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Abstract: Geomagnetic data gathering by micro-rovers is gaining momentum both for future planetary
exploration missions and for terrestrial applications in extreme environments. This paper presents research
into the integration of a planetarymicro-rover with a potassium total-fieldmagnetometer. The 40 kgKapvik
micro-rover is an ideal platform due to an aluminium construction and a rocker-bogie mobility system,
which provides good manoeuvrability and terrainability. A light-weight GSMP 35U (uninhabited aerial
vehicle) magnetometer, comprised of a 0.65 kg sensor and 0.63 kg electronics module, was mounted to the
chassis via a custom 1.21 m composite boom. The boom dimensions were optimized to be an effective
compromise between noise mitigation and mechanical practicality. An analysis using the fourth difference
method was performed estimating the magnetic noise envelope at ±0.03 nT at 10 Hz sampling frequency
from the integrated systems during robotic operations. A robotic magnetic survey captured the total
magnetic intensity along three parallel 40 m long lines and a perpendicular 15 m long tie line over the course
of 3.75 h. The total magnetic intensity data were corrected for diurnal variations, levelled by linear
interpolation of tie-line intersection points, corrected for a regional gradient, and then interpolated using
Delaunay triangulation to lead a residual magnetic intensity map. This map exhibited an anomalous linear
feature corresponding to a magnetic dipole 650 nT in amplitude. This feature coincides with a storm sewer
buried approximately 2 m in the subsurface. This work provides benchmark methodologies and data to
guide future integration of magnetometers on board planetary micro-rovers.

Received 31 December 2016, accepted 7 June 2017, first published online 3 July 2017

Key words: cultural targets, geophysical surveying, magnetic interference, magnetic method, micro-rover, rover-sensor
integration.

Introduction

In the context of an astrobiology mission, the use of a micro-
rover instrumented with a magnetometer would serve to de-
velop an understanding of the magnetic environment of a
planetary surface (Weiss et al. 2014). Mobile measurements
of the ambient magnetic field at the surface can be used to de-
lineate regions of remnant magnetization (Lorenz et al. 2003),
identify the host rock and/or mineral carrier generating the
magnetic field (Lillis et al. 2011) and assess the hazard related
to highly energized cosmic or solar radiation (Dartnell et al.
2007). At ‘regional’ scale, the micro-rover would detect
changes in magnetic signature (e.g. short or long variations
in magnetic intensity and patterns such as lineaments or circu-
lar anomalies). This information can serve to infer boundaries
between geological domains and/or changes in regolith com-
position. Complex missions could involve several ‘scout’
micro-rovers instrumented with magnetometers performing
geophysical mapping ahead of a larger and more sophisticated
main rover. Magnetic maps compiled from data acquired by
the micro-rovers would guide the trajectory of the main
rover. At ‘local’ scale, detailed magnetic mapping can identify
magnetic targets of scientific interest, locate subsurface

geological features, which may host signs of extremophile de-
velopment, and help to inform the precise locations where to
perform astrobiological tests. Examples include the detection
of small faults, which might be pathways for gas seepage to
the surface (methane being of particular interest) (Boivin
et al. 2013; Qadi et al. 2015), the delineation of feeder systems
of hot springs, which are hosts to extremophiles (Samson et al.
2017) and the tracking of lava tubes in the subsurface (Meglich
et al. 2003).
The magnetic method is a widely used terrestrial geophysical

technique used to map geological trends and detect anomalous
magnetic bodies in the subsurface. Figure 1 shows the magnetic
anomaly created by amanhole cover at the surface (ferromagnet-
ic material, 1 m diameter) measured by the magnetometer on-
board the Kapvik micro-rover at a distance of 2 m. The robotic
systems of a micro-rover may also generate a magnetic response
(noise) which can obscure the magnetic signal detected. A mag-
netically clean micro-rover which generates negligible magnetic
interference is desired for planetary exploration to maximize
the response of the remnant magnetic signal (Lillis et al. 2011).
Magnetic measurements were first collected on another

