activity (methylene blue index) [15].
Identifying the parameters of soil models can also yield useful information. For instance, undrained
shear strength is important to determine static stability of tailings impoundments [39], assess load-
bearing limits, and track consolidation progress. Shear strength can also help to determine whether
the storage facility meets design criteria, and if it is ready for reclamation or requires additional
work. Shear strength is also important for terrain trafficability studies [44].

This paper details the development of a robotic manipulator and end-effectors for soil characteriza-
tion and sampling. The end-effectors were designed for two main tasks: i) excavating and collecting
soil samples; and ii) estimating soil properties using an instrumented terramechanics wheel. Limi-
tations of current sampling and measurement equipment are presented. Advantages of the proposed
solutions are noted, including dexterity, payload modularity, and capability for deployment onboard
a UGV platform. The equipment was tested in laboratory conditions and field trials to validate
these claims.

The remainder of this paper is structured into five sections. Section 2 reviews the literature on
robotic systems for environmental monitoring and sampling, and instruments for terramechanics
model parameter estimation. Section 3 provides a detailed description of the proposed robotic
manipulator and its end-effectors. Section 4 presents tests of the equipment and field trials. Con-
clusions and recommendations for future work are given in Section 5.

5.2 Background and Literature Review

This section reviews the state of the art in UGVs capable of environmental monitoring, recent
advances in robotics relevant to mine waste surface sampling, and parameter estimation from wheel-
soil interactions.
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5.2.1 UGVs for Environmental Monitoring

Unmanned systems have demonstrated the capability to access difficult terrain, make measurements,
and collect samples. The development of new systems and their implementation in real world
applications are active areas of research. Early deployments of remotely operated vehicles with
tracks allowed rudimentary surveys and certain simple tasks to be carried out in hazardous industrial
environments, such as nuclear power plants [38], as well as risky natural environments such as the
calderas of volcanoes. Examples of such systems are hybrid robots to study the Amazon rain forest
[13] and autonomous surface vessels to monitor water resources [18]. Aerial and ground robots are
also seeing more use [8], showcasing the benefits of using unmanned solutions to work in areas too
dangerous for human workers [24].

Robotic systems can be used to detect anomalies and identify faults and their locations [23]. Collab-
orations between different robots, such as unmanned aerial vehicles (UAVs) and UGVs, can achieve
better results in timeliness and accuracy of measurements [23]. Work has been completed towards
solving the limitations of aerial vehicles that are able to travel quickly, but have limited payload
capacities, mission durations, and ability to interact with the environment by direct contact [25].
Also, UAVs have legal restrictions on where they can be flown, and have exclusion zones near air-
ports, built-up areas, and restricted air space. On the other hand, UGVs are less mobile but are
well suited to carry large payloads, such as specialized sensors, geotechnical and sampling tools,
and extra batteries or other power sources for longer endurance.

UGVs have been used in the mapping of underground mines [6, 16, 31] that are too dangerous for
humans to access. Application of robotics in mining is reviewed in [27], and includes activities such
as dozing, excavation, haulage, mapping, surveying, drilling, and explosives handling.

5.2.2 Robotic Surface and Subsurface Sampling

Sampling payloads for UGVs have been developed for space exploration, such as regolith sampling
tools for sample-return missions [40]. Robots designed for Lunar regolith core drilling have been
proposed [42]. Drilling and on-board sample analysis payloads are being used in Mars rovers [2] and
have conducted the first extraterrestrial drilling of rocks [17]. Advanced drilling tools have been
developed to identify regolith mechanical properties [49], and miniature flexible samplers have been
designed for lunar explorations to reduce weight, volume, and power requirements [22].

Previous work by part of our group produced a UGV for collecting subsurface samples from oil
sands tailings DDAs [34]. This robot, RTC-I shown in Figure 5.3, drilled through the crust of the
deposit and deployed an industry-standard mud sampler to collect saturated tailings samples at
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depths of up to 2m. The samples were then analyzed to measure water, mineral, and bitumen
content and solids concentration [34].

New methods for remote tailings testing require different types of samples. Tailings characterization
has been conducted using non-contact techniques such as hyperspectral observations. Broad-band
infrared reflectance spectra have been used for bitumen content estimation [37]. Prediction of water
content and normalized evaporation of oil sands tailings has been demonstrated in a laboratory
setting with potential for field applications [10]. Validation of the techniques requires calibration
samples, which need to be collected from the surface of the deposit and must be kept with the
surface intact.

To address this requirement, a scoop-type design for collecting undisturbed surface samples was
initially conceptualized for UAV-based deployment [32]. The soil deformation while sampling was
minimized by the design’s geometry, in which the axis of curvature of the scoop was placed at the
axis of rotation of the mechanism, keeping reaction forces low and reducing power consumption
during sampling [30]. The mass of the sample was limited to the payload capacity of the UAV, and
the system has not been tested in outdoor conditions.

Figure 5.3: RTC-I collecting subsurface samples from an oil sands tailings DDA.

Novel geotechnical tools have been developed, such as an automatic vane shear test tool for
undrained shear strength estimation of cohesive soils which can be deployed from a UGV [33].
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These tools can be used to independently validate soil parameters estimated with methods dis-
cussed in this paper and other papers.

5.2.3 Estimating Soil Parameters Using Terramechanics Wheels

Wheel-soil interaction models have been used to study loads on a wheel of a vehicle with respect to
its motion and soil parameters such as cohesion stress and internal friction angle [4, 46, 45]. These
methods have been applied to determine mobility in rough terrain, investigate trafficability of an
environment, and estimate soil properties [47]. They have also been used in high fidelity simulations
of planetary rovers [50] and real-time simulations [11, 20].

Our past work demonstrated terramechanics-based soil parameter estimation from onboard a wheeled
platform on a mine site [34]. One of the wheels of the robot was instrumented to collect measure-
ments as it moved over dry sand on a tailings dyke (Figure 5.4). These measurements were used to
estimate the cohesion and internal friction angle of the terrain, which required the terrain to have
sufficient load bearing capacity to support the robot.

Figure 5.4: RTC-I conducting terramechanics experiments on dry tailings sand.

The work reported here presents the development of a novel instrumented terramechanics wheel
deployed on a robotic arm manipulator. This active sensor is required for two main reasons:

• Some terrains might not have sufficient bearing capacity to support wheeled vehicles, par-
ticularly semi-aquatic environments where tracked or amphibious vehicles are required. The
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proposed design can still be deployed in these types of environments.

• The normal load and slip ratio of the terramechanics measurement wheel can be controlled
independently of the vehicle’s motions. This allows setting a broad range of operating points
for the collected data employed in the soil parameter estimation algorithms.

The proposed instrument enables real-time estimation of soil properties and terrain characterization.
The terramechanics wheel can be used to increase the density of measurements collected during a
survey, which is important since under-sampling areas can limit the accuracy of site characterization
[5].

5.3 Development of a Robotic Manipulator and End-Effectors

5.3.1 Design Requirements

The robotic manipulator was designed to carry payloads capable of collecting undisturbed surface
samples, conducting simple excavator-soil interaction experiments, and employing an instrumented
wheel for terramechanics investigations. The design requirements include:

• mountable on a mobile platform,

• sufficient payload capacity to carry tools of up to 50 kg at least 30 cm in front and 30 cm
below the first joint,

• sufficient dexterity to wield a surface sampling tool, an excavator, and a terramechanics wheel,

• end-effector velocity of at least 1 cm/s throughout the reachable workspace,

• joint angle sensors and end-effector load cells for position and force feedback during tasks,

• low mass and high structural stiffness,

• low power consumption,

• ruggedness for field deployment.

The following subsections present the development of the robotic manipulator and end effec-
tors.
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5.3.2 Robotic Manipulator

A serial 3-degree-of-freedom manipulator was developed as shown in Figure 5.5. The mechanism
comprises three revolute joints driven by linear actuators (linear-drive nut-screw mechanisms). This
new design was motivated by a lack of readily available commercial manipulators which could meet
the design requirements described above.

Figure 5.5: Robot manipulator mounted on a UGV.

Small and medium sized (less than 35 kg) commercial manipulators which could be attached to
our mobile platform were found to have limited payload carrying capacity (approximately 10kg)
and not sufficiently rugged for field applications. Most commercial manipulators are designed to
operate in clean environments and manipulate small end-effectors and payloads. Conversely, robot
arms with high lifting capacities, such as those for industrial assembly lines, are not suitable for
deployment from a mobile robot due to their large size, mass, and power requirements.

The main components of the proposed design are shown in Figure 5.6. Linear actuators consisting
of DC motors and lead screws were chosen over direct rotary drives for each joint. Many small
and medium-sized commercial manipulators use rotary drives with DC, stepper, or brushless DC
motors in combination with planetary or harmonic gearboxes to increase the torque available at the
joints. These configurations offer high joint speeds, especially for lightweight robots, and minimum
backlash. Typically the joints are back-driveable, meaning they can be moved when the motors are
not powered.

The main disadvantage of direct rotary drives in our application is that power would be required to
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Figure 5.6: Robotic manipulator components.

hold a joint position. The mass of the end effectors and links of the arm are significant and create
large moments at each joint. This would greatly increase the overall energy requirements of the
system, since during most instrument deployment operations the arm remains in one pose for most
of the time, for instance when the mobile platform is driving. For this reason, a self-locking joint
design is preferred for our application.

The linear actuators used to rotate each joint comprise small DC motors, gearboxes, and a lead
screw-nut transmission to convert rotary motion to linear displacement. This transmission system
is not back-driveable and does not move unless the DC motors are energized. Each linear actuator is
instrumented with a linear potentiometer to measure the linear displacement of the lead screw nut.
The measurements of each linear actuator along with the link geometry of the robot are sufficient
to determine the angle of each joint and thus the forward kinematics.

A proof-of-concept manipulator prototype was built as shown in Figure 5.7 to test the linear ac-
tuators and control systems. Costs were reduced by fabricating a lightweight shell using water-jet
cutting of aluminum sheet-metal, and joining the links with standard connection brackets. The
linear actuators were tested through simple load-carrying operations in the workspace. This config-
uration was found to deliver sufficient force to lift the front of the mobile robot off the ground.

The linear potentiometers were unable to provide adequate feedback of joint angles for two main
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reasons. First, the analog output signals of the sensors were corrupted by electrical noise generated
in the DC motors. Software and hardware filters attenuated these errors, at the cost of introducing
a small time delay to the measurements. Second, the linear position sensors could not measure
the backlash of the joints. Small joint angle measurement errors due to backlash can result in a
significant difference between the calculated and true pose of the end-effector, leading to inaccurate
motion planning and the risk of collision between the manipulator and mobile robot body. For
contact tasks, a small end-effector position error could result in excessively large forces on the
end-effector tool.

To address both these issues, optical quadrature encoders were added at each joint output shaft to
directly measure the rotation angles. Because these sensors are digital, their readings are immune
to electrical noise. The units selected were US Digital E5-4096-313 rotary encoders.

Figure 5.7: Robotic manipulator prototype for laboratory testing.

The final, field-deployed version of the manipulator is shown in Figure 5.5. Aluminum structural
u-channels were used for each link to increase rigidity while keeping weight down. Oil-embedded
flanged sleeve bearings, suitable for high-load and low-speed applications, were used to house the
stainless steel axles of each joint. Optical encoders on the joints measured rotation angles with a
resolution of 0.09 degrees.

The geometry of the arm was designed in parallel with actuator selection. Three design constraints
were imposed: i) the arm needs to be easily mounted on top of a mobile robot such as the Clearpath
Husky A200, ii) the arm needs to be able to apply a vertical force of at least 500 N and a horizontal
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force of at least 100 N in any configuration, and iii) the arm must be capable of moving the end
effector at a speed of at least 1 cm/s horizontally and vertically in any configuration. The linear
actuators were selected to have an environmental protection rating of IP65, which is adequate
for field operations in dusty conditions with the potential for water splashes. The mechanical
components were designed with a factor of safety of at least 10 to prevent damage in the event
of impacts during field operations. The arm was mounted on two aluminum extrusions for easy
attachment to a mobile robot platform, as seen in Figure 5.5.

A computer program was developed to aid in the design and analysis process. It consisted of Python
code used to calculate parameters of interest (listed next) for a given set of link geometries and
actuator attachment points. The performance of the manipulator arm was investigated in terms of
the forces and velocities achievable at the end-effector connection point. The forward and inverse
kinematics of the manipulator were used to compute these as functions of the torques and angular
speeds applied at each joint, and the geometry of the system as defined in Figure 5.8. The design
parameters were the lengths of the links and the attachment points for each linear actuator. Several
design iterations were required to find a configuration which satisfied all the design constraints. The
specifications of the selected linear actuators are presented in Table 5.1.

Table 5.1: Chosen ServoCity Linear Actuators

Joint Part No. Gear Ratio Max Load Stroke
N mm

1 SDA4-30 40:1 7000 102
2 HDA4-30 40:1 1000 100
3 HDA4-30 40:1 1000 100
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Figure 5.8: Robot manipulator angle and link geometry definitions.

Given the joint angles θ1, θ2 and θ3, and the link lengths l1, l2 and le, the end-effector position xe,
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ye and orientation θe can be found from the forward kinematics of the manipulator as:

xe = l1 cos(θ1) + l2 cos(θ1 + θ2) + le cos(θ1 + θ2 + θ3) (5.1)

ye = l1 sin(θ1) + l2 sin(θ1 + θ2) + le sin(θ1 + θ2 + θ3) (5.2)

θe = θ1 + θ2 + θ3 (5.3)

The inverse kinematics of the arm are found to be:

θ1 = atan2(ye − le sin θe, xe − le cos θe)− atan2(l2 sin θ2, l1 + l2 cos θ2) (5.4)

θ2 = atan2(−
√

1−D2, D) (5.5)

θ3 = θe − (θ1 + θ2) (5.6)

D =
[
(xe − le cos θe)

2 + (ye − le sin θe)
2 − l21 − l22

]
/(2l1l2) (5.7)

The velocity vector of the end-effector vef = (ẋe, ẏe, θ̇e)T can be calculated from the joint rates
vector q̇ = (θ̇1, θ̇2, θ̇3)T using the Jacobian matrix J as

vef = Jq̇ (5.8)

where

J =

 J11 J12 J13

J21 J22 J23

1 1 1

 (5.9)

J11 = −l1 sin(θ1)− l2 sin(θ1 + θ2)− le sin(θ1 + θ2 + θ3) (5.10)

J12 = −l2 sin(θ1 + θ2)− le sin(θ1 + θ2 + θ3) (5.11)

J13 = −le sin(θ1 + θ2 + θ3) (5.12)

J21 = l1 cos(θ1) + l2 cos(θ1 + θ2) + le cos(θ1 + θ2 + θ3) (5.13)

J22 = l2 cos(θ1 + θ2) + le cos(θ1 + θ2 + θ3) (5.14)

J23 = le cos(θ1 + θ2 + θ3) (5.15)

(5.16)

Similarly, the instantaneous forces and moment on the end effector Wef := (Fxe, Fye,Me)
T resulting

from the joint torques Tj := (T1, T2, T3)T are given by

Wef = (JT)−1Tj (5.17)
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The manipulator was designed to position payloads in front and below Joint 1 in Figure 5.8. This
is because the manipulator is mounted on top of a mobile platform and reaches to interact with the
terrain ahead. Figure 5.9 visualizes the workspace of the manipulator. The boundaries delineate
areas in which the end-effector can be positioned for a given angular orientation. The key constraints
are the range of angles for each joint, which are in turn determined by the strokes and attachment
points of the linear actuators as well as the link geometries.
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Figure 5.9: Robot manipulator reachable workspace. The boundaries delineate areas in which the
robot manipulator can position the end effector for a given angle.

A system diagram of our design is presented in Figure 5.10. An Atmel SAM3X8E ARM Cortex-M3
microcontroller unit (MCU) within the manipulator electronics box interfaces with three Parallax
HB25 motor controllers which modulate power to the motors at 9.2 kHz. The MCU samples the
three linear potentiometers and three quadrature encoders to determine the joint angles. The linear
potentiometers are used to determine the initial position of the robot arm at power-on, at which
time the manipulator is in a known configuration such that backlash can be measured and then

125



removed. Alternatively, the position of the arm can be saved to flash memory, and used to restart
the arm in its last measured configuration. In this case, the encoders are zeroed during operation
using mechanical hardstops within the workspace of the robot. During regular operation, only
encoder feedback is used. A sensor fault detection scheme (part of a self-diagnostic routine) could
be implemented by comparing the feedback from the potentiometers and encoders along with inputs
to the motors.

The manipulator arm is equipped with an Inertial Measurement Unit (IMU) fixed to the base of
the arm. The IMU uses feedback from a triaxial accelerometer, gyroscope and magnetometer to
determine the attitude of the base of the arm with respect to the horizontal plane. This is used
to determine whether the mobile robot carrying the arm is on sloped ground. While most mobile
robots carry on-board IMUs, having an IMU integrated into the manipulator arm design makes
it independent of the mobile platform used. An emergency stop button is available to disconnect
power to the actuators. A dedicated 12V lead-acid battery is used to power the manipulator.

