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ABSTRACT
Joint angle analysis facilitates research into injury prevention, re-
habilitation, and activity monitoring. Sensors used in such analysis
must be unobtrusive, accurate, and if used for motion, capable of
monitoring fast-paced, dynamic motions. To effectively contribute
to these applications, we created a body-mounted electromagnet-
based sensing system for joint angle analysis called Magneto. Our
system is wireless, features a high sampling rate, is not subject to
drift, and is unaffected by outside magnetic noise. Magnetic field
readings are influenced by noise due to magnetic interference from
the Earth’s magnetic field, the environment, and nearby ferrous
objects. Magneto uses the combination of an electromagnet and
magnetometer to remove environmental interference from a mag-
netic field reading. We evaluated this sensing method to show its
performance when removing the interference in three-movement
dimensions, in six environments, and with six different cycling
rates. Then, we localized the electromagnet with respect to the
magnetic field reader in any direction within a 13.8 cm range with
a relative error of 2.3% for the distance and an average error of
3.43° for the orientation angle. We applied Magneto in a pilot study:
calculating elbow flexion angles. In this study, we calculated elbow
flexion angles to the nearest 15° with 93.8% accuracy.
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1 INTRODUCTION
Joint angle analysis has been a significant research focus in the field
of body motion tracking and modeling because knowledge of joint
angles can be used for preventing injuries, decreasing rehabilita-
tion time after injury, and accurate activity monitoring. Wearable
sensors are commonly used for monitoring body motion and joint
angles due to the advantages provided by direct bodily contact.
These sensors are often used to monitor patient adherence to re-
habilitation programs and assess patient recovery progress both
inside and outside of a medical facility. Any proposed sensor for
joint monitoring must be unobtrusive, accurate, and capable of
accurately monitoring dynamic, fast-paced motions in order to be
effective in healthcare applications.

Magnetic field sensors are affordable, low power sensors that
are incorporated into many of the devices we use today includ-
ing smartphones, smartwatches, and smart home devices. They
allow large scale sensing of the Earth’s magnetic field, magnetic
anomalies, orientation, and distance. They can also be combined
with magnets to allow smaller scale sensing, and have even been
incorporated into wearable devices to track joint angles [67], body
motions [31], and gestures [46]. A drawback of these sensors is that
they fall victim to magnetic interference from the Earth’s magnetic
field, the environment, and nearby ferrous objects. Approaches
used to protect a sensor from this magnetic interference include but
are not limited to: using a hardware shield, using a magnet that is
strong enough to eclipse all other fields or using multiple magnetic
sensors. In this work, we address this drawback to improve upon
joint angle tracking using this sensor.

In this paper, we address the following research questions:

RQ1: How can we eliminate environmental interference from a
magnetic field reading?

RQ2: How can we localize an electromagnet given a purified mag-
netic field reading?

RQ3: How do we use electromagnet localization to determine joint
angles?

To answer our first research question, we developed a method
to remove environmental interference. First, we designed a small
electromagnet that could produce a strong electromagnetic field.
Then, we cycled the electromagnet between on and off states at a
high frequency, allowing us to treat the recorded magnetic field
strength in both states via a magnetometer as near-simultaneous.
While the reading in both states has environmental interference,
the on state reading has the environment with the magnetic field
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from the electromagnet; the off state reading only has just the envi-
ronment. Comparing the two removes environmental interference
and provides a purified magnetic field reading of the electromagnet.

To answer our second research question, we localized the electro-
magnet given the purified magnetic field reading. For any purified
reading, there is a set of location and orientation pairs representing
the possible locations of the electromagnet. To calculate this set, we
discuss the relationship between the magnetometer reading and the
magnet’s orientation and explain how to calculate a single location
and orientation pair for the electromagnet. Then, we discuss the
set of location and orientation pairs for a magnetic field reading.

To answer our third research question, we conducted a pilot
study on elbow flexion angles and explored the possibilities of other
applications in which Magneto can be used. First, we conducted a
user study consisting of 13 participants in which we examined 12
different elbow flexion angles for a total data set of 650 measured
angles. We processed the data and calculated the angles using a
triangular representation and polynomial regression model. Then,
we discussed further applications for which Magneto can be used.

Researchers have investigated using magnets to measure body
motion [31, 45, 46, 60, 67]. While these works have successfully
measured body motion, they did not account for the influence of
environmental interference. This suggests that any change in the
magnetic field reading would be interpreted as a change in body
motion. With Magneto, we are able to remove the environmental in-
terference and purify the electromagnetic signal so that any change
in the magnetic field reading results from a change in the localiza-
tion of the electromagnet. Additionally, magnetic field sensors have
been used to sense motion in an environment [11, 50, 58]. These
sensors use the magnetic field of the Earth as a reference point and
are also susceptible to electromagnetic interference from nearby
ferrous objects. Magneto is also able to remove electromagnetic
interference produced by such objects.

Our contributions are summarized as follows:

(1) We developed a method that removes environmental inter-
ference from a magnetic field reading. We evaluated this
method to show its performance when removing the inter-
ference in three movement dimensions, in six environments,
and with six different cycling rates.

(2) We designed an algorithm that allows us to localize a mag-
net with respect to a magnetic field reader. Our algorithm
calculated orientation of the magnet with an average error
of 3.43° and distance from the reader to the magnet with an
average error of 2.34% within a range of 13.8 cm from the
magnetic field reader.

(3) We conducted a pilot study to evaluate Magneto on its ability
to measure elbow flexion angles. We conducted a user study
where we recorded 650 elbow flexion angles from 13 par-
ticipants in which we examined 12 different elbow flexion
angles for a total data set of 650 angles. Overall, our method
saw an accuracy of 93.82% when classifying elbow flexion
angles to the nearest 15° angle and an average error of 2.52°.