planetary body by the Apollo mission astronauts who deployed
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stationary (Apollo 12, 15, 16) and portable (Apollo 14, 16)
fluxgate magnetometers to record magnetic data on the lunar
surface (Dyal &Gordon 1973). The first robotic magnetometer
deployment followed in 1973, when the Lunokhod 2, a lunar
rover, included a fluxgate magnetometer mounted on a long
boom at the front of its chassis (Ness 1979). Although data
quality was limited by the influence of ferromagnetic compo-
nents within the rover, these pioneering efforts generated data-
sets which were analyzed to detect and characterize magnetic
variations within the lunar subsurface (Dolginov et al. 1976).
The Apollo 16 magnetic data proved useful in identifying
anisotropic magnetic variations within the Lunokhod 2 data-
set, which enabled modelling the composition and thickness
of anomalous subsurface features at depths extending to 300
km beneath the lunar surface (Vanyan et al. 1979). The future
Mars InSight mission by NASA-JPL features a geophysical
lander equipped with a stationary fluxgate magnetometer
and is currently approved for launch in 2018 (Banerdt et al.
2013). The data acquired by this magnetometer will be used
to assess the level of remnant magnetization at the landing
site and to monitor fluctuations in the ambient magnetic
field strength and orientation at the Martian surface.
The research project described in this paper was a pilot study

to use the Kapvik micro-rover in a new type of mission; robotic
mapping of the near subsurface using themagnetic geophysical
method. The objectives of the project were to determine a prac-
tical rover-magnetometer configuration, measure the impact of
rover operations on sensor data quality and evaluate the cap-
ability of the Kapvik micro-rover to perform a robotic magnet-
ic survey.
A robotic survey was mobilized in August 2015 on the

campus of Carleton University, Ottawa, Canada, to map a

40 m× 15 m flat field adjacent to the Rideau rapids for mag-
netic anomalies. During the survey, the Kapvik planetary ex-
plorationmicro-rover (Setterfield &Ellery 2013), instrumented
with a potassium vapour magnetometer, was tele-operated
within line of sight of the Kapvik base station over a predeter-
mined grid. This paper presents total magnetic intensity (TMI)
data gathered during the survey and the interpolation of local
field strengths to outline magnetic anomalies for further inter-
pretation of subsurface features.

Instrumentation and hardware

Magnetometers

For the purposes of this study, a recently developed GSMP
35U potassium vapour magnetometer (Hrvoic & Hollyer
2015) was selected for integration with the Kapvik micro-
rover. The design of this magnetometer has been customized
for use on uninhabited aerial vehicles (UAV), which require
a rapid sampling rate, high sensitivity, reduced dimensions
and a lowmass budget (Table 1). These parameters are also fa-
vourable for the magnetic evaluation of micro-rover interfer-
ence in terrestrial applications. The potassium vapour
magnetometer measures the amplitude of the total magnetic
field B as a scalar value.
To correct for diurnal variations and provide amagnetic base-

line a Narod S-100 ring-core fluxgate magnetometer (Coles

Fig. 1. TMI illustration (vertical plane) of an anomalous response
generated by a micro-rover traverse passing within 2 m of a
ferromagnetic source. The micro-rover path in plan view is displayed
(bottom) as a dashed arrow and star, with the position of a 1 m
diameter manhole cover marked by a striped circle.

Table 1. GSMP 35U potassium magnetometer specifications

Parameter GSMP 35U

Sensor mass 0.65 kg
Electronic box mass 0.63 kg
Sensor dimension 158 mm× 64 mm
Electronic box dimensions 237 mm× 56 mm× 39 mm
Sensitivity 0.0003 nT @ 1 Hz
Resolution 0.0001 nT
Absolute accuracy ±0.05 nT
Dynamic range 15 000–120 000 nT
Gradient tolerance 50 000 nT m−1

Sampling frequency 10 Hz
Power requirements (sensor warm-up) 50 W
Power consumption (operation @ 20C) 14 W

Table 2. Instrumented Kapvik micro-rover specifications

Parameter Value

Mass: magnetometer module 3.18 kg
Mass: composite boom 0.45 kg
Mass: magnetic sensor 0.65 kg
Mass: Kapvik platform 41.00 kg
Mass: total 45.28 kg
Dimensions: Kapvik chassis 0.85 m× 0.78 m × 1.21 m
Dimensions: wheels + grousers 0.15 m× 0.07 m (D×W)
Dimensions: sensor boom 0.02 m× 1.15 m (D×L)
Dimensions: sensor cup 0.06 m× 0.05 m (D×H)
Speed 0.02 m s−1

Radio communication range >500 m (nominal; line of sight)
Battery power 10 A-h (×2)
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1988; Trigg & Olson 1990) was employed from an 11.5 km re-
mote location in a magnetically quiet area. Magnetic baseline
data were obtained at a 1 Hz sampling frequency, which is suf-
ficient to evaluate the diurnal variations generated by inter-
action of Earth’s geomagnetic field with the sun.