The manipulator arm is designed to be modular. An end-effector attachment plate with multiple
bolt patterns allows attaching different end-effector payloads. A serial communication line is avail-
able to interface the payloads with the onboard computer, as well as to supply power. A Robotiq
FT 150 force-torque sensor is mounted between the distal manipulator link and the end-effector
attachment plate. This sensor measures the forces and moments along three axes, allowing to mea-
sure and control the tool-environment interaction forces and moments. Additionally, feedback from
this sensor is used to prevent overloading the manipulator and end-effectors.

Independent joint angle PID controllers are used to drive the linear actuators. In this scheme,
nonlinearities in the conversion of linear motion of the actuator to rotary motion of the joint are
automatically handled by the controller. This setup was found to successfully track joint angle
trajectories with negligible errors and was thus determined to be suitable for our application. Note
the end-effector moves at relatively slow speeds thus the joint reference trajectories are slowly
varying.

High level task planning, trajectory generation, and the user interface were developed within the
Robot Operating System (ROS) [36]. A linear-segment, parabolic-blending approach is used to
prescribe limits for acceleration and velocity of the end-effector during operation. Different software
modules were implemented as ROS nodes which communicate with each other in a publisher-
subscriber architecture. Both the manipulator arm and each of the end-effectors publish their state
information and subscribe to command inputs from the path planning and user interface modules.
Built-in ROS modules are used to visualize sensor feedback and build a graphical user interface
(GUI) to control the robot arm. A screenshot of the running interface is shown in Figure 5.11.

The next Sections detail the development of two end effectors: a scoop-based surface sampler and
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excavation tool, and an instrumented terramechanics wheel.
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<latexit sha1_base64="Cn0FOM9H86SRP3FxgZ/jCIkvR9o=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0niQY+FXrwIFU1baEPZbDft0t1N2N0IJfQnePGgiFd/kTf/jds2B219MPB4b4aZeVHKmTau++2UNja3tnfKu5W9/YPDo+rxSVsnmSI0IAlPVDfCmnImaWCY4bSbKopFxGknmjTnfueJKs0S+WimKQ0FHkkWM4KNlR7umsGgWnPr7gJonXgFqUGB1qD61R8mJBNUGsKx1j3PTU2YY2UY4XRW6WeapphM8Ij2LJVYUB3mi1Nn6MIqQxQnypY0aKH+nsix0HoqItspsBnrVW8u/uf1MhPfhDmTaWaoJMtFccaRSdD8bzRkihLDp5Zgopi9FZExVpgYm07FhuCtvrxO2n7du6r7936t4RdxlOEMzuESPLiGBtxCCwIgMIJneIU3hzsvzrvzsWwtOcXMKfyB8/kD0gGNbw==</latexit>

Serial RX/TX
<latexit sha1_base64="qNYFo1qqMm+h87VV514ePrPsvtg=">AAAB83icbVA9SwNBEJ3zM8avqKXNYhCs4l0stAzYWEbNx0FyhL3NXLJkb+/Y3RNCyN+wsVDE1j9j579xk1yhiQ8GHu/NMDMvTAXXxnW/nbX1jc2t7cJOcXdv/+CwdHTc0kmmGDZZIhLlh1Sj4BKbhhuBfqqQxqHAdji6nfntJ1SaJ7JhxikGMR1IHnFGjZW6j6g4FeTBv2z4vVLZrbhzkFXi5aQMOeq90le3n7AsRmmYoFp3PDc1wYQqw5nAabGbaUwpG9EBdiyVNEYdTOY3T8m5VfokSpQtachc/T0xobHW4zi0nTE1Q73szcT/vE5moptgwmWaGZRssSjKBDEJmQVA+lwhM2JsCWWK21sJG1JFmbExFW0I3vLLq6RVrXhXlep9tVxz8zgKcApncAEeXEMN7qAOTWCQwjO8wpuTOS/Ou/OxaF1z8pkT+APn8wfxcpDn</latexit>

Motor Power
<latexit sha1_base64="hssNdgp2d4cc4en3ld1vTcHX1XE=">AAAB8nicbVC7TsNAEFzzDOEVoKQ5ESFRRXYooIxEQ4MUJPKQHCs6X87JKWefdbcGRVY+g4YChGj5Gjr+hkviAhKmGs3samcnTKUw6Lrfztr6xubWdmmnvLu3f3BYOTpuG5VpxltMSaW7ITVcioS3UKDk3VRzGoeSd8LxzczvPHJthEoecJLyIKbDRESCUbSSf6dQadJUT1z3K1W35s5BVolXkCoUaPYrX72BYlnME2SSGuN7bopBTjUKJvm03MsMTykb0yH3LU1ozE2QzyNPyblVBiSyxyOVIJmrvzdyGhsziUM7GVMcmWVvJv7n+RlG10EukjRDnrDFoSiTBBWZ/U8GQnOGcmIJZVrYrISNqKYMbUtlW4K3/PIqaddr3mWtfl+vNtyijhKcwhlcgAdX0IBbaEILGCh4hld4c9B5cd6dj8XomlPsnMAfOJ8/IA2RFg==</latexit>

3x Motor Drivers
<latexit sha1_base64="gVAHiu3hxZd+995+pJU/LvAI0zw=">AAAB+XicbVC7TsNAEFyHVwgvAyXNiQiJKrKdAspIUNAgBYk8pMSKzpdzcsrZZ92dIyIrf0JDAUK0/Akdf8M5cQEJU41mZrW7EyScKe0431ZpY3Nre6e8W9nbPzg8so9P2kqkktAWEVzIboAV5SymLc00p91EUhwFnHaCyU3ud6ZUKibiRz1LqB/hUcxCRrA20sC260/oXmgh0a1keXBgV52aswBaJ25BqlCgObC/+kNB0ojGmnCsVM91Eu1nWGpGOJ1X+qmiCSYTPKI9Q2McUeVni8vn6MIoQxSa9aGINVqovycyHCk1iwKTjLAeq1UvF//zeqkOr/2MxUmqaUyWi8KUIy1QXgMaMkmJ5jNDMJHM3IrIGEtMtOmgYkpwV19eJ22v5tZr3oNXbXhFHWU4g3O4BBeuoAF30IQWEJjCM7zCm5VZL9a79bGMlqxi5hT+wPr8AddLkxg=</latexit>

3x Motors
<latexit sha1_base64="S/NWRqMkdm9ZyRcY3x87f/ftBsk=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYBA8hd3koMeAFy9CBPOQZAmzk9lkyDyWmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uKBHcgu9/e2vrG5tb24Wd4u7e/sFh6ei4ZXVqKGtSLbTpRMQywRVrAgfBOolhREaCtaPx9cxvPzJjuVb3MElYKMlQ8ZhTAk56qD3hWw3a2H6p7Ff8OfAqCXJSRjka/dJXb6BpKpkCKoi13cBPIMyIAU4FmxZ7qWUJoWMyZF1HFZHMhtn84Ck+d8oAx9q4UoDn6u+JjEhrJzJynZLAyC57M/E/r5tCfBVmXCUpMEUXi+JUYNB49j0ecMMoiIkjhBrubsV0RAyh4DIquhCC5ZdXSataCWqV6l21XK/mcRTQKTpDFyhAl6iOblADNRFFEj2jV/TmGe/Fe/c+Fq1rXj5zgv7A+/wBYy6QFQ==</latexit>

3x Encoders
<latexit sha1_base64="H4ZAyOq2/woAJ5ixE/Uq8DGpa8s=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPThS4LIrisYB8wHUomk2lDM8mQ3BFL6We4caGIW7/GnX9j2s5CWw8EDuecS+49USa4Adf9dkobm1vbO+Xdyt7+weFR9fikY1SuKWtTJZTuRcQwwSVrAwfBeplmJI0E60bjm7nffWTacCUfYJKxMCVDyRNOCVgpaDzhW0lVbBODas2tuwvgdeIVpIYKtAbVr36saJ4yCVQQYwLPzSCcEg2cCjar9HPDMkLHZMgCSyVJmQmni5Vn+MIqMU6Utk8CXqi/J6YkNWaSRjaZEhiZVW8u/ucFOSTX4ZTLLAcm6fKjJBcYFJ7fj2OuGQUxsYRQze2umI6IJhRsBxVbgrd68jrp+HWvUffv/VrTL+ooozN0ji6Rh65QE92hFmojihR6Rq/ozQHnxXl3PpbRklPMnKI/cD5/ALyakNg=</latexit>

3x Linear Pot.
<latexit sha1_base64="t+xfCStj9CkZw20pNHcGtBDVcz4=">AAAB9XicbVC7TsMwFHXKq5RXgZHFokJiipJ0gLESCwNDkehDakvluE5r1bEj+waoov4HCwMIsfIvbPwNbpsBWo5k6eice3SvT5gIbsDzvp3C2vrG5lZxu7Szu7d/UD48ahqVasoaVAml2yExTHDJGsBBsHaiGYlDwVrh+Grmtx6YNlzJO5gkrBeToeQRpwSsdF99wjc2STSuK3D75YrnenPgVeLnpIJy1Pvlr+5A0TRmEqggxnR8L4FeRjRwKti01E0NSwgdkyHrWCpJzEwvm189xWdWGeBIafsk4Ln6O5GR2JhJHNrJmMDILHsz8T+vk0J02cu4TFJgki4WRanAoPCsAjzgmlEQE0sI1dzeiumIaELBFlWyJfjLX14lzcD1q25wG1RqQV5HEZ2gU3SOfHSBauga1VEDUaTRM3pFb86j8+K8Ox+L0YKTZ47RHzifPze/kZ8=</latexit>

IMU
<latexit sha1_base64="cT5j7WyFQgRF3eBF24DMrgJ+S6k=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5ioWXARgshopcEkiPsbfaSJXt7x+6cEEJ+go2FIrb+Ijv/jZvkCk18MPB4b4aZeWEqhUHX/XYKa+sbm1vF7dLO7t7+QfnwqGmSTDPus0Qmuh1Sw6VQ3EeBkrdTzWkcSt4KR9czv/XEtRGJesRxyoOYDpSIBKNopYfbO79XrrhVdw6ySrycVCBHo1f+6vYTlsVcIZPUmI7nphhMqEbBJJ+WupnhKWUjOuAdSxWNuQkm81On5MwqfRIl2pZCMld/T0xobMw4Dm1nTHFolr2Z+J/XyTC6CiZCpRlyxRaLokwSTMjsb9IXmjOUY0so08LeStiQasrQplOyIXjLL6+SZq3qXVRr97VK3c3jKMIJnMI5eHAJdbiBBvjAYADP8ApvjnRenHfnY9FacPKZY/gD5/MH2oGNcw==</latexit>

E-Stop
<latexit sha1_base64="JPw/IQGpAkR1jbgFO1zUbIdYj+E=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4sST1oMeCCB4r2g9oQ9lsN+3aTTbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaVSqGW8wJZVuB9RwKWLeQIGStxPNaRRI3gpG11O/9cS1ESp+wHHC/YgOYhEKRtFKzZvze1RJr1R2K+4MZJl4OSlDjnqv9NXtK5ZGPEYmqTEdz03Qz6hGwSSfFLup4QllIzrgHUtjGnHjZ7NrJ+TUKn0SKm0rRjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvmZiJMUeczmi8JUElRk+jrpC80ZyrEllGlhbyVsSDVlaAMq2hC8xZeXSbNa8S4q1btquebmcRTgGE7gDDy4hBrcQh0awOARnuEV3hzlvDjvzse8dcXJZ47gD5zPHxUejr4=</latexit>

Power 12V
<latexit sha1_base64="Ts5bmB2HBiuuUqj83A1rYFHLd18=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hd31oMeAF48RzEOSJcxOZpMh81hmZpWw5Cu8eFDEq5/jzb9xkuxBEwsaiqpuurvilDNjff/bW1vf2NzaLu2Ud/f2Dw4rR8ctozJNaJMornQnxoZyJmnTMstpJ9UUi5jTdjy+mfntR6oNU/LeTlIaCTyULGEEWyc9NNQT1SgIW/1K1a/5c6BVEhSkCgUa/cpXb6BIJqi0hGNjuoGf2ijH2jLC6bTcywxNMRnjIe06KrGgJsrnB0/RuVMGKFHalbRorv6eyLEwZiJi1ymwHZllbyb+53Uzm1xHOZNpZqkki0VJxpFVaPY9GjBNieUTRzDRzN2KyAhrTKzLqOxCCJZfXiWtsBZc1sK7sFr3izhKcApncAEBXEEdbqEBTSAg4Ble4c3T3ov37n0sWte8YuYE/sD7/AHE4I+q</latexit>

F/T Sensor
<latexit sha1_base64="3Dt3yQjUBZn7aTy0/KDw4609EU0=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU91dD3osCOKxYr+wXUo2zbah2WRJskJZ+i+8eFDEq//Gm//GtN2Dtj4YeLw3w8y8MOFMG9f9dgpr6xubW8Xt0s7u3v5B+fCopWWqCG0SyaXqhFhTzgRtGmY47SSK4jjktB2Ob2Z++4kqzaRomElCgxgPBYsYwcZKj7cXDfRAhZaqX664VXcOtEq8nFQgR71f/uoNJEljKgzhWOuu5yYmyLAyjHA6LfVSTRNMxnhIu5YKHFMdZPOLp+jMKgMUSWVLGDRXf09kONZ6Eoe2M8ZmpJe9mfif101NdB1kTCSpoYIsFkUpR0ai2ftowBQlhk8swUQxeysiI6wwMTakkg3BW355lbT8qndZ9e/9Ss3P4yjCCZzCOXhwBTW4gzo0gYCAZ3iFN0c7L86787FoLTj5zDH8gfP5A6e1kDM=</latexit>

End-E↵ector
<latexit sha1_base64="+974GJ/93tPnBDnz/KxfazWlrT0=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBiyWJBz0WpOCxgv2ANpTNZtMu3eyG3Y1QQv+GFw+KePXPePPfuG1z0NYHA4/3ZpiZF6acaeO6305pY3Nre6e8W9nbPzg8qh6fdLTMFKFtIrlUvRBrypmgbcMMp71UUZyEnHbDyd3c7z5RpZkUj2aa0iDBI8FiRrCx0qApoqtmHFNipBpWa27dXQCtE68gNSjQGla/BpEkWUKFIRxr3ffc1AQ5VoYRTmeVQaZpiskEj2jfUoETqoN8cfMMXVglQrFUtoRBC/X3RI4TradJaDsTbMZ61ZuL/3n9zMS3Qc5EmhkqyHJRnHFkJJoHgCKm7Lt8agkmitlbERljhYmxMVVsCN7qy+uk49e967r/4NcafhFHGc7gHC7BgxtowD20oA0EUniGV3hzMufFeXc+lq0lp5g5hT9wPn8AljmRVg==</latexit>

Manipulator
<latexit sha1_base64="7ZgPMFfikZmquMPeOuAMkPRLlNI=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqST1oMeCFy9CBfsBaSib7aZdutkNuxOhhP4MLx4U8eqv8ea/cdvmoK0PBh7vzTAzL0oFN+h5305pY3Nre6e8W9nbPzg8qh6fdIzKNGVtqoTSvYgYJrhkbeQoWC/VjCSRYN1ocjv3u09MG67kI05TFiZkJHnMKUErBfdE8jQTBJUeVGte3VvAXSd+QWpQoDWofvWHimYJk0gFMSbwvRTDnGjkVLBZpZ8ZlhI6ISMWWCpJwkyYL06euRdWGbqx0rYkugv190ROEmOmSWQ7E4Jjs+rNxf+8IMP4Jsy5TDNkki4XxZlwUbnz/90h14yimFpCqOb2VpeOiSYUbUoVG4K/+vI66TTq/lW98dCoNb0ijjKcwTlcgg/X0IQ7aEEbKCh4hld4c9B5cd6dj2VrySlmTuEPnM8fl1SRZA==</latexit>

Electronics Box
<latexit sha1_base64="QVivFo03NNx98B1wONqHQHzB/GM=">AAAB+HicbVBNSwMxEJ2tX7V+dNWjl2ARPJXdetBjUQSPFewHtEvJptk2NJssSVasS3+JFw+KePWnePPfmLZ70NYHA4/3ZpiZFyacaeN5305hbX1jc6u4XdrZ3dsvuweHLS1TRWiTSC5VJ8SaciZo0zDDaSdRFMchp+1wfD3z2w9UaSbFvZkkNIjxULCIEWys1HfLN5wSo6RgRKMr+dh3K17VmwOtEj8nFcjR6LtfvYEkaUyFIRxr3fW9xAQZVoYRTqelXqppgskYD2nXUoFjqoNsfvgUnVplgCKpbAmD5urviQzHWk/i0HbG2Iz0sjcT//O6qYkug4yJJDVUkMWiKOXISDRLAQ2Ysm/ziSWYKGZvRWSEFSbGZlWyIfjLL6+SVq3qn1drd7VK3cvjKMIxnMAZ+HABdbiFBjSBQArP8ApvzpPz4rw7H4vWgpPPHMEfOJ8/jvyS9Q==</latexit>