The remainder of this paper is structured as follows: First, we
motivate our work by discussing our Related Work. Second, we
introduce our Magneto Hardware Design by explaining the compo-
nents and the construction of our electromagnet. Third, we describe

the method that we used to eliminate environmental interference.
Fourth, we explain the process that we use to localize the electro-
magnet with respect to our magnetic field reader. Fifth, we describe
the application scenarios that Magneto can be used in and conduct
two pilot studies. Finally, we discuss our Future Work and we wrap
up with our Conclusion.

2 RELATEDWORK
2.1 Human Motion Capture
Research in human motion capture is divided into two approaches:
vision-based and non-vision-based. Early vision-based approaches [49,
71, 72, 75] used intensity images from RGB cameras, which were
sensitive to lighting conditions. More recently, vision-based ap-
proaches make use of depth images from RGB-D cameras [19].
These cameras [59, 82] require markers worn on the body and/or
specialized hardware placed in the recording environment. Marker-
less techniques [6, 8, 20] are non-intrusive and do not interfere
with the subject or environment but require specific camera and
human body positioning. None of the mentioned techniques used
in vision-based approaches are portable and thus require a cam-
era to be in a fixed location during motion human capture. These
techniques are also affected by lighting conditions and obstructions
making them non-optimal for use in ubiquitous scenarios. Magneto
is unaffected by lighting conditions and obstructions making it
valuable in situations where vision-based methods fail.

Non-vision-based approaches attach various sensors to the hu-
man body to determine the orientation of selected body parts.
These sensors include but are not limited to: conductive textile
sensors [44, 73, 81], flexible conductive polymers [7, 61], ultrasonic
sensors [66], optical sensors [74, 77], liquid metal sensors [52, 54],
potentiometers [22], acoustic sensors [79], flex sensors [5, 80], wire-
less signals [2, 65]. The most widely used wearable sensor is the
inertial measurement unit (IMU) [12, 26, 33, 39, 76] as it is small,
inexpensive, and widely tested making it the state-of-the-art for
non-vision-based motion capture. While these qualities make these
sensors appropriate for ubiquitous scenarios, IMU motion capture
systems suffer from integration drift [25]. Common solutions to this
issue include interpreting information from other sensors like GPS
or WiFi signals to correct for this drift. Other solutions attempt to
incorporate information related to the task being performed to reset
the IMU’s reading at specific points [48]. While solutions [34, 78]
have been proposed to correct this drift, computation time and load
have been increased, and often rely on less accurate sensor mea-
surements or knowledge about specific application scenarios. In
certain situations IMUs are known to Magneto avoids the problem
of integration drift as our system does not accumulate a drift error.
We compare our system to IMUs and stretch sensors on the elbow
in Table 1. In this table, we compare the RMSE of Magneto with
the RMSE of an IMU and a stretch sensor.

Sensor Elbow Flexion/Extension
IMU [55] [13] 2.4°

Stretch Sensor [24] [41] 7.3°
Magneto 2.2°

Table 1: Sensor RMSE Comparison
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2.2 Magnetics Based Sensing
Recently, magnets have been used in combination with magne-
tometers to monitor body motion by calculating the position and
orientation of the object that the magnet resides on with respect to
the magnetometer. Specifically, researchers have developed wear-
able devices using magnets and magnetometers to measure joint
flexion and physical activity [31, 67]. Additionally, work has been
done to attach magnets to the hand to monitor hand movements,
postures and gestures [4, 15, 17, 28, 46, 51, 60]. Among all of these
systems, the magnetic field reading is used to calculate distance
and orientation. This requires the assumption that any change in
magnetic field reading is a change in the distances and orientation
between the magnetometer and the magnet. Because of this, outside
magnetic fields can cause errors in the distance and orientation
calculations. To solve this, the magnetometer can be calibrated
for a specific environment, but to apply in ubiquitous scenarios,
this calibration must be done every time the environment changes.
Magneto accounts for the influence of outside magnetic fields by
modulating the magnetic field of a wearable electromagnet.

Oscillation of electromagnetic fields has been used to dynami-
cally remove the influence of outside magnetic fields from magnetic
sensor readings in magnetic sensing scenarios [3, 9, 38, 63, 68]. Re-
searchers have since applied this to surgical tracking [27, 40, 47, 84],
virtual reality [35, 83], and HCI applications [18, 30, 51, 62]. Com-
mercially, Polhemus [64], Engineering Systems Technologies [23],
and NDI [56] have developed electromagnetic tracking systems in
which a magnetic field is emitted by a source and magnetic sensors
are attached to the tracked objects. Meskers et. al [53] used Flock
of Birds developed by EST [23], a six-degree-of-freedom electro-
magnetic tracking device to measure shoulder positions. But the
magnetic source requires a cable for power and is expected to re-
main in a fixed location limiting the environments in which they
can be used to lab spaces or requiring additional setup at each new
location. These systems also require multiple magnetic sensors to
be placed on the body to calculate body positions or calculate a
joint angle. They can fall victim to magnetic field distortion where
the magnetic field will warp towards a nearby metal object [57].
Researchers have lessened this distortion through calibrations and
additional algorithms [36, 85]. Magneto is a fully portable, wearable
device consisting of a single magnetic sensor and a single electro-
magnet that is not limited to a static location and can thus be used
for research outside of the lab. We designed our circuit for Magneto
with two goals in mind. First, the device should be small so that it
can be used in many different scenarios including as an on-body
wearable. Second, the device should be capable of creating a strong
and stable magnetic field so that it can be measured at a distance. To
accomplish these two goals we created the circuit shown in Figure
1 with the following components:

3 MAGNETO HARDWARE DESIGN
Electromagnet: We built our own electromagnet as commercially
available electromagnets were either too large to be comfortably
worn on the body or their signal was too weak and their range did
not suit our purposes. To build this electromagnet, we use the core of
a 3.5 cm ferrite RF choke [69] and 28 gauge magnet wire[70]. Ferrite
cores provide electromagnets with an increase in magnetic field

(a) Component Diagram (b) Circuit Diagram

Figure 1: Magneto Hardware Diagrams

strength, and our magnet wire has a very thin insulation coating
allowing us to wrap the wire around the RF choke more times

Co
re

Figure 2: Cross Section

in a smaller area. This makes our
electromagnet stronger while
preserving the small surface
area. To build our electromag-
net, we wound the magnet wire
around the RF choke for many
turns; a "turn" is defined as one
full wrap of magnet wire around
the core. Our resulting electro-
magnet shown in Figure 1b has
three layers where the first, sec-
ond, and third layers have 74,
72, and 70 turns, respectively. A
cross-section of the electromagnet is shown in Figure 2 to illustrate
the layers of the electromagnet but is not drawn with accurate
proportions. The resulting electromagnet has 216 total turns and a
measured resistance of 1.3 ohms. In Section 4, we explain how we
use these values to calculate the strength of our electromagnet.

Microcontroller and Bluetooth Chip: To control our circuit, we
chose the Bluno Beetle[10]. This device is currently the smallest
bluetooth enabled Arduino on the market. This allows us to save
space while providing all of the functionality that we need for our
circuit. It outputs five volts which is important for the strength
of the magnetic field of our electromagnet. This chip uses an AT-
mega328P processor and a CC2540 Bluetooth chip.

Figure 3: Battery Discharge
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Power Supply: Our electromagnet requires at least a 5-volt power
supply to create a magnetic field strong enough to be read by our
magnetometer. The Bluno Beetle requires 5 to 8 volts to function
properly. We used a 400mAh lithium-ion battery that only outputs
3.7 volts. To boost the 3.7 volts to 5 volts, we used a LiPower Boost
Converter [43]. This battery provides our system with approxi-
mately 8 hours of battery life before the voltage begins to drop off,
as shown in Figure 3.

Resistor: We tailored the resistance in our circuit to accomplish
two goals: protect the Bluno microcontroller and prevent battery
drain. We used a resistance of 3 ohms combined with our electro-
magnet at 1.3 ohms. This gives us a total of 4.3 ohms.

Transistor: We use an transistor as a switch in our circuit. Specif-
ically, we used an NPN transistor that functions as a gate by either
allowing current to pass or not pass. This facilitates our ability to
turn the electromagnet on and off at a specified rate while still
powering the electromagnet from the 5 volts. We could not use a
digital pin from the Bluno as these output 3.3 volts.

These components are connected via wires and solder as shown
in Figure 1. The device is then put into small and flexible fabric
pouch so that the wires are protected and the electromagnet’s signal
is not restricted. This allows for an unobstructed magnetic field
which provides for a high-quality reading as shown in the later
sections of this paper.

Magnetic Field Reader: We use a magnetic field reader to record
the magnetic field of our electromagnet. In this paper, we use a
Shimmer 3 Sensor which houses a magnetometer that we use as
our magnetic field reader. This sensor has a maximum sampling
rate of 256 Hz and a sensing range of ±49 gauss.

4 ELIMINATION OF ENVIRONMENTAL
INTERFERENCE

A problem with using a magnet and magnetometer combination as
a sensor is the susceptibility to outside magnetic fields[16]. These
magnetic fields include but are not limited to the magnetic field
of the earth [29], ferrous metal objects [42], and other magnetized
objects. These extraneous magnetic fields create a noisy signal that
can make it hard to distinguish the movement of a magnet from the
change in surrounding magnetic fields. To deal with this problem,
we propose a method to eliminate the surrounding environment’s
magnetic field from the reading of the magnet. First, we explain
our time cycle and cycling rate. Then, we discuss the method we
use to remove the magnetic field of the environment.

Our signal is characterized by two states: ON and OFF. When
the electromagnet is ON, we read the combination of the magnetic
field of the electromagnet and the magnetic field of the surrounding
environment. When the electromagnet is OFF, we only read the
magnetic field of the surrounding environment. These states are
shown in Figure 4. Next, we define a time cycle, 𝑡𝑐𝑦𝑐𝑙𝑒 , that is the
total time of a single ON state followed by a single OFF state, as
shown in Figure 4. The total time spent in the ON state equal to
the total time spent in the OFF state within each 𝑡𝑐𝑦𝑐𝑙𝑒 . Then, we
define the electromagnet’s cycling rate to be the number of 𝑡𝑐𝑦𝑐𝑙𝑒
per second.

Then for every ON and OFF state, there is a beginning and end.
To find these points, we calculate an average line as shown in

Figure 4: Average Calculation

Figure 4. This average consists of the data points in one time cycle.
These data points are consecutive and evenly surround our targeted
average value. Next, we mark each time the magnetometer reading
crosses the average. The crosses are shown in Figure 4. Then, we
label the point before the cross to be an end and the point after the
cross to be a beginning. If the point is less than the value of the
cross, we mark it as OFF. If the point is greater than the value of the
cross, we mark it as ON. Once, we have the beginning and end to
each ON and OFF state, we calculate the average to be our reading
for that state. This is shown in Figure 5.

Figure 5: Averages and Environmental Noise Removal

Then we proceed to eliminate the environmental reading from
our signal. To do this we take the average of the two OFF states
that surround an ON state and subtract that from the ON state. We
call this calculation𝑀 . It is shown in Figure 5. This is done for all
three axes: x, y, and z. In some cases, the magnetic field shows up
in only one or two of the axes. In these cases, we use the signal
where the on and off switches are visible to set the ON and OFF
starts and ends for the other axes.