Kapvik micro-rover

The Kapvik micro-rover is an all-terrain modular multi-
mission prototype designed for planetary exploration and sci-
entific sample acquisition whose development was sponsored
by the Canadian Space Agency. Kapvik is composed of a

mobile rocker-bogie platform (Setterfield & Ellery 2013), ro-
botic mast (Liu et al. 2015) and an array of scientific and navi-
gational sensors. Kapvik’s complement of sensors and
equipment enables completion of a range of mission activities
including: colour stereo vision imaging, digital elevation map-
ping, ultraviolet and infrared terrain examination, sample col-
lection and measurement of mechanical soil properties.
Missions are operated remotely or through a tethered configur-
ation from Kapvik’s base station, which consists of a radio
transmitter, network infrastructure and laptops, which handle
control of the micro-rover and monitor its operational status.

Fig. 2. AutoCAD rendering showing the Kapvik micro-rover with mounting positions of the boom and magnetometer components. The
micro-rover direction of travel is denoted by the hollow white arrow. [1] Magnetometer module mounting point. [2] Composite brackets fixed to
rover chassis with aluminium bolts. [3] Composite boom, 1.21 m in length. [4] Composite sensor support cup. The magnetic sensor was fixed
securely in position using compressed foam spacers, plastic zip-ties and Velcro strapping. [5] Composite support struts applied for additional
support and to fix boom elevation angle.

Fig. 3. Kapvik micro-rover, magnetic mapping configuration. The magnetometer module is shown (left) counterbalancing a boom and potassium
vapour magnetometer (right). An Ethernet data and communication tether cable are seen dragging behind the rover through the grass. The
micro-rover direction of travel is denoted by the hollow white arrow.
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The Kapvik micro-rover (Table 2) was selected for robotic
magnetic mapping due to its modular design, mobility and a
magnetically quiet composition. The Kapvik chassis, mount-
ing plates, wheel structures, suspension, fastenings and surfaces
plates are constructed from aluminium, which has a low mag-
netic susceptibility. Active magnetic components mounted to
the rover include actuators, electric motors and internal elec-
tronic switches. Some small ferrous steel fasteners are used to
attach modules to the chassis assembly; these fasteners and
other passive magnetic sources, however, are fixed in place
and generate minimal magnetic interference. Kapvik’s micro-
rover mass budget (<50 kg) is capable of incorporating the
payload requirement of a potassium vapour magnetometer
and composite boom (4.28 kg). Once instrumented, the mass
of the Kapvik micro-rover is 45.28 kg.
Integration of the GSMP 35U magnetometer onto the

Kapvik micro-rover was accomplished by mounting the mag-
netometer sensor on a composite boom fixed to the rear rover
chassis as rendered in Fig. 2. The Kapvik micro-rover was de-
ployed using the configuration seen in Fig. 3 with the replace-
ment of the fore-left cylindrical sample collection bin with a
counterbalancedmagnetometermodule. The fore-right sample
collection bin was also removed from the chassis as it contained
permanent magnetic sources.

Composite boom

A prototype composite boom was designed and manufactured
tomount theGSMP 35Umagnetic sensor on the rear chassis of
the Kapvik rover. In order to optimize boom length, static and
dynamic magnetic noise tests were performed at incremental
separations between the magnetic sensor and the rover chassis
in the laboratory. The fourth difference method was selected as
a metric to evaluate the level of magnetic noise generated dur-
ing the tests (Teskey et al. 1991; Coyle et al. 2014). According
to this method, the noise value at sample time (To) is defined as:

