Finding Our Way Back

Pilot Experiments On the Cross-Modal Plasticity of
Magnetoreception

Bjorn Keyser

2024



Finding Our Way Back: Pilot Experiments On the
Cross-Modal Plasticity of Magnetoreception

Bj6rn Keyser!
MSc. Thesis
Media Technology MSc. program

In collaboration with:
Dr. Lara C. Krisst?

With help from:
Dr. Daw-An J. Wu?

Under the supervision of:
Dr. Maarten H. Lamers®
Prof. Joseph L. Kirschvink?
Prof. Shinsuke Shimojo?

! Leiden University, The Netherlands
2 Caltech, USA

Copyright (©) 2024 Bjorn Keyser.

This research was supported by LUF International Study Fund (LISF), Minerva Scholarship Fund

(MSF), Trustee Funds (Leiden University), Media Technology (Leiden University), Hendrik Muller-
fonds, and crowdfunding through steunleiden.nl.

ii



Contents

[1_Introduction|
1.1 ackground| . . . . . L L e e e
E.l.l Implicit vs. Exphertf . . . . ..o o
[1.1.2 Human Magnetoreception as a Vestigial Sense|. . . . . . . . ... .. .. ... ..
I3 UseTtor Lose Tt .« o v v v v oo e e e e e s s
[L.L1.4  Finding Our Way Back| . . . .. ... ... ... ... ... ............

1.2 esearc UESHIONS| . . . . . o . e e e e e e e e e e

B Prelimi Tes
2.1 Participants| . . . . . . ..

[2.3_General Experimental Setup|. . . . . ... ... ...

.3. Magnetic Field Manipulation Chamber|. . . . . . . . .. ... ... ...

P32 On Electromagnetic Interference] . . . . . . . . . . . . . . ... . ... ... ...
|3 In Search of Sensory Cross-Talk]
[3.1.1 Neural Plasticity and Sensory Integration| . . . . . . ... ... ... ... . ...

3.1.2  Proposed Hypotheses and Rationale| . . . . . ... ... ... ... ........

32~ Experiment 1: Modulation of Vestibulo-Ocular Reflex by Geomagnetic Information| . . .

3.2.2 Methodsl. . . . . . .

ropose otheses an ationalel . . . . ... oo o o
2 xperiment 3: Fear Conditioning Geomagnetic Stimuli) . . . . . . .. ... ... ... ..

iii

ESEENEEN BEN BEN BE BN VNS GUNUNGUN

© ©o ©

©



Contents

B3 _Overall Conclusion] . . . « « « v o v v et e
APD (
A e M eadband

A2 Motorsl. . . . . . e

|A.3 Hapticillusion| . . . . ... ... ... ... ...
[A4 Compasssensor]. . . . . . ... ...

a

1€

11,

11,

A.6 Sensor data processing| . . . . .. ...

38

[A8 Fading mechanism] . . . . . . . .. ...

iv

41

43
43
43
43
45
45
45
45
46
46

49

53



Abstract

This thesis investigates the potential for human magnetoreception, a sensory
ability widely observed in animals for navigation using Earth’s magnetic field
(EMF). Although previous studies have failed to find behavioral evidence of
magnetoreception in humans, recent research identified a neural response to
EMF stimuli, suggesting subliminal processing of magnetic information. We
hypothesize that although this sense lacks conscious perception it may still be
present and trainable at an implicit level. We suggest that it may have evolved
to play a role in subtle, non-navigational functions, and we explore this possi-
bility by examining its interactions with the vestibular and visual systems. To
explore the potential for training magnetoreception from implicit to explicit, we
conducted pilot experiments using an aversive conditioning paradigm and intro-
duced a sensory substitution paradigm materialized with the Magnetoreception
Enhancing Sensory Substitution (MESSy) headband. This device converts mag-
netic stimuli into haptic feedback, aiming to train magnetoreception. In a pilot
study, a 1-hour training session with the MESSy headband demonstrated cross-
modal plasticity, evidenced by changes in neural sensitivity to magnetic stimuli
and increased reliance on these stimuli in visual motion tasks. These prelimi-
nary findings suggest that extended training with the MESSy headband could
potentially enhance magnetoreception in humans.
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Chapter 1

Introduction

1.1 Background

The ability to detect magnetic fields for naviga-
tion, or magnetoreception, has been demonstrated
in a wide range of animal species, including birds,
fish, reptiles, mammals, amphibians, crustaceans
and insects. However, humans do not possess a
conscious capacity for magnetoreception. That
conclusion has been established after a long pe-
riod of mostly fruitless experiments on humans,
and experiments that yielded inconsistent results
when repeated (Nikita et al., 2021). Researchers
had primarily focused on testing for signs of ex-
plicit processing, hypothesizing that (e.g.) dis-
turbing the Earth’s Magnetic Field (EMF, or geo-
magnetic field) would produce observable effects
on human behavior. Recent studies have iden-
tified naturally magnetic particles in the human
brain, similar to those found in animals with mag-
netoreception (Kirschvink et al.,[1992b)). Addition-
ally, non-behavioral experiments have detected a
strong, measurable EEG response to alterations in
the Earth’s magnetic field (EMF), though this re-
sponse is subconscious (Wang et al.l 2019a). This
response, known as alpha event-related desynchro-
nization (alpha-ERD), is typically associated with
the processing of external sensory or task-related
information (Pfurtscheller and Da Silvay|1999), and
was found to be more pronounced during specific
EMF rotations. While it remains unclear whether
this neural response to EMF rotations is due to a
sudden mismatch between vestibular and magnetic
information due to their experimental setup or in-
dicates genuine sensory processing, the evidence
strongly suggests that human brains can at least
implicitly process the EMF. Furthermore, neural
transduction was observed only during EMF ro-
tations with a magnetic vector corresponding to
the Northern Hemisphere—where the participants
resided—indicating that neural activity may be
specifically tuned to process ecologically relevant

EMF rotations.

1.1.1 Implicit vs. Explicit

The distinction between implicit and explicit pro-
cesses provides a useful framework for understand-
ing these conflicting findings. Implicit process-
ing refers to the brain’s ability to detect, ana-
lyze, and respond to stimuli without reaching con-
scious awareness, potentially explaining the neural
responses observed in [Wang et al.| (2019b). These
responses suggest that the brain is processing geo-
magnetic information, even if this does not mani-
fest in observable behavior or conscious perception.
In contrast, explicit processing would involve the
conscious perception of magnetic fields, leading to
clear, measurable effects on behavior.

1.1.2 Human Magnetoreception as a
Vestigial Sense

The interpretation of neural transduction of EMF
in the absence of corresponding behavioral re-
sponses has been a subject of ongoing de-
bate. In this thesis, we adopt the assumption
that human magnetoreception may be a vesti-
gial sense—potentially a rudimentary capability
that has lost its original function through evolu-
tion. While this interpretation remains unproven,
it serves as a conceptual framework for generating
testable predictions. We suggest that changes in
lifestyle or disruption by modern electromagnetic
noise may have rendered this sense obsolete, yet
the sensory apparatus may have persisted. Based
on this framework, we propose that the sublimi-
nal neural detection of the EMF, as observed by
Wang et al| (2019b)), lacks perceptual awareness
and behavioral influence because it has not been
sufficiently utilized or integrated with other sen-
sory modalities to drive its development.

It is well-established that the cortex can adapt
dynamically to changes in sensory input, a con-
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sequence of neuroplasticity. For instance, [Sharma
et al.| (2000) redirected the visual information from
a ferret’s eyes to its auditory cortex, to which
the ferret’s brain — strikingly — rewired its au-
ditory circuitry to interpret this information as
visual. The neocortex thus seems to behave as
a data-processing engine capable of rewiring it-
self to whatever sensory input it receives (Hawkins
and Blakesleel |2004). This strategy allows evolu-
tion to experiment with new sensory capabilities
without requiring a complete redesign of neural
architecture each time. It can simply repurpose
what’s already there. It also suggests that we don’t
come ”pre-wired” with our senses, but these senses
develop due to interaction with the environment.
Studies show, for example, that color vision is not
completely innate but develops over time (Sugita,
2004); monkeys that were raised in monochromatic
light never developed normal functioning color vi-
sion. In line with this reasoning, we hypothesize
that humans inherited an ability to develop mag-
netoreception. However, due to factors that re-
duce the (need for) reliance on the EMF, it remains
underdeveloped in modern humans. Factors such
as electromagnetic interference from modern tech-
nology, reliance on navigation technology, or our
sedentary lifestyle may inhibit its development. In
essence, the principle of ”use it or lose it” may have
rendered this sense dormant in modern humans.

1.1.3 Use It or Lose It

Consequently, in the absence of these inhibiting
factors, we might be more likely to find human
magnetoreception. Incidentally, linguistic studies
have uncovered that a surprising number of hu-
man languages, particularly Indigenous Aborigi-
nal languages, utilize cardinal direction systems
rather than egocentric terms. For instance, na-
tive speakers of such languages might refer to their
”west arm” or "north arm” rather than their ”left
arm.” Remarkably, one culture of such individu-
als demonstrates an average pointing error of only
13.9°, or less than 4%, when identifying landmarks
up to hundreds of kilometers away—a performance
that significantly outstrips that of a Dutch control
group given similar tasks (Levinson) |[1997; |Levin-
son and Levinson) 2003). |Levinson| argues that
the language demands speakers to learn to encode
scenes in memory with orientation and cardinal
information, suggesting that such mental compu-
tations are performed subconsciously. In light of
the findings by |Wang et al| (2019b), we propose
an alternative hypothesis: that the use of direc-
tional language (and thus also directional memory)

not only reflects magnetoreceptive abilities but also
acts as a cognitive feedback mechanism, reinforcing
and potentially enhancing this sensory perception
through neuroplastic adaptation.

Numerous studies support the notion that lan-
guage can shape perception, influencing domains
such as color, smell, and sound. For instance, Rus-
sians, whose language distinguishes between lighter
blues and darker blues, have been shown to dis-
tinguish these different blues faster than English
speakers (Winawer et al., [2007)). Speakers of a
tonal language, in which pitch contributes to the
meaning (such as Mandarin or Thai), are better
able to imitate (through singing) and perceptu-
ally discriminate musical pitch (Pfordresher and
Brownl, 2009). Similarly, the Jahai people of the
Malay Peninsula, who have a rich vocabulary for
smells, demonstrate a greater ability to identify
and discriminate odors compared to English speak-
ers (Majid and Burenhult, [2014]).

Historically, activities like persistence hunting
may have contributed to the development of such
spatial awareness and magnetoreceptive capabil-
ities, as early humans relied on the ability to
navigate vast terrains using natural cues. This
evolutionary context suggests that while modern
lifestyles may have diminished this sense, its poten-
tial remains embedded in the neural architecture of
our recent evolutionary path. Another observation
in line with this perspective is that children have
difficulty using the labels ”left” and ”right” appro-
priately until around 7-11 years of age, especially
when identifying the ”left” and ”right” of others
(Roberts Jr and Amanl {1993). This difficulty may
indicate a natural inclination toward absolute di-
rection over egocentric perspectives, which we lose
when we learn to use egocentric terms.

1.1.4 Finding Our Way Back

The title 'Finding Our Way Back’ reflects both the
scientific and metaphorical goals of this research.
Magnetoreception is a navigational tool that many
animals use to find their way home, relying on ge-
omagnetic fields for precise navigation.

Assuming that this sense may have diminished
in humans due to evolutionary changes and mod-
ern lifestyles, the phrase also symbolizes our effort
to explore whether this latent capacity can be reac-
tivated and consciously developed, potentially al-
lowing us to rediscover this ancient sensory ability.

Overall, our perspective leads to the testable
prediction that magnetoreception can be trained
to transition from implicit detection to explicit

awareness. This thesis proposes several testable
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hypotheses aligned with this aim, alongside exper-
imental results from testing them with an "n=1"
approach.

1.2 Research Questions

Our main research question is

Can human magnetoreception become a
conscious sense through training?

To address this, we identified two sub-questions.
Considering human magnetoreception as a vesti-
gial sense, we may find it to have developed new
minor functions, different from its original naviga-
tional function. Its neural activity might be sub-
tly integrated with other sensory processes, poten-
tially influencing physiology or behavior without
conscious awareness. Such integration could of-
fer pathways for transitioning from implicit to ex-
plicit magnetoreception. Therefore, the first sub-
question reads

Is human magnetoreception implicitly in-
tegrated with other senses? (Chapter [3)

In exploring which senses might be implicitly
integrated with magnetoreception, we focused on
those that are spatiotemporally linked, potentially
fostering connections through Hebbian-like learn-
ing. Given that physical rotation, which acti-
vates magnetoreceptive processes, simultaneously
engages vestibular and visual systems, we exam-
ined these candidate senses (Chapter and
Chapter respectively).