4.1 Evaluation
We evaluate Magneto’s ability to remove the environmental mag-
netic field readings by testing the following dimensions: orientation,
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movement, magnetic field interference, and multiple environments.
For these experiments, we set the electromagnet’s cycling rate to
10Hz. We attached the electromagnet and the magnetometer to a
board with eight centimeters between them as this is within the
range of magnetic field of our electromagnet. This ensures that the
distance and orientation of the electromagnet and magnetometer
are constant with respect to each other, so any changes in readings
must come from the manipulation of the board. So, any reading
that the magnetometer picks up should be filtered out by our envi-
ronmental elimination algorithm.

Figure 6: Orientation Experiment

Orientation Experiment: Each direction a magnetometer faces
causes a different reading due to the magnetometer reading the
earth’s static but directional magnetic field. To test this dimension,
we placed the board containing the electromagnet and magnetome-
ter on an office chair. Then, we spun the office chair 360°. A single
spin takes about five seconds to complete, and we stop the chair
between spins. We repeated this experiment five times, and the
results are shown in Figure 6. In this figure, 𝑥 , 𝑦, and 𝑧 are the raw
sensor readings from the magnetometer, while 𝑀𝑥 , 𝑀𝑦 , and 𝑀𝑧

have had the environment removed as described in the previous
section. As seen in this figure, the magnetometer senses the spin of
the chair. Since the electromagnet is not moving in respect to the
magnetometer, we do not expect to see a variance in the readings
of 𝑀𝑥 , 𝑀𝑦 , and 𝑀𝑧 . These readings are all shown to be relatively
flat in Figure 6. This confirms that we can effectively remove the
spin read by the magnetometer. In this figure, we also see that the
on and off of the electromagnet is not always seen in all three axes
of the magnetometer. This is due to the fact that magnetic fields
are vectors that are broken down into three components along the
axes.

Movement Experiment: First, we tested how our sensor would
react if it was facing different directions in a single environment.
Next, it is important to move the sensor around in an environment.
In this experiment, we vary the vertical and horizontal locations of
the magnet in an environment. We also vary the speed at which
we move through the environment. To test this dimension, we took
our sensor attached to the board on a walk outside. The path we
took is shown in Figure 7. We did this twice: once counterclockwise

Figure 7: Walking Path

and once clockwise. Overall, it took approximately 25 minutes to
complete both loops. On this walk, we completed several tasks: fast
walk, slow walk, fast turn, slow turn, elevator, and stairs. We tested
horizontal location and varying speeds with the fast walk, slow
walk, fast turn, and slow turn. The fast walk averaged 5.6 miles
per hour and the slow walk averaged 3.4 miles per hour. We define
a fast turn to be a sharp turn lasting approximately two seconds
while the slow turn was more gradual and occurred over nearly
20 seconds. We varied vertical locations and speeds by walking
upstairs and riding in an elevator.

Figure 8: Fast Turn

Out of all of these tasks, we only observed a change in our
Magneto reading during a fast turn. During these turns, we saw a
slope in the reading of on and off state of the time cycle as shown in
Figure 8. In the following sections, we see that increasing the cycling
rate solves this problem.Whenmore samples are collected, the slope
through the on and off states diminishes so the reading can be more
accurate. We also saw that the periodic motions associated with
walking were removed since they did not cause a motion between
our electromagnet and magnetometer. In all of the other tasks, we
saw no change in our Magneto reading once the environment was
removed.

Magnetic Interference Experiment:Magnetic interference is a com-
mon problem that affects magnetometers. This interference causes
the readings of the magnetometer to be inconsistent and inaccurate.
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Most interference is caused by iron present in the surrounding en-
vironment as it is a metal that can be magnetized. This interference
can range from small static magnetic fields to distortions in the
Earth’s magnetic field. These distortions can warp the magnetic
field in that area. This means that as amagnetometer moves through
this field, we read changes with our magnetometer. Because of this,
the distortion cannot be removed with a single calibration.

Figure 9: Magnetic Interference Experiment

To test the removal of these distortions, we introduce a strong
outside magnetic field to our sensor: a stack of neodymiummagnets.
Neodymiummagnets[37] are the strongest permanent magnets and
are made from rare earth elements. We start these magnets 30 cm
away from themagnetometer.We thenmove thesemagnets towards
the magnetometer. The magnetometer reading is much larger than
in the previous experiment due to the neodymium magnets. Inside
of 5 cm, the magnetometer saturates, and it outputs error values.
Even with the stronger magnetic field, we still see the on and off
cycle of our electromagnet. This allows us to remove the reading
of this magnet. We show this by the 𝑀𝑥 , 𝑀𝑦 , and 𝑀𝑧 readings in
Figure 9. These readings are comparable to what we see when there
are not strong magnetic interferences. This shows that our device
continues to function for its intended purpose even in the presence
of strong and varied electromagnetic fields.

Multiple Environments: To ensure that our sensor could work in
multiple types of environments, in the experiments above, we chose
different locations. The orientation experiment was completed in
our research lab. Our lab is next to the geology lab which produces
a strong and static magnetic field. Our magnetometer reads the di-
rection of the lab as North when it is in fact Southeast. There is also
a higher reading in our lab than what is expected from the Earth’s
magnetic field. We completed our movement experiment outside,
in the elevator, and in the stairwell and the Magnetic Interference
experiment inside of a gymnasium. The gymnasium provides a
large amount of environmental interference as many of the objects
contained in a gym are made from ferrous materials. For example,
many free weights are made from iron. These environments as
well as their Gauss readings are shown in Figure 10. We noticed no
difference in the final reading among all of the environments even
though each environment had a different static magnetic field.