Noise (DTo) = DT−2 − 4DT−1 + 6DTo − 4DT+1 + DT+2

16
where ΔT−2, ΔT−1, ΔT+1, ΔT+2 are four magnetic values of the
TMI sampled symmetrically with respect to ΔTo. An accept-
able fourth difference noise limit for commercial airborne sur-
veying is ±0.05 nT (Teskey et al. 1991; Coyle et al. 2014).
During initial testing, the magnetic sensor was mounted on
an inert plastic structure while the rover was positioned on a
pedestal at 50 cm increments along a straight line away from
the sensor. An activation sequence of Kapvik subsystems was
initiated at each incremental distance and a fourth difference
noise profile was generated. A summary of the fourth differ-
ence noise profiles generated at each distance is shown in
Fig. 4. A marked 60% reduction in magnetic noise over the
0.70 and 1.20 m interval was observed whereas between 1.20
and 1.70 m noise reduction was only a further 10%.
In a dynamic test the chassis wheels were activated for one

full revolution of the wheels over a duration of 24 s. The test
was repeated at four distances (0.2, 0.7, 1.2, 1.7 m). Figure 5
shows the resulting TMI data. The dynamic test confirmed
the results of the initial test: noise is markedly attenuated

when the distance increases from 0.7 to 1.2 m, but further im-
provement is reduced when the distance increases from 1.2 to
1.7 m. A prototype composite boom was therefore designed
and manufactured to mount the GSMP 35U magnetic sensor
at a distance of approximately 1.2 m from the rear chassis of
the Kapvik rover, as a compromise between noise reduction
and mechanical practicality.
The tubular boom was designed with a length of 1.15 m and

an internal diameter of 2 cm. Epoxy impregnated fibreglass
was chosen for its strength, light weight, ease of fabrication
and low magnetic susceptibility. A cylindrical sensor support
cup was fabricated from fibreglass and polyvinyl chloride

Fig. 4. Fourth-difference noise profiles for different chassis-sensor
separation distances: (a) 0.2 m; (b) 0.7 m; (c) 1.2 m; (d) 1.7 m. The
noise envelopes are displayed as black dashed lines.
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(PVC) connectors and used to verticallymount the sensor at the
end of the boom at a distance of 1.21 m from the chassis. By
design, potassium vapour magnetometers operate at a pre-
scribed optimal orientation with respect to the geomagnetic
field. When the sensor is positioned close to magnetic sources,
the orientation of the local field might fall outside the sensor’s
‘active zone’, causing a loss of signal. This effect has been miti-
gated by raising the boom by an angle of 15° to increase the dis-
tance between the sensor and the ground. A bipod support
structure was added to the design to distribute the weight of
the sensor and to fix the boom elevation angle. The bipod sup-
port struts were fabricated using the same design and process as
the main boom at a shortened length of 0.75 m. The boom was
mounted to the chassis of the micro-rover using hybrid
composite-PVC brackets. Off the shelf PVC components
were selected for their modular design, low cost and deform-
ability using heat treatment. They were reinforced and
modified with composite to fit the chassis structure. The com-
pleted brackets were attached to the Kapvik rover using alu-
miniumbolts already present within the structure of the chassis.

Magnetometer module

The potassium magnetometer’s electronic components were
built into a self-contained magnetometer module whose speci-
fications are listed in Table 3. The module, comprising the
GSMP 35U electronics box, RaspberryPi2 micro-controller,
serial and USB data cables and lithium battery packs, was
mounted to the rover chassis in place of a soil-sampling bin.
By packaging these components as a module it was possible
to replace the soil-sampling bins, which were a source of mag-
netic noise and counterbalance the boom-mounted sensor,

which proved effective for maintaining the micro-rover at a
horizontal operational pitch angle.
By powering the magnetometer with a 25.9 V 4 Ah Li-battery

and using a 5 V 2600 mAh battery pack for the microcontroller
it was possible to operate the module for up to 6 h while keep-
ing the magnetometer power supply separate from the rover
subsystems.

Communications

Communication, data acquisition and magnetometer control
was enabled using a RaspberryPi2 microcontroller bridged
into the Kapvik network. The microcontroller was equipped
with a Wi-Fi dongle and connected to the magnetometer elec-
tronics box via Serial-USB adapter. Wireless/Ethernet bridg-
ing was established to the Kapvik base station network
enabling real-time data transmission and remote access to
magnetometer functions. A secondary configuration was
used to connect the micro-controller directly to Kapvik via
the rover’s Ethernet port using a data cable. This enabled the
RaspberryPi2 to transmit and communicate using Kapvik’s
radio antenna. With this configuration the magnetometer
module could be routed directly through Kapvik’s communi-
cation network. Alternately, command and control of the
Kapvik rover could be routed through the micro-controller’s
wireless network bridge, bypassing the radio antenna.
During the field survey, an Ethernet tether from the rover to
the base station was employed to ensure continuity of commu-
nications to both the rover and magnetometer module.