Conversely, the second sub-question addresses
the possibility of training or influencing magne-
toreception to transition from implicit processing
to explicit awareness, allowing for conscious per-
ception and use of this sense

Can training affect how the human brain
processes and integrates magnetorecep-
tion? (Chapter |4)

As mentioned before, the main hypothesis of
this thesis is that magnetoreception can be trained,
potentially moving from an implicit, subconscious
process to an explicit, consciously accessible sense.
To investigate this claim, we have piloted two dif-
ferent experiments aimed at exploring its learnabil-

ity.
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Chapter 2

Preliminaries

Here experimental details are provided that ap-
ply to all experiments in this thesis.

2.1 Participants

All behavioral and EEG data were collected from a
single participant—the lead author—a 24-year-old
male of mixed ethnicity (Danish, Indonesian, and
Dutch), who is generally healthy with no known
perceptual impairments.

2.2 Ethics

The Caltech Institutional Review Board granted
permission for the lead investigators to serve as
participants in the early stages of development for
all the experiments in this thesis.

2.3 General Experimental Setup

To avoid repeating the same "Methods’ section for
each experiment, we describe the general setup
used in all experiments here.

2.3.1 Magnetic
Chamber

Field Manipulation

For all experiments, we used an isolated, ra-
dio frequency-shielded chamber to manipulate the
electromagnetic field (EMF). Our chamber is mod-
eled after the design described by Wang et al.
(2019b) (see Figure for a schematic illustra-
tion of their chamber), but with modifications to
enhance portability. Specifically, our chamber is
slightly smaller and modular, allowing for easy as-
sembly and disassembly. This feature facilitates
transportation and setup in various locations while
preserving the magnetic shielding’s effectiveness.
The chamber is equipped with three nested sets
of orthogonal square coils, configured according to
the four-coil design by Merritt et al.|(1983]). This

design ensures a high degree of field uniformity
in the central region of the chamber. The coils
can be operated in both active and sham modes,
with computer-controlled DPDT switches located
in a distant control room to toggle between modes
without altering the computer or amplifier settings.
See Figure [2.2] for details on the exact magnetic
field rotations used in these experiments.

To monitor and control the magnetic field within
the chamber, we employed a three-axis FVM400
handheld vector fluxgate magnetometer. This de-
vice provides precise measurements, ensuring ac-
curate manipulation of the magnetic environment.
Participants were seated in a non-magnetic wooden
chair placed on an electrically isolated platform
within the chamber. This setup ensured that their
heads were positioned within the uniform field re-
gion, minimizing any potential electromagnetic in-
terference. The chamber’s design minimizes elec-
tromagnetic interference, providing a controlled
environment for the experiments.

2.3.2 On Electromagnetic Interference

Electromagnetic interference (EMI) must be mini-
mized in magnetoreception studies because radio-
frequency (Rf) noise can significantly disrupt mag-
netoreceptive processes. Exposure to Rf noise has
been shown to inhibit magnetoreception in various
animals, including birds and other species, which
use geomagnetic cues for navigation (Wiltschko
et al.| 2015; [Tomanova and Vachal [2016} [Engels
et all |2014). Such interference can lead to neg-
ative or inconsistent results in experiments if not
controlled properly. For all of our experiments, we
have thus minimized electromagnetic interference,
both in our experimental setup and in our partic-
ipants’ clothing; Participants underwent magnetic
interference screening using a handheld metal de-
tector to ensure the absence of metallic objects that
could interfere with the experiment.
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Faraday cage

Merritt coils

Acoustic panels
Nonmagnetic chair
Isolated Floor.

EEG machine

Figure 2.1: Schematic illustration of the experimental setup from [Wang et al.| (2019b). Note that the experi-
mental setup used in this thesis is a scaled-down version of the one illustrated.

Down

Figure 2.2: Magnetic field rotations employed in the experiments. The duration of the rotation
differed across experiments. In all experimental trials, the magnetic field intensity was maintained at a constant
ambient laboratory value of approximately +35 pT. For all rotations, the horizontal angle varied by £90° while
the inclination angle was maintained at 60° downward, consistent with conditions in the Northern Hemisphere.
In some experiments, the field rotated between NE and NW (45° and -45°), and in some between SE and SW
(35° to -225°).



Chapter 3

In Search of Sensory Cross-Talk

3.1 Introduction

This section addresses the research question: Is
human magnetoreception implicitly integrated with
other senses? which addresses a significant gap
in the literature. Previous studies primarily fo-
cused on human navigation behaviors and their
disruption by electromagnetic field changes but
yielded inconclusive results (Baker, |1981}; Baker
and Mather), [1982). Recent work by Wang et al.
(2019b)) has made progress by identifying an im-
plicit neural signature associated with geomag-
netic stimuli. Despite these advances, the area be-
tween low-level neural transduction and high-level
navigation behaviors remain unexplored, leaving a
gap in our understanding of how magnetoreception
might be implicitly integrated into our sensory sys-
tems and low-level behaviors.

3.1.1 Neural Plasticity and Sensory In-
tegration

Research on cross-modal plasticity, shows the
brain’s adaptability in reallocating neural real-
estate between different sensory systems in re-
sponse to changes in sensory input. For instance,
brief visual deprivation in sighted individuals can
lead to the visual cortex processing tactile informa-
tion after just a few days (Merabet et al., |2008).
This rapid plasticity suggests the existence of inac-
tive neural connections between disparate sensory
systems that may be activated when typical sen-
sory pathways become unavailable (Clark et al.
1988|).

Given this neural strategy to come pre-wired
with a surplus of latent connections in case of sen-
sory loss, it is plausible that human magnetore-
ception, even if weak, could be integrated with
other sensory systems via such connections. The
Bayesian brain hypothesis further supports this
idea, proposing that the brain operates as a proba-

bilistic inference machine, continuously integrating
sensory inputs based on their reliability to form co-
herent perceptions of the world (Doyay, 2007). Un-
der this framework, even subliminal geomagnetic
cues could be integrated with other sensory inputs
if they contribute to reducing uncertainty in sen-
sory perception.

3.1.2 Proposed Hypotheses and Ratio-
nale

We hypothesize that the human brain, through a
process of Bayesian inference, may implicitly in-
corporate geomagnetic information into other sen-
sory modalities, particularly those that are spa-
tially and temporally correlated with geomagnetic
stimuli. Specifically, we propose that the vestibular
and visual systems may be the most likely candi-
dates for such integration. The vestibular system,
which senses head motion and maintains balance,
could potentially be linked to geomagnetic infor-
mation as both are involved in bodily orientation.
The visual system, while less directly correlated,
could still benefit from geomagnetic input for tasks
such as spatial orientation and motion detection.

To test these hypotheses, we have devised two
experiments:

Vestibulo-Ocular Reflex (VOR) Experiment
(Section : The VOR is a critical reflex that
stabilizes our vision by producing eye movements
that counteract head movements. We hypothesize
that the brain might recruit this geomagnetic in-
formation to enhance the VOR, especially when
visual or vestibular input is compromised. We will
test this by manipulating the EMF and monitoring
VOR performance in a darkened controlled setting.
By examining the VOR, a reflex that operates be-
low the threshold of conscious perception, we aim
to determine whether the brain integrates geomag-
netic information at an implicit level.

Visual Motion Perception Experiment (Section
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Experiment 1: Modulation of Vestibulo-Ocular Reflex by Geomagnetic Information

3.3): Motion perception relies on the integration
of visual and vestibular information to distinguish
between self-motion and the motion of external ob-
jects. We hypothesize that geomagnetic cues, pro-
cessed implicitly, could be integrated into this pro-
cess to enhance the accuracy of motion perception,
particularly when visual information is ambiguous.
This will be tested by presenting participants with
random dot kinetograms (RDKs) of varying coher-
ence levels while simultaneously manipulating the
EMF and measuring their motion perception accu-
racy.

3.2 Experiment 1: Modulation of
Vestibulo-Ocular Reflex by Ge-
omagnetic Information

Abstract. Experiment 1 investigates the
cross-modal integration of human mag-
netoreception by examining the effects
of Earth’s Magnetic Field (EMF) rota-
tion on the vestibulo-ocular reflex (VOR).
This study aims to understand whether
changes in the EMF can elicit a mea-
surable physiological response, assuming
magnetoreception is integrated into the
vestibular system. Using a controlled
magnetic field manipulation chamber, the
participant was exposed to both system-
atic EMF rotations and physical rota-
tions while eye activity was monitored
through electro-oculogram (EOG), and
physical movements were tracked via a
gyroscope attached to the base of the
chair. The experimental design involved
assessing changes in VOR both with con-
gruently and incongruently rotating mag-
netic stimuli. Although results are not
processed yet, a proof-of-concept experi-
mental design has been developed.

3.2.1 Introduction

Vestibular information is typically thought to pro-
vide information about body position and spatial
orientation in space through the vestibular sys-
tem. In daily activities like walking and turn-
ing, vestibular and magnetoreceptive signals con-
sistently overlap. We hypothesize that, since mag-
netoreceptive information is spatiotemporally cor-
related with vestibular information, it is integrated
as another layer of sensory input to the vestibular
system. To investigate this hypothesis, we pro-
pose a study examining a common vestibular sys-

10

tem measure, the vestibulo-ocular reflex (VOR);
this reflex stabilizes gaze during head motion. The
vestibular system maintains this gaze stabilization,
producing eye movement in the opposite direction
of head motion (Gonshor} {1973; Miles and Fuller,
1974)). The oppositely directed eye movement oc-
curs at the same velocity as the head movement
when looking at a point in space in normal condi-
tions. In this task, we will assess the VOR dur-
ing physical rotations while exposed to simulated
rotations of Earth’s magnetic field (in congruent
and incongruent directions) to test whether the
magnetic field implicitly modulates the vestibulo-
ocular reflex, unmasking its role in our vestibular
system.

3.2.1.1 Hypotheses

Specifically, we will assess the VOR gain measure,
defined as the change in eye angle divided by the
change in head angle. In normal conditions, this
rotational VOR gain is 1.0, i.e. the change in eye
angle is equal to the change in head angle. We
postulated 2 (non-mutually-exclusive) hypotheses
about how the VOR changes under the influence
of magnetic field rotations.

H1 Our first hypothesis is that the VOR gain de-
creases when the magnetic field rotates con-
gruently to the subject’s rotation (H1A) and
increases when swept incongruently (H1B).
By incongruent we mean that if the subject
rotates (e.g.) clockwise, the magnetic field ro-
tates counterclockwise. Consider the analogy
that if we manipulated visual information to
rotate counterclockwise to our physical clock-
wise rotation. In that case, we would expe-
rience an amplified rotation, rendering ampli-
fied eye movements. Thus, when rotating the
geomagnetic information analogously, we have
essentially amplified the subject’s physical ro-
tation, and thus expect an increased VOR
gain. By the same logic, in the congruent case,
we expect a decreased VOR gain.

H2 The second hypothesis is that, due to the in-
troduced discrepancy between vestibular and
magnetoreceptive information, the corrective
eye movement happens with a slight delay, as
the brain needs some time to resolve this am-

biguity.

In Figure we illustrated these hypotheses for
clarity. Note that eye velocity will always be the
opposite of the head velocity when maintaining
gaze, which is why we use the inverted eye velocity
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to visualize their hypothesized relationship more
intuitively.

3.2.2 Methods

3.2.2.1 Stimuli and Procedure

Participants were seated in the center of a ra-
dio frequency-shielded chamber, described in Sec-
tion [2.3] on a specially designed rotating wooden
chair. The chair was controlled manually by an
experimenter using a pulley system from outside
the chamber. Since the intended measure—VOR
gain—is the ratio between the change in eye move-
ment and head movement, the absolute speed of
rotation was not a critical factor, justifying man-
ual rotation despite its inconsistent speed. The
rotating chair was constructed with non-magnetic
materials to eliminate electromagnetic interference
(see Section for rationale), and participants
were instructed to keep their feet off the ground to
avoid any tactile feedback during rotations. The
environment was completely darkened to eliminate
external sensory cues, ensuring the only sensory in-
put came from the experimental setup.

During each trial, the magnetic field’s decli-
nation was rotated 90° between the southeast
(SE) and southwest (SW) directions (135° to -
225° in our magnetic field coordinate reference
frame) while maintaining a constant downward in-
clination of +60°, consistent with the Northern
Hemisphere’s geomagnetic orientation. The mag-
netic field rotation was synchronized with the par-
ticipant’s physical rotation, both occurring over
a 3000-millisecond period, followed by a 2000-
millisecond inter-trial interval. We opted for a
3000-millisecond magnetic field rotation duration
instead of the 100-millisecond duration used in the
original experiment by Wang et al.|(2019b)) because
manual rotation of the participant took approx-
imately 3000 ms. Field rotation direction is ran-
domly presented from one of three conditions, right
rotation, left rotation, or fixed (no rotation).

As a workaround for tracking the participant’s
head position, a MPU-9250 gyroscope sensor was
attached to the bottom of the rotating chair, pro-
viding data on rotational speed while minimizing
electromagnetic interference. The gyroscope of the
MPU-9250 has a maximum low-pass filter response
at 250 Hz. Eye movement was monitored us-
ing electrooculogram (EOG) facial electrodes con-
nected to a BioSemi Active Two Amplifier, en-
abling the measurement of the vestibulo-ocular re-
flex (VOR) without the need for traditional eye
trackers.