(a) Outside (b) Lab (c) Gymnasium

(d) Hallway (e) Stairwell (f) Elevator

Figure 10: Environments Tested

Cycling Rate: In the experiments above, we used a cycling rate of
10 Hz. This is due to the fact that it is very clear to see the ON and
OFF states with the human eye when we graphed our readings. To
use our device in high-speed dynamic movements we must increase
the cycling rate to get a clean reading on the movement. We tested
the following cycling rates: 10 Hz, 20 Hz, 30 Hz, 40 Hz, 50 Hz, 100 Hz.
We only tested up to 100 Hz as we are limited by our magnetometer
sampling rate of 220 Hz. To understand if there is a degradation in
the quality of our reading we did two studies. First, we compared
the calculation of the means of the On and Off states using different
cycling rates. Second, we looked at standard deviation in the raw
signal in the On and Off states using different cycling rates.

Cycling Rate Mean Std Dev
10 Hz 0.0000 0.0121
20 Hz 0.0056 0.0157
30 HZ 0.0081 0.0183
40 HZ 0.0109 0.0211
50 HZ 0.0149 0.0372
100 HZ 0.0167 0.0533

Table 2: Cycling Rate Analysis

To compare the calculation of the means of the On and Off states
using different cycling rates, we recorded 100 time cycles at 10 Hz.
We then calculated the means of the ON and OFF periods using
the number of expected data points in faster cycling rates. Then,
we calculated the difference from the original mean. We show the
average of the differences in the mean for all 100 time cycles in
Table 2. As you can see, there is a small but steady degradation in
the signal as the cycling rate increases. Next, we ensured that a
faster cycling rate did not affect the edges of the On and Off states.
To do this, we calculated the standard deviation in the raw signal in
the On and Off states using different cycling rates. We recorded 100
cycles at each cycling rate. We show the results of this in Table, 2.
We saw that the standard deviation steadily increased as the cycling
rate increased. With further analysis into this data, we saw spikes
at the beginning of the On and Off states. We discuss techniques to
remove these spikes and to further increase the cycling rates in the
Future Work Section.
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Figure 11: Magneto Sensing Range

Magneto Sensing Range:For many of the experiments above, we
fixed the distance between the electromagnet and magnetometer
to be eight centimeters. This was due to the fact that there was a
strong, easy to recognize signal at this distance. We further explore
the sensing range of our device by measuring the strength of the
signal as it moves away from the magnetic field sensor. Given
a more sensitive magnetic field sensor, a more accurate reading
at further distances can be gathered. We show the results of our
distance experiment in Figure 11. We start at ten centimeters away
from the device because, in the previous experiments, we tested
and validated eight centimeters away. Because a magnetic field is
not uniform, the sensor reading depends on the orientation of the
magnet. We show two orientations of the magnet in our figure. The
first orientation maximizes the strength of the magnetic field and
the second orientation minimizes it. This figure presents the entire
range of magnetic field strengths for a given distance.

5 LOCALIZATION OF THE ELECTROMAGNET
For any reading recorded by the magnetometer, there is a set of
location and orientation pairs for the electromagnet. To calculate
these, we first discuss the relationship between the reading and the
orientation. Then, we explain how to calculate a single location
and orientation pair. Finally, we discuss the entirety of the set of
location and orientation pairs for the electromagnet.

5.1 Magnetic Field
Magnets are described as dipoles, with one end of a magnet being
a north pole and the other being a south pole. The opposite poles
attract one another, and identical poles repel each other. Electro-
magnets are magnets with adjustable strength that can be turned
on and off. A two-dimensional representation of the magnetic field
surrounding our magnet is shown by the dotted blue lines in Figure
12. The three-dimensional representation would show this same
magnetic field rotated around the magnet. This means that rotating
the magnet would not change the magnetic field reading.

Magnetic fields around a magnet can be modeled given a mag-
net’s strength with the assumption that a magnet is a perfect dipole.
For any location around a magnet, we read a magnetic field (𝐵) that
reflects the distance (𝑟 ) and angle (\𝑁 ) from the north pole of the
magnet. We show this in Figure 12. Since magnetic fields depend
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Figure 12: Magnetic Field from the Perspective of the Mag-
net

heavily on the angle \𝑁 , we use polar coordinates to describe the
magnetic field reading. We represent the direction from the mag-
net to the reader as 𝑟 and the direction perpendicular to that as \̂
[21]. So, given a distance (𝑟 ) and angle (\𝑁 ), we can calculate the
magnetic field (𝐵) at the location (𝑟, \𝑁 ). `0 |𝑚 |

4𝜋 is a constant that
depends on the materials and construction of the electromagnet.
We can represent this with the following polar equation:

𝐵(𝑟, \𝑁 ) = `0 |𝑚 |
4𝜋𝑟3

(
2 cos\𝑁 𝑟 + sin\𝑁 \̂

)
(1)

The description of the variables used in Equation 1 are shown in
the following Table:

Variable Definition
𝐵 Magnetic field strength at the center of the core in Teslas
𝑟 Distance from the reader to the magnet
\𝑁 Angle of the north of the magnet
`0 Constant of magnetic permeability of free space: 4𝜋 ∗ 10−7
|𝑚 | Magnetic moment: current * area of loop * number of turns
𝑟 Direction from the magnet to the reader
\̂ Direction perpendicular to 𝑟