Mobile Robot
<latexit sha1_base64="zTUThnIb+Dastlmpyj4DLCh4QuU=">AAAB83icbVA9SwNBEJ3zM8avqKXNYhCswl0stAzY2AhRzAckR9jb7CVL9naP3TkhhPwNGwtFbP0zdv4bN8kVmvhg4PHeDDPzolQKi77/7a2tb2xubRd2irt7+weHpaPjptWZYbzBtNSmHVHLpVC8gQIlb6eG0ySSvBWNbmZ+64kbK7R6xHHKw4QOlIgFo+ik7p2OhOTkQUcae6WyX/HnIKskyEkZctR7pa9uX7Ms4QqZpNZ2Aj/FcEINCib5tNjNLE8pG9EB7ziqaMJtOJnfPCXnTumTWBtXCslc/T0xoYm14yRynQnFoV32ZuJ/XifD+DqcCJVmyBVbLIozSVCTWQCkLwxnKMeOUGaEu5WwITWUoYup6EIIll9eJc1qJbisVO+r5Zqfx1GAUziDCwjgCmpwC3VoAIMUnuEV3rzMe/HevY9F65qXz5zAH3ifP6lgkWA=</latexit>

Analog signal
<latexit sha1_base64="VFMHLjTD/LvGmhjfGsWP0I+Bu88=">AAAB9HicbZC7TsMwFIZPyq2UW4CRxaJCYqqSMsBYxMJYJHqR2qhyXCe16tjBdipVUZ+DhQGEWHkYNt4Gt80ALb9k6dN/ztE5/sOUM20879spbWxube+Udyt7+weHR+7xSVvLTBHaIpJL1Q2xppwJ2jLMcNpNFcVJyGknHN/N650JVZpJ8WimKQ0SHAsWMYKNtYJbgbmMkWaxhYFb9WreQmgd/AKqUKg5cL/6Q0myhApDONa653upCXKsDCOczir9TNMUkzGOac+iwAnVQb44eoYurDNEkVT2CYMW7u+JHCdaT5PQdibYjPRqbW7+V+tlJroJcibSzFBBlouijCMj0TwBNGSKEsOnFjBRzN6KyAgrTIzNqWJD8Fe/vA7tes2/qtUf6tWGV8RRhjM4h0vw4RoacA9NaAGBJ3iGV3hzJs6L8+58LFtLTjFzCn/kfP4Af9KR3A==</latexit>

Encoder signal
<latexit sha1_base64="nqilBrFinZUNUxUJRC8tCtxdrN0=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0nqQY8FETxWsB/QxrLZTNqlm03Y3Sil9H948aCIV/+LN/+N2zYHbX0w8Hhvhpl5QSq4Nq777RTW1jc2t4rbpZ3dvf2D8uFRSyeZYthkiUhUJ6AaBZfYNNwI7KQKaRwIbAej65nffkSleSLvzThFP6YDySPOqLHSw41kSYiKaD6QVPTLFbfqzkFWiZeTCuRo9MtfvTBhWYzSMEG17npuavwJVYYzgdNSL9OYUjaiA+xaKmmM2p/Mr56SM6uEJEqULWnIXP09MaGx1uM4sJ0xNUO97M3E/7xuZqIrf8JlmhmUbLEoygQxCZlFQEKukBkxtoQyxe2thA2poszYoEo2BG/55VXSqlW9i2rtrlapu3kcRTiBUzgHDy6hDrfQgCYwUPAMr/DmPDkvzrvzsWgtOPnMMfyB8/kDUPqSVA==</latexit>

Figure 5.10: System diagram for the overall design.

Figure 5.11: User interface screenshot. Two cameras are used to supervise the payload from different
angles, and plots present the loads and relevant state variables.

5.3.3 Surface Sampler And Excavation Tool

Scoop-type samplers can be used to collect undisturbed soil samples from the surface of a region of
soft terrain such as a tailings deposit, and the measurements of the reaction forces can be used to
characterize the terrain (c.f. Section 5.2.2).

This section presents the development of an instrumented surface sampler for terrain investigations.
The mechanism comprises a detachable curved scoop actuated by a geared DC motor, as illustrated
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in Figure 5.12. The scoop was designed to be detachable from the rest of the sampler for transferring
the soil sample to a container with minimal deformation. The overall subsystem attaches to the
endplate of the manipulator arm, which is instrumented to measure the forces and moments acting
on the end-effector.

Vertical Blade
<latexit sha1_base64="mzP735IBm+R0+mm2OoTm99XYALw=">AAAB9XicbZC7TsMwFIZPuJZyKzCyWFRInaqkDDBWsDAWiV6kNlSOc9JadS6yHVAV9T1YGECIlXdh421w2gzQciRLn/7/HPv49xLBlbbtb2ttfWNza7u0U97d2z84rBwdd1ScSoZtFotY9jyqUPAI25prgb1EIg09gV1vcpP73UeUisfRvZ4m6IZ0FPGAM6qN9NBBqQ0Lci2oj8NK1a7b8yKr4BRQhaJaw8rXwI9ZGmKkmaBK9R070W5G80sFzsqDVGFC2YSOsG8woiEqN5tvPSPnRvFJEEtzIk3m6u+JjIZKTUPPdIZUj9Wyl4v/ef1UB1duxqMk1RixxUNBKoiOSR4B8blEpsXUAGWSm10JG1NJmTZBlU0IzvKXV6HTqDsX9cZdo9qsFXGU4BTOoAYOXEITbqEFbWAg4Rle4c16sl6sd+tj0bpmFTMn8Keszx8MVZIg</latexit>

Distance
Sensor

<latexit sha1_base64="9UVLFa9HoyL2Z2LZrdbMXL63Tn0=">AAACF3icbVC7SgNBFJ31bXxFLQVZDIJV2NVCOwUtLBM0D8guYXZyYwZnZ5eZu2JYtvQPbPwJ62BjoYitdn6DP+HkAWr0wMDhnHs5c08QC67RcT6sicmp6ZnZufncwuLS8kp+da2qo0QxqLBIRKoeUA2CS6ggRwH1WAENAwG14PK479euQGkeyXPsxuCH9ELyNmcUjdTMF72OjimD1GVh5nk5D+Ea0xMTTCWDb+UMpI5U1swXnKIzgP2XuCNSOLzvlT9vNnulZv7da0UsCUEiE1TrhuvE6KdUIWcCspyXaDD5l/QCGoZKGoL208Fdmb1tlJbdjpR5Eu2B+nMjpaHW3TAwkyHFjh73+uJ/XiPB9oGfchknCJINg9qJsDGy+yXZLa6AoegaQpni5q8261BFGZoqc6YEd/zkv6S6W3T3irtlp3C0Q4aYIxtki+wQl+yTI3JKSqRCGLklD+SJPFt31qP1Yr0ORyes0c46+QXr7QvsTaS9</latexit>

Scoop
<latexit sha1_base64="L4gZNQ0TCounm7f07P/6NXFyc+w=">AAAB7HicbVBNTwIxEJ3iF+IX6tFLIzHhRHbxoEcSLx4xumACG9ItXWjotpu2a0I2/AYvHjTGqz/Im//GAntQ8CWTvLw3k5l5USq4sZ73jUobm1vbO+Xdyt7+weFR9fikY1SmKQuoEko/RsQwwSULLLeCPaaakSQSrBtNbuZ+94lpw5V8sNOUhQkZSR5zSqyTgnuqVDqo1ryGtwBeJ35BalCgPah+9YeKZgmTlgpiTM/3UhvmRFtOBZtV+plhKaETMmI9RyVJmAnzxbEzfOGUIY6VdiUtXqi/J3KSGDNNIteZEDs2q95c/M/rZTa+DnMu08wySZeL4kxgq/D8czzkmlErpo4Qqrm7FdMx0YRal0/FheCvvrxOOs2Gf9lo3jVrrXoRRxnO4Bzq4MMVtOAW2hAABQ7P8ApvSKIX9I4+lq0lVMycwh+gzx/O0I6Y</latexit>

Motor Pinion
<latexit sha1_base64="zzp4kCcYooFcK3WdMnL2aOVt0kY=">AAAB83icbVA9TwJBEJ3DL8Qv1NJmIzGhIndYaEliY2OCiYAJXMjesgcb9nYvu3MmhPA3bCw0xtY/Y+e/cYErFHzVm/dmMjMvSqWw6PvfXmFjc2t7p7hb2ts/ODwqH5+0rc4M4y2mpTaPEbVcCsVbKFDyx9RwmkSSd6LxzdzvPHFjhVYPOEl5mNChErFgFJ3Uu9OoDWkK5Yp+ueLX/AXIOglyUoEczX75qzfQLEu4Qiaptd3ATzGcUoOCST4r9TLLU8rGdMi7jiqacBtOFzfPyIVTBiR222OtkCzU3xNTmlg7SSLXmVAc2VVvLv7ndTOMr8OpUGmGXLHlojiTBDWZB0AGwnCGcuIIZUa4WwkbUUMZuphKLoRg9eV10q7Xgsta/b5eaVTzOIpwBudQhQCuoAG30IQWMEjhGV7hzcu8F+/d+1i2Frx85hT+wPv8AdgtkXg=</latexit>
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Figure 5.12: Surface sampler main components. The side plates are shown as transparent to make
the internal components visible.

The sampler was designed to move approximately 90 degrees to its final closed configuration. This
design is different from the 180 degree movement of the scoop sampler proposed by Mori et al
[30]. Preliminary tests showed that during sampling, the surface of the medium remains close to
unchanged during the first 90 degrees of the scoop’s motion. As shown by the Particle Image
Velocimetry (PIV) results reported in [30], the sample is significantly disturbed during the second
half of the scooping motion. In our proposed design, the sample material is contained between the
curved blade, the side walls of the sampler, and an additional vertical blade fixed to the bottom
of the sampler body. A side view of the sampler with physical dimensions is presented in Figure
5.13.

The vertical blade serves several purposes. First, it provides a bracing support against the terrain
during sampling, reducing undesirable motions due to reaction forces. Second, the blade reduces the
disturbance to the surface of the sampled soil, by limiting the allowable deformation of the terrain.
Lastly, the vertical blade can be used as a simple excavation blade, and thus the end-effector can
be used to perform on-line estimation of soil parameters based on cutting force measurements, as
previously demonstrated by part of our group [48].
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rs 105 mm
hb 70 mm
dcx 20 mm
dcy 40 mm
ws 122.5 mm
wb 130.0 mm
ts 1.6 mm
tsp 1.0 mm
tb 1.0 mm

Figure 5.13: Surface sampler dimensions. The widths of the sampler and vertical blade are ws and
wb, respectively, and the thickness of the scoop curved blade, side plates, and vertical blade are ts,
tsp, and tb, respectively.

A DC motor is used to actuate the scoop (Actobotics 638296 52RPM Planetary Gear Motor), with
a quadrature encoder to determine the angular position of the sampler. An optical limit switch
is used to initialize the encoder count from a known angle. The torque on the scoop is measured
using strain gauges attached to the scoop axle in a Wheatstone bridge circuit. This measurement of
torque can be used for terrain characterization and also to prevent overloading the system.

Additional sensors include an IMU (Adafruit 10-DOF IMU 1604) to determine the orientation of
the sampler and to confirm the end-effector pose estimated by the robotic manipulator, and a
distance sensor (SHARP GP2Y0A51SK0F) to measure the distance between the sampler and the
ground to aid in positioning the scoop prior to sampling. The latter sensor is necessary because the
distance to the ground can vary depending on the geometry of the terrain, orientation of the mobile
platform, as well as sinkage of the vehicle (which can be on the order of several centimeters on soft
ground). In these conditions, measuring the pose of the end-effector is not sufficient to determine
its distance to the soil surface. The relative distance sensor allows precise and safe positioning of
the scoop mechanism above the soil to sample or excavate. Meanwhile for parameter identification,
the governing equations relating the reaction forces and terrain properties depend on the precise
positioning of the tool with respect to the ground. The sensor was selected to have high sensitivity,
approximately 350mV/cm, when the tool is approaching the ground and is closer than 6cm.
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The sampler is primarily manufactured from aluminum to be sufficiently strong for field deployment
while being lightweight. The material and surface roughness of the sampler scoop and vertical blade
parts can be chosen to minimize friction and adhesion effects. Materials such as nylon and teflon
can be used to reduce friction, while other coatings can optimize the surface-medium interaction
(for instance hydrophobic or hydrophilic coatings, depending on the desired effect). In our case,
the surface of the tool was not treated other than being smoothed with fine-grit sandpaper.

5.3.4 Terramechanics Wheel End-Effector

An instrumented terramechanics wheel end-effector was developed to address the limitations out-
lined in Section 5.2.3. This system mounts on the manipulator arm and comprises an actuated
wheel plus a set of sensors measuring its state and the loads acting on it. The design of this instru-
ment is illustrated in Figure 5.14. The orientation of the payload with respect to the horizontal
plane is estimated by an IMU mounted inside the electronics box.
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rw 90 mm
ww 64 mm
lh 5 mm
lt 2 mm

Figure 5.14: Terramechanics wheel design. The radius and width of the wheel are rw and ww,
respectively, and the lug height and thickness are lh and lt, respectively.
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The wheel consists of a rim with lugs 3D-printed from ABS plastic mounted on two circular alu-
minum plates. This choice of materials was used to reduce costs of prototyping and iterating of
various geometries; the final design could be machined from metal if desired. The wheel dimen-
sions were chosen to be similar to those used in planetary rovers to allow for comparative testing
with existing wheel-based parameter estimation methods [7]. The wheel is driven by a geared DC
motor (Midwest Motion S22-346F-12V GP52-022) connected to a timing belt and pulley transmis-
sion.

The wheel is instrumented with optical encoders, whose readings are numerically differentiated to
estimate its angular velocity. In this way, the wheel speed can be precisely set using a closed-loop
control law. Using a combination of prescribed linear velocity of the vehicle platform and angular
velocity of the wheel enables the latter to achieve a desired slip ratio. In order to reduce power
consumption and the risk of getting stuck, the mobile platform’s linear velocity is first set to a safe
and constant value, then the slip ratio of the terramechanics wheel is varied by commanding its
angular velocity.

An integrated wireless torque sensor is used to measure the torque applied to the wheel. The torque
is calculated from the amplified output of a Wheatstone bridge employing strain gauges arranged
in a shear strain configuration. The amplified signal is sampled by a low-power microcontroller unit
(NXP MK20DX256ZVMD7) mounted inside the wheel. The MCU communicates wirelessly to the
robot vehicle’s computer using 2.4GHz transceivers (Digi XB24CZ7WITB003). The wheel MCU
receives commands from this computer to start data transmission, stop and go to low-power sleep
mode, and modify signal conditioning gains and measurement transmission rates. The measured
data can also be logged by the MCU inside the terramechanics wheel to achieve higher data logging
rates and serve as a backup.

Two distance sensors are mounted on the frame of the wheel. The sensors selected were the SHARP
GP2Y0A41SK0F, which have a range up to 30cm with a sensitivity of 100 mV/cm at distances
between 8 cm and 16 cm. These sensors are used to estimate the sinkage of the wheel in the terrain
by measuring the distances to the ground in front and behind the wheel. This is used to determine
the contact angle between the wheel and the terrain and calculate the normal and shear stresses
acting on the wheel. To estimate sinkage from the measurements obtained from the distance sensors,
the terrain is assumed to be flat and level.

The set of measurements of the wheel’s interaction forces and its translational velocity (obtained
from the mobile platform’s onboard state estimation system) can be used to estimate soil properties
by estimating the parameters of a wheel-soil interaction model.

The next Section discusses equipment testing field trials.
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5.4 Equipment Testing Experiments

The manipulator arm and its end-effectors discussed in the previous Section were tested during the
NSERC Canadian Field Robotics Network (NCFRN) field trials in Kelowna, B.C., Canada. The
trials were conducted on a sandy beach, which allowed testing of the instruments on uncompacted
dry sand as well as on regions of transition into saturated sand.

The robotic manipulator was mounted on a Clearpath Husky A200 UGV. We refer to this com-
bined system as the second-generation rover for terrain characterization or RTC-II. The RTC-II’s
onboard computer runs ROS and our developed software discussed in Section 5.3.2. The UGV is
outfitted with a GPS receiver, and a simple waypoint navigation controller was used to drive the
robot autonomously through a series of assigned waypoints to reach a tool deployment location.
Two types of experiments were conducted: a sample return mission, and a terramechanics wheel
investigation.

5.4.1 Terrain Sampling Equipment Test Field Experiments

In this test, locations with different terrain characteristics were manually selected by the robot
operator. Figure 5.15 shows the robot working on (a) a location covered in dry sand, and (b) a
location close to the edge of a body of water.

(a) (b)

Figure 5.15: (a) RTC-II traversing dry uncompacted sand. (b) RTC-II deploying the surface sampler
on wet sand.

A sequence of images of the sampler payload operating on dry sand is presented in Figure 5.16, and
pictures of the overall vehicle sampling wet sand are shown in Figure 5.17. In both cases, the surface
of the collected samples remained undisturbed. Wet sand had sufficient cohesion to maintain the
shape of the collected sample, while in dry sand the hole created by the sample removal collapsed
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as the scoop was lifted. The input torque to the scoop and the reaction forces were measured and
logged throughout the sampling procedures. Measurements collected while sampling dry sand are
shown in Figure 5.18.