11

The experiment comprised 46 trials in total, with
magnetic field rotation sequences designed to be
pseudo-random. The participant’s task was to re-
main still and maintain their gaze on a fixed point
directly in front of them (when facing South, i.e.
180°) while the experimenter manually rotated the
chair. The start of each trial was indicated by
an audio tone, signaling both the initiation of the
magnetic field rotation and the physical rotation.

3.2.2.2 Data Collection

Continuous EEG was recorded from 4 electrodes
using the BioSemi Active Two Data Acquisition
and Amplifier System. Horizontal electrooculo-
gram electrodes were placed adjacent to the outer
canthi and were used to record horizontal eye
movements. Two vertical electrooculogram elec-
trodes were placed above and below the right eye
to record vertical eye movements to capture the
vestibulo-ocular reflex.

3.2.2.3 Data Analysis

Offline analysis was performed using EEGLAB
(Delorme and Makeig} [2004) and ERPLAB (Lopez-
Calderon and Luck}2014). Data were resampled at
250 Hz. A noncausal Butterworth bandpass filter
was applied (half-amplitude cutoffs = 0.1 Hz and
15Hz, slope = 12 dB/octave).

3.2.3 Results

At the time of writing, we have not yet completed
the data analysis. The methodology presented
challenges, including varying sample rates across
the data and the manually controlled, noisy rota-
tion. However, we have included two preliminary
sample trials for reference. In Figure the red
line represents head velocity, while the blue line in-
dicates eye velocity. At face value, there is a visible
difference between the congruent and incongruent
condition.

3.2.4 Conclusion

The challenges in analyzing and interpreting the
results suggest that a different approach is neces-
sary for future iterations of this experiment. Im-
plementing a controlled mechanical rotation could
significantly reduce noise. Additionally, due to the
subtle nature of the vestibulo-ocular reflex (VOR),
a reliable measurement apparatus with a high sam-
pling rate is essential. At this stage, we are unable
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Figure 3.1: Hypothesis 1a - Head and inverted eye velocity in the congruent condition. The magnetic field
is rotated in the same direction as the subject’s rotation, rendering a decreased rotation. The eye velocity is then

expected to decrease with respect to the head velocity, and VOR gain is thus <1
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Figure 3.2: Hypothesis 1b - Head and inverted eye velocity in the incongruent condition. The magnetic field
is rotated opposite to the subject’s rotation, rendering an increased rotation. The eye velocity is then expected
to increase with respect to the head velocity, and VOR gain is thus >1.
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Figure 3.3: Hypothesis 2 - In both the congruent and incongruent case, we would see that the VOR reflex
is initiated slightly later, due to the sensory conflict between magnetic and vestibular information.
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(a) The MPU-9250 sensor soldered on a bread-
board, connected to a Teensy 4.0, and powered by
a LiPo battery (LiPo not included in the image)

(¢) The gyroscope sensor was mounted to the bot-
tom of the rotating chair, wrapped in copper foil
to eliminate RF interference.

(b) The participant wearing the 4 electrodes
recording EEG using the BioSemi Active Two Data
Acquisition and Amplifier System.

(d) The pulley system as seen from the point of
view of the experimenter. By alternately pulling
the cords, the chair would rotate 90 degrees.

Figure 3.4: Additional images of aspects of the experimental setup.



3.2. Experiment 1: Modulation of Vestibulo-Ocular Reflex by Geomagnetic Information

Condition

1
22 221 222 223 224 225 226 227 228 229 23
Time (seconds)

(a) A sample VOR response in the congruent con-
dition.

Incongruent Condition

@ . . . . . . . @
36.8 36.9 37 371 372 37.3 37.4 375 376
Time (seconds)

(b) A sample VOR response in the incongruent
condition.

Figure 3.5: Example VOR trials in the congruent (a) and incongruent (b) conditions. The red line represents
head velocity, while the blue line represents eye velocity.

to draw any definitive conclusions. If the experi-
mental setup proves successful, a promising direc-
tion for future research would be to include par-
ticipants with vestibular dysfunctions. Their VOR
might benefit from the integration of geomagnetic

information, potentially restoring the accuracy of

their VOR by compensating for the inherent noise

in vestibular signals.
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In Search of Sensory Cross-Talk

3.3 Experiment 2:
Visual Motion Perception
Geomagnetic Information

by

Abstract. Motion perception depends
on the integration of visual and vestibu-
lar information to differentiate between
self-motion and the movement of exter-
nal objects. We hypothesize that ge-
omagnetic cues, even when subliminal,
might be integrated into this process to
improve motion perception accuracy, es-
pecially under ambiguous visual informa-
tion conditions. To test this hypothesis,
we presented a participant with random
dot kinetograms (RDKs) at varying levels
of coherence while simultaneously manip-
ulating the Earth’s magnetic field (EMF)
and measuring motion perception accu-
racy. Although the study is preliminary
(n=1), we observed a subtle influence of
geomagnetic information at 60% visual
coherence. The directionally biased effect
of geomagnetic cues suggests a potential
integration of vision and magnetorecep-
tion in an ecologically relevant manner.

3.3.1 Introduction

To interpret the world effectively, the brain inte-
grates evidence from multiple senses, enhancing
perceptual judgments when sensory information
agrees. Vision is typically the most reliable sense
for perceiving motion; however, when visual infor-
mation is unreliable (i.e. due to darkness or occlu-
sion), other senses are recruited to aid perception.
Numerous studies have shown that auditory mo-
tion can influence the perception of visual motion,
especially when visual cues are ambiguous (Meyer
and Wuerger, |2001; |Hidaka et al.; |2011; |Berger and
Ehrsson), 2016)). Even ecologically irrelevant audio
like pitch can influence the perception of up/down
visual motion, as can linguistic signals (i.e. hearing
7left” vs "right”) (Sadaghiani et al. 2009).

To further investigate this idea, we examined
magnetoreception’s influence on visual motion per-
ception, aligning with our goal of determining
whether implicit magnetoreceptive processing can
impact explicit sensory perception. Given that
Wang et al.| (2019b) found implicit detection of
the geomagnetic field, we speculated it might influ-
ence visual motion perception, especially if visual
information is ambiguous. Visual motion percep-
tion relies on the integration of visual and vestibu-
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Modulation of lar information to distinguish between self-motion

and the motion of external objects. We hypoth-
esize that geomagnetic cues, even when processed
implicitly, might be integrated into this process to
enhance the accuracy of motion perception. We
employed an RDK task to test visual motion per-
ception at two coherence levels (0% and 60%) dur-
ing a magnetic field rotation. Participants report
the direction of visual motion using a left-right but-
ton press.

3.3.1.1 Hypothesis

We hypothesize that magnetoreceptive motion in-
formation may influence visual motion reports.
Specifically, we expect the magnetic field rotation
to have a greater influence on participants’ reports
of visual motion during the 0% coherence condi-
tion, where no coherent visual motion information
is provided, compared to the 60% coherence condi-
tion. Given that the magnetic field is generally per-
ceived as stable, we hypothesize that a perceived
magnetic rotation to the left, for instance, would
lead to a greater likelihood of visual motion being
perceived in the opposite direction, to the right.
Analogously, if the horizon were to suddenly move
upwards, it would more likely be perceived as the
surroundings falling downward. In other words, we
hypothesize that participants will be more likely to
report visual motion in the opposite direction as
the magnetic field rotation (i.e. incongruent with
it).

3.3.2 Methods

3.3.2.1 Stimuli and Procedure

Participants are seated in the center of the electri-
cally shielded chamber (as described in Section
on a wooden chair. A computer monitor is placed
on the outside of the tent/chamber and can be
viewed through a copper mesh RF-shielded ”win-
dow” on one side of the chamber (the East side in
our magnetic field coordinate reference frame) at
a viewing distance of 100 cm (see Figure for
images).

On each trial, participants are asked to fixate
on a central dot and are presented with an RDK
for 350 ms (see Figure for a schematic illus-
tration of trial logic). The direction of motion is
randomly sampled from sixteen possible orienta-
tions within 30 degrees of the cardinals for left and
right responses. Motion coherence was either 60%
or 0%. After the RDK ended participants were
presented with a prompt that asked them to re-
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Experiment 2: Modulation of Visual Motion Perception by Geomagnetic

Fixation: 1000 ms

Motion: 350 ms

Visual motion
direction report

Congruent Magnetic Motion Sweep

Incongruent Magnetic Motion Sweep g

Figure 3.6: Schematic illustration of the trial logic.

port whether the direction of motion was to the
right or the left using a button box in the cham-
ber. Concurrently, with the subject facing East,
the magnetic field declination was rotated between
NE and SE (45° and 135°) while the inclination
was held downwards at +60°. The magnetic field
rotation was presented for 100 ms. Field rotation
direction is randomly presented from one of three
conditions, right rotation, left rotation, or fixed (no
rotation). The stimuli were presented in 2 blocks
of 150 trials, separated by a short break. Partici-
pants were presented with 50 right rotation, 50 left
rotation, and 50 fixed trials randomly intermixed

3.3.3 Results

The results of the visual motion perception task
under geomagnetic influence are illustrated in Fig-
ure Preliminary data (n=1) showed differ-
ences between the congruent condition (visual mo-
tion direction and magnetic field direction align)
and the incongruent condition (visual motion di-
rection and magnetic field direction are opposite).
These results are consistent with our hypothesis
that visual motion is more likely perceived in the
opposite direction as the magnetic field rotation.
This effect is more pronounced in the 60% coher-
ence condition, where there is subtle visual infor-
mation.
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3.3.4 Discussion

While the findings of this study should be cau-
tiously interpreted due to the limited sample size
(n=1), they offer valuable insights into how the
brain integrates sensory information under varying
levels of reliability and awareness. We initially hy-
pothesized that as visual information became less
reliable, the brain would increasingly depend on al-
ternative inputs, such as geomagnetic cues. How-
ever, the observed pattern—where geomagnetic in-
fluence was stronger in the 60% coherence condi-
tion than in the 0% coherence condition—deviates
from this expectation.

This deviation can perhaps be understood
through the Bayesian brain framework (Doya
2007). In typical scenarios where both auditory
and visual cues are consciously perceived, the brain
weighs these inputs according to their reliabil-
ity. As visual motion becomes less reliable, au-
ditory cues are recruited more heavily. However,
in the context of this experiment, where geomag-
netic cues likely function below the threshold of
conscious perception, the brain may require the
visual stimuli to be closer to or exceed the per-
ceptual threshold for effective integration with ge-
omagnetic cues.

At 0% coherence, the visual information was too
unreliable to form a clear perception of motion, and
the geomagnetic cues were likely too weak to in-
fluence perception, resulting in minimal effect. In
contrast, at 60% coherence, the visual motion pro-
vided a somewhat reliable signal. In this context,
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(a) View of the computer screen from inside the
magnetic field manipulation chamber. The copper-

shielded window introduces some visual artifacts, (b) Outside view of the magnetic field manipula-
which, based on pilot testing, did not interfere with tion chamber, with the computer screen placed to
the experimental procedure. be seen from within the chamber.

L

(c) The utilized button box.

Figure 3.7: Additional images of aspects of the experimental setup for the visual motion perception task,
inside (Figure |3.7a)) and outside (Figure [3.7b]) of the experimental chamber .
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3.3.
Information
0% and 60% Coherence
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Figure 3.8: Proportions of congruent and incongru-
ent responses to the magnetic field rotation at 0% and
60% coherence levels combined into a single bar chart.

additional geomagnetic cues could be integrated,
altering the perception of the visual input. This
suggests that the brain may be summing probabil-
ities from both visual and geomagnetic cues, allow-
ing them to collectively surpass the threshold for
conscious influence on motion perception.

Incidentally, |[Ramos-Estebanez et al. (2007)
demonstrated that when visual and somatosensory
stimuli were presented in close spatial and tempo-
ral proximity, they could combine to reach percep-
tual awareness, even if each stimulus alone was be-
low the perceptual threshold. Similarly, [Wuerger|
et al| (2003) found improved motion detection
when motion signals were presented at threshold
levels in both visual and auditory modalities, com-
pared to just one. This improvement is best ex-
plained by probability summation, where the audi-
tory and visual stimuli are processed independently
in their respective pathways and then integrated at
a decision-making stage.