Table 3: Equation 1 Variable Definitions

For our purposes, we are given a magnetic field reading and want
to calculate the distance (𝑟 ) and orientation (\𝑁 ) of the magnet. We
explain these calculations with the aid of Figure 13. First, we put
the reader at the origin of the coordinate system of the reader. The
reader reads a vector, 𝐵. Given this reading, we can calculate \𝐵
which is the angle between vector B and the x axis. Then we assume
the electromagnet is somewhere on a line that goes through the
origin. This is represented by line 𝐿 in Figure 13. \𝑟 is the angle
between line 𝐿 and vector B which can be calculated by finding
the angle between two vectors. Since we know that \𝑟 is the angle
between 𝐵 and 𝑟 in Figure 12, we can calculate the direction of the
electromagnet’s north with the following equation:

\𝑁 = 𝑎𝑟𝑐𝑡𝑎𝑛(2𝑡𝑎𝑛\𝑟 ) (2)
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Figure 13: Magnet Position from the Perspective of the
Reader

\𝑁 is the north for a magnet located anywhere on line 𝑙 . Now
that we know \𝑁 , we calculate the electromagnet’s north with
respect to the x axis. This is represented by \𝑋 , where

\𝑋 = \𝑁 + \𝑟 + \𝐵 (3)
Then, we calculate the distance(𝑟 ), via a derivation of Equation

1:

𝑟 =
3

√
`0 |𝑚 |
4𝜋 |𝐵 | (4𝑐𝑜𝑠

2\𝑁 + 𝑠𝑖𝑛2\𝑁 )
1
2 (4)

Figure 14: Ellipsoid of Location and Orientation Pairs

This gives us the distance away from the origin on line 𝐿 where
themagnet is located. So, ourmagnet can be located in two locations

denoted by the points on line 𝐿 as shown in Figure 13. Then we
repeat this for every possible line through the origin. This gives us a
set of location and orientation pairs around the reader in the shape
of an ellipsoid as shown in Figure 14. In this example, we show
the ellipsoid given by the magnetic field pointed in the positive x
direction on the same coordinate system as the reader. We discuss
how to use this in the Application Scenarios Section.

5.2 Evaluation
We calculated two variables to localize our electromagnet with
respect to a magnetometer: distance and orientation. We evaluate
the accuracy of the calculation of these variables. We set up our
experiment with the magnet and the magnetometer in a grid, as
shown in Figure 15. We left the electromagnet in a single location
since the Shimmer Sensor is easier to move since it is housed in a
case. This setup is in the same pattern as Figure 12 where the reader
moves around the electromagnet. To perform this experiment, we
created a grid in 5 cm by 5 cm blocks as shown in Figure 15. The
distance measurements are offset in the x axis by a half centimeter
as the magnetometer location in the Shimmer Sensor is not directly
in the center of the device. We move the Shimmer Sensor to the
center of each box for 30 seconds. We also record the ground truth
values for our distance and orientation for that reading. These
ground truth values are shown in each box in Figure 15. We do not
test the other three quadrants around the magnet in this experiment
as the distance calculations reflect over the x and y axis and the
angles reflect over the x.

Figure 15: Experimental Setup

In this experiment, we process the data by removing the en-
vironment and then calculating the distance and orientation. As
before, this gives us a set of data points in the shape of an ellipsoid.
When we compare our calculated distance and orientation to our
actual values, we assume we know the line 𝐿 that the magnet is
on. This comparison provides allows us to evaluate the accuracy
of the set of distance and orientation pairs in the ellipsoid. Due to
the limitations of our sensor, if we do not know how the electro-
magnet and reader move in relation to each other, then we do not
know the actual location of the sensor. But for these instances, we
do have a range of distances for which the electromagnet can be

8
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(a) Orientation Results (b) Distance Results

Figure 16: Distance and Orientation Results

located. First, we evaluated the calculation of the orientation of the
electromagnet. Overall, we have an average error per orientation
calculation of 3.43° with a standard deviation of 3.28°. We further
evaluate this with the use of Figure 16a. The orientations with the
biggest difference in calculated value are the positions at which
the magnetometer is the furthest away from the electromagnet.
Second, we examined the distance between the electromagnet and
the reader. We calculated the relative error of the distance to be
2.34% with a standard deviation of 2.03%. As we can see in Fig-
ure16b, the distance calculations are more accurate the closer the
magnetometer is to the magnet. This means that the stronger our
electromagnet, the more accurate our distance and orientation cal-
culations will be at a distance. We discuss ways to increase the
strength of our electromagnet in the Future Work Section.

6 APPLICATION SCENARIOS
Magneto can be used in many different application scenarios. It can
also be used alongside other sensors to improve its performance. For
example, IMUs are subject to drift whichworsens the longer they are
used. The IMU can be paired with Magneto to validate its readings
to improve long-term performance by identifying when drift occurs.
The magnetometer in the IMU can even be used by Magneto for
data collection, thus only requiring an additional electromagnet.
The key metrics that we compute are distance and orientation of
the magnet, but to fully localize the magnet, we must know how the
magnet and reader move in respect to one another. This setup lends
itself to body motion application scenarios as we can set up our
magnet and magnetometer equidistant from a joint. Then, because
we know the biomechanics of the joint, we can calculate the exact
localization of the magnet. This allows us to monitor, joint angles,
speed of motion, and even gestures.

In situationswhere there is not a central joint, we can still localize
the magnet if there is a restricted range of motion between the
magnet and the reader. For example, over the lifetime of a spring,
it stretches out until it is no longer useful. Magneto can be used
to determine the length of the spring as its length would change
over time. This would also hold true for strain sensors since in
general, these sensors stretch out. Magneto could be used to sense
the distance changed as the item wears out. Something of note is

that while our magnet or reader would need to be on the device,
nothing would need to physically connect them. So there would be
free space so the Magneto would not interfere with mechanisms of
the device being measured.