Figure 5.16: Sampler payload collecting a sample on dry sand.

(a) (b)

Figure 5.17: RTC-II collecting a sample on saturated sand. (a) The manipulator arm positions the
sampler on the terrain and the scoop is closed slowly to collect material. (b) The manipulator lifts
the instrument carrying a sample of saturated sand. The soil had sufficient cohesion to maintain
the shape of the material collected after the sampler was removed form the ground.

5.4.2 Terramechanics Wheel Field Test Experiments

The instrumented terramechanics wheel payload was deployed using the manipulator arm onboard
the RTC-II. As pictured in Figure 5.19, data collection was performed on (a) dry homogeneous
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Figure 5.18: Measurements collected while sampling on dry sand. (a) The distance to the ground
from the end-effector connection plate. Two approaches were conducted, resulting in large and small
soil deformations. (b) The forces along two axes. There is a large normal force shown during the
first approach to collect a sample resulting in large deformations. The second approach, after time
60 s, is smoother and results in smaller reaction forces. (c) The moment measured at the connection
plate. It is the combination of the reaction moments with the ground and the interaction forces of
the sampler while closing. (d) The torque and angular position of the sampler scoop. The sampler
is closed at 0 degrees, as it contacts the vertical blade and pushes against it. The plot shows the
sampler closing to collect a sample and opening to drop it. The torque measured is the combination
of the tool-terrain interactions and the moment generated by the weight of the rotating scoop.

sand, (b) a transition area between dry sand and water. The UGV was controlled over a WiFi
network connection with a ground station computer. The human operator used a ROS graphical
user interface to command the pose of the manipulator’s end-effector, the forward velocity of the
UGV, and the angular speed of the instrumented wheel.

The normal load on the wheel was varied by changing the pose of the robotic manipulator and using
the compliance of the terrain to obtain different loads. The alternative of using a force controller to
track a desired load was not used for two reasons. First, because of the uneven terrain, tracking a
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given load would require extremely fast actuation of the manipulator arm. This is not feasible in the
current design, which uses lead-screw actuation to provide high payload capacity and self-locking
at the cost of speed. Second, unlike direct-drive motors, lead-screw actuators do not provide direct
measurements of torque applied to the joint, meaning Equation (5.17) relating joint torques to
end-effector forces cannot be used directly.

(a) (b)

Figure 5.19: RTC-II deploying the instrumented terramechanics wheel on (a) dry sand, (b) transi-
tion between dry and wet sand.

During each experiment, the torque on the wheel, angular velocity, and reaction forces on the wheel
were logged. A plot of this data from a test on dry sand is shown in Figure 5.20.
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Figure 5.20: Measurements collected while sampling on dry sand. (a) The reaction forces on the
wheel. The wheel was contacted against the dry sand several times and the normal load and draw
bar pull recorded. (b) The reaction moment at the end-effector plate. It is a combination of reaction
forces on the wheel, including the traction forces and vertical reactions. (c) The angular speed of
the wheel. This was controlled in open loop and is seen to slow down as higher rolling resistance
is applied when it contacts the ground. Oscillations are observed due to unbalanced masses of the
components mounted inside the wheel, such as the wireless torque transducer battery. (d) The
torque measured at the wheel. Increased torque was observed when the wheel was pushed into the
ground. Oscillations due to unbalanced masses are observed. Limits on the strain gauge signal
amplifiers resulted in the measurements being truncated at approximately 5.6 Nm.

5.5 Conclusion and Future Work

This paper detailed the design and development of a robotic manipulator arm and two payloads used
for soil sampling and parameter identification from a mobile UGV platform. The sampling payload
is a scoop mechanism designed to collect undisturbed surface samples, while the characterization
payload is an instrumented wheel used to estimate terramechanics model parameters from dynamic
testing. The various design challenges and their solutions were presented, and the final designs were
experimentally validated in field trial experiments.
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Future work will focus on i) developing novel models to predict cutting forces of the scoop surface
sampler and ii) developing soil parameter estimation algorithms which take advantage of the wide
range of operating points enabled by the terramechanics wheel sensor. These will be verified in
soils with known characteristics.

Long-term plans are to deploy the robotic manipulator and its measurement payloads onboard novel
robotic mobile platforms which can traverse terrains with little or no bearing capacity. This would
allow the instruments to be used on tailing deposits which are inaccessible to wheeled and tracked
vehicles.
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Chapter 6

An improved terramechanics model
for a robotic soil surface sampler

Abstract

Robotic systems have been developed and deployed for sample collection and geotechnical mea-
surements of soil characteristics. A custom scoop-type robotic soil sampler has been designed
and built for sampling operations. We propose a novel terramechanics model which captures
the interaction of this sampler with soil better than existing models, then validate this model
and demonstrate its improved performance using simulation and experimental data.

6.1 Introduction

Robotic systems have been used to investigate and increase the scientific understanding of chal-
lenging and hazardous environments such as extraterrestrial bodies [42]. In extraterrestrial landing
missions, collecting and analyzing soil samples is a critical task. Custom regolith sampling tools for
coring and drilling have been developed for sample-return missions [42, 41], as well as for sampling
asteroids [5, 47]. Terrain properties have been studied by measuring interaction forces during the
operation of these tools, as well as using on-board sample analysis instruments [50, 2]. Design of
sampling tools with reduced weight and power requirements such as miniaturized flexible samplers
are active areas of research [21].

On Earth, ground, aerial, and aquatic robotic systems have been used to monitor challenging
and dangerous environments such as mine-waste deposits [33]. Hybrid robots have been used to
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investigate Amazon rainforest rivers [13]; surface vessels were used to study bodies of water [15];
and teams of unmanned aerial vehicles (UAVs) and unmanned ground vehicles (UGVs) have been
used to conduct tasks too risky and costly for humans, such as mine waste pond sampling [10, 23].
Specialized UGVs have been used for mapping underground mines that human workers can’t access
[7, 14, 29], and for other mining applications such as explosives handling, haulage, surveying, dozing,
excavation, and drilling [26].

Our group has been focusing on developing robotic systems for mine-waste monitoring, as shown in
the photos of Figure 6.1 [33, 32, 31]. These systems have been designed to collect subsurface and
surface samples, deploy geotechnical instruments such as vane shear test tools, and measure terrain
properties in oil sands tailings ponds. Site investigations of these areas are required for legislative
compliance [43], environmental monitoring [34], identifying risks and readiness for reclamation [16],
and to improve mine waste treatment processes [24]. Until they are fully restored, these sites are
significant financial liabilities for the operating mining companies [12].

(a) (b) (c)

Figure 6.1: (a) RTC-I, a UGV for tailings characterization was deployed on an oil sands mine waste
dedicated disposal area to collect subsurface samples by drilling through a crust and deploying a soft
tailings sampler [33]. (b) A custom vane shear test tool was developed for mine waste monitoring
and integrated onboard a UGV for remote site investigations [32]. (c) RTC-II, a UGV outfitted
with a custom robotic manipulator to deploy soil sampling and terrain characterization tools, such
as an instrumented wheel for terramechanics experiments and a surface soil sampler [31].

This paper describes the development and experimental validation of a novel terramechanics model
for a scoop-type robotic sampler. This robotic sampler, whose electro-mechanical design is detailed
in [31], was designed for two simultaneous tasks: i) collecting undisturbed surface soil samples,
and ii) measuring interaction forces for soil characterization. The proposed terramechanics model
extends previously proposed models [28] by accounting for cohesion and adhesion of the soil. The
proposed model is successfully validated in both simulation and experimental testing, and demon-
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Nomenclature

β excavator rake angle (rad)
δ external friction angle (rad)
λ shear plane failure angle (rad)
φ internal friction angle (rad)
ρ soil density (kg/m3)
σ normal stress (kPa)
τ shear stress (kPa)
θs sampler rotation angle (rad)
θsb sampler back contact angle (rad)
c cohesion stress (kPa)
ca soil-tool adhesion (kPa)
ct thickness ratio (%)
d excavator cutting depth (m)
g gravity (m/s2)

h0 height of sampler axis (m)
j shear displacement (m)
k shear deformation modulus (m)
K0 coefficient of static earth pressure
kφ friction moduli of deformation

(kPa/mn)
kc cohesive moduli of deformation

(kPa/mn−1)
n pressure sinkage exponent
q surcharge (kPa)
rs sampler radius (m)
ts sampler edge thickenss (m)
ve excavator cutting speed (m/s)
ws sampler width (m)

strates improved force prediction performance over the earlier model.

The remainder of this paper is structured as follows. Section 6.2 reviews the literature on scoop-type
samplers and the state-of-the-art in tool-soil interaction models. Section 6.3 details the proposed
terramechanics model. Section 6.4 presents model analyses and comparisons with existing models.
Section 6.5 presents experimental model validation results using characterized soils. Conclusions
and recommendations for future work are given in Section 6.

6.2 Background and Literature Review

Surface sampling yields important measurements regarding terrain, and is regularly used in appli-
cations such as planetary exploration and environmental monitoring of industrial activities. The
Mars Exploration Rovers and Phoenix Mars Lander used robotic arms for in-situ sampling and
excavation [40]. The Icy Soil Acquisition Device payload of the Phoenix Lander’s robotic manipu-

144



lator was used to collect samples on Mars [6]. It consisted of a scoop-type sampler with blades for
excavating and rasping. End-effectors with detachable scoops have been proposed to prevent cross-
contamination of samples [48]. Meanwhile, continuous excavation tools, such as bucket wheels for
collecting large (on the order of cubic meters) volumes of material, have been discussed for in-situ
resource utilization applications [37].

Scoop-type samplers have been deployed to collect undisturbed surface samples for mine waste
monitoring. Samples with intact surfaces are required to calibrate non-contact testing techniques
such as hyperspectral measurements. Bitumen content estimation and prediction of water content
as well as normalized evaporation of oil sands tailings have been demonstrated using broad-band
infrared reflectance spectra measurements [36, 11]. Scoop-type samplers were used for these tests
to minimize soil deformation of the samples. A lightweight scoop design for sampling from a
hovering UAV was demonstrated in [30]. When designing scoop samplers, reaction forces, power
requirements, soil bulldozing, and large deformations can all be reduced by placing the axis of
rotation and the axis of curvature at the same location [28].

Xue et al investigated the interaction forces between miniaturized scoop-type excavators and regolith
or gravels based on the excavation torque required to collect samples [46]. The effects of bulk density
of the sampled material and the geometrical parameters of the sampling mechanism were discussed.
Trajectory design for surface sampling tools has also been investigated [19]. Flexible-rigid scoop-
style sampling tools have been developed to reduce mass, volume, and power consumption [22]. The
dynamics and control of a flexible-rigid scoop-style sampling tool have been presented in [20].

Our RTC-II robot, shown in Figure 6.2, is used for tailings characterization and can deploy an
instrumented scoop-type sampler using its robotic manipulator. Details of this design are given in
[31]. The sampler includes a vertical blade to brace against reaction forces during sampling, which
can also be used to excavate the surface of the terrain.

In the next section, we will review the leading models in tool-soil interaction for scoop samplers,
then in simple excavation tools.

6.2.1 Tool-Soil Interaction Model for Scoop Samplers

Mori et al developed a tool-soil force interaction model for a hemispherical scoop sampler, illus-
trated in Figure 6.3, based on experimental measurements of reaction forces and torques and soil
deformations measured via particle image velocimetry (PIV) [28]. Their objective was to obtain
a reliable model to design energy-efficient sampling tools and techniques, as well as their associ-
ated robotic manipulators, actuators, and control strategies. They argued that soil terramechanics
models are a more suitable approach to calculate the soil-tool interaction forces than finite-element
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Figure 6.2: RTC-II with scoop sampler attached to the robotic manipulator. The robot is used to
collect surface samples for environmental monitoring in mine waste.

methods, which would lead to unmanageably large calculations [28].
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F3
<latexit sha1_base64="zKe+DLN/H7lTTuw0qfZNchZufSw=">AAAB6nicbZDLSgMxFIbP1Futt6obwU2wCF2VmXahOwuCuKxoL1CHkkkzbWiSGZKMUIY+ghsXirh14XP4CO58Ap9CML0stPWHwMf/n0POOUHMmTau++lklpZXVtey67mNza3tnfzuXkNHiSK0TiIeqVaANeVM0rphhtNWrCgWAafNYHA+zpt3VGkWyRszjKkvcE+ykBFsrHV90al08gW35E6EFsGbQeHs+z36OngTtU7+47YbkURQaQjHWrc9NzZ+ipVhhNNR7jbRNMZkgHu0bVFiQbWfTkYdoWPrdFEYKfukQRP3d0eKhdZDEdhKgU1fz2dj87+snZjw1E+ZjBNDJZl+FCYcmQiN90ZdpigxfGgBE8XsrIj0scLE2Ovk7BG8+ZUXoVEueZVS+cotVIswVRYO4QiK4MEJVOESalAHAj24h0d4crjz4Dw7L9PSjDPr2Yc/cl5/AMuikdc=</latexit>

F4
<latexit sha1_base64="h9ATQWizRFSZFxm/azP85VmmSqI=">AAAB6nicbZDJSgNBEIZrXGPcol4EL4NByCnMREFvBgTxGNEskAyhp9OTNOll6O4RwpBH8OJBEa8efA4fwZtP4FMIdpaDJv7Q8PH/VXRVhTGj2njep7OwuLS8sppZy65vbG5t53Z2a1omCpMqlkyqRog0YVSQqqGGkUasCOIhI/WwfzHK63dEaSrFrRnEJOCoK2hEMTLWurlsn7Rzea/ojeXOgz+F/Pn3u/zaf+OVdu6j1ZE44UQYzJDWTd+LTZAiZShmZJhtJZrECPdRlzQtCsSJDtLxqEP3yDodN5LKPmHcsfu7I0Vc6wEPbSVHpqdns5H5X9ZMTHQWpFTEiSECTz6KEuYa6Y72djtUEWzYwALCitpZXdxDCmFjr5O1R/BnV56HWqnoHxdL116+XICJMnAAh1AAH06hDFdQgSpg6MI9PMKTw5wH59l5mZQuONOePfgj5/UHzSaR2A==</latexit>

F5
<latexit sha1_base64="Z+ohSwuzCAuq8RVDv7IFz7IlQDA=">AAAB6nicbZDJSgNBEIZrXGPcol4EL4NByCnMRERvBgTxGNEskAyhp9OTNOll6O4RwpBH8OJBEa8efA4fwZtP4FMIdpaDJv7Q8PH/VXRVhTGj2njep7OwuLS8sppZy65vbG5t53Z2a1omCpMqlkyqRog0YVSQqqGGkUasCOIhI/WwfzHK63dEaSrFrRnEJOCoK2hEMTLWurlsn7Rzea/ojeXOgz+F/Pn3u/zaf+OVdu6j1ZE44UQYzJDWTd+LTZAiZShmZJhtJZrECPdRlzQtCsSJDtLxqEP3yDodN5LKPmHcsfu7I0Vc6wEPbSVHpqdns5H5X9ZMTHQWpFTEiSECTz6KEuYa6Y72djtUEWzYwALCitpZXdxDCmFjr5O1R/BnV56HWqnoHxdL116+XICJMnAAh1AAH06hDFdQgSpg6MI9PMKTw5wH59l5mZQuONOePfgj5/UHzqqR2Q==</latexit>

F6
<latexit sha1_base64="cBgNeua6TMLxADgIVgGbnYJ9pG4=">AAAB6nicbZDJSgNBEIZrXGPcol4EL4NByCnMRFBvBgTxGNEskAyhp9OTNOll6O4RwpBH8OJBEa8efA4fwZtP4FMIdpaDJv7Q8PH/VXRVhTGj2njep7OwuLS8sppZy65vbG5t53Z2a1omCpMqlkyqRog0YVSQqqGGkUasCOIhI/WwfzHK63dEaSrFrRnEJOCoK2hEMTLWurlsn7Rzea/ojeXOgz+F/Pn3u/zaf+OVdu6j1ZE44UQYzJDWTd+LTZAiZShmZJhtJZrECPdRlzQtCsSJDtLxqEP3yDodN5LKPmHcsfu7I0Vc6wEPbSVHpqdns5H5X9ZMTHQWpFTEiSECTz6KEuYa6Y72djtUEWzYwALCitpZXdxDCmFjr5O1R/BnV56HWqnoHxdL116+XICJMnAAh1AAH06hDFdQgSpg6MI9PMKTw5wH59l5mZQuONOePfgj5/UH0C6R2g==</latexit>

Rotation
<latexit sha1_base64="i/D9xhOrEf8cPNAbmMGJGxWZ9z8=">AAAB73icbZA9TwJBEIbn8AvxC7W0uUhMqMgdFlqS2FiikY8ELmRvWWDD3u65O2dCLvwJGwuNsfXv2PlvXI4rFHyTTZ68M5OdecNYcIOe9+0UNja3tneKu6W9/YPDo/LxSduoRFPWokoo3Q2JYYJL1kKOgnVjzUgUCtYJpzeLeueJacOVfMBZzIKIjCUfcUrQWt17hRkMyhWv5mVy18HPoQK5moPyV3+oaBIxiVQQY3q+F2OQEo2cCjYv9RPDYkKnZMx6FiWJmAnSbN+5e2GdoTtS2j6Jbub+nkhJZMwsCm1nRHBiVmsL879aL8HRdZByGSfIJF1+NEqEi8pdHO8OuWYUxcwCoZrbXV06IZpQtBGVbAj+6snr0K7X/Mta/a5eaVTzOIpwBudQBR+uoAG30IQWUBDwDK/w5jw6L86787FsLTj5zCn8kfP5AzxykAI=</latexit>

Figure 6.3: Hemispherical tool for soil sampling.