The results showing a higher proportion of vi-
sual motions perceived in the opposite direction
to the magnetic field rotation aligned with our ini-
tial hypothesis. This finding was further replicated
in additional unpublished testing by |[Krisst et al.
(2024)) with 13 subjects, even under the 0% coher-
ence condition. Together, these outcomes suggest
that the brain integrates not only vestibular but
also geomagnetic information to assess bodily ro-
tation, leading to the perception of dots drifting in
the direction opposite to the manipulated geomag-
netic reference frame.
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3.3.5 Conclusion

The study revealed that magnetoreception is in-
deed implicitly integrated into visual perception.
An unexpected pattern was found in which geo-
magnetic influence was stronger at 60% visual co-
herence than at 0%, contrary to our initial hypoth-
esis. This suggests that when visual information is
moderately reliable, the brain may integrate subtle
geomagnetic cues through a process akin to prob-
ability summation, allowing them to collectively
surpass the threshold for conscious influence on
motion perception. Additionally, the participant
was more likely to perceive motion in the opposite
direction as the magnetic cue rotated. We pro-
pose that — because geomagnetic information is
perceived as a stable reference cue — a geomag-
netic rotation to (e.g.) the left would lead to vi-
sual motion being more likely to be perceived in
the opposite direction, to the right. The data thus
suggest ecologically relevant connections between
vision and magnetoreception. While these results
are intriguing, they should be interpreted with cau-
tion due to the study’s limited sample size. This
finding was, however, further replicated in addi-
tional unpublished testing by |Krisst et al.| (2024))
with 13 subjects. Overall, the results indicate im-
plicit sensory integration between vision and mag-
netoreception.

Future research should explore multiple interme-
diate levels of RDK visual coherence to better un-
derstand how geomagnetic information influences
visual motion perception across different levels of
visual reliability. Additionally, varying the timing
of RDK presentation in relation to magnetic rota-
tion could provide further insights into the integra-
tion of magnetoreception with vision. Finally, test-
ing participants with vestibular dysfunction could
be particularly informative, as their reliance on ge-
omagnetic cues might be heightened due to their
impaired vestibular system, potentially affecting
their perception of visual motion under geomag-
netic manipulation.



Chapter 4

On Training Magnetoreception

” Any man could, if he were so inclined,
be the sculptor of his own brain.”

— Santiago Ramon y Cajal

4.1 Introduction

In Chapter [3] we explored the question Is human
magnetoreception implicitly integrated with other
senses? by investigating the possibility of sen-
sory cross-talk between magnetoreception and our
known senses. With the long-term goal of enhanc-
ing human magnetoreception from implicit detec-
tion to explicit awareness, our first objective is to
answer the question Can training affect how the
human brain processes and integrates magnetore-
ception?. In other words, we seek to understand
the extent of neuroplasticity in the circuits poten-
tially involved in human magnetoreception. To ad-
dress this, we piloted two approaches that lever-
age implicit learning to reveal the potential for hu-
man magnetoreception: conditioning (Experiment
3) and sensory substitution (Experiment 4).

4.1.1 Neurally Associating

The first approach, conditioning or associative
learning, is a well-established method for prob-
ing the sensory capabilities of animals. Believed
to have originated in early Bilateria, conditioning
is one of the most fundamental forms of learning.
It involves forming associations between initially
neutral stimuli and biologically significant stim-
uli, such as a positive or negative reward. After
repeated pairings, the neutral stimulus alone be-
comes a predictor of the significant stimulus. This
learning process is widely observed across various
species, highlighting its evolutionary significance
(Bennett, [2021)). Given the fundamental nature of
conditioning, we aim to utilize this mechanism to
explore the potential for conditioning human mag-
netoreception.

19

The second approach, sensory substitution (SS),
leverages cross-modal plasticity to convey informa-
tion typically processed by one sense through an-
other. Traditionally, this method has been stud-
ied in the context of compensating for a lost or
damaged sense, such as providing artificial hearing
to the deaf (Perrotta et al., |2023) or sight to the
blind (Bach-Y-Rita et al., |1969; \Ward and Meijer],
2010). In some cases, a sensory substitution device
can even rehabilitate an impaired sense, leading to
lasting changes after the device is removed. View-
ing the task of learning magnetoreception as a form
of rehabilitation, we propose a novel method called
magnetosensory substitution (MSS). This method
aims to train the remnant sense as a sense, po-
tentially inducing enduring neuroplastic changes
through extended training.

4.1.2 Proposed Hypotheses and Ratio-
nale

For the conditioning experiment, we hypothesize
that by repeatedly pairing magnetic field changes
with a biologically significant stimulus (such as a
mild electric shock), the brain can be conditioned
to recognize and respond to magnetic fields.

For the magnetosensory substitution experi-
ment, we hypothesize that providing feedback cor-
responding to magnetic field changes through a
sensory substitution device can train the brain to
integrate and utilize magnetic information as a
navigational cue.
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Experiment 3: Fear Conditioning Geomagnetic Stimuli

4.2 Experiment 3: Fear Condition-
ing Geomagnetic Stimuli

Abstract. The potential for condi-
tioning human magnetoreception was ob-
served through the pairing of geomag-
netic cues with auditory stimuli and a
shock. A single participant underwent
conditioning where ecologically relevant
magnetic field rotations were paired with
an auditory cue, after which the auditory
cue was gradually attenuated. Electro-
dermal activity (EDA) was measured to
assess changes in sensitivity to magnetic
stimuli. The results were inconclusive,
likely due to the limited number of tri-
als and small sample size, indicating the
need for alternative approaches in condi-
tioning human magnetoreception.

4.2.1 Introduction

Classical conditioning occurs when a neutral stim-
ulus (conditioned stimulus, CS) is paired with an
unconditioned stimulus (US) that elicits a natu-
ral response. Over repeated pairings, the CS alone
can elicit a response similar to the one originally
produced by the US, i.e. a conditioned response
(CR). This experiment seeks to determine whether
a simulated geomagnetic field (CS) can be associ-
ated with an aversive electric shock (US) to elicit
a conditioned physiological response.

Traditionally, conditioned stimuli (CS) in classi-
cal conditioning experiments are consciously per-
ceived, which raises concerns about using the mag-
netic field as a CS in this study, as it is only
perceived subconsciously. This lack of conscious
perception could undermine the conditioning pro-
cess. However, some studies have demonstrated
that associative learning can occur without con-
scious awareness of the CS. For instance, research
involving backwardly masked salient visual stimuli
has shown that fear-relevant stimuli can still in-
duce learning even when they are not consciously
perceived (Esteves et al.l {1994} [Wong et al., [1997).
Similarly, studies on patients with blindsight, a
condition where individuals can respond to visual
stimuli despite cortical blindness, have shown that
fear conditioning to visual cues can occur without
perceptual awareness (Hamm et al.l [2003)). How-
ever, while these findings support the possibility of
conditioning with subconscious stimuli, they pri-
marily involve fear-relevant stimuli (vision) and
may not be fully generalizable to other sensory
modalities, such as magnetoreception.

Through  personal  communication  with
Kirschvink, we learned of his unpublished ex-
periment involving a variant of second-order
conditioning to combat the problem of con-
ditioning a subconscious stimulus. Subjects
were exposed to 2 Hz magnetic field intensity
oscillations as the CS, which was paired with
an auditory stimulus and followed by a shock.
Initially, both stimuli were presented together,
with the auditory stimulus serving as a conscious
CS1 and the magnetic field as a subconscious
CS2. As the experiments progressed, the auditory
stimulus was gradually faded out, leaving the
magnetic field to elicit the conditioned response
independently. This approach did show CRs to
occur when presented with the magnetic field
alone with p <0.01. However, due to technical
limitations, the study was never published. Our
experiment seeks to replicate this method of first
pairing the magnetic cue with an auditory cue,
after which we gradually fade out the auditory
cue. However, we use magnetic field rotations
instead of oscillating intensity, as only rotations
have been shown to elicit a neural response (Wang
et al., 2019b). While intensity oscillations might
also provoke responses, this remains untested, and
we chose to begin with rotations based on the
existing evidence.

4.2.2 Methods

4.2.2.1 Stimuli and Procedure

In this experiment, the conditioned stimulus (CS)
was the rotation of the Earth’s magnetic field, the
unconditioned stimulus (US) was an electric shock,
and the conditioned response (CR) was electro-
dermal activity (EDA). The experiment was con-
ducted inside the radio frequency-shielded cham-
ber, as described in Section [2.3] The magnetic
field’s declination was rotated between northwest
(NW) and northeast (NE) directions (-45° to 45°)
over 4000 milliseconds. The inter-trial interval
(ITT) was between 11000 and 26000 milliseconds.
During trials with an auditory stimulus (A), the
sound played simultaneously with the magnetic
field rotation and ended at the same time (last-
ing 4000 milliseconds). The experimenter manu-
ally adjusted the speaker volume between trials.
The US was delivered during the last 100 millisec-
onds of the magnetic field rotation. Technical de-
tails of the shock circuit can be found in Appendix
A schematic timeline of a single trial can be
found in Figure 4.1

The experimental design employed an n=1
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Trial Start 4000 ms Trial End
3900 ms
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Figure 4.1: Schematic timeline of a single trial (CS = Conditioned Stimulus, US = Unconditioned Stimulus,

ITI = Intertrial Interval).

within-subject approach, consisting of 15 trials, in-
cluding the habituation phase. The selection of
a relatively low number of trials was informed by
observations from initial pilot testing, which indi-
cated rapid habituation to the US. To address the
potential for a blocking effect during the learning
phase, where prior learning of an association be-
tween stimulus A and the US (A—US) can over-
shadow subsequent learning of an association be-
tween a compound stimulus A+B and the US
(A+B—US), we commenced the conditioning with
the simultaneous presentation of both stimulus A
(the magnetic stimulus) and stimulus B (the au-
ditory stimulus). Given the unconscious nature of
the CS, the fixed trials served as a comparison be-
tween a non-predictor of the US (i.e. fixed mag-
netic field) and a predictor of the US (i.e. magnetic
field rotation).

Participants were seated comfortably in the
chamber, having removed all magnetic or elec-
tronic devices. They were instructed to keep their
eyes closed and to remain still throughout the ex-
periment. The experiment comprised three phases:
pre-acquisition, conditioning, and fading. See Ta-
ble 1] for an overview of the utilized trial struc-
ture. Each block of trials was followed by a short
break. Note that a extinction phase was omitted
due to our focus on the possibility of effective ac-
quisition, as well as lack of relevance of extinction
to our research question.

e In the pre-acquisition phase, the US inten-
sity was calibrated to ensure that it was aver-
sive but not overly painful. The partici-
pant adjusted the shock level between 0-3 mA
and then underwent a habituation phase with
three trials of the auditory stimulus at full vol-
ume (AH) to establish baseline EDA measure-
ments.

The conditioning phase included two blocks,
each with three trials. During each trial, the
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CS & audio (AH) was paired with the US with
a 100% reinforcement rate.

Finally, in the fading phase, the volume of
the auditory stimulus was gradually decreased
in a pseudo-random fashion, while the aver-
sive conditioning with the US was maintained.
The last trial did not include the US. The ex-
perimenter randomly determined the number
of trials in this phase to prevent the partici-
pant, who is also an author of the study, from
anticipating the cessation of the US, which
could introduce cognitive biases and affect the
EDA measurements.

4.2.2.2 Data Collection

EDA was recorded using the Biopac MP160 system
with an EBI100C Electrobioimpedance Amplifier
with Ag/AgCl electrodes attached to the partici-
pant’s non-dominant hand. The data was sampled
at 1000 Hz and filtered with a 1 Hz low-pass filter
to remove noise. The shocks were controlled using
an Arduino Uno R4 Minima, which received event
triggers at the onset of the magnetic field rotations
to time the auditory stimulus and US accordingly.
The auditory stimulus was delivered via a set of
calibrated speakers.

4.2.3 Results

Due to time constraints and the absence of a de-
tectable conditioned response (CR), no further sta-
tistical analysis was performed. Additionally, tech-
nical issues occasionally caused the trial trigger to
activate without an actual trial, complicating sta-
tistical analysis even further. Examples of elec-
trodermal activity (EDA) responses are shown in

Figure [£3]
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Shock
Test

-
£

@ Shock Level
& 0-3mA, 1 kHz

(c¢) The experimental setup with
the subject connected to both the
EDA measuring equipment on the
a shock level dial (0-3mA) and (b) EDA was measured using the non-dominant hand and the shock
test trigger. BioPac MP160 system. delivery system on the right hand.

(a) Shock Control Box including

Figure 4.2: Additional images of aspects of the experimental setup

Phase Block | Trial Stimuli
1 AH

AH

AH
CS & AH & US
CS & AH & US
CS & AH & US
CS & AH & US
CS & AH & US
9 CS & AH & US
10 CS & AH & US
11 CS & AM & US
12 CS & AL & US

Habituation 0

Conditioning

—_
QO | O U = | W| N

Fading 4 13 | CS& AL & US
11 CS& US
15 s

Table 4.1: Trial structure of the Pavlovian conditioning experiment. CS: Conditioned Stimulus, US: Uncon-
ditioned Stimulus, AH: Audio High, AM: Audio Medium, AL: Audio Low
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(¢) Electrodermal Activity (EDA) response to
magnetic field rotation (CS) without accompany-
ing audio or electric shock. This CS-only condi-
tion illustrates the baseline physiological response
to the magnetic stimulus alone.