Robotic magnetic survey

Survey site

A robotic magnetic survey was performed with the Kapvik
micro-rover in an urban environment primarily featuring
local infrastructure.
The survey site consisted of a 40 m× 15 m grid located 20 m

south of the Herzberg Laboratories and 10 mwest of Richcraft
Hall on the campus of Carleton University as shown in Fig. 6.
The survey grid was oriented perpendicular to magnetic

north with the survey profile lines extending from west to
east. The tie-line was surveyed from north to south. The end-
points of all lines were geolocated by GPS and marked for use
as navigational aids.

Fig. 5. TMI responses generated by one revolution of the Kapvik chassis wheels at distances of 0.2, 0.7, 1.2 and 1.7 m from a magnetic sensor.

Table 3. Magnetometer module specifications

Parameter Value

Mass: Li-battery packs 1.26 kg
Mass: electronics box 0.70 kg
Mass: RaspPi2 B microcontroller 0.17 kg
Mass: enclosure and structural foam 0.30 kg
Mass: data cables and adapters 0.75 kg
Total mass 3.18 kg
Dimensions 0.25 m × 0.20 m × 0.50 m
Microcontroller battery capacity 2600 mAh @ 5 V
Magnetometer battery capacity 4 Ah @ 25.9 V
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Local subsurface infrastructure included a sewer line cross-
cutting the survey area and a gas line 3 m north of Line 10 N.
Surface infrastructure consisted of a walking pathway running
parallel between Line 0 N and Line 5 N, a roadway to the
north of L10 N within 2 m of the survey area and a light rail
line located 100 m to the east. In order to mitigate interference
from active cultural noise sources the survey was conducted at
night when vehicle traffic on the adjacent road was reduced.

Data acquisition

Kapvik was tele-operated by a human pilot via an Ethernet
cable tether while recording TMI at a 10 Hz sampling rate.
TMI data from each surveyed line was recorded in a separate
file by the magnetometer in ASCII format and duplicated via
real-time wireless transmission to an observation laptop. Each
data point recorded was time-stamped by the magnetometer
electronics with manually synchronized UTM timing. A log
of anomalous events (such as vehicular and light rail traffic)
and the time of occurrence were recorded manually.
Diurnal variations were interpolated from data recorded at

the Ottawa Geomagnetic Laboratory, a magnetically quiet fa-
cility located approximately 11.5 km east of the survey site.
This data was referenced to the rover data by UTM synchro-
nized time-stamp.
The ‘dead-reckoned’ position of the rover was determined by

interpolation based upon the time required to survey each line,
the GPS position of line endpoints and a constant rover vel-
ocity of 0.02 m s−1 at 100% throttle. Profile line lengths were
verified and marked using a 60 m fibreglass tape.

Magnetic data processing

TMI datasets for each survey line were diurnally corrected
using data recorded at the Ottawa Geomagnetic Laboratory.
The observatory data were generated at a 1 Hz sampling fre-
quency, which resulted in the diurnal correction algorithm
correcting asynchronous data points with linearly interpolated
values. These interpolated data points are considered valid
due to the relatively slow rate of change of diurnal variations.
The diurnally corrected data was then geolocated by stitching
UTM coordinates to each data point by cross-referencing with
the ‘dead-reckoned’ rover position dataset for each time-
stamp. TMI for the three east-west lines was levelled by linear
interpolation using tie-line intercept values and plotted to gen-
erate a spatially referenced magnetic dataset as shown in
Fig. 7. The amplitude of local variations within the dataset
was emphasized through normalization by removal of the am-
bient regional magnetic field of 52 500 nT and the application
of a linear compensation to remove a 41 nT m−1 local trend,
decreasing towards geographic north, from the dataset. This
gradient was due in large part to significant infrastructure pre-
sent adjacent to the survey grid (buildings, roadways). The re-
sultant residual magnetic intensity grid was cropped to
eliminate edge effects and a Delaunay triangulation (Lee &
Schachter 1980) was applied to interpolate the data with re-
spect to position.