The Mori tool-soil interaction model estimates the six forces shown in Figure 6.3: F1 and F2 act
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on the inner and outer surfaces of the circular wall, respectively; F3 and F4 act on the outer and
inner surfaces of the flat side walls, respectively; F5 and F6 act on the edges of the side walls and
circular wall, respectively. Forces F1, F4, and F6 are assumed to be included in the passive earth
pressure force Pp calculated from Coulomb’s passive earth theory [9]:

Pp =
sin(φ+ λ)

sin(π − θp − δ − φ− λ)
W (6.1)

The angle terms in (6.1) are illustrated in Figure 6.4: φ is the soil’s internal friction angle, λ is the
failure surface angle, δ is the friction angle between the soil and the tool, θs is the sampler rotation
angle, and θp is defined for θs > 0 as:

θp =
θs + θsb

2
(6.2)

where θsb is the back contact angle of the sampler. The weight of the soil is W = Ssoilwsρg where
Ssoil is the surface area within points {A,B,C,D} (coloured in grey in Figure 6.4), ws is the sampler
width, ρ is the soil density, and g is gravity acceleration.

�
<latexit sha1_base64="/+jsoUIOhcVP6QpAswi7Q0o82OY=">AAAB63icbVC7SgNBFL1rfMT4ilraDIZAqrAbCy0DNpYRzAOSJcxOZpMhM7PLzKwQlmBjbWPhAxsLf8EPsfNvnE1SaOKBC4dz7uXee4KYM21c99tZy61vbG7ltws7u3v7B8XDo5aOEkVok0Q8Up0Aa8qZpE3DDKedWFEsAk7bwfgy89u3VGkWyRsziakv8FCykBFsMqkXj1i/WHKr7gxolXgLUqrnynefL/fvjX7xqzeISCKoNIRjrbueGxs/xcowwum00Es0jTEZ4yHtWiqxoNpPZ7dOUdkqAxRGypY0aKb+nkix0HoiAtspsBnpZS8T//O6iQkv/JTJODFUkvmiMOHIRCh7HA2YosTwiSWYKGZvRWSEFSbGxlOwIXjLL6+SVq3qnVVr1zaNCsyRhxM4hQp4cA51uIIGNIHACB7gCZ4d4Tw6r87bvHXNWcwcwx84Hz+MlpGA</latexit>

�
<latexit sha1_base64="CN5oOz6HHHENPq0oReA5xuRbA9c=">AAAB7nicbVC7SgNBFL0bXzG+opaCDAYhVdiNhXYGbCwTcJNAsoTZ2dlkyOzsMjMrhCWlH2BjoYitlXW+w85v8CecPApNPHDhcM653IefcKa0bX9ZubX1jc2t/HZhZ3dv/6B4eNRUcSoJdUnMY9n2saKcCepqpjltJ5LiyOe05Q9vpn7rnkrFYnGnRwn1ItwXLGQEayO1utxEA9wrluyKPQNaJc6ClK4/Jo3vh9NJvVf87AYxSSMqNOFYqY5jJ9rLsNSMcDoudFNFE0yGuE87hgocUeVls3XH6NwoAQpjaUpoNFN/d2Q4UmoU+SYZYT1Qy95U/M/rpDq88jImklRTQeaDwpQjHaPp7ShgkhLNR4ZgIpnZFZEBlpho86GCeYKzfPIqaVYrzkWl2rBLtTLMkYcTOIMyOHAJNbiFOrhAYAiP8AwvVmI9Wa/W2zyasxY9x/AH1vsP58qTnw==</latexit>

✓s
<latexit sha1_base64="R32OB8NTBpkJuCWuIvOa5TKB9cw=">AAAB73icbZC7SgNBFIZnvcZ4i9oINoNBSBV2Y6GdARvLCOYCSQizk9lkyFzWmbNCWPISNhaKWOpr+Ah2PoFPITi5FJr4w8DH/5/DnHPCWHALvv/pLS2vrK6tZzaym1vbO7u5vf2a1YmhrEq10KYREssEV6wKHARrxIYRGQpWDweX47x+x4zlWt3AMGZtSXqKR5wScFajBX0GpGM7ubxf9CfCixDMIH/x/a6/Dl9lpZP7aHU1TSRTQAWxthn4MbRTYoBTwUbZVmJZTOiA9FjToSKS2XY6mXeET5zTxZE27inAE/d3R0qktUMZukpJoG/ns7H5X9ZMIDpvp1zFCTBFpx9FicCg8Xh53OWGURBDB4Qa7mbFtE8MoeBOlHVHCOZXXoRaqRicFkvXfr5cQFNl0BE6RgUUoDNURleogqqIIoHu0SN68m69B+/Ze5mWLnmzngP0R97bDzqjlHU=</latexit>

A
<latexit sha1_base64="OUWBsUTLCoKZcuWmZ4Q3wt8s4pU=">AAAB6HicbZC7SgNBFIbPxluMt6ilIINBSBV2Y6GdERvLBMwFkhBmJ2eTMbMXZmaFsKS0srFQxNYHsM5z2PkMvoSTS6GJPwx8/P85zDnHjQRX2ra/rNTK6tr6Rnozs7W9s7uX3T+oqTCWDKssFKFsuFSh4AFWNdcCG5FE6rsC6+7gepLX71EqHga3ehhh26e9gHucUW2sylUnm7ML9lRkGZw55C4/xpXvh+NxuZP9bHVDFvsYaCaoUk3HjnQ7oVJzJnCUacUKI8oGtIdNgwH1UbWT6aAjcmqcLvFCaV6gydT93ZFQX6mh75pKn+q+Wswm5n9ZM9beRTvhQRRrDNjsIy8WRIdksjXpcolMi6EByiQ3sxLWp5IybW6TMUdwFldehlqx4JwVihU7V8rDTGk4ghPIgwPnUIIbKEMVGCA8wjO8WHfWk/Vqvc1KU9a85xD+yHr/AT3xkOc=</latexit>

B
<latexit sha1_base64="BAP+ytscCo0J8muc/GgRfbpNiKI=">AAAB6HicbZC7SgNBFIbPxluMt6ilIINBSBV2Y6GdQRvLBMwFkhBmJ2eTMbMXZmaFsKS0srFQxNYHsM5z2PkMvoSTS6GJPwx8/P85zDnHjQRX2ra/rNTK6tr6Rnozs7W9s7uX3T+oqTCWDKssFKFsuFSh4AFWNdcCG5FE6rsC6+7gepLX71EqHga3ehhh26e9gHucUW2sylUnm7ML9lRkGZw55C4/xpXvh+NxuZP9bHVDFvsYaCaoUk3HjnQ7oVJzJnCUacUKI8oGtIdNgwH1UbWT6aAjcmqcLvFCaV6gydT93ZFQX6mh75pKn+q+Wswm5n9ZM9beRTvhQRRrDNjsIy8WRIdksjXpcolMi6EByiQ3sxLWp5IybW6TMUdwFldehlqx4JwVihU7V8rDTGk4ghPIgwPnUIIbKEMVGCA8wjO8WHfWk/Vqvc1KU9a85xD+yHr/AT91kOg=</latexit>

C
<latexit sha1_base64="l5bc+dLLbgc5azLBlnc4tVCy9UY=">AAAB6HicbZC7SgNBFIbPxluMt6ilIItBSBV2Y6GdgTSWCZgLJCHMTs4mY2Znl5lZISwprWwsFLH1AazzHHY+gy/h5FJo4g8DH/9/DnPO8SLOlHacLyu1tr6xuZXezuzs7u0fZA+P6iqMJcUaDXkomx5RyJnAmmaaYzOSSAKPY8Mblqd54x6lYqG41aMIOwHpC+YzSrSxquVuNucUnJnsVXAXkLv+mFS/H04nlW72s90LaRyg0JQTpVquE+lOQqRmlOM4044VRoQOSR9bBgUJUHWS2aBj+9w4PdsPpXlC2zP3d0dCAqVGgWcqA6IHajmbmv9lrVj7V52EiSjWKOj8Iz/mtg7t6dZ2j0mkmo8MECqZmdWmAyIJ1eY2GXMEd3nlVagXC+5FoVh1cqU8zJWGEziDPLhwCSW4gQrUgALCIzzDi3VnPVmv1tu8NGUteo7hj6z3H0D5kOk=</latexit>

D
<latexit sha1_base64="chf3WO/XZvjKX058FzxU6lUHX7w=">AAAB6HicbZC7SgNBFIbPxluMt6ilIINBSBV2Y6GdAS0sEzAXSEKYnZxNxsxemJkVwpLSysZCEVsfwDrPYecz+BJOLoUm/jDw8f/nMOccNxJcadv+slIrq2vrG+nNzNb2zu5edv+gpsJYMqyyUISy4VKFggdY1VwLbEQSqe8KrLuDq0lev0epeBjc6mGEbZ/2Au5xRrWxKtedbM4u2FORZXDmkLv8GFe+H47H5U72s9UNWexjoJmgSjUdO9LthErNmcBRphUrjCgb0B42DQbUR9VOpoOOyKlxusQLpXmBJlP3d0dCfaWGvmsqfar7ajGbmP9lzVh7F+2EB1GsMWCzj7xYEB2SydakyyUyLYYGKJPczEpYn0rKtLlNxhzBWVx5GWrFgnNWKFbsXCkPM6XhCE4gDw6cQwluoAxVYIDwCM/wYt1ZT9ar9TYrTVnznkP4I+v9B0J9kOo=</latexit>

�
<latexit sha1_base64="L6qqcRXmSP4a46WzvLciEMo93ZU=">AAAB7XicbZC7SgNBFIbPeo3xFrUUZDAIqcJuLLQzYGOZgLlAEsLs7GwyZnZmmZkVwpLS3sZCEVs76zyHnc/gSzi5FJr4w8DH/5/DnHP8mDNtXPfLWVldW9/YzGxlt3d29/ZzB4d1LRNFaI1ILlXTx5pyJmjNMMNpM1YURz6nDX9wPckb91RpJsWtGca0E+GeYCEj2Fir3g4oN7iby7tFdyq0DN4c8lcf4+r3w8m40s19tgNJkogKQzjWuuW5semkWBlGOB1l24mmMSYD3KMtiwJHVHfS6bQjdGadAIVS2ScMmrq/O1IcaT2MfFsZYdPXi9nE/C9rJSa87KRMxImhgsw+ChOOjEST1VHAFCWGDy1gopidFZE+VpgYe6CsPYK3uPIy1EtF77xYqrr5cgFmysAxnEIBPLiAMtxABWpA4A4e4RleHOk8Oa/O26x0xZn3HMEfOe8/PKCTPg==</latexit>

✓sb
<latexit sha1_base64="Oa4LiFoCwdg5o8WCMas7qKLBC1o=">AAAB8nicbZDLSgMxFIYz9VbrrepGcBMsQldlpi50Z8GNywr2AtOhZNJMG5pMhuSMUIY+hhsXirhx4VP4CO58Ap9CML0stPWHwMf/n0POOWEiuAHX/XRyK6tr6xv5zcLW9s7uXnH/oGlUqilrUCWUbofEMMFj1gAOgrUTzYgMBWuFw6tJ3rpj2nAV38IoYYEk/ZhHnBKwlt+BAQPSzUw47hZLbsWdCi+DN4fS5fe7+jp6lfVu8aPTUzSVLAYqiDG+5yYQZEQDp4KNC53UsITQIekz32JMJDNBNh15jE+t08OR0vbFgKfu746MSGNGMrSVksDALGYT87/MTyG6CDIeJymwmM4+ilKBQeHJ/rjHNaMgRhYI1dzOiumAaELBXqlgj+AtrrwMzWrFO6tUb9xSrYxmyqNjdILKyEPnqIauUR01EEUK3aNH9OSA8+A8Oy+z0pwz7zlEf+S8/QDBMZXt</latexit>

✓p
<latexit sha1_base64="HhOC+NhEtJSwb7fOFSYQ07ILNHA=">AAAB73icbVA9SwNBEJ3zKzHxI2ppsxiEVOEuFloGbSwjmA9IQtjb7CVL9vbO3TkhHPkHVjYWitj6d+z8G9YWbj4KTXww8Hhvhpl5fiyFQdf9dNbWNza3MtntXH5nd2+/cHDYMFGiGa+zSEa65VPDpVC8jgIlb8Wa09CXvOmPrqZ+855rIyJ1i+OYd0M6UCIQjKKVWh0ccqS9uFcoumV3BrJKvAUpVvNfl5n8w3etV/jo9COWhFwhk9SYtufG2E2pRsEkn+Q6ieExZSM64G1LFQ256aazeyfk1Cp9EkTalkIyU39PpDQ0Zhz6tjOkODTL3lT8z2snGFx0U6HiBLli80VBIglGZPo86QvNGcqxJZRpYW8lbEg1ZWgjytkQvOWXV0mjUvbOypUbm0YJ5sjCMZxACTw4hypcQw3qwEDCIzzDi3PnPDmvztu8dc1ZzBzBHzjvP04ykwo=</latexit>

�
<latexit sha1_base64="/+jsoUIOhcVP6QpAswi7Q0o82OY=">AAAB63icbVC7SgNBFL1rfMT4ilraDIZAqrAbCy0DNpYRzAOSJcxOZpMhM7PLzKwQlmBjbWPhAxsLf8EPsfNvnE1SaOKBC4dz7uXee4KYM21c99tZy61vbG7ltws7u3v7B8XDo5aOEkVok0Q8Up0Aa8qZpE3DDKedWFEsAk7bwfgy89u3VGkWyRsziakv8FCykBFsMqkXj1i/WHKr7gxolXgLUqrnynefL/fvjX7xqzeISCKoNIRjrbueGxs/xcowwum00Es0jTEZ4yHtWiqxoNpPZ7dOUdkqAxRGypY0aKb+nkix0HoiAtspsBnpZS8T//O6iQkv/JTJODFUkvmiMOHIRCh7HA2YosTwiSWYKGZvRWSEFSbGxlOwIXjLL6+SVq3qnVVr1zaNCsyRhxM4hQp4cA51uIIGNIHACB7gCZ4d4Tw6r87bvHXNWcwcwx84Hz+MlpGA</latexit> Ws

<latexit sha1_base64="jxes0lAEa2yej++dUAIgEsBkGTw=">AAAB6nicbZC7SgNBFIbPxluMt6iNYDMYhFRhNxbaGbCxjGguEJcwO5lNhsxlmZkVQsgj2FgoYmvhc/gIdj6BTyE4uRSa+MPAx/+fw5xzooQzY33/08ssLa+srmXXcxubW9s7+d29ulGpJrRGFFe6GWFDOZO0ZpnltJloikXEaSPqX4zzxh3Vhil5YwcJDQXuShYzgq2zrhtt084X/JI/EVqEYAaF8+939XXwJqrt/MdtR5FUUGkJx8a0Aj+x4RBrywino9xtamiCSR93acuhxIKacDgZdYSOndNBsdLuSYsm7u+OIRbGDETkKgW2PTOfjc3/slZq47NwyGSSWirJ9KM45cgqNN4bdZimxPKBA0w0c7Mi0sMaE+uuk3NHCOZXXoR6uRSclMpXfqFShKmycAhHUIQATqECl1CFGhDowj08wpPHvQfv2XuZlma8Wc8+/JH3+gNGl5Io</latexit>

Fs
<latexit sha1_base64="fxeh5M5YFWzsAYhRb8db6ZfdAPA=">AAAB6nicbZC7SgNBFIbPxluMt6iNYLMYhFRhNxbaGRDEMqK5QLKE2clsMmQuy8ysEJY8go2FIrYWPoePYOcT+BSCk0uhiT8MfPz/Ocw5J4wZ1cbzPp3M0vLK6lp2PbexubW9k9/dq2uZKExqWDKpmiHShFFBaoYaRpqxIoiHjDTCwcU4b9wRpakUt2YYk4CjnqARxchY6+ayozv5glfyJnIXwZ9B4fz7XX4dvPFqJ//R7kqccCIMZkjrlu/FJkiRMhQzMsq1E01ihAeoR1oWBeJEB+lk1JF7bJ2uG0llnzDuxP3dkSKu9ZCHtpIj09fz2dj8L2slJjoLUirixBCBpx9FCXONdMd7u12qCDZsaAFhRe2sLu4jhbCx18nZI/jzKy9CvVzyT0rla69QKcJUWTiEIyiCD6dQgSuoQg0w9OAeHuHJYc6D8+y8TEszzqxnH/7Ief0BLLGSFw==</latexit>

Pp
<latexit sha1_base64="ST57dLYh5ZBiR7mi8jdLOmGQpS8=">AAAB6nicbVA9SwNBEJ3zKzHxI2ppsxiEVOEuFloGbSwjmg9IjrC3mSRL9vaO3T0hHPkH2lgoYusvsvNvWFu4+Sg08cHA470ZZuYFseDauO6ns7a+sbmVyW7n8ju7e/uFg8OGjhLFsM4iEalWQDUKLrFuuBHYihXSMBDYDEZXU795j0rzSN6ZcYx+SAeS9zmjxkq3tW7cLRTdsjsDWSXeghSr+a/LTP7hu9YtfHR6EUtClIYJqnXbc2Pjp1QZzgROcp1EY0zZiA6wbamkIWo/nZ06IadW6ZF+pGxJQ2bq74mUhlqPw8B2htQM9bI3Ff/z2onpX/gpl3FiULL5on4iiInI9G/S4wqZEWNLKFPc3krYkCrKjE0nZ0Pwll9eJY1K2TsrV25sGiWYIwvHcAIl8OAcqnANNagDgwE8wjO8OMJ5cl6dt3nrmrOYOYI/cN5/AE98kLY=</latexit>

Sampler
<latexit sha1_base64="0q5qg3EBh2jYeVp3PXXUDteZHK4=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tDoOQKtzFQsuAjWVEkwjJEfY2c8mS3b1ld08IR36EjYUitv4eO/+Nm49CEx8MPN6bYWZerDgzNgi+vcLG5tb2TnG3tLd/cHhUPj5pmzTTFFs05al+jIlBziS2LLMcH5VGImKOnXh8M/M7T6gNS+WDnSiMBBlKljBKrJM690QojrpfrgS1YA5/nYRLUoElmv3yV2+Q0kygtJQTY7phoGyUE20Z5Tgt9TKDitAxGWLXUUkEmiifnzv1L5wy8JNUu5LWn6u/J3IijJmI2HUKYkdm1ZuJ/3ndzCbXUc6kyixKuliUZNy3qT/73R8wjdTyiSOEauZu9emIaEKtS6jkQghXX14n7XotvKzV7+qVRnUZRxHO4ByqEMIVNOAWmtACCmN4hld485T34r17H4vWgrecOYU/8D5/AFhej3w=</latexit>

Direction of Rotation
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Figure 6.4: Angles and forces between the soil and sampler.