Magneto can be used for position sensing and object tracking.
Without knowledge of the relationship between the magnet and the
magnetometer, a general position of the magnet can be derived, but
it is limit the distance to a specific range from the magnetometer. If
we know the relationship between the two devices, for example, if
the magnet is always facing the magnetometer, the exact position
can be derived with accuracy. This could be useful in situations
such as tracking an object being manipulated in a person’s hand.

To demonstrate how Magneto can be used in application scenar-
ios, we conducted a pilot study: elbow flexion angle calculation. We
describe our user study, process to calculate elbow flexion angles,
and evaluate our calculation of the elbow flexion angles in a user
study with thirteen participants.

6.1 Elbow Flexion Angle Pilot Study

Figure 17: Elbow Study Setup

We evaluated Magneto
in an on-body scenario:
elbow flexion angles. In
this scenario, we calcu-
lated elbow flexion an-
gles from the distance
between the electromag-
net and the magnetome-
ter. First, we describe the
equipment that we use.
Second, we detail the pa-
rameters of our study and
the demographics of our
participants. Then, we ex-
plain the process used
to calculate elbow flex-
ion angles from a magne-
tometer reading. Finally,
we evaluate our elbow an-
gle calculation results.
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Equipment: To perform our IRB approved user study, we collected
data on participants’ elbow flexion angles. We collected magne-
tometer data that was influenced by our electromagnet’s signal and
ground truth angles. We used a Shimmer Sensor [14] magnetometer
in conjunction with their data collection application to record data.
This application was run on a Google Pixel 3 smartphone connected
to the Shimmer Sensor via Bluetooth. We used a Medigauge digital
goniometer [1], which is commonly used to measure joint angles
and is accurate to the nearest 0.5°, to measure our ground truth
angles. We marked the angles on a poster board to simplify the
data recording process as shown in Figure 17. This means that our
participants only needed to touch the line on the board for each
angle instead of measuring each angle individually.

Figure 18: Elbow Angle Calculation

Parameters: When a participant arrived, we asked them to fill
out a questionnaire. In this questionnaire, we asked for the fol-
lowing statistics: age, gender, height, weight, and any details of
past elbow injuries or surgeries. Then we asked the participants
to put on an elbow sleeve that contains our device and a Shimmer
Sensor as shown in Figure 18. We positioned the sleeve so that the
electromagnet is five centimeters below the elbow crease and the
Shimmer Sensor is five centimeters above. The magnet is positioned
lengthwise on the arm and the north is pointing towards the hand.
Then, we positioned the participant in front of the poster board
with marked angles as shown in Figure 17. We asked the participant
to touch each of the marks with the outside of their hand for five
seconds. They repeated this five times on that arm and then did the
same on the other arm. The normal range of motion for an elbow is
0° at full extension and 130° at full flexion [32]. We measured angles
at 15° increments within the normal range of motion.

Demographics: In this study, we had seven female and six male
participants for a total of 13 participants. On average, the partici-
pants were 22.5 years of age with an age range of 18 to 33 years.
All participants were in the range of normal for their body mass
index (BMI). Everyone who participated in the study was free of
elbow surgeries or recent injuries.

Elbow Angle Calculation: Next, we processed the data to calculate
an elbow angle, \ . We started with raw magnetometer values and
removed the environmental signal by using the method in Subsec-
tion 4 as shown in Figure 20. Then, we averaged the data for the
five seconds that the participants held each elbow angle so that
we had one reading per angle. Next, we calculated the ellipsoid
of distance and orientation pairs between the electromagnet and

Figure 19: Elbow Biomechanics

the magnetometer by using the approach outlined in Section 5. To
reduce the possible outcomes we leverage the biomechanics of the
elbow. We limited the elbow to a single degree of motion. This
means that the elbow moves within a single plane. So we show the
single plane from the ellipsoid in Figure 19 as the blue arc with
arrows. As the elbow bends, the electromagnet moves through the
distance and orientation pairs shown by the red arc and arrows in
Figure 19. In this Figure, the arrows represent the orientation of
the north of the electromagnet and the arcs represent the strength
of the magnetic field at that location. To calculate the exact orienta-
tion and direction of the magnet, we look to see where the red and
blue arcs and arrows are identical. This gives us the location of the
magnet. In our figure, this is shown by the purple arrow coming
from the magnet.

Figure 20: Environment-less Elbow Flexion Angles

Next, we calculated the distance from the magnet to the magne-
tometer in the method that we described in Section 5. From this
distance, we calculated the elbow angle using the law of cosines on
a triangle. We know the distance between the magnetometer and
the elbow crease; and the electromagnet and the elbow crease as
we set these to five centimeters on each side of the elbow crease.
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Since we know all three sides of the triangle, we can calculate angle
theta.

Figure 21: Angle Calculation Results

Results: We evaluated our elbow angle calculations on the 650
angles that we collected in our user study. Overall, we observed
a 93.82% accuracy when classifying elbows to the nearest 15° and
an average error of 2.52°. We show our results in Figure21. In this
figure, we see that our angle calculations are much more accurate
at the higher angles and that the first three angles have a much
lower accuracy. To understand why, we look to Figure 20 and see
that there is not much difference in the readings for angle 0°, 15°,
and 30°. This is due to the fact that biomechanically there is more
change in the distance in the larger angles. If we remove these three
angles from our overall accuracy, we see a 97.07% accuracy and an
average error of 1.95°.