Figure 4.3: Three examples of EDA activity across different experimental conditions. The red line denotes

the stimulus trigger, with low values indicating active states (e.g., magnetic field rotation, audio on). The EDA
signal is represented by the pink line.
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4.2.4 Discussion

In this pilot experiment, we encountered several
technical and design limitations that likely con-
tributed to the lack of success. Firstly, the num-
ber of trials may have been insufficient to establish
a significant conditioning effect with the magnetic
stimuli. Additionally, the electrodermal activity
(EDA) response exhibited a delayed onset, making
it difficult to determine whether changes were ini-
tiated by the magnetic field rotation or were sim-
ply reactions to the subsequent shock. This tem-
poral ambiguity complicates the interpretation of
causality between the stimuli and the physiologi-
cal response. Furthermore, as both the primary
author and the subject of the experiment, I may
have become habituated to the audio stimulus, po-
tentially reducing its effectiveness as a novel con-
ditioned stimulus. My prior knowledge of the trial
structure may have introduced bias, influencing my
responses. Another concern is the possibility of
blocking or overshadowing effects, where the asso-
ciation between the audio cue and the shock was
learned quickly, overshadowing the intended con-
ditioning of the magnetic stimulus. This overshad-
owing may have prevented the establishment of a
reliable association between magnetoreception and
the unconditioned stimulus, ultimately impacting
the experiment’s overall results.

Moreover, the nature of magnetoreception it-
self may pose fundamental challenges to classi-
cal conditioning paradigms. Conditioning experi-
ments using magnetic stimuli have largely been un-
successful, with only rare successes. As reviewed
by |Wiltschko and Wiltschko| (1996), conditioning
EMF cues is particularly challenging because these
cues do not undergo the rapid changes that are typ-
ically needed for effective conditioning. Magnetic
cues rarely directly relate to fear or immediate re-
actions, making latent connections difficult to es-
tablish. Additionally, the Earth’s magnetic field
primarily changes due to the animal’s movements
rather than external changes, leading to potential
neglect of these cues except in navigation contexts.

4.2.5 Conclusion

Given the inherent difficulties of conditioning mag-
netic stimuli, this pilot experiment suggests that
a classical conditioning paradigm may not be the
most appropriate approach for studying human
magnetoreception. The challenges we identified,
both technical and conceptual, indicate that al-
ternative methods may be needed. A promis-
ing future direction would be to adopt a direc-

24

tional training paradigm, such as training partic-
ipants to navigate a maze in a specific magnetic
direction within a virtual reality environment. By
manipulating the direction within the experimen-
tal chamber, participants could be prevented from
cognitively realizing the consistent exit location,
potentially leading to more effective conditioning.
This proposed experiment, however, requires fur-
ther consideration and refinement before imple-
mentation.
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4.3 Experiment 4: Enhancing Mag-
netoreception Through Sensory
Substitution

Abstract.  We explored human mag-
netoreception using the MESSy head-
band, a sensory substitution device that
converts Earth’s Magnetic Field (EMF)
changes into haptic feedback. A sin-
gle participant (n=1) underwent a one-
hour training session in a controlled mag-
netic environment. EEG recordings and
behavioral tasks before and after train-
ing were used to assess changes. Post-
training EEG results showed neural ac-
tivity changes, suggesting possible neural
plasticity related to magnetosensory pro-
cessing. A subtle shift in visual motion
perception hinted at some reweighed in-
tegration between vision and magnetore-
ception. While these results are promis-
ing, longer and more behaviorally rele-
vant training sessions are likely needed to
enhance human magnetoreception.

4.3.1 Introduction

Returning to the key idea that human magnetore-
ception might be a vestigial sense that could be re-
learned, sensory substitution (SS) offers a promis-
ing approach for testing this hypothesis. Sensory
substitution involves conveying information typi-
cally mediated by one sense through another and is
usually utilized to substitute for a damaged sense.
In certain cases, the effects of the sensory substitu-
tion device can be retained even after removing the
device. This retention effect testifies to its poten-
tial to reorganize the sensory cortex and is relevant
to our aim of enhancing human magnetoreception.

4.3.1.1 Sensory Substitution

The concept was first demonstrated by |[Bach-Y-
Rita et al. (1969), who transformed a camera’s
video feed into vibrotactile stimuli on the skin of
blind subjects. After some practice, these subjects
could identify objects in front of the camera by feel-
ing vibrations on their skin. This demonstrates the
brain’s ability to interpret alternative sensory map-
pings, suggesting that cortical regions responsible
for specific sensory modalities might not be as spe-
cialized as traditionally believed, a conclusion that
multiple lines of work converged to (Ghazanfar and
Schroeder}, 2006; Shimojol [2001)). Since then, nu-
merous proofs-of-concept have shown the substi-

tution of one sensory modality for another, such
as deaf patients learning to ”hear” through tac-
tile sensations (Novich and Eagleman| [2015) and
blind individuals learning to ”see” using auditory
stimulations (Ward and Meijer, 2010; |Stiles and
Shimojo}, 2015)).

4.3.1.2 Retention of Changes Induced by
Sensory Substitution

Strikingly, some sensory substitution devices have
effects that outlast their use. [Tyler et al. (2003])
provided patients with vestibular dysfunction—a
condition impairing their ability to balance while
standing or sitting due to vestibular system dam-
age—with a device worn on their tongue. This
device, known as the ”BrainPort balance device,”
featured a grid of 12 x 12 electro-tactile stimula-
tors that conveyed head tilt information (see Fig-
ure [£.4). Within minutes, many patients who had
been unable to balance for years were now able
to do so, integrating the device’s information into
their vestibular system. Remarkably, subjects ex-
perienced a residual effect: after using the device
for 10 minutes, they could maintain balance for an
additional 10 minutes without it. Moreover, with
longer training sessions, the residual benefits were
extended, in one case persisting for up to 8 weeks
beyond the training period.

The underlying mechanism for this retention of
vestibular improvement is not fully understood,
but the prevailing theory suggests that the Brain-
Port device closes an otherwise open-loop control
process (Tyler et all [2003; [Bach-y Rita et al.
2005b; |Danilov et al. [2008; Wall and Kentalal
2010; |[Sienko et al., 2018} |2017). Normally, sen-
sory data from the vestibular, visual, tactile, and
proprioceptive systems are integrated into a sen-
sorimotor closed-loop control system driving effec-
tive body movement and balance. In the absence
of normal vestibular or other input, the intrinsi-
cally unstable system becomes vulnerable to inter-
nal and external noise. The BrainPort device is
thought to provide the missing information nec-
essary for effective multisensory integration while
also enabling the central nervous system to reweigh
its sensory inputs, allowing the system to remain
stable even after the device is removed.

The story of the BrainPort balance device is
highly relevant to our investigation of the plasticity
of magnetoreception. The BrainPort’s ability to
induce lasting improvements in vestibular function
through consistent use demonstrates the potential
for sensory substitution devices to create persis-
tent neural adaptations. Drawing on this, our re-
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With BrainPort

Without BrainPort

(a) The effects of wearing the BrainPort vestibu-
lar substitution device. The device is embedded
in a helmet (top-left), which hosts an electrotac-
tile tongue interface (top-right). The graphs show
head position as a function of time (y-axis), with
and without the BrainPort. Sourced from

(20052).
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(b) Retention of rehabilitation effects from short-
term vestibular substitution (VS) training is
shown. In each row, the left half represents perfor-
mance with the BrainPort device, while the right
half shows performance without it. Instability typ-
ically emerged in the non-VS period after 30% of
the VS training duration. Sourced from[Tyler et al]

2003,

Figure 4.4: (a) Effects of wearing the BrainPort device and (b) retention of rehabilitation effects from short-

term VS training.

search hypothesizes that a magnetosensory substi-
tution (MSS) device—designed to convey magne-
toreceptive information through an alternative sen-
sory modality—can similarly train individuals to
develop magnetoreception by associating the con-
sciously perceived sensory input from the MSS de-
vice with the neural vestiges of magnetoreception.
The residual effects observed with the BrainPort
suggest that the central nervous system can inte-
grate and utilize new sensory inputs to reweigh and
compensate for damaged sensory systems, retain-
ing changes in these networks. Given our premise
that the neural signature for magnetoreception in
humans (alpha-ERD, seeWang et al.| (2019D)) rep-
resents vestiges of an underdeveloped sense, we hy-
pothesize that such residual effects could also be
observed after MSS training.

4.3.1.3 North-Substituting Devices

The task, therefore, is to create a sensory substi-
tution device that mediates the Earth’s Magnetic
Field (EMF). Since Wang et al.| (2019b) demon-
strated that humans only show a neural response
to changes in the declination of the EMF, we chose
to omit the mediation of other properties of the
EMF, such as inclination or intensity, which are
detectable by other animals. Fortunately, we can
draw from sensory substitution studies for enhanc-
ing navigation. Numerous studies have investi-
gated devices that mediate a sense of North

et all 2005b; [Kaspar et al [2014Db; [Schumann and|
O’Reganl, [2017b; [Witzel et al. @ The pio-
neering study by [Nagel et al| (2005b) utilized a
belt equipped with thirteen vibratory motors, with
the motor pointing North vibrating continuously.
Other studies by [Witzel et al| (2023); |Schumann|
land O’Regan| (2017b) translated cardinal direc-
tions into auditory cues delivered through head-
phones. However, all these studies (see Table
for an overview) either preceded or seemingly over-
looked the findings of [Wang et al| (2019b), which
demonstrated that humans can transduce Earth’s
magnetic field. Therefore, they attributed any im-
provements in navigational or spatial abilities to
general training rather than to an inherent magne-
toreceptive capability.

o2

We posit that the improvements observed in
subjects from previous experiments, particularly
those involving longer-term training, may be at-
tributable to the development of actual magne-
toreception. This could occur through either the
closing of the sensorimotor feedback loop between
self-movement and sensory input or through in-
creased attentional focus on this potential sense.
Notably, these subjective ”spatial sense” or ”sta-
bility” enhancements were more pronounced with
extended training durations and when the training
involved outdoor activities across large distances,

such as biking or hiking. Additionally,
(2005b) highlighted the importance of motivation
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and wearing comfort, factors that will be priori-
tized in the design of our wearable device.

4.3.1.4 Hypothesis

We propose that training with a magnetosensory
substitution (MSS) system might enhance true
magnetoreception by leveraging sensory plasticity,
thereby offering a unique opportunity to explore
both the mechanisms of neural adaptation and the
manifestation of new sensory experiences (qualia).
To test this hypothesis, we developed a prototype
MSS device and conducted a controlled pilot exper-
iment, where the participant underwent a one-hour
training session. The effectiveness of this training
is evaluated by comparing pre- and post-training
measurements, focusing on behavioral tasks (de-
scribed in Stimuli and Procedure), as well as low-
level neural responses to geomagnetic stimuli mea-
sured via EEG. Although we hypothesize that ex-
tended use of the MSS device over months, partic-
ularly in a mobile lifestyle, could foster the devel-
opment of true magnetoreception, this pilot exper-
iment is designed to identify which measurements
are most indicative of progress, if any. By assessing
the impact of short-term training, we aim to deter-
mine which metrics will be valuable for evaluating
success in future long-term studies.

4.3.1.5 The MESSy headband

We have developed a haptic device, the Magnetore-
ception Enhancing Sensory Substitution (MESSy),
that is responsive to cardinal directions. The de-
vice, worn as a portable headband (see Figure
, utilizes a small compass sensor to track the
wearer’s location in space and then translates that
information into a vibration pattern around the
user’s head (see Figurefor an illustration of the
mapping logic). Subjectively, the wearer becomes
aware of which direction is north, relative to their
head position. We chose head-based tactile feed-
back because (i) it provides intuitive, 360° direc-
tional information without interfering with vision
or hearing, (ii) aligns with the hypothesized loca-
tion of magnetoreceptive mechanisms in the brain,
and (iii) integrates seamlessly with other senses,
thereby increasing multisensory interaction and in-
tuitiveness. The current design uses a Teensy™ 4.0
attached to a 9-axis IMU sensor (MPU-9250), pow-
ered by a 3.7V LiPo battery, connected over I2C to
thirteen motors (LS-00046), each driven by a hap-
tic driver (DRV2605L), which is incorporated into
a headband made out of felt. Leveraging a well-
known haptic illusion (Alles, |1970; Rahal et al.|

2009)), the wearer can experience tactile stimula-
tion in illusory locations anywhere between two
vibrating motors. This gives the impression of
smooth motion across the axis of the headband as
the wearer rotates in space. For a detailed descrip-
tion of the MESSy headband, including its design
considerations, components, and algorithm, please
refer to Appendix [A]

4.3.2 Methods

4.3.2.1 Equipment

4.3.2.1.1 Magnetic field manipulation

The experimental setup for the magnetic field ma-
nipulation is described in Section [2.3] The same
modular, portable, radio frequency-shielded cham-
ber was used.

4.3.2.1.2 MESSy headband details

The Magnetoreception Enhancing Sensory Substi-
tution (MESSy) headband as described in Ap-
pendix [A] was used.