Mori et al found that F2 was negligible in their model due to negative dilatancy effects in the loose
soil used in their experiments [28]. The components of F3 are calculated by integrating the stresses
generated at the outer surfaces of the side walls, as illustrated in Figure 6.5:

F3x = 2

∫ rs

h0

∫ θs

θr

τ(r, α) cosαdα dr (6.3)

F3y = 2

∫ rs

h0

∫ θs

θr

τ(r, α) sinαdα dr (6.4)
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where rs is the sampler radius and h0 is the height of the rotation axis above the soil1. Angle θr
is

θr = arccos(h0/rs) (6.5)

The term τ(r, α) is the shear stress given by

τ(r, α) = τmax(1− exp−j/k) (6.6)

where j = r(α− θs) is the shearing displacement at the element located at angle α and distance r
from the rotation axis (Figure 6.5), k is the shear deformation modulus, and τmax is the maximum
shear stress obtained from the Mohr-Coulomb equation:

τmax = c+ σ tanφ (6.7)

where c is the cohesion of the soil and σ is the horizontal normal stress

σh(r, α) = K0(r cosα− h0)ρg (6.8)

whereK0 is the coefficient of static earth pressure. For coarse-grained soils, K0 can be approximated
as [18]

K0 = 1− sinφ (6.9)
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Figure 6.5: Side surface shear stress and edge pressure.

Force F5 acting on the scoop side wall edges is calculated from the integration of the Bekker plate
sinkage equation [3]:

σ (h) = (kc/ts + kφ)hn (6.10)

F5 = 2

∫ rs cos θs

h0

σ (h) ct ts
1

cos θs
dh (6.11)

1Note the limits of integration and the integrands in (6.3), (6.4) were originally published with an error, which
will be discussed in Section 6.4.
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where kc, kφ and n are soil parameters, ts is the thickness of the edge, and 0 < ct < 1 is an edge
thickness factor. The direction of F5 is determined by the rotation of the sampler and the friction
angle between the soil and tool, as shown in Figure 6.4.

Mori et al found that F5 is the dominant force during the initial rotation of the sampler (0 ≤ θ ≤
π/2), and Pp is dominant in the subsequent part. Their PIV measurements showed increased soil
deformations when θs ≤ 0. Their experiments found negligible velocity-dependent forces at slow
rotation speeds, in the range of 3 to 7 deg/s [28]. The rotation speed of the robot sampler in Figure
6.2 can be controlled to meet this range.

The model proposed in [28] was only validated in loose soils used in the study. In many field
applications, such as mine waste, fine-grained cohesive soils are present. In this case, it is expected
that the cohesion stress which affects F3 will play a dominant role. In addition, we expect cohesion
to affect F2, such that this term can no longer be neglected. Finally, the formulation of Pp (6.1)
is only valid for cohesionless soils with no adhesion to the tool, and will need to be modified.
Our proposed soil-tool interaction model will remove these assumptions to make it applicable to
cohesive terrains, and their associated adhesion between tool and soil and resulting surcharge during
sampling operations.

6.2.2 Estimating Soil Parameters Using Robotic Excavation Tools

A review of resistive force models for earthmoving processes is given in [4]. Simplified blade-shovel
models have been used to study cutting forces and estimate soil parameters. Althoefer et al used
a robotic manipulator with a blade end-effector to estimate the soil-tool and soil internal friction
angles δ and φ, cohesion c, and density of the medium ρ using a hybrid of the Mohr-Coulomb
model and the Chen and Liu upper-bound soil model [1]. Yousefi-Moghaddam et al demonstrated
a bench-scale shovel assembly used for on-line estimation of soil parameters from cutting forces
[49]. The authors used the Newton-Raphson method to iteratively estimate parameters δ, φ and c
in the Mohr-Coulomb model (Figure 6.6). These investigations focused on the application of the
developed methods to large-scale mining and construction equipment.

Recently, models which predict tillage and excavation forces have been proposed, including the
effects of surcharge accumulation [38]. A review of the current analytical models used for lunar
excavation is available in [45] with experimental verification in idealized conditions. The McKyes
soil-cutting model [27] and the Swick and Perumpral model [39] were recommended, as they include
the effects of adhesion, weight, surcharge, cohesion and inertia of the displaced soil [45].
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Figure 6.6: Simplified shovel assembly interaction forces based on Mohr-Coulomb model.

The McKyes model [27] predicts the total excavation force, FT , to be

FT =

[
gρd

2
(cotβ + cotλ) + q(cotβ + cotλ) + c(1 + cotλ cot(λ+ φ))

+ca(1− cotβ cot(λ+ φ)) +
ρv2e(tanλ+ cot(λ+ φ))

1 + tanλ cotβ

]
×
(

wd

cos(β + δ) + sin(β + δ) cot(λ+ φ)

) (6.12)

The Swick and Perumpral model[39] predicts this force to be:

FT =

[
gρd

2
(cotβ + cotλ) sin(φ+ λ) + q(cotβ + cotλ) sin(φ+ λ)

+
c cosφ

sinλ
+
−ca cos(β + φ+ λ)

sinβ
+
ρv2e sinβ cosφ

sin(β + λ)

]
×
(

wd

sin(β + φ+ λ+ δ)

) (6.13)

where d is the cutting depth, β is the rake angle, ve is the cutting speed, ca is the soil-tool adhesion,
ρ is the soil density, λ is the shear plane failure angle, q is the surcharge pressure, c is the cohesion,
w is the tool width, and g is the acceleration of gravity.

6.3 Robotic Sampler Model

In this section we propose an analytical model of the forces acting on a scoop-type surface sampler
whose geometry is schematically illustrated in Figure 6.7. The UGV robot previously seen in Figure
6.2 carries a scoop sampler with this geometry. Further mechanical design details are provided in
[31].
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The forces acting on the scoop sampler are listed in Table 6.1. All the forces listed have a comparable
element in Mori et al’s Sampler Model (MSM) [28] detailed in Section 6.2.1 and visualized in Figure
6.3.

Figure 6.7: Scoop sampler geometry.

Table 6.1: Sampler-soil interaction forces.

Force Description Analogue in MSM
P Earth pressure force Pp
Foc Force on outer surface of the curved wall F2

Fo Force on outer surface of the side wall F3

Fi Force on inner surface of the side wall F4

Fe Force on edge of the side wall F5

Fec Force on edge of the curved wall F6

The force acting on the edge of the curved wall Fec is assumed to be included in the earth pressure
force P , just like F6 was assumed to be included in Pp in MSM. The PIV results in [28] demonstrated
that the force on the outer surface of the curved wall Foc (F2 in MSM) is negligible for loose soils
with negative dilatancy.

The key differences between MSM and our proposed Robotic Sampler Model (RSM) are:

• P is formulated to include the effects of cohesion, adhesion, and surcharge; Fi is kept separate
from P to model possible adhesion effects. In MSM F4 is assumed to be included in Pp.

• Fo and Fi result from friction and adhesion forces, rather than cohesion forces like in MSM.

• Fe is formulated to model the side-edge interactions with the soil as a pressure-sinkage rela-
tionship, similarly to F5 in MSM but using a higher-fidelity model.

• Foc is included in the model as an adhesion force, unlike MSM which assumes F2 to be
negligible.
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Mori et al only considered a sampler with αs, the front edge angle seen in Figure 6.7, equal to zero.
Adding this parameter increases the design flexibility of the scoop sampler. Additionally, the sides
of the sampler can be extended past the radius of the curved surface, up to a radius rp.

The effect of wedges formed on the sides of the failure wedge in front of the tool was assumed to
be negligible because the sampler is not plowing through terrain as a tillage tool. Reviews of other
excavation models have assumed the same when soil deformations on the sides of the tool are not
significant [45]. An empirical model for narrow tillage tools with side effects was proposed by Swick
et al in [39]. The significance of the side effects in their application was demonstrated by the large
soil deformations on the sides of the tool. Larger effects can exist in applications with tools moving
at high speeds [39].

6.3.1 Forces Acting on the Idealized Failure Wedge

Consider the scoop sampler illustrated in Figure 6.8, with an idealized failure wedge with an ap-
proximately flat failure surface and geometry parameters defined in Figure 6.7. The forces acting
on the soil wedge during a soil sampling operation are shown in Figure 6.8. The model could be
extended to consider other geometries such as a logarithmic failure plane.

Figure 6.8: Forces acting on the idealized failure wedge.

In Figure 6.8, Fac represents the force resisting acceleration. Fac is assumed to be parallel to the
failure surface, similarly to [39]. Fac is assumed to be negligible, because the sampling action is
very slow and does not displace a significant amount of material, as would be the case for tillage
or plowing tools. This force is used to investigate the effects of horizontal speed in applications
involving fast-moving tools.
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Fq is the force resulting from surcharge pressure q acting on the upper surface of the wedge with
length lq and width ws. Fq is calculated by

Fq = qwslq (6.14)

where lq is obtained from the geometry of Figure 6.8:

lq = r (sin θsb − sin θs) + (r cos θs − h0) cotλ+ (h0 − r cos θsb) cotφ (6.15)

Fs is the friction force at the failure surface. It can be decomposed into Fsp and Fsn, the frictional
force components parallel and normal to the failure surface, respectively:

Fsp = Fs sinφ (6.16)

Fsn = Fs cosφ (6.17)

Fc is the cohesion force on the failure surface:

Fc = cwslf (6.18)

where lf , the length of the failure surface, is obtained as

lf = (rs cos θs − h0)/ sinλ (6.19)

Fa is the force at the soil touching the curved surface of the sampler due to soil-tool adhesion ca.
The net horizontal and vertical components Fax and Fay acting on the soil are

Fax = caws

∫ θsb

θs

rs cosαdα = cawsrs(sin θsb − sin θs) (6.20)

Fay = caws

∫ θsb

θs

rs sinαdα = cawsrs(cos θs − cos θsb) (6.21)

Ws is the weight of the soil wedge:
Ws = wsρ g Ssoil (6.22)
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where Ssoil is the cross-sectional area of the wedge given by

Ssoil =
1

2
csc(λ) sec(θs) cos(λ+ θs)(h0 − rs cos(θs))

2

+
1

2

(
h20 (tan (θs)− tan (θsb)) + r2s (θsb − θs)

)
− 1

2
csc(φ) sec (θsb) cos (φ+ θsb) (h0 − rs cos (θsb))

2

(6.23)

Fi is the frictional and adhesional force resisting movement on the internal surface of the side walls
of the sampler. Its net horizontal and vertical components, Fix and Fiy, are given by

Fix =2

∫ ri2

ri1

∫ θi2

θi1

τa(r, α)r cosαdα dr

− 2

∫ ri4

ri3

∫ θi4

θi3

τa(r, α)r cosαdα dr

(6.24)

Fiy =2

∫ ri2

ri1

∫ θi2

θi1

τa(r, α)r sinαdα dr

− 2

∫ ri4

ri3

∫ θi4

θi3

τa(r, α)r sinαdα dr

(6.25)

where τa is the shear stress generated by frictional and adhesional forces on the internal sur-
faces,

τa(r, α) = τa,max(1− exp−j/ka) (6.26)

where j is the shear displacement at radius r and angle α (c.f. Figure 6.5), ka is the shear deformation
modulus of the soil-tool interaction, and τa,max is given by

τa,max = ca + σ tan δ (6.27)

where σ is the horizontal normal stress given by (6.8). The first terms in Fix (6.24) and Fiy (6.25)
integrate the stress over the area of the side plate up to height h0, and the second terms subtract
the contribution of the side plate area at the back of the wedge, delineated by points DCF in Figure
6.7. The integration limits in (6.24), (6.25) are given by:

θi1 = αs + θs − arcsin(sinαs(rs/r)) (6.28)

θi2 = arccos(h0/r) (6.29)

θi3 = arccos(cos(φ+ θsb)(rs/r))− φ (6.30)
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θi4 = arccos(h0/r) (6.31)

ri1 =

√
r2s +

(
(rs cos θs − h0)

cos(αs + θs)

)2

− 2rs cosαs
(rs cos θs − h0)

cos(αs + θs)
(6.32)

ri2 = rs (6.33)

ri3 =

√
r2s +

(
(rs cos θsb − h0)

sin(φ)

)2

− 2rs sin(φ+ θsb)
(rs cos θsb − h0)

sin(φ)
(6.34)

ri4 = rs (6.35)

The pressure force P can be determined from the balance of forces acting on the idealized fail-
ure wedge. Summing forces in the horizontal and vertical directions yields the following expres-
sions:

P sin(θp + δ) = −(Fax + Fix) + Fsn sinλ+ (Fsp + Fc + Fac) cosλ (6.36)

P cos(θp + δ) = Ws + Fq + (Fay + Fiy)− Fsn cosλ+ (Fsp + Fc + Fac) sinλ (6.37)

Combining Equations (6.36) and (6.37) yields

P =
(

(Ws + Fq + Fay + Fiy) sin(φ+ λ)− (Fax + Fix) cos(φ+ λ)

+ (Fc + Fac) cosφ
)
/ sin(θp + δ + φ+ λ)

(6.38)

Angle θp is obtained from Equation (6.2) if θs > 0; if θs < 0, the expression for θp can be found in
[28].

In Equation (6.38), the failure angle λ is unknown, and so it must be found by minimizing the
pressure force P with respect to λ. Passive failure occurs when resistance of the soil wedge is
minimum [39].

6.3.2 Forces and Moments Acting on Sampler

The scoop sampler experiences reaction forces from the soil wedge (P , Fa, and Fi in Figure 6.8)
and soil-tool interaction forces on the edges and outer surfaces of the side plates, Fe and Fo respec-
tively.