Fourth difference analysis

The fourth difference method was applied to evaluate the level
of magnetic noise during rover operations. Noise profiles

Fig. 6. Survey grid. The position of the survey lines (white), a subsurface storm sewer (purple), adjacent gas pipe infrastructure (yellow) and the
location of the Kapvik robotic base station (circled X) are marked. Background image source: Google Earth.
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calculated using the fourth difference method display discon-
tinuous noise as isolated spikes or a series of closely-spaced
spikes forming a wavetrain and display continuous noise as a
swath of consistent frequency. Spikes can be the result of exter-
nal sources such as passing vehicles, DC sources (switches),
crew-rover interactions, or spherics. Continuous noise may
be attributed to vibrations affecting the sensor, oscillations of
the rover attitude, ambient background noise of a specific fre-
quency (such as interference by powerlines) or other periodic
influences. The fourth difference noise profile of Line 10 N is
chosen as an example to show the appearance of discontinuous
noise sources (spikes) resulting from passing vehicles (Fig. 8).
A detailed recording of all vehicles passing within view of the
survey site for Line 10 N is presented in Table 4. The large
spikes in the noise profile correlate well to the times at which
vehicles passed in the vicinity of the survey site. Discounting
the spikes, the noise envelope was estimated at ±0.03 nT.
This noise envelope takes into account the ambient back-
ground noise, interference from robotic components and
noise generated by the roving motion of Kapvik.

Spectral analysis

A discrete Fourier transform was applied to evaluate the spec-
tral density of the magnetic data acquired during selected rover
operations. Then 2500 time-series data points acquired at a 10
Hz sampling frequency were normalized, had a linear trend
removed, and then used as input values to generate spectra.
These spectra were calculated using overlapping fast Fourier
transform segments of 500 data points with a Hanning window
and then averaged to generate the linear spectral density re-
sponse (Heinzel et al. 2002). The resulting linear spectral dens-
ity spectra describe the magnitude of the magnetic response in
the frequency range of 0–5 Hz.

Fig. 7. Scatterplot of TMI versus geographical position, a regional gradient is present within the data. The Kapvik robotic base station was
positioned at [−22, −7] (star symbol) and may have contributed to anomalous values observed at the western line endpoints.

Fig. 8. Fourth difference noise profile of line 10 N. The estimated
noise envelope of ±0.03 nT is shown as dashed horizontal lines.

Table 4. Cultural noise sources noted logged during data acqui-
sition along Line 10 N

Time (s)
Mobile sources
of interference

Distance from
source to Kapvik (m)

124 Small vehicle 5
150 Train 130
155 Small vehicle 5
451 Small vehicle 10
506 Small vehicle 10
613 Small vehicle 12
770 Small vehicle 13
881 Small vehicle 15
907 Train 118
937 Small vehicle 15
961 Small vehicle 15
1014 Small vehicle 16
1046 Small vehicle 16
1056 Train 116
1100 Small vehicle 17
1141 Small vehicle 17
1183 Small vehicle 18
1281 Large vehicle 80
1316 Small vehicle 20
1341 Small vehicle 20
1414 Small vehicle 20
1455 Large vehicle 20
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Figure 9 displays a comparison between spectra generated
during active and passive testing of the chassis wheel rotation
within a laboratory setting. A broad spectral response from 0
to 1 Hz with additional harmonics of a 0.125 Hz base frequency
is notedwithin the dataset during activation of the chassis wheels.
These readingswere acquiredwithin amagnetically noisy labora-
tory setting with a correspondingly elevated noise floor.
The spectral response of the micro-rover under field survey

conditions is shown in Fig. 10. The ambient background spec-
tra again display a clear harmonic with a base frequency of
0.125 Hz. The mobile rover spectra generate a broad spectrum
response throughout the spectral range of 0–5 Hz as shown by
the vertical offset. The difference in spectra response is primar-
ily noted between 0–1, 2.66, 3.66 and 4.5 Hz where the vari-
ation is greatest. While the robotic survey site did have a

lower ambient noise level when compared with the laboratory
conditions, it should be noted that the ambient spectral noise is
higher than would be expected of a non-urban survey
environment.
At a roving speed of 0.02 m s−1, the magnetic response gen-

erated by environmental sources is generally expected to ap-
pear within the 0–1 Hz frequency range. Kapvik’s wheels
rotate with a period of approximately 22 s under survey condi-
tions, at a frequency of approximately 0.045 Hz. A harmonic
drive built into Kapvik’s motor-gear assembly includes a
wave generator containing ferromagnetic ball bearings
(Ellery 2015). With a gearing ratio of 1 : 100 this component
rotates at 100 times the period of the wheels and may be attrib-
uted to the spike at 4.5 Hz observed within the active rover
spectra.