4.3.2.2 Stimuli and Procedure

The experiment employs a within-subjects design
with a single participant (n=1) to evaluate vari-
ous measurements before and after a defined train-
ing period. As a pilot study, the training duration
was limited to one hour within the magnetic field
manipulation chamber while the participant wore
the Magnetoreception Enhancing Sensory Substi-
tution (MESSy) headband. This design choice is
supported by prior research on cross-modal plas-
ticity, such as the study by Merabet et al.| (2007)),
which found that blindfolded participants engaged
in a tactile discrimination task exhibited activity
in the primary visual cortex after just forty to sixty
minutes. The training session included 1000 trials,
divided into 5 blocks of 200 trials each. The in-
dependent variable in this experiment is the train-
ing condition, with measurements taken (without
wearing the MESSy headband) both before and
after the training session. The dependent vari-
ables include EEG recordings and several behav-
ioral tasks: the left-right detection task, a spatial
orientation task, and the visual motion detection
task detailed in Section 3.3

The experimental procedure is divided into three
main phases: pre-training measurements, training,
and post-training measurements. During the one-
hour training session, the participant was exposed
to randomized EMF rotations, with the MESSy

27



4.3.

Experiment 4: Enhancing Magnetoreception Through Sensory Substitution

Ref Training Actuator N Training Task Result
Dura-
tion
Nagel 6 weeks Vibrotactile 4 control, 4 Participants wore the vibrotac- The study found that the belt in-
motors (13 experimental tile belt continuously during wak- formation could be processed and
| vibrators subjects ing hours, including intensive improved navigation performance
embedded in outdoor activities like biking or after training. Two participants
a belt worn hiking for at least 90 minutes reported a qualitative change in
around the each day, and engaged in weekly sensory experience, while others
waist) outdoor activities that required showed no significant change. In-
pointing to a reference point af- tegration of the sensory infor-
ter being disoriented. mation varied between subjects,
possibly depending on motivation
and wearing comfort.
Barr +1month 1 Vibro- 1 Wearing daily while walking Improved sense of direction. Feel-
(2010} tactile mo- ing of spatial stability (”The
tor(embedded North is always in the same place,
in a head- while T am moving and I am
worn hat) changing”)
Kaspar 7 weeks 30 Vibrotac- 9 experimen- Participants wore the belt during Participants reported significant
tile actuators tal subjects, 5 all waking hours, including inten- changes in their spatial percep-
(2014a] (FeelSpace control sive outdoor activities like biking tion, with the belt facilitating
belt) or hiking for at least 90 minutes navigation and providing a new
each day. They were instructed to sense of spatial awareness. How-
pay attention to the belt’s feed- ever, the effects diminished after
back and report any perceptual the belt was removed. The belt
changes. was also associated with a high
usability and emotional impact,
including feelings of security and
spatial awareness.
7 weeks Vibrotactile 5 control, 9 Daily navigation tasks in natural Training with the feelSpace

piezo-ceramic
actuators in
the feelSpace
belt

experimental
subjects

environments, combined with a
homing task and memory task in
a virtual environment, sleep EEG
and fMRI, and self-assessment of
of subjective changes

belt led to procedural learning,
changes in brain activation pat-
terns, and significant perceptual
changes in spatial awareness and
belt signal perception over time.
However, behavioral performance
in the homing task did not show
significant improvement.

45 min-
utes  for

Auditory cues
through head-

27 partic-
ipants in

rotated on
while blind-

Participants were
a motorized chair

The study demonstrated rapid
and long-lasting vestibular recal-

walking through urban environ-
ments. Tasks involved pointing
towards cardinal directions, iden-
tifying directions based on sound,
and estimating angles between di-
rections

Experi- phones, using Experiment 1 folded, and had to align their ibration using an auditory aug-

ment 1 head-related and 15 par- head with a sound that simulated mentation signal indicating ge-

and 25 transfer func- ticipants in the direction of geomagnetic omagnetic North. Participants

minutes tions (HRTF) Experiment North. The task involved either recalibrated their perception of

for Ex- to simulate 2. compressing or expanding the self-rotation even in the absence

periment sound coming perceived rotation angle through of the auditory signal, with dif-

2 (re- from geomag- auditory feedback. ferent effects depending on the

peated netic North. gain used during training.

over two

days)

5 days bone- 10 Participants completed a series of While participants showed im-
conduction tasks using the NaviEar during provement in task performance
headphones everyday life activities, primarily and increased accuracy in de-

tecting distortions, the training
did not achieve the level of au-
tomaticity necessary to demon-
strate a “perceptual feel” of
north. The study suggests that
while the NaviEar has potential,
further training and refinement
are needed to fully integrate the
device into automatic perceptual
processes.

Table 4.2: Literature overview of North-translating sensory substitution studies, in chronological order.
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Figure 4.5: Features of the MESSy headband
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N

N

S

Figure 4.6: Illustration of the MESSy device giving cardinal direction information through vibrotactile stim-
ulations. The amplitude of the vibration is denoted with the saturation of the color.

headband providing real-time haptic feedback. To
control for potential order effects, the sequence of
tasks within each measurement session was ran-
domized.

e In the training phase of the magnetosen-
sory substitution experiment, the magnetic
field’s declination was rotated between north-
east (NE) and southeast (SE) directions (45°
to 135°) while maintaining a downward in-
clination of +60°. These rotations occurred
over 100 milliseconds every 3.6 seconds. The
MESSy headband, worn by the participant,
successfully recognized the manipulated North
as North, providing a corresponding moving
vibrotactile feedback as the magnetic field
changed. The MESSy headband was not RF-
shielded as described earlier, since the copper
fabric shield introduced unstable functioning,
possibly due to accidental shorting. To over-
shadow the introduced auditory artifact from
the vibrotactile motors, Brownian noise was
played on speakers positioned outside of the
cage.

e In the left-right detection task, the participant
was seated inside the chamber with eyes closed
while the EMF rotated between NE and SE
(45° and 135°). After each rotation, an au-
ditory cue signaled the participant to provide
feedback via a button box, with two buttons
corresponding to left and right. Once feed-
back was provided, the next trial commenced.
A total of 200 trials were conducted (100 pre-
training and 100 post-training), with the di-
rection of the magnetic field randomized to
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prevent any biases.

The visual motion detection task followed the
procedure detailed in Section [3.3] The task
consisted of 150 trials before and after train-
ing (50 right rotation, 50 left rotation, and 50
fixed trials randomly intermixed), totaling 300
trials.

In the spatial orientation task, the partici-
pant, seated blindfolded in a rotating chair,
was manually rotated by the experimenter. To
eliminate potential auditory or visual cues re-
garding orientation, the experiment was con-
ducted in a quiet environment, and the ex-
perimenter moved around the participant ran-
domly to prevent them from deducing their
orientation based on the experimenter’s posi-
tion. After the rotation, the participant was
asked to point toward North using a stick
with an attached smartphone running a com-
pass app. The long stick was chosen to re-
duce pointing ambiguity, as holding the phone
alone could result in subtle, involuntary wrist
rotations that might interfere with measure-
ment accuracy. Using both arms to handle the
stick made the participant’s intended direction
more pronounced and less prone to error.

EEG data collection followed a similar proce-
dure as in [Wang et al| (2019b)). Continuous
EEG was recorded from 64 electrodes using a
BioSemi Active Two System. Two horizontal
electrooculogram electrodes were placed ad-
jacent to the outer canthi and were used to
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record horizontal eye movements. A verti-
cal electrooculogram electrode was placed be-
neath the right eye and used to record eye-
blinks and vertical eye movements. To max-
imize data quality, impedances were reduced
to less than 20 k2 for the scalp electrodes and
EOG electrodes.

4.3.2.3 EEG Data Analysis

Offline analysis was performed using EEGLAB
(Delorme and Makeig| |2004) and ERPLAB (Lopez-
Calderon and Luck}2014). Data were resampled at
250 Hz. A noncausal Butterworth bandpass filter
was applied (half-amplitude cutoffs = 0.1 Hz and
80 Hz, slope = 12 dB/octave), and all channels
were re-referenced offline to channel P9. Indepen-
dent component analysis (ICA) was used to correct
for eye blinks and eye movements in the continuous
EEG data. Stimulus-locked ERPs were generated
using an epoch of -750 to 2000 ms.

Analysis was replicated from [Wang et al.
(2019b). The baseline interval was from — 500 —
250 ms prestimulus. Time/frequency decomposi-
tion was performed for each trial using Fast Fourier
Transform (MATLAB function fft(x)) and Mor-
let wavelet convolution on 100 linearly spaced fre-
quencies between 1 and 100 Hz. Average power
in an extended alpha-band of 6-14 Hz was com-
puted for the pre-stimulus and post-stimulus in-
tervals of all trials, and a threshold of 1.5 times
the interquartile range was applied to identify tri-
als with extreme values of log alpha-power. These
trials were excluded from further analysis but re-
tained in the data. After automated trial rejec-
tion, ERPs were computed for each condition and
then subtracted from each trial of that condition
to reduce the electrical induction artifact that ap-
peared only during the 100-ms magnetic stimula-
tion interval. This removes phase-locked compo-
nents from an EEG signal for subsequent anal-
ysis of non-phase-locked, time/ frequency power.
Non-phase-locked power was computed at mid-
line frontal electrode Fz for each trial and then
averaged and baseline-normalized for each condi-
tion to generate a time/frequency map from 250
ms pre-stimulus to 2000 ms post-stimulus and
1-100 Hz. To provide an estimate of overall alpha
power, power spectral density was computed using
Welch’s method (MATLAB function pwelch(x)) at
0.5-Hz frequency resolution (Welch, |1967)).

4.3.3 Results

4.3.3.1 Behavioral Task Results

4.3.3.1.1 Left-Right Detection Task

Before and after MSS training, the partici-
pant undertook a decision task (without wearing
the MESSy headband) requiring them to guess
whether magnetic North was to their left or right.
Contrary to expectations, the results indicate a
significant decline in performance following the
training. The participant’s pre-training responses
aligned more closely with the magnetic field direc-
tion, with a correct response rate of 60%. However,
this rate dropped to 48% after training (see Figure
. A statistical analysis using a two-proportion
z-test revealed that this decrease in performance is
significant (z = 2.41, p = 0.016), suggesting that
the training may have adversely affected the par-
ticipant’s ability to correctly identify the direction
of magnetic North.

4.3.3.1.2 Visual Motion Detection Results

The participant completed a visual motion detec-
tion task as outlined in Section B3] both before and
after the training period. The performance was
measured in terms of the proportion of responses
congruent with the magnetic field rotation at two
different levels of visual coherence, 0% and 60%,
with 150 trials conducted in both the pre-training
and post-training sessions (50 right rotation, 50 left
rotation, and 50 fixed trials randomly intermixed).

Figure [£.8] summarizes the proportions of con-
gruent and incongruent responses observed before
and after the training at 60% and 0% coherence
levels.

At 0% coherence, the proportion of congru-
ent responses increased marginally from 0.49 pre-
training to 0.51 post-training. At 60% coherence,
however, the proportion of congruent responses
showed a more substantial increase from 0.44 pre-
training to 0.55 post-training. A statistical anal-
ysis using a two-proportion z-test for paired data
revealed that this increase at 60% coherence is sig-
nificant (z = 2.69, p = 0.007), indicating a signif-
icant change in visual motion perception following
the training.

4.3.3.1.3 Spatial Orientation Results

The participant completed a spatial orientation
task consisting of 10 trials before and after the
training period, resulting in 20 trials. Figure
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Figure 4.7: Results for left-right detection task —

Responses before and after magnetosensory training.
In the top figure, the proportion of responses congruent
with the magnetic field rotation direction is illustrated.
In the bottom figure, the proportion of left vs right
responses is illustrated.
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Figure 4.8: Results for visual motion detection task
— Proportions of responses congruent and incongruent
to the magnetic field rotation before and after MSS
training at 0% (top figure) and 60% (bottom figure)
coherence levels.
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shows no significant difference in pointing accu-
racy between the pre-training and post-training
sessions.

To assess training effectiveness regarding direc-
tional data, we fitted the von Mises distribution
(i.e. a normal distribution for circular data) to the
pre-training and post-training data. The analy-
sis revealed that the mean direction (u) of guesses
before training was 340.86°, with a concentration
parameter (k) of 1.0. Following training, the mean
direction shifted to 259.22°, with the concentration
parameter remaining at 1.0.

These results suggest that training did not lead
to an improvement in the accuracy of directional
guesses. The shift in mean direction did not move
the guesses closer to the true North (0°/360°), and
the concentration of guesses around the mean di-
rection remained unchanged. Consequently, the
training did not enhance participants’ spatial ori-
entation in the context of this task.

4.3.3.2 EEG Results

Preliminary results (Figure and Figure |4.11])
showed that in the pre-training condition (before
wearing the MESSy headband), we replicated the
results found in Wang et al.| (2019b). We found a
decrease in EEG alpha-power (i.e. alpha-ERD) in
response to counterclockwise magnetic field rota-
tions relative to the clockwise and fixed conditions.
In the post-training condition, which involved the
participant sitting in the chamber with the headset
and becoming accustomed to feeling the MESSy
headband’s vibrotactile feedback in response to the
magnetic field rotation (1,000 trials) in the cage,
we found that the pattern shifted. In the post-
training condition, the results showed that alpha
power evened out across conditions. The decrease
in EEG alpha-power was greatest in the clockwise
relative to the counterclockwise and fixed condi-
tions.