7 DISCUSSION AND FUTUREWORK
Many things can be explored in future work. New algorithms can
be examined for the elimination of the environment as well as
for localizing the electromagnet. In this section, we focus on the
ways that we can expand the sensing capabilities of our current
electromagnet. First, we discuss applying Magneto to other joints.
Next, we discuss how the strength of the electromagnet can be
increased so that we can expand the working area of our device.
Third, we discuss methods that can be used to increase the cycling
rate. Lastly, we examined howwe could usemultiple electromagnets
with a single magnetometer.

Magneto On the Shoulder: In the future, we plan to expand Mag-
neto to additional joints on the body. We started this process by
running preliminary tests on the shoulder. The shoulder is a much
more complex joint when compared with the elbow, and the physi-
ological complexion of the shoulder varies much more from person
to person. Due to this complexity, the magnet and magnetometer
must be placed further from one another, reducing the accuracy
of the readings. In order to compensate for this, we increased the
strength of the magnetic field. The shoulder angles were measured
in three degrees of freedom: vertical motion of the arm, horizontal
motion of the arm, and rotation of the arm (yaw, pitch, and roll
respectively). With those constraints, we collected shoulder angles

on 16 users by placing the magnetometer on at the base of the
trapezius and placing the magnet below the deltoid.

We modeled the predicted shoulder angle in each of the three
degree of freedom using a neural network with three hidden layers.
The shoulder angles had an average RMSE of 10° for yaw, 6° for
pitch, and 5° for roll when modeling the shoulder angle on single
users. When modeling on multiple users, and leaving one user out
for testing, yaw had an average RMSE of 52°, pitch had an average
RMSE 25°, and roll had an average RMSE of 30°. While testing on
multiple users does not yet surpass the accuracy of IMU’s, it shows
promise for a future implementation of Magneto. In its current
state, Magneto is user-specific on the shoulder due to errors caused
by soft tissue differences from person to person. For example, let
person A be 250 pounds, and person B 130 lbs and let the deltoid
muscle be larger on person A. In this case, due to the way the
magnet is placed, it will sit at a slightly different angle relative
to the magnetometer leading to different readings from the same
shoulder position, causing modeling errors.

In future work, the magnet placement should be fixed with re-
spect to the magnetometer rather than being placed independently
based on physiological structures. This will reduce the impact that
differences in physiology have on Magneto’s reading. In addition
to the shoulder, other human joints can be modeled with Mag-
neto. Furthermore, Magneto can be tested on nonhuman and even
mechanical joints that have three degrees of freedom to show its
promise as a sensor for joints with up to 3 degrees of freedom. This
will address the complication caused by the variation in soft tissue
from user to user.

Elbow Flexion Angle Analysis: In the elbow flexion angle experi-
ment, we calculated the elbow angle based on the distance calcu-
lated from the magnetic field reading between the electromagnet
and the magnetometer. We did not calculate the angle between
the magnetometer and magnet directly from the magnetic field.
We do believe it is possible and would allow for the calculation of
elbow flexion angles without the need for the distance from the
electromagnet to the joint and the magnetometer to the joint. We
leave this up to future work to explore.

Increasing the Strength of the Electromagnet: We created our elec-
tromagnet in our lab using a choke and magnet wire. Our magnet
has a working range of up to approximately 15 cm away from our
magnetometer. While this worked for our applications, it would be
helpful to have a stronger magnet with a larger range. Techniques
to increase an electromagnet’s strength are increasing the voltage
or changing the materials the magnet is created with. Increasing
the voltages comes with a trade-off, as Magneto would then have
a higher energy consumption. This would require larger batteries
and a different microcontroller potentially increasing the size of
our wearable device. Changing the materials that the magnet is
created with, on the other hand, will allow us to create a stronger
magnetic field given the same current.

When the strength of the electromagnet is increased it becomes
susceptible to oversaturation of the core. We experienced this when
working with much higher voltage batteries, up to 24 volts. This
causes a peak in the beginning of each ON and OFF state. This
would need to be accounted for. A better core could also prevent
oversaturation. A strongermagnet could saturate themagnetometer
causing error values to be given. We observed oversaturation of
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the electromagnet and the magnetometer. While these factors can
be accounted for, we did not address them in this work and leave it
for future work.

Increasing the Cycling Rate: To apply Magneto to fast-paced mo-
tions, such as those present in athletic movements, a faster cycling
rate is required. In this work, we were limited by our magnetome-
ter’s sampling rate of 256 Hz. This restricted us to a cycling rate
of up to 100Hz when working with our electromagnet. While we
can run our sensor with a higher cycling rate, this will need to
be tested with a different magnetometer to observe the quality of
the signal. To increase the electromagnet’s cycling rate, there are
alternate methods to cycle the electromagnet. In this paper, we
cycled the electromagnets through on and off. Another potential
method that could be used is flipping the polarity of the electro-
magnet, i.e., switching the North and South poles of the magnet.
Flipping the polarity of the electromagnet causes it to demagnetize
at a faster rate than turning it off. This is a method has the potential
to dramatically increase the cycling rate.

Multiple Electromagnets: Electromagnets of different strengths
and frequencies can be investigated. This should provide the abil-
ity to record data from multiple electromagnets using only one
magnetometer. This will allow for the sensing of multiple joints
at once. For example, we could sense the motion of the shoulder
and the elbow simultaneously with a strong enough electromagnet.
Multiple electromagnets could even be used to sense parts of the
body with many small joints such as the hands and fingers.

8 CONCLUSION
In this work, we presented Magneto, a sensing system for joint
angle analysis. Magneto uses the combination of an electromag-
net and magnetometer to remove environmental interference from
magnetic field readings in a dynamically changing environment.
Given this purified reading, we localized the electromagnet with
respect to the magnetic field reader which allowed us to apply Mag-
neto in a pilot study: elbow angle calculation where we calculated
elbow angles to the nearest 15° with 93.8% accuracy.
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