The components of pressure force P in the horizontal and vertical directions, Px and Py, and the
moment generated by P about the sampler’s rotation axis, MP , are given by

Px = P cos(π/2− θp − δ) (6.39)
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Py = −P sin(π/2− θp − δ) (6.40)

MP = rsP sin(δ) (6.41)

The components of Fa and Fi in the x and y directions were given in Equations (6.20), (6.21), 6.24
and (6.25), respectively. The moments MFa

and MFi
, respectively generated by Fa and Fi about

the sampler rotation axis, are given by

MFa = caws

∫ θsb

θs

rs
2 dα = cawsrs

2(θsb − θs) (6.42)

MFi
=2

∫ ri2

ri1

∫ θi2

θi1

r2τa(r, α) dα dr

− 2

∫ ri4

ri3

∫ θi4

θi3

r2τa(r, α) dα dr

(6.43)

The side wall outer surface force Fo is calculated by integrating the shear stress τa on the outer
sides of the sampler. This stress is obtained from Equations (6.26) and (6.27). The components
of Fo along the horizontal and vertical directions, Fox and Foy, and the moment generated by Fo
about the sampler axis of rotation, MFo , are:

Fox = 2

∫ ro2

ro1

∫ θo2

θo1

τa(r, α)r cosαdα dr (6.44)

Foy = 2

∫ ro2

ro1

∫ θo2

θo1

τa(r, α)r sinαdα dr (6.45)

MFo = 2

∫ ro2

ro1

∫ θo2

θo1

r2τa(r, α) dα dr (6.46)

The limits of the above integrals are:

θo1 = αs + θs − arcsin(sin(αs)(rp/r)) (6.47)

θo2 = arccos(h0/r) (6.48)

ro1 =

√
r2p +

(
(rp cos θs − h0)

cos(αs + θs)

)2

− 2rp cosαs
(rp cos θs − h0)

cos(αs + θs)
(6.49)

ro2 = rp (6.50)

Remark the above limits become identical to the earlier (6.24), (6.25) Fi integral limits (6.28)–(6.35)
when rp = rs.
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The outside force Foc, used to model tool-soil interaction at the outer surface of the curved scoop
blade, is calculated from the shear and normal stresses acting on this surface. Its components along
the horizontal and vertical directions and the associated moment about the scoop axis are given
by

Focx = ws(rs + ts)

(∫ θoc

θs

τoc(α) cosαdα−
∫ θoc

θs

σoc(α) sinαdα

)
(6.51)

Focy = ws(rs + ts)

(∫ θoc

θs

τoc(α) sinαdα+

∫ θoc

θs

σoc(α) cosαdα

)
(6.52)

MFoc = ws(rs + ts)
2

∫ θoc

θs

τoc(α) dα (6.53)

The value of the upper integration limit θoc, representing the contact angle of the surface, can be
lower than θf is there is significant shearing and remoulding of the surface of the soil as the sampler
is introduced into it. In this case θoc needs to be determined experimentally. The shear and normal
stresses τoc and σoc are given by:

τoc(α) = (ca + σoc(α) tanφ)(1− exp−j/ka) (6.54)

σoc(α) =

K0 ρ g ((rs + ts) cosα− h0) α > θp

K0 ρ g (rs + ts) cos (θs − (α− θs)(θoc − θocm)/(θocm − θs)) α ≤ θocm
(6.55)

where θocm is the midway angle between the contact angles θs and θoc:

θocm = θs + (θoc − θs)/2 (6.56)

Alternative formulations for Fo (force at side walls) and Foc (force at curved blade) can be employed
if the cohesion forces of the material are much smaller than the adhesion forces of the soil-tool
interaction. In this case, the shear stress expressions (6.6) and (6.54) would need to replace the
adhesion soil parameters with those in the integrals of Fox, Foy, and MFo

, Focx, Focy, and MFco
,

since soil failure would occur prior to soil slip on the surface of the tool.

The edge force Fe is calculated by integration of the earlier sinkage-dependent stress expression
σ(h) (6.10) along the edges of the sides of the sampler. The horizontal and vertical components,
Fex and Fey, and the moment about the axis of rotation generated by Fe, MFe, are then given
by

Fex =

∫ re2

re1

ts

(
kc
ts

+ kφ

)
(r cos(θs + αs)− h0)n cos(δ + θs + αs) dr (6.57)
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Fey =

∫ re2

re1

ts

(
kc
ts

+ kφ

)
(r cos(θs + αs)− h0)n sin(δ + θs + αs) dr (6.58)

MFe =

∫ re2

re1

ts

(
kc
ts

+ kφ

)
r (r cos(θs + αs)− h0)n cos(δ) dr (6.59)

where the limits of the integrals are

re1 = h0/ cos(θs + αs) (6.60)

re2 = rp (6.61)

Remark than unlike F5 in Equation (6.11), the present Fe does not depend on the fitting parameter
ct.

The net horizontal force Fx, vertical force Fy and moment M acting on the sampler are given
by

Fx = Fax + Fix + Fox + Fex + Focx + Px (6.62)

Fy = Fay + Fiy + Foy + Fey + Focx + Py (6.63)

M = Mp +MFa +MFi +MFo +MFocx +MFe (6.64)

6.4 Analysis and Comparison of Models

A sampling operation was simulated using the MSM and our proposed RSM. The purpose is to
gain insights into the effects of the individual components of the RSM and its key differences
with the MSM. The models were simulated using the open source Python library, SciPy, assuming
quasi-static conditions, Fac = 0.

A sampling operation was simulated in three terrains: Dry Sand (DS), Sandy Loam (SL), and
Clayey Soil (CS). These were chosen to compare the models across a range of terrains with different
characteristics. For example, the effects of cohesion and adhesion are expected to be significant
in clay but very small in dry sand. The simulated material properties are listed in Table 6.2 and
were obtained from [17]. δ was assumed to be 2/3 of φ [25], and K0 was calculated by Equation
(6.9). The adhesion of each material was assumed to be half of its cohesion. This was done for
simplicity and to avoid artificially inflating the effect of adhesion. Additionally, all the materials
were assumed to be loose, such that the effects of Foc would be negligible. The robotic sampler
geometrical parameters used for the simulation are listed in Table 6.3.

For fairness of comparison, the scoop geometry (Figure 6.7) parameter rp was assumed to be equal to
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Table 6.2: Properties of simulated materials

Property Dry Sand Sandy Loam Clayey soil
ρ (kg/m3) 1442 1280 1600
φ (deg) 30.0 29.0 13.0
δ (deg) 20.0 19.3 8.70
K0 0.50 0.52 0.78
c (Pa) 0 1700 4140
k (m) 0.025 0.025 0.01
n 1.10 0.70 0.50
kc (kPa/mn−1) 0.90 5.30 13.2
kφ (kPa/mn) 1523.4 1515.0 692.2

Table 6.3: Geometric parameters of simulated sampler

Parameter Value
rs (m) 0.105
ws (m) 0.123
ts (m) 0.001

rs, while αs was assumed to be zero, since MSM does not include these parameters. The distance to
the ground from the axis of rotation h0 was chosen to be 63 mm to mirror experimental conditions.
The edge thickness parameter ct in MSM was determined to be 20%, 30%, and 45% for dry sand,
sandy loam, and clayey soil respectively, as discussed at the end of Section 6.4.2.

A correction was required to the published MSM equations [28, Eqs. (9),(10)]. The updated ex-
pressions for the components of F3 in the horizontal and vertical directions, F3x and F3y, and the
moment about the axis of rotation generated by F3, MF3, are given by:

F3x =

∫ rs

h0/ cos θs

∫ θr

θs

τ(r, α)r cosαdα dr (6.65)

F3y =

∫ rs

h0/ cos θs

∫ θr

θs

τ(r, α)r sinαdα dr (6.66)

MF3 =

∫ rs

h0/ cos θs

∫ θr

θa

r2τ(r, α) dα dr (6.67)

The simulations were conducted by numerically integrating the equations of MSM and RSM across
the range of motion of the scoop during a sampling operation, taken as 55◦ ≥ θs ≥ 0. SciPy
uses the Clenshaw-Curtis quadrature method and was set to have an absolute error tolerance of 1
×10−10.

The following subsections discuss the differences in the computed total forces and moments acting
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on the sampler, analyze the sensitivity of the results to the individual components of the models,
and discuss the effects which are modeled only by RSM such as surcharge while sampling.

6.4.1 Comparison of Total Forces and Moments Acting on the Sam-
pler

The total forces Fx and Fy and the moment M acting on the sampler are plotted in Figure 6.9.
There are differences between the results obtained with MSM and RSM. These differences are small
for dry sand, but are significant for sandy loam and clayey soil.

The small differences between models for dry sand and large differences for sandy loam and clayey
soil are due to the properties of the different materials. The effects of cohesion at the failure
surface and adhesion between the soil and the sampler are captured by RSM but not MSM. Since
cohesion and adhesion of dry sand are negligible, their effect on the RSM results is also negligible,
and indeed the forces and moments estimated by RSM and MSM are nearly the same as seen in
Figures 6.9a and 6.9b. The angle of the failure surface λ predicted by MSM is very close to that
predicted by RSM. For cohesionless soils, P is primarily determined by the weight of the soil. The
small differences between the models on dry sand is primarily due to the effect of Fi on P and the
formulation of F5 and Fe. This will be further discussed in Section 6.4.2.

The magnitudes of the cohesion forces at the failure surfaces and the adhesion forces on the sampler
are presented in Figure 6.10a for the three simulated materials. Both forces are significant for
sandy loam and clayey soil and are zero for dry sand. The effects of Fa and Fc are reflected in the
magnitude of P in Figure 6.10b. In the MSM Pp is very similar for all three materials, while the
RSM predicts them to be approximately two (sandy loam) and three (clayey soil) times larger than
for dry sand. The increased P is a major reason for the differences between the forces and moments
on sandy loam and clayey soil seen in Figures 6.9c, 6.9d, 6.9e, 6.9f.

6.4.2 Sensitivity analysis of model components

An analysis of the contribution of the individual components of Fx, Fy and M for MSM and RSM
is compiled in Tables 6.4 and 6.5 for dry sand and clayey soil, respectively. Plots of the individual
components of Fx for MSM and RSM on clayey soil are shown in Figure 6.11.

The contributions of F3, Fi, Fo are relatively small in dry sand. This is as expected since cohesion
and adhesion are negligible in this material and the sampler does not sink enough into the soil
for normal stresses on the sides of the sampler to become significant. As shown in Table 6.4, the
relative contributions of F3 on Fx, Fy andM are 2.9%, 1.7%, and 4.6%, respectively. On clayey soil,
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Table 6.4: Components of Fx, Fx, and M on Dry Sand

Fx MSM DS Fx RSM DS
θs Ppx F5x F3x Px Fex Fax Fix Fox
deg % % % % % % % %
0 58.2 38.8 2.9 58.8 36.3 0.0 2.4 2.4
15 58.0 40.4 1.4 61.0 36.3 0.0 1.2 1.2
30 55.5 43.8 0.5 65.3 33.5 0.0 0.5 0.5
45 42.9 56.9 0.0 72.7 27.0 0.0 0.0 0.0

Fy MSM DS Fy RSM DS
θs Ppy F5y F3y Py Fey Fay Fiy Foy
deg % % % % % % % %
0 78.1 20.1 1.7 78.4 18.7 0.0 1.4 1.4
15 58.8 39.8 1.2 62.0 35.8 0.0 1.0 1.0
30 36.1 63.2 0.5 46.2 52.5 0.0 0.5 0.5
45 11.7 88.1 0.0 32.2 67.4 0.0 0.1 0.1

M MSM DS M RSM DS
θs MPp

MF5
MF3

MP MFe
MFa

MFi
MFo

deg % % % % % % % %
0 44.1 51.2 4.6 43.1 49.3 0.0 3.7 3.7
15 38.0 59.4 2.4 39.5 56.1 0.0 2.1 2.1
30 27.9 71.1 0.8 35.8 62.3 0.0 0.9 0.9
45 11.8 88.0 0.0 31.7 67.9 0.0 0.1 0.1

these contributions increase to 9.1%, 21.1%, and 10.8%, respectively. The relative contributions of
Fi and Fo on Fx, Fy and M are less than approximately 5% on dry sand and clayey soil. On clayey
soil the relative contribution of Fa to Fx, Fy and M is between 7% to 15%.

MSM and RSM predict a large contribution of Pp and P respectively. On dry sand, the maximum
contribution of Pp to Fx, Fy and M is 58.2%, 78.1%, and 44.1%, respectively. The relative contri-
bution of P on dry sand to Fx, Fy and M matches the corresponding contributions of Pp within
1%. On clayey soil, the relative contributions of P and Pp decrease while the relative contributions
of F5 and Fe increase. In clayey soil MSM predicts that Fx, Fy and M are almost completely
determined by F5 over the majority of the range of motion.

Although F5 and Fe employ the same pressure-sinkage equation and soil parameters, they still
predict very different results. Experiments on dry sand, to be presented in Section 6.5.3, had to
be used to determine that the fitting parameter ct of F5 was approximately 20%, while estimates
of Fe approximated the experimental data closely without the need for a fitting parameter. The
values of ct for sandy loam and clayey soil were selected to be 30%, and 45% respectively so that the
magnitude of F5 matched Fe closely, as shown in Figure 6.12. In this way, the comparison between
the models, such as the contributions of the components to the total loads, were not skewed due to
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Table 6.5: Components of Fx, Fx, and M on Clayey Soil

Fx MSM CS Fx RSM CS
θs Ppx F5x F3x Px Fex Fax Fix Fox
deg % % % % % % % %
0 1.5 89.3 9.1 8.5 74.2 9.9 3.6 3.6
15 1.3 92.6 5.9 12.1 75.0 8.0 2.3 2.3
30 1.0 95.6 3.2 17.2 72.5 7.3 1.3 1.3
45 0.5 98.6 0.8 28.5 62.5 8.0 0.4 0.4

Fy MSM CS Fy RSM CS
θs Ppy F5y F3y Py Fey Fay Fiy Foy
deg % % % % % % % %
0 10.6 68.1 21.1 37.9 35.7 15.7 5.2 5.2
15 3.2 88.3 8.3 23.9 60.3 10.0 2.8 2.8
30 1.1 95.3 3.5 17.6 71.3 8.0 1.4 1.4
45 0.2 99.0 0.6 15.8 74.9 8.2 0.4 0.4

M MSM CS M RSM CS
θs MPp

MF5
MF3

MP MFe MFa
MFi

MFo

deg % % % % % % % %
0 0.4 88.6 10.8 2.6 74.9 13.8 4.2 4.2
15 0.3 92.5 7.1 3.1 79.5 11.5 2.9 2.9
30 0.1 96.0 3.7 3.4 82.8 10.1 1.7 1.7
45 0.0 99.1 0.7 4.3 83.8 10.6 0.5 0.5

MSM overestimating F5.

6.4.3 Effect of surcharge

The predicted effect by RSM of a surcharge q is shown in Figure 6.13. A surcharge of 1 kPa was set
in the models for dry sand and clayey soil. As expected, the total forces on the sampler increased
in magnitude. The relative effect is more pronounced on dry sand because the total horizontal and
vertical forces are small. The effect is less significant relative to the magnitude of the forces on
clayey soil. Surcharge q affected the angle of the failure surface λ more on dry sand than in clayey
soil because the relative contribution of Fq on P is larger when Fc and Fa are smaller. As seen
from Equation (6.38), P is identically affected by Fq and Ws.
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Figure 6.9: Comparisons of Fx, Fy, and M between MSM and RSM on three materials. (a) forces
on dry sand, (b) moments on dry sand, (c) forces on sandy loam, (d) moments on sandy loam, (e)
forces on clayey soil, and (f) moments on clayey soil.
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Figure 6.10: (a) Adhesion and cohesion forces estimated with MSM and RSM on three materials.
(b) Pp and P estimated with MSM and RSM on three materials.
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Figure 6.11: (a) Components of Fx predicted by MSM on clayey soil. (b) Components of Fx
predicted by RSM on clayey soil.
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Figure 6.12: (a) F5 and Fe on dry sand with ct equal to 15%. (b) F5 and Fe on clayey soil with ct
equal to 45%.
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Figure 6.13: (a) Effect of a surcharge q on Fx and Fy on dry sand. (b) Effect of a surcharge q on
Fx and Fy on clayey soil.
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6.5 Laboratory Experiments

The field robot RTC-II was used to collect surface samples in field conditions, as pictured in Figure
6.2. Samples were collected in various terrains for environmental monitoring [31] and for character-
izing mine waste. Examples of these operations are pictured in Figure 6.14. The objective of this
section is to present reproducible laboratory experiments, first on dry sand, then on Centrifuged
Tailings (CT). These two materials were selected due to their large difference in soil properties. The
next two subsections describe the test materials and the robotic equipment used. The experimen-
tal results for dry sand and CT are presented in Sections 6.5.3 and 6.5.4, respectively. Modeling
assumptions and results are discussed in Section 6.5.5.

(a) (b)

Figure 6.14: Surface samples are collected using a robotic manipulator on (a) sandy terrain and,
(b) centrifuged tailings.

6.5.1 Materials

Dry Sand

Recreation Sand from Sil Industrial Minerals was used for dry sand experiments (Figure 6.15a).
This material has a bulk density approximately of 1497 kg/m3 (ASTM C-29) and is composed of
sub-angular crystalline silica grains (SiO2 92.3% w.t). The results of particle size analysis from the
product datasheet are presented in Table 6.6.

The sand friction parameters were obtained using a direct-shear test [8] in dry conditions. The
internal friction angle and cohesion stress parameters were estimated to be φds = 33.8◦ and cds = 0.0
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kPa, respectively. The shear deformation modulus kds was estimated to be 0.33 mm by fitting
the shear-displacement measurements show in Figure 6.15b to Equation (6.6). These tests were
conducted at a strain rate of 0.735 mm/min, the maximum rate available on the apparatus.
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Figure 6.15: (a) Picture of sand. (b) Shear response obtained from direct-shear testing of dry sand
at three different normal loads (σt1, σt2, σt3). The curves of the shear stress response were produced
by fitting the measured responses to Equation (6.6).