4.3.4 Discussion

Unfortunately, during the MSS training, the
MESSy headband was not RF-shielded, as the cop-
per fabric shield caused instability, possibly due to
shorting. Thus, we cannot exclude the possibility
that RF noise affected magnetoreception, leading
to the lack of improvement in behavioral or EEG
measurements. Furthermore, the magnetic effects
of the motors can also not be excluded as an in-
hibiting factor. However, the participant, who also
developed the headband, wore it daily during de-
velopment. Thus, if RF or magnetic noise had im-

paired magnetoreception, it would likely have dis-
rupted the EEG consistently, both before and after
training. Therefore, any difference in sensitivity
post-training remains significant. Alternatively, if
RF or magnetic noise only briefly inhibits magne-
toreception, the EEG measurements could be di-
luted.

4.3.4.1 Behavioral Task Performance

4.3.4.1.1 Left-Right Detection Perfor-

mance

We observed a reduction in congruency with the
magnetic field direction, approaching chance levels
(Figure . This may be attributed to the RF in-
terference caused by the unshielded MESSy head-
band. In retrospect, a more appropriate behavioral
measure might have been to determine whether a
change in the geomagnetic field occurred, as the
neural response identified by [Wang et al.| (2019b))
was linked to changes in the magnetic field rather
than to its absolute position. Consequently, the
MESSy headband may be more likely to associate
neurally with change detection rather than with
absolute position detection (left vs right).

4.3.4.1.2 Visual Motion Detection Perfor-
mance

Firstly, it is important to note that all results hover
around chance level, so any interpretation remains
speculative.

In the 0% coherence condition, performance re-
mained at chance level. However, in the 60% coher-
ence condition, visual motion perception appeared
to be marginally influenced by geomagnetic infor-
mation. Prior to training, there was a bias towards
responses that were incongruent with the magnetic
field rotation direction. Post-training, this bias
was reversed, with a greater number of responses
aligning with the magnetic field rotation direction.

Interpreting this shift towards greater congru-
ency with the magnetic field rotation direction is
challenging. This increase in congruence might
suggest an improvement, but it could also be in-
consequential. One possibility is that the MSS
training successfully associated the haptic feedback
with magnetoreception, leading to increased con-
gruency as — during the post-training measure-
ment without the MESSy headband — the brain
linked changes in the magnetic field with tactile
phantom sensations. This could result in an arbi-
trary relationship with visual motion perception,
akin to how arbitrary connections such as natural
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Pre-training vs. Post-training Angles
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Figure 4.9: Results from the spatial orientation task visualized in a circular graph. No difference is visible

between pre- and post-training.

language and audio pitch can influence visual mo-
tion perception (Sadaghiani et al.; 2009)). The pre-
training measurements might reflect more ecologi-
cally relevant connections, as discussed in Section
B3] In further unpublished tests by [Krisst et al.
(2024) with additional participants (n=13), the
dominant pattern observed was participants per-
ceiving visual motion in opposition to the magnetic
field rotation direction. Thus, MS training appears
to have influenced the sensory integration of mag-
netoreception and vision, as these post-training re-
sults show the highest congruency among the 13
participants tested.

4.3.4.1.3 Spatial Orientation Performance

The spatial orientation task showed no significant
difference between pre- and post-training (Figure
, with both performances at chance level. This
may be attributed to the limited number of trials
(10 pre, 10 post), but it is also possible that the
spatial orientation task is a behavior too complex
to be affected by a brief period of MSS training.

4.3.4.2 Neural Correlates

The uncertainty surrounding the role of alpha
event-related desynchronization (alpha-ERD) in
this context prevents us from definitively deter-
mining whether the observed neural changes re-
flect progress toward enhanced magnetoreception
or simply represent a non-specific response to novel
stimulation. Another point of discussion is the se-
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lective response to clockwise versus counterclock-
wise magnetic field rotations, which echo the find-
ings by \Wang et al.| (2019b). As suggested by |Wang
et al.| (2019b)), this selectivity could arise from the
chirality of biological structures involved in mag-
netoreception, which may favor the transduction
of one type of stimulus over its opposite. Alterna-
tively, higher-level cognitive processes could bias
the neural response toward counterclockwise rota-
tions, independent of any asymmetry at the recep-
tor level. The selectivity might also be an evo-
lutionary by-product or serve as a mechanism for
detecting geomagnetic anomalies, providing warn-
ings about sudden shifts in the magnetic field.

Although we lack concrete evidence, we propose
an additional speculative hypothesis for consider-
ation in future research: perhaps a response to
only one direction of rotation may be sufficient
for the neural computations required to estimate
self-orientation. This could involve the integration
of vestibular and magnetoreceptive information,
where physical rotations in one direction trigger
a specific pattern of vestibular and magnetorecep-
tive firing, while rotations in the opposite direction
trigger solely vestibular input without correspond-
ing magnetoreceptive activation.

Regardless of the specific interpretation of alpha-
ERD and response selectivity, future MSS studies
could treat these phenomena as a black box and
focus instead on comparing neural sensitivity be-
fore and after training. This comparison should
involve two types of within-subject measurements,
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(a) Pre-training EEG results. A decrease in EEG
alpha-power in the counterclockwise (CCW) condi-
tion was found, replicating results found by
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(b) Post-training EEG results. A decrease in
EEG alpha-power in the clockwise (CW) condition
was found and attenuation of the counterclockwise
(CCW) alpha-power decrease.

Figure 4.10: EEG results show a difference in geo-
magnetic sensitivity between pre-training (a) and post-
training (b).

one with training and one without, and should in-
clude a control condition where the MESSy head-
band is worn without providing accurate neural
feedback, but only exposes the subject to the same
RF and magnetic noise. This approach could help
clarify whether training influences neural sensitiv-
ity in a meaningful way.

4.3.4.3 On Magnetosensory Substitution

The one-hour magnetosensory substitution (MSS)
training session with the MESSy headband pro-
vided some intriguing, albeit inconclusive, in-
sights. Our EEG measurements suggest that
there was a detectable change in neural activity
following the training. However, the nature of
this change—whether it represents an enhance-
ment or degradation of magnetoreceptive abil-
ity—remains uncertain. The ambiguity surround-
ing the function of alpha event-related desynchro-
nization (alpha-ERD) in this context leaves us un-
able to conclusively interpret whether these neural
changes indicate progress toward enhanced mag-
netoreception or simply a non-specific neural re-
sponse to novel stimulation.

‘When we consider the behavioral outcomes, such
as the visual motion detection task, we observed
some changes post-training. These changes might
hint at the brain beginning to form associations
with magnetic cues and integrating them into vi-
sual processing. The observed alterations could re-
flect short-term neural adjustments—perhaps the
unmasking of previously inactive connections—but
we lack sufficient evidence to confirm that these are
specific to magnetoreception or that they represent
meaningful progress.

The more complex behavioral tasks, like deter-
mining the geomagnetic field’s orientation or point-
ing North, did not show significant improvement.
This lack of change might suggest that these tasks
require a level of cortical remodeling that was be-
yond the scope of our brief training session. It’s
plausible that more extensive and prolonged train-
ing could induce the slower, structural changes nec-
essary for such high-level behaviors, but this hy-
pothesis remains to be tested.

It should also be considered that the training in
this pilot experiment did not reflect training in a
biologically meaningful approach. In other words,
the experimental stationary setting might not in-
duce the recruitment of geomagnetic information
as would happen in an orientation-related task.
Described as the modality appropriateness hypoth-
esis (Welch and Warren| [1980)), the brain appears
to combine different sensory cues by weighting
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Figure 4.11: Time-frequency plots showing EEG power spectra for three conditions: counterclockwise (CCW)
trials, clockwise (CW) trials, and fixed trials before (left) and after (right) training at electrode Fz. The y-axis
represents frequency (Hz), and the x-axis represents time (seconds) relative to stimulus onset (at 0 seconds).
Black vertical lines indicate the 0- to 100-ms magnetic field rotation period. Warmer colors indicate higher
power, while cooler colors indicate lower power. Post-stimulus power changes (dB) from a pre-stimulus baseline
(-500 to -250 ms) are plotted according to the -4-dB color bar on the right. Alpha-ERD as a response to magnetic

field rotation can be seen between the 6-14 Hz range in the pre-training CCW condition (dark blue) at 500 ms
after the field sweep. This response is attenuated after training.
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them based on the appropriateness for the task at
hand. For example, in the case of the aforemen-
tioned vestibular substitution experiment (Bach-y
Rita et al.l 2005b)), the task of attempting to bal-
ance might force the brain to integrate the informa-
tion from the vestibular substitution device more
actively as it is highly relevant for the objective.

4.3.5 Conclusion

This pilot experiment exposed several challenges
and limitations that likely contributed to the in-
conclusive results. Although changes in neural ac-
tivity and behavioral responses were noted follow-
ing magnetosensory substitution (MSS) training,
these changes were difficult to interpret due to con-
founding factors such as RF and magnetic noise,
the short duration of training, and the small sam-
ple size. The selective response to magnetic field
rotations and the ambiguous role of alpha-ERD
add further complexity to the findings, underscor-
ing the need for more robust experimental designs
in future research. Moving forward, incorporat-
ing control conditions—such as training without
the MESSy headband and using a compromised
MESSy headband during training—will be essen-
tial to clarify the differences in neural sensitivity
observed after MSS training. Addressing RF noise
and magnetic interference, possibly through a re-
vised design of the MESSy headband, will also be
critical. Additionally, refining the training proto-
cols to include more biologically meaningful tasks
and extending the training duration with a larger
sample size will be necessary to obtain more defini-
tive results.
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Chapter 5

Conclusions

5.1 Summary

Chapter provided a high-level overview of the
topic, setting the stage for exploring human mag-
netoreception and its potential trainability.

Chapter introduced concepts and general ex-
perimental details relevant to the following exper-
iments.

Chapter investigated whether human magne-
toreception is integrated with other senses, focus-
ing on the vestibular and visual systems. In pi-
lot experiment 1, we tested whether the vestibulo-
ocular reflex is influenced by magnetoreception. In
pilot experiment 2, we explored the impact of mag-
netoreception on visual motion perception.

Chapter explored methods to enhance human
magnetoreception through conditioning and sen-
sory substitution, testing their efficacy in induc-
ing neural associations with magnetic stimuli. In
pilot experiment 3, we tested whether aversive con-
ditioning could produce a conditioned response to
the geomagnetic field. In pilot experiment 4, we
evaluated whether a 1-hour magnetosensory sub-
stitution training session could induce behavioral
and neural changes.

5.2 Integrated Discussion

We investigated the potential to enhance human
magnetoreception through novel experimental ap-
proaches, focusing on sensory cross-talk and the
possibility of affecting magnetoreception via clas-
sical conditioning and magnetosensory substitu-
tion (MSS). Despite the challenges and limitations
faced, the primary contribution of this work lies
in the development of a conceptual framework and
the formulation of testable predictions.
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The first set of proposed experiments explored
whether geomagnetic information could implicitly
influence established sensory processes such as the
vestibulo-ocular reflex (VOR) and visual motion
perception. Preliminary results were mixed but
indicated a subtle influence of geomagnetic cues,
particularly in visual motion perception under con-
ditions of moderate visual coherence. The stronger
geomagnetic influence observed at 60% visual co-
herence suggests that subliminal magnetoreception
may play a supplementary role in sensory process-
ing, especially when primary sensory information
is ambiguous. However, this influence diminished
in conditions of complete visual ambiguity, poten-
tially due to a perceptual threshold. Future re-
search should include more subjects, a wider range
of visual coherence levels, and varied timing of
RDK presentation in relation to magnetic rotation
to clarify how implicit geomagnetic processing in-
teracts with other sensory modalities and under
what conditions it might transition to explicit per-
ception.

The conditioning experiments, designed to as-
sociate magnetic stimuli with aversive outcomes,
encountered significant challenges. The incon-
clusive results suggest that classical conditioning
paradigms may not be ideal for studying magne-
toreception in humans. The absence of a strong
conditioned response and the potential blocking ef-
fect by the auditory stimulus indicate that alterna-
tive approaches should be explored. Methods such
as directional training, which makes the geomag-
netic information behaviorally relevant through
orientation tasks, might be more effective in in-
vestigating the learnability of magnetoreception.

The sensory substitution experiments using the
MESSy headband (referred to as magnetosen-
sory substitution) provided preliminary evidence of
neural plasticity associated with magnetoreceptive
processing, although further testing with control
conditions is necessary. EEG recordings showed
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changes in neural activity following training, sug-
gesting that even brief exposure to MSS could in-
duce neural adaptations. Regarding the behavioral
results, only the visual motion perception task un-
derwent significant changes (p = 0.007) following
MSS training. The behavioral results were less
definitive, with only subtle changes observed in vi-
sual motion perception tasks. These ambiguous
but non-negative findings emphasize the need for
extended training periods and more ecologically
valid tasks to fully assess whether these adapta-
tions can lead to explicit, conscious use of magne-
toreceptive information.