Fig. 9. Linear spectral density plot of the Kapvik chassis wheel rotation response.

Fig. 10. Linear spectral density plot of robotic survey data.
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Interpretation and discussion

From the interpolated map of the residual magnetic intensity
seen in Fig. 11 an anomalous dipole response of 650 nT de-
scribing a linear feature is clearly apparent in the centre of
the grid. This anomaly coincides with the known position of
a storm sewer buried at a depth of approximately 2 m as indi-
cated on campus infrastructure service plans. A follow-up vis-
ual inspection of the small escarpment adjacent to the river
south of the survey grid confirmed the presence of a ferromag-
netic pipe at 2 m depth within the confines of the grid.
During the survey, theKapvikmicro-rover demonstrated that

its rocker-bogie suspension caused negligible vibrations and
physical oscillations acting upon the potassium sensor. The in-
tegrated systems operated within a noise envelope of ±0.03 nT
under field conditions, when the rover was moving at its max-
imum speed of 0.02 m s−1, via tele-operation. Based on labora-
tory tests (see the section Composite boom), the rotation of the
wheels was the largest source of continuous noise. Cultural re-
sponses observed from passing vehicles, especially trains, gener-
ated the highest amplitude discrete sources of noise.

Concluding remarks

Future work

In the future, not only the impact of each subsystem on mag-
netometer readings should be assessed more rigorously in iso-
lation and in controlled conditions, but their combined impact
also needs attention. Employing operation methodologies
where a magnetic offset is measured during activation of add-
itional subsystems is essential. By returning subsystems to a
standard reference configuration the uncertainty related to
magnetic offsets can be reduced significantly.
Scientific instruments such as ground penetrating radars

(Ciarletti et al. 2011; Hamran et al. 2015) and electromagnetic
induction sounders (Boivin et al. 2013) actively emit electro-
magnetic signal as part of their standard operations. The

same can be expected from other active scientific instruments
mounted on the rover such as the articulated arm and end ef-
fector instrumentation.
Results of this preliminary robotic survey open several lines of

investigation for future applications of micro-rovers for planet-
ary exploration. The GSMP 35U magnetometer used in this
study has been optimized for the range of magnetic field
intensities typically encountered in terrestrial environments
(15 000–120 000 nT). This operational range is atypical of
other planetary bodies within the solar system and would limit
the use of the magnetometer to terrestrial qualification applica-
tions. A second limiting factor for the use of this magnetometer
in extraterrestrial environments is the relatively large power re-
quired to maintain thermal stability. Alternate magnetometers
need to be tested for the TMI range expected during a planetary
mission. This range would vary according to the planetary body
under consideration.
Finally, not all magnetic data acquired by the rover needs to

be telemetered to Earth-based operators. A mapping mission
would benefit from onboard algorithms and sufficient process-
ing power to allow the rover to survey with some degree of au-
tonomy (Castano et al. 2007; Woods et al. 2009; Gallant et al.
2013). If robotic magnetic mapping is done as part of regional
scouting for targets of astrobiological interest, change detec-
tion algorithms would only alert operators if there is a depart-
ure from baseline readings. To maximize opportunity for
science, algorithms could be developed to guide the rover to
survey in the direction corresponding to the highest spatial gra-
dient of the magnetic field.

Summary of results

This study focused on rover-magnetometer integration. The
global impact of the rover on magnetic data was first consid-
ered and distance tests were performed to determine the opti-
mal boom length. A length of 1.2 m was selected as a
compromise between reducing noise and mechanical stability.
Further tests sought to isolate the effect of different noise

Fig. 11. Delaunay triangulation of residual magnetic intensity. A dipole 650 nT in amplitude corresponds to a linear anomaly in the centre of the
grid.
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sources. Despite these rover-related sources of noise and add-
itional cultural noise present in the urban environment where
the field survey took place, the noise envelope of field data was
±0.03 nT during nighttime operations. As a point of compari-
son, a noise envelope of ±0.05 nT or less is considered accept-
able for commercial airborne magnetic surveys (Coyle et al.
2014). The relatively low level of noise of the magnetic data re-
corded by theKapvikmicro-rover is mostly due to its very slow
speed. The magnetic data acquired during the robotic survey
identified an anomalous linear feature corresponding to amag-
netic dipole 650 nT in amplitude. The system should be cap-
able of detecting much more subtle targets.
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