Table 6.6: Particle Size Analysis

Mesh (ASTM E-11-17) Typical mean %
retained on individual sieve

16 0.0
20 0.3
30 5.0
40 51.1
50 38.9
60 3.6
80 0.8
PAN 0.3

Centrifuged Tailings

A sample of centrifuged tailings, representative of oil sands mine waste, was used for the experi-
ments. The geotechnical and physicochemical properties of this material have been published in
[35]. The clay fraction (≤0.002 mm) of the material is 52% with kaolinite and illite comprising 36%
and 15% of the mass, respectively. The solids and bitumen content of the sample were reported
to be 53% and 5.7%, respectively. The specific gravity is 2.24. The shear strength properties of
the samples has been discussed in [35] and [32]. The soil strength was measured with robotic vane
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shear test tools to be in the range of 0.5-1 kPa, with a shear deformation modulus of approximately
1 mm.

CT have very different characteristics from dry sand. In dry sand, shear forces are primarily due
to friction, while cohesion and adhesion have little effect; but in CT, cohesion and adhesion are the
dominant forces. In the present work, CT are modeled to have no friction forces. The coefficients
of the pressure-sinkage relationship were taken as zero to reflect the fact that CT have essentially
no bearing capacity, and the internal friction angle is approximately zero. This results in cohesion
and adhesion dominating the tool-soil interaction.

6.5.2 Equipment

The robotic system used for the experiments was pictured in Figures 6.2 and 6.14. The main
system components are illustrated in Figure 6.16. The robotic sampler is deployed using a robotic
manipulator that is mounted on a mobile platform. The robotic manipulator has revolute joint
sensors to calculate the position of the sampler, and a six-axis Force/Torque (F/T) sensor mounted
on the tool connection plate.

The robotic sampler has a detachable scoop actuated by a motor through a gearbox. A torque
sensor is installed internally on the rotation shaft of the scoop. A distance sensor is used to
measure the position of the sampler relative to the ground. An inertial measurement unit reports
the roll and pitch angles. Further design and instrumentation details are presented in [31]. Vertical
and horizontal forces on the sampler are measured with the F/T sensor of the robotic manipulator,
while the torque on the sampler is measured by the internally mounted torque sensor. Direct torque
measurement is superior to estimation from motor current measurements because the torque sensor
is not affected by ripples in the motor current or friction in the gearbox. The measured torque
was statically calibrated to remove the torque created by the weight of the scoop sampler. All
measurements were collected at a frequency of 50 Hz. The errors were tested to be normal and
identically distributed. The sampler geometry parameters ts, rs, and rp have values of 0.8 mm,
105.0 mm, 110.0 mm, respectively and αs = 11◦.

The experiments were automated to increase repeatability.

6.5.3 Experiments on Dry Sand

The dry sand experiments were conducted in a laboratory sandbox with approximate dimensions of
4 m long by 1 m wide. The sandbox is lined with plastic to accommodate testing of wet materials.
Approximately 1.4 m3 of dry sand was used to fill the box to a height of 40 cm. The sandbox is
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(a) (b)

Figure 6.16: Schematics of (a) the robotic system, (b) the robotic sampler.

outfitted with two planks above it, allowing the mobile robot to drive along the length, deploy tools
and perform sampling of the test material without affecting the soil and minimizing edge effects.
The planks are removable so the mobile robot can also be placed directly on the test material if
desired.

Two experiments were conducted on dry sand. First, we validated the predictions by RSM of the
forces acting on the side edges and side walls of the sampler. For these experiments, the curved
scoop part of the sampler was removed, and measurements of the loads acting on the remaining
sampler were recorded. Since the curved surface is removed, the RSM terms P and Fa can be
discarded, such that the horizontal force Fsx, vertical force Fsy, and moment Ms acting on the
sampler are given by

Fsx = Fix + Fox + Fex (6.68)

Fsy = Fiy + Foy + Fey (6.69)

Ms = MFi +MFo +MFe (6.70)

In the second experiment, the curved surface is re-installed, such that the complete RSM model
from Section 6.3.2 is used.

The pressure-sinkage model parameters for dry sand were taken from the earlier Table 6.2.

Side Edge and Side Wall Forces and Moments on Dry Sand

In these experiments, rs is equal to rp since the curved portion of the sampler is removed (c.f. Fig-
ure 6.7). The distance to the ground, h0, was measured by the distance sensor of the sampler to be
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62.5 mm. The side walls were rotated into the dry sand as pictured in Figure 6.17. The forces and
moment acting on the sampler were recorded and are plotted in Figure 6.18.

(a) (b) (c) (d)

Figure 6.17: Sequence (a)-(d) of sampler with removed curved section indenting into dry sand.

The total forces and moment predicted by RSM show good agreement with the experimental mea-
surements in Figure 6.18. Since Fe is the dominant force on the side plates, this good agreement
suggests that the proposed model is able to accurately predict Fe. As shown in Figure 6.18b,
outliers occur in Fsy and Ms when θs is approximately 10 degrees. At this angle, the sampler
experienced an abrupt motion in the horizontal direction, which caused the spike in Fsy and Ms

measurements.
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Figure 6.18: Experimentally measured and predicted forces Fsx (a), Fsy (b) and moment Ms (c)
during side wall experiment on dry sand. The error bars are shown every 15 points and represent
two times the standard deviation of the measurement errors.

Total Forces and Moment on Dry Sand

The complete sampler was deployed on dry sand as shown in Figure 6.19. For this experiment
the sampler was placed at h0 = 80 mm. The forces and moment acting on the sampler were
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recorded and are plotted in Figure 6.20. The measurements are in close agreement with the RSM
predictions.

(a) (b) (c) (d)

Figure 6.19: Sequence (a)-(d) of complete sampler indenting into dry sand.

Comparing Fsy in Figure 6.18b and Fy in 6.20b, it is clear that the curved surface affects the forces
on the sampler, and that the proposed RSM accurately predicts this. The difference between plots
for angles lower than 20 degrees is primarily due to the term P in the Fy expression. All the
experiments were repeated five times.
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Figure 6.20: Experimentally measured and predicted forces Fsx (a), Fsy (b) and moment Ms (c)
during complete sampler experiment on dry sand. The error bars are shown every 15 points and
represent two times the standard deviation of the measurement errors.

6.5.4 Experiments on Centrifuged Tailings

The two experimental procedures described for dry sand were repeated on CT. First, the curved
surface was removed to measure the forces on the sides of the sampler during a sampling maneuver.
The sampler was positioned at a height of h0 = 59 mm, and the side blades driven into the medium
as pictured in Figure 6.21a. The measured reaction forces are plotted in Figure 6.21 (b) and
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(c). Unlike the dry sand case, we employed both our proposed RSM and the previously published
MSM as force models. While the RSM predictions closely match the measured forces, the forces
predicted by MSM are underestimated because that model does not consider the internal wall side
forces independently.

The close agreement by RSM also confirms our earlier assumption that friction and pressure-sinkage
forces are negligible in CT. This is the opposite of the dry sand case, where term Fe is the dominant
contribution. In CT, Fo and Fi are the only significant terms. Because the material was observed
to stick to the sampler, we postulated the cohesion forces to be weaker, therefore we employed them
as the failure criteria in (6.26). This corresponds to the soil failing internally rather than at the
contact surface.
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Figure 6.21: (a) Sampler side walls driven into CT. Measured, RSM- and MSM-predicted forces Fx
(b) and Fy (c) during a sampling operation. The error bars are shown every 15 points and represent
two times the standard deviation of the measurement errors.

The second experiment used the complete sampler instrument to collect a CT sample with the
tool positioned at a height of h = 80 mm. This is pictured in Figure 6.22a. It can be seen that
the material has sufficient cohesion to hold its shape, and does not fall off even when the sampler
is half open. Furthermore, the CT in contact with the back face of the curved sampler portion
was significantly disturbed, and was pulled out as the robot arm lifted the sampler. This last
effect suggests that the term Foc has a significant impact on the force prediction by RSM. Visual
estimations of the internal and external contact angles on the curved blade were approximately
half-way between θf and θs (c.f. Figure 6.7). This was used to obtain the values of θoc and limits
of the integrals of Fa.

The measured forces in Figure 6.22 (b) and (c) have a close agreement with the RSM predictions.
As expected, the forces were underestimated by MSM. Note the force plots for CT demonstrate a
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Figure 6.22: (a) Complete sampler collecting a sample of CT. Measured, RSM- and MSM-predicted
forces Fx (b) and Fy (c) during the sampling operation. The error bars are shown every 15 points
and represent two times the standard deviation of the measurements.

completely different material response than the dry sand case.

As seen in Figure 6.20b, the vertical force became negative (sampler pulled down) when sampling
dry sand, which is as expected since force P supports most of the weight of the material collected.
In dry sand, the force on the back surface Foc is negligible [28]. The opposite effect occurs in
CT. The vertical force is positive, even though the material is denser than loose sand. P is much
larger than in dry sand because it balances the adhesion forces on the inside of the scoop and
the cohesion forces at the shear surface of the material. The resulting vertical force is positive
due to the contributions of Fi, Fo, Fa and especially Foc. The change of direction of Fy — and
specifically the large contribution of Foc — was accurately predicted by RSM and confirmed by
experimental measurements. Meanwhile for MSM, the unmodeled forces resulted in a completely
incorrect (wrong direction) prediction of the vertical force Fy.

6.5.5 Model Assumptions

Sections 6.5.3 and 6.5.4 presented experimental results for two different soil types. In this Section
we discuss the four main assumptions of our proposed model.

First, the density of the soil material was assumed to be a constant, which is reasonable provided
the tool does not cause significant compaction during sampling. In general, since sampling tools are
designed and operated to minimize power requirements and keep the samples intact, this assumption
is reasonable.

Second, the effect of the wedge at the back of the soil sample, shown in Figure 6.7 as the area inside
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CDF, was assumed to have a negligible effect on the forces and moment on the sampler. It was not
possible to measure the wedge angle φ reliably and so it was ignored. While PIV techniques can be
used in a laboratory setting to measure this angle, they cannot be deployed in field applications. The
close agreement between the measured and predicted loads on the sampler suggests this assumption
is reasonable for the soils tested. To remove this assumption, depth sensors yielding 3D point clouds
could be used to measure the geometry of the soil during sampling in order to directly measure this
angle.

Third, the shear curve was assumed to be modeled by an exponential function, as seen in Equation
(6.6). This may not be sufficiently accurate for soils which exhibit a peak shear stress which
decreases as shear displacement increases. Alternative models for the shear curve are summarized
in [44] and could be used instead of (6.6), at the cost of extra complexity due to additional soil
parameters.

Fourth, the shape of the failure surface was assumed to be flat. Investigating other shapes and the
resulting change in model prediction accuracy are left for future work.

The favourable results obtained with the proposed RSM motivate further validation on other soil
types. Potential uses of this model include the design of optimized sampling tools and making these
tools more intelligent - for instance estimating soil properties from measured interaction forces in
real-time.

6.6 Conclusion and Future Work

A novel terramechanics model for a scoop-type sampler was presented. The key improvements of
the proposed model over earlier work is that it accounts for the effects of cohesion, adhesion, and
surcharge. The details of the model formulation were given.

The new model was compared to the current state-of-the-art model [28]. The most important soil
interaction forces are the earth-pressure force acting on the curved surface of the sampler, and the
force acting on the edges of the side plates. The contributions of cohesion, adhesion, and surcharge
to the reaction forces on the sampler were investigated in simulation, and found to be significant
for the materials being considered. These effects could not be captured by the earlier model.

The proposed model was first validated through laboratory experiments on dry sand. Good agree-
ment was found between the measured and predicted forces and moment acting on the robotic sam-
pler. In a second test with centrifuged tailings, a soil dominated by adhesion and cohesion effects,
the proposed model also showed excellent agreement with experimental measurements. Meanwhile
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the earlier model was demonstrated to provide incorrect predictions due to not accounting for these
effects.

Accurate models are important to improve the design and capabilities of sampling tools. Future
work will focus on the development and testing of a field robotic system which can estimate soil
properties while performing sampling operations. This capability would be very useful in navigating
and characterizing difficult terrains.
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Chapter 7

Conclusions

This chapter summarizes the conclusions and contributions of the papers presented in the previous
chapters. Areas of future work are then recommended.

7.1 Contributions

In all of the work reported in this thesis, the author developed the conceptual framework with
input from the supervisory committee, developed the apparatus with some input from supervisors,
wrote measurement and control software, conducted the experiments, analyzed results, and wrote
the first draft of manuscripts.

The results presented in Chapter 2 of the thesis indicate that the surface and subsurface char-
acterization of oil sands tailings (and other types of terrain) is useful and technically feasible for
unmanned ground vehicles. This motivated the continued development of robotic systems for mon-
itoring difficult terrains. The favorable results suggested that such systems are suitable for tailings
characterization as well as for monitoring other types of environments such as aquatic and terres-
trial.

The robotic vane shear test tool presented in Chapter 3 was designed to reduce human error and
variability in measurement, and was validated against commercially available high-end instruments
with favorable results. To obtain high-accuracy and precision measurements, a technique was
developed to measure and compensate for friction within the equipment. The developed robotic
vane shear test tool was used to show that the measurements of shear strength on oil sands tailings
are affected by the speed of rotation of the vane. Since humans may overestimate the shear strength
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of the deposits by rotating the vane too quickly, an automatic instrument offers improved accuracy
and reproducibility of results, in addition to the capability for remote data collection. While the
current design is limited by how deeply the instrument can be deployed into the ground, future
generations of UGVs could be equipped with a modified vane shear test tool which could be driven
up to several meters into the terrain.

The novel methodology and equipment presented in Chapter 4 for estimating the inertia tensor and
center of mass location of robotic systems was shown to achieve an error of around 1%, provide
a viable alternative to commercially available high-precision measurement platforms at a fraction
of their cost. The achieved performance is sufficient to implement dynamic simulation and design
model-based control algorithms, which will be necessary for future generations of autonomous UGVs
operating on difficult terrain.

The robotic manipulator, scoop-type surface sampler, and terramechanics wheel presented in Chap-
ter 5 can be used for soil investigations onboard mobile robots. The robotic manipulator allows
varying the tool-soil interaction forces, leading to measurements from a wider operating envelope.
The terramechanics wheel can be used to estimate soil model parameters, and combined with UGV
motion can achieve a range of slip ratios, leading to more operating points for parameter identifica-
tion as compared to relying solely on traction behaviour of the vehicle’s wheels. The manipulator
design exhibited some backlash, which was compensated through the selection of manipulator poses;
quantifying this effect as well as re-designing the manipulator would be a more elegant solution to
this problem.

Chapter 6 proposed a terramechanics model for the scoop-type sampler which improves on current
state-of-the-art models by accounting for the adhesive and cohesive interaction forces with the soil as
well as surcharge effects. The advantages of the new formulation were highlighted in simulation and
the model was validated in laboratory experiments for two different soil types. The magnitude and
direction of the forces predicted by the proposed model was shown to agree with the experimental
measurements and provide estimates which clearly outperformed the previous model.

7.2 Recommendations for Future Work

A number of limitations of the current work have been identified. Further work is needed to
overcome these limitations, as well as to develop new applications and field demonstrations for the
tools and methods developed in this thesis.

The robotic vane shear test tools developed could be used by amphibious robots operating in very
soft deposits. The tools need to be further ruggedized and submersible, so that they can be deployed
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industrially and provide rheological data for deep soft deposits. Soil parameter estimation tech-
niques can be further developed using the terramechanics model proposed for the surface sampler to
allow real-time estimation of terrain parameters while moving, and to enable improved locomotion
of rovers by estimating variables related to traction control.

The robots and tools developed can be used to autonomously characterize a tailings deposit and
build a map of the terrain conditions. Demonstrating this capability is an opportunity for future
work.

The UGVs used in this thesis are wheeled or tracked. Some tailings deposits have little or no
bearing capacity. In this case access to deposits is generally difficult and measurements are likely to
be taken in a range of soft or liquefied terrains, meaning amphibious robots are a more appropriate
platform. The development of amphibious robots for tailings characterization has been started
and is currently reaching the commercialization stage. Improvements in terramechanics models
for amphibious vehicle locomotion on varied terrains are required to make autonomous operations
practical. Model-based control, which involves obtaining the inertia matrix of the vehicle, will be
important to achieve fast locomotion with these systems. The design of such amphibious rovers for
operations in a range of terrains, overall system reliability of locomotion methods, communications
and power management, and matching payload capacity to a particular rover type are all future
work areas.

Robotic systems with increased payload capacities are required for sampling operations. The current
systems are limited to one sample per trip. Tooling magazines could be used to employ different tools
or to make a range of measurements during a single remote mission. Concepts and demonstrations
are needed of instruments which can collect multiple samples of different terrains, or to make a set
of measurements at the ground deposit at both the surface and at different depths.

The technologies developed for mine waste monitoring can also be adapted for use in agricul-
ture, glaciology, vulcanology, wetland and permafrost operations, as well as other investigations of
challenging as well as potentially unsafe terrains such as eroding shorelines and flood zones. Under-
standing the associated technical and functional requirements will allow adaptations of tooling and
instrumentation for operating within such areas. In this way, the potential of carrying measurement
payloads on new types of autonomous rovers to perform a range of environmental monitoring and
remediation tasks can be realized.
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