5.3 Overall Conclusion

This thesis explored the uncharted territory of the
study of human magnetoreception. We proposed
the novel hypothesis that human magnetoreception
can be trained from an implicit to an explicit sense,
for which we proposed and piloted experimental
approaches (n=1). To understand the role of hu-
man magnetoreception, we focused on (i) finding
sensory cross-talk and (ii) forming neural associ-
ations via classical conditioning and magnetosen-
sory substitution. Despite challenges, the work
lays important groundwork for future studies.

With our preliminary findings of a subtle in-
fluence of magnetoreception on visual perception,
particularly under conditions of motion ambigu-
ity, we have begun to trace a potential pathway
back to an ancient sensory ability. Magnetore-
ception may be integrated with the visual and
vestibular systems, indicating a potential pathway
for transitioning this ancient sensory ability from
implicit to explicit processing. Conditioning ex-
periments were inconclusive, indicating that tra-
ditional paradigms may not be ideal for study-
ing magnetoreception. A one-hour training ex-
periment using our Magnetoreception Enhancing
Sensory Substitution (MESSy) headband provided
initial, though ambiguous, evidence of neural plas-
ticity; the subtle impact of this training on visual
motion perception hints at the possibility of ”find-
ing our way back” to human magnetoreception, al-
though more extensive and ecologically valid train-
ing is necessary to assess this potential fully.

In summary, while definitive enhancement of hu-
man magnetoreception from an implicit to an ex-
plicit sense was not demonstrated, this research
opens promising avenues for future investigation,
particularly through refined experimental designs
and alternative training methods.
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Appendix A

The MESSy headband

A.1 Tactile feedback on the head

We chose tactile feedback for the magnetosensory
substitution device because it provides a 360° range
of stimuli, allowing for intuitive directional infor-
mation without interfering with vision or hear-
ing. While sound-based systems can convey direc-
tion (Schumann and O’Regan| |2017b; Witzel et al.|
2023)), they are impractical for our long-term goal
of daily use due to interference with auditory func-
tions .

A head-worn device was selected over waist-worn
alternatives (Nagel et al.l [2005b; [Kaspar et al.|
2014b; [Konig et al., |2016) because head-based
feedback aligns with the natural location of mag-
netoreceptive mechanisms, as suggested by both
the quantum compass theory (Hore and Mourit-
sen, 2016) and the magnetite theory (Kirschvink,
2001} (Wiltschko and Wiltschkol 2006)). These the-
ories propose that magnetoreceptive elements are
located in the eyes or the brain (respectively),
the latter supported by evidence of ferromagnetic
material in the human brain (Kirschvink et al.|
1992a). While this argument is less relevant in our
highly controlled stationary setting, it will become
relevant in future long-term experiments.

Additionally, the head is phenomenologically
perceived as the center of self (specifically, right
behind the eyes, see [Starmans and Bloom| (2012)),
making head-mounted feedback more intuitive and
reducing cognitive load compared to devices worn
elsewhere. This alignment also supports integra-
tion with other senses, such as vision, audition,
and the vestibular system. Moreover, a study has
demonstrated that an implanted head-based com-
pass can be used effectively in blind rats (Norimoto
and Ikegayal, [2015)).
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A.2 Motors

Various vibration motors, including linear resonant
actuators, other ERMs, and non-magnetic piezo-
electric actuators, were tested during development.
However, these alternatives either lacked sufficient
vibrational strength for head-based feedback or
produced overly audible noise. The LS-00046 ERM
motors from OSEPP Electronics™were selected for
their optimal balance of strong tactile feedback and
minimal audibility, despite the limitation of their
magnetic effects, which we accepted due to time
constraints.

The MESSy headband uses these ERM motors
to provide reliable and intuitive haptic feedback.
The motors, rated at 3.0 V and a maximum cur-
rent of 70 mA, deliver a vibration force of 1.0 G
(0.098 N) within a frequency range of 160 to 330
Hz, stimulating the skin within its sensitive range
with minimal power. With compact dimensions of
10 mm in diameter and 3.4 mm in length, these
motors are ideal for integration into wearable de-
vices.

A.3 Haptic illusion

Given that our natural senses all transduce a con-
tinuous range of stimuli, we wanted our device to
emulate such continuity. With a small enough dis-
tance between two consecutive vibration motors,
a person can experience an illusory singular vi-
bration anywhere between those two motors, de-
pending on the relative amplitude of those motors
(Alles, [1970; [Rahal et al.| [2009). We selected thir-
teen motors for our design based on findings from
the existing literature, which indicates that twelve
equidistantly placed vibration motors around the
head can produce a seamless haptic illusion of
motion (Chu et all 2021). An additional motor
was incorporated for practical considerations; the
length of wire available necessitated the inclusion
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(a) IC connected to I2C multiplexer which is here connected to only 1 haptic driver with its vibration motor.
The I2C multiplexer can connect to up to 8 I12C devices.
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(b) The above haptic driver plus vibration motor has been duplicated 13 times, with 6 connected to one 12C
multiplexer, and 7 to the other. Also, the IMU sensor has been added to the I2C multiplexer.

Figure A.1: Schematics for the MESSy headband.
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of an extra motor to encircle an average-sized head
comfortably. Consequently, while not ideally pre-
cise, the motors were positioned to approximate an
angular separation of 27.69 °.

A.4 Compass sensor

The MESSy headband is equipped with an MPU-
9250 Inertial Measurement Unit (IMU) sensor, in-
tegral to its operation in detecting and responding
to directional cues. The MPU-9250, designed by
InvenSense™ (now part of TDK Corporation™ ), is
a highly integrated sensor module that combines
a 3-axis gyroscope, a 3-axis accelerometer, and a
3-axis magnetometer. This compact and versatile
sensor is widely utilized in mobile and wearable
technology due to its comprehensive sensory data
capabilities and ease of integration. Currently, In-
venSense ™ has been discontinued, but due to its
small form factor, low power consumption, and
abundance of online resources, we deemed the sen-
sor sufficient for the prototyping phase. The sensor
supports both 12C and SPI communication inter-
faces, allowing for flexible connection options with
the Teensy™ 4.0 microcontroller used in the head-
band. For simplicity sake, we opted for the I2C
communication interface.

A.5 Sensor calibration

The MPU-9250 sensor was calibrated in the ver-
tical position to match its mounting orientation
on the headband, ensuring optimal performance in
real-world use. This calibration utilized the Madg-
wick filter, which fuses data from the gyroscope,
accelerometer, and magnetometer to estimate ori-
entation accurately. The Madgwick filter is effec-
tive at compensating for gyroscope drift, reducing
noise, and minimizing bias errors, thus providing
reliable directional data.

To enhance accuracy, the calibration process
accounted for the local magnetic declination in
Pasadena, Los Angeles (+11.43°). This adjustment
corrected the magnetometer readings for regional
geomagnetic variations.

A.6 Sensor data processing

To minimize the impact of noise inherent in the
raw sensor readings, we implemented an expo-
nential smoothing algorithm to process the data.
Exponential smoothing was chosen over alterna-
tives such as a simple moving average due to its
increased responsiveness to recent data changes.
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This method gives more weight to the most recent
observations, thereby ensuring that the output re-
flects current movements more promptly, which is
crucial for the real-time functionality of the device.

A.7 Mapping logic

The conversion of orientation data from the IMU
sensor to vibrational feedback on the MESSy head-
band is structured through a precise mapping
mechanism. Each haptic motor integrated within
the headband is designated a fixed angle on a 360-
degree circle. The interaction between the IMU’s
current orientation (yaw) and the motors’ positions
is governed by a linear function.

Define the angular position of each motor as 6,,
for m = 1,2,...,13, evenly distributed around a
360-degree circle. Consequently, the angular sep-
aration between any two consecutive motors, de-
noted as ¢, is computed as:

¢ = 3607 A 27.6923°.

The relative angular distance between the mo-
tor’s position and the IMU’s current yaw orienta-
tion, 1 (between -180 and 180), is calculated using:

A6 = mod (|0, — | + 180°,360°) — 180°.

This measure, A#, reflects the shortest angular
difference, taking into account the circular nature
of the angles.

The vibrational intensity of each motor is then
determined by a linear function of Af. Specifically,
the function is designed such that:

e A Af = 0° (perfect alignment with the current
IMU orientation) results in maximum motor
vibration (100% intensity).

e A Af = 2¢ (maximum considered angular
misalignment within the functional range) re-
sults in no motor vibration (0% intensity).

The linear relationship between the vibrational
intensity I and the angular difference Af is given
by the following function:

%) '

This formula ensures that I) if the sensor orienta-
tion points directly to a motor, that motor vibrates
at full intensity and adjacent motors (at an angu-
lar distance of ¢) vibrate at 50% intensity. II) If
the orientation is equidistant between two motors,
both motors vibrate at 75% intensity, computed

I(Af) = max (0, 1- =
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as I(¢/2). The motors adjacent to these motors
would vibrate at 25%, computed as I(3¢). And
I1I), because the maximum number of active mo-
tors is four, which is the case when the orientation
is exactly between two motors.

This mapping ensures that the sensory feedback
is both intuitive and spatially coherent, aligning
the user’s directional perception with the physical
feedback provided by the headband. The use of
a linear scaling function simplifies the computa-
tion while adequately adapting the feedback inten-
sity based on the orientation’s deviation from the
nearest motor’s angle. The decision to limit the
maximum number of active motors to four rep-
resents a balance between precision and the per-
ception of continuous motion. A smaller number
of active motors enhances the precision of direc-
tional feedback, particularly for the perception of
North. However, it also risks making the stimulus
feel more discrete rather than continuous during
head rotations.

A.8 Fading mechanism

In the initial trials of the headband, we observed
that continuous use during everyday activities
could lead to sensory overload due to constant vi-
bration. To mitigate this, we implemented a fad-
ing mechanism for the vibrations when the wearer
remains stationary (i.e. when changes in their
smoothed orientation do not exceed a predefined
threshold). During informal evaluations conducted
by the research team, this feature was found to
enhance comfort significantly without diminishing
the user’s perception of North. Additionally, only
changing magnetic fields can induce neural detec-
tion. This suggests that the fading feature of our
device might align more closely with natural neural
processes, making the device more intuitive, less in-
trusive and more likely to neurally associate with
magnetoreception.

A.9 Shielding

One of the biggest challenges in designing a sen-
sory substitution device for enhancing magnetore-
ception is that we should minimize the electromag-
netic interference (see Section for rationale),
especially since it is a head-worn device and both of
the main competing magnetoreception mechanisms
reside in the head. Thus, to pilot test whether we
can limit the electromagnetic noise, we have tested
wrapping the MESSy headband in a copper mesh
fabric. As a preliminary mounting method, we first
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wrapped the headband in plastic wrap (to prevent
shorts) and then used non-magnetic staples to at-
tach the copper fabric around the headband. We
then analyzed the RF interference using the Sig-
nalVu RF Spectrum Analyzer developed by Tek-
tronix. The output before and after wrapping the
headband are shown in Figure Despite the
observed reduction in the lower RF spectrum (0-
10 MHz), some RF radiation persists, underscoring
the need for improved shielding techniques in fu-
ture iterations.
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(a) RF spectrum of the MESSy headband before
shielding

=]

(b) RF spectrum of the MESSy headband after (¢) The copper mesh fabric shielding embed-
shielding ded around the MESSy headband

Figure A.2: Effect of copper mesh fabric shielding on the RF spectrum of the MESSy headband. The
application of a copper mesh fabric, secured with staples, significantly attenuates the major harmonics in the
lower RF spectrum (0-10 MHz) emitted by the device. This attenuation is evidenced by the reduction in spectral

peaks observed in Figure @ compared to Figure @
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Appendix B

Technical Details of the Shock Circuit

The shock circuit used in this study was origi-
nally designed in the 1990s by Mr. Victor Nenow
for the Kirschvink lab at Caltech. The unit is pow-
ered by a 9V transistor radio battery, ensuring no
external electrical connections are required. The
shock is activated by a 0-5V TTL signal from an ex-
ternal computer, which connects through an opti-
cal isolation chip offering more than 5 kV isolation.
A shock pulse is generated upon signal change.

The amplitude of the shock can be adjusted via a
control knob, allowing participants to select a level
they find comfortable. This adjustment is possi-
ble at any time during the experiment. The 0-9V
signal is amplified through a small transformer to
produce a 0-125V output with a maximum current
of 3 mA.

During experiments, a 10 Hz square wave from
the external computer activates the shock, while
a separate test circuit generates a 1000 Hz signal
for participant adjustment. The shock is delivered
between two fingers on the same hand, ensuring
no electrical signal crosses the chest or heart area,
adhering to standard safety practices. This circuit
was approved by the Institutional Review Board
(IRB) under the chairmanship of Prof. Charlie
Plott in the early 1990s.

An approximate schematic sketch of the shock
circuit is illustrated in Figure
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