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Engaging Office Environment: 3D Desk Surface

3
MagDesk: Interactive Tabletop Workspace Based on Passive Magnetic Tracking
UbiComp2024, KunpengHuang, YashaIravantchi, DongyaoChen, and Alanson Sample



Toothbrushing and Silent Communication
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3D-printed
holder

MEMS 
magnetometers Tooth brush monitoring Silent speech in crowd

Transform everyday objects with magnets

Tooth brush Tooth brace

MagXcan be mounted as earables Interactive applications
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Magnetic Tracking for Motion Capture

Motion capture (mocap) systems

ÅCrucial for applications such as sports analytics and healthcare 

ÅMillimeter-level accuracy relies on million-dollar devices



Distal 
segment

Proximal 
segment

A
B

To derive ᷁ C, with trigonometry, 
we can measure the lengths of 
edges AC, BC, and AB

With magnetic tracking, we can 
measure the length of AB

Challenges:
Å Locating the position of C
Å Measuring AC and BC reliably

CO1

O2

Can we measure the joint angle 
without locating the center? 

Key Challenges
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Wrist band

with adjustable 

elastic band

Ring

magnet diameter 

15 mm

Ring (light)

magnet diameter 

8 mm

US dime

MagTrac Sensor array Micro control unit 500 mAh battery

Too Bulky?Reducing the Sensor Size

Chen D, Luo Q, Chen X, Wang X, Zhou C. MagDot: Drift-free, Wearable Joint Angle Tracking at Low Cost. 
UbiComp2024

O1A

Knee

Shoulder



Evaluation Settings

XSens

MagDot

Placements

A B C

D E F G H I J

9 Qualisys ArqusA12 cameras
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Evaluation: 1D joint movement

MagDotcan achieve 
tracking accuracy of 
2.72, 4.14, and 4.61
degrees for elbow, 
knee, and shoulder, 
respectively. 
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XSens
IMU

Evaluation: MagDotis Drift-free Compared 
with IMU (i.e., gyroscope + accelerometer)

More intense 
activities aggravate 
the drifting error of 
IMU-based methods!
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Testing Our System on Basketball Players
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Neodymium passive magnets
The magnetic field is constant, durable

It is passive

Low cost



METRO
Jike Wang, Shanmu Wang, Yasha Iravantchi, Mingke Wang, Alanson 
Sample, Kang G. Shin, Xinbing Wang, Chenghu Zhou, Dongyao Chen

Magnetic Road Markings for All -weather, Smart Roads

ACM SenSys 2023, Nov.14



Road surface markings are safety-critical traffic infrastructure

Road markings in 1917

Background and Motivation

Road marking detection



The poor visibility of road markings is the major hurdle for driving 
safety and efficiency

Adverse weather conditions Wear and tear

Snow Rain Fog



Current Paradigm is Limiting

Down-pointing arrowReflective road marking Raised pavement marker

These markers only convey limited information and may still be 
occludedby adverse conditions



Occlusion-free Solutions

ÅMagnetic sensing

ImpinjR420 RFID reader

Millimeter-wave radar

NFC-enabled payment

ÅRadio frequency identification (RFID)

ÅMillimeter wave

ÅNear-field communication (NFC)

Magnetic field

ÅHigh cost (>$1,000)

ÅMulti-path effect

ÅObstacleocclusion

ÅMulti-path effect

ÅShort range (<10 cm) and low speed (<1 m/s)

ÅRobust, cost-effective and highly accurate



Lane 
marker

άwŜǾŜǊǎŜ ¢ǳǊƴ !ƘŜŀŘΗέ

Our Solution: METRO

ÅA novel all-weatherroad marking infrastructure utilizing passive magnets
and an automotive-grade magnetic sensing framework

On-road magnetic dots {ŜƴǎƻǊ ŀǊǊŀȅ ŀǘǘŀŎƘŜŘ ƛƴ ŎŀǊΩǎ ōǳƳǇŜǊ



The Overview

Encoding with 
magnets

Deploying the 
tag

MI
Signal

Decoding the 
message

Extracting sensor 
data

Road markings

Detecting the 
tag

Magnetic Tag Design Module

Magnetic Sensing Module

Bike

lane

6m

Solid
line

Speed  
limit

1m
1m

HOV

marking

1m



Challenges for Designing METRO

Three key challenges:

2. How to achieve robust sensing in harsh on-road scenarios?
ÅVarying speed/headings
ÅReal-world disturbances

3. How to deploy METRO in real-word road environments?
ÅHigh durability
ÅLow cost

1. How to encode diverse road information with passive magnets?
ÅHigh encoding capacity



Encoding Scheme of METRO

ÅTwo types of road surface markings[1]

Longitudinal markings (e.g., lane lines) Transverse markings (e.g., arrow markings)

[1] Federal Highway Administration. 2022. Manual on uniform traffic control devices. https://mutcd.fhwa.dot.gov/. (2022).



Encoding Longitudinal Markings

ÅN/S polarity for the upside
ÅSolid line: ϑάbέΣ фл°}

Å5ŀǎƘŜŘ ƭƛƴŜΥ ϑά{έΣ фл°}

Longitudinal markings encode by METROLongitudinal markings (e.g., lane lines)

( N , 90)

( S , 90)

N
SGround

90° polarity



Encoding Transverse Markings

ÅN/S polarity for the forward

Transverse marking encoded with polarityTransverse markings (e.g., arrow markings)

Mag M
( N , 0) 

( S , 0)Χ

N SGround

0° polarity
Mag 2

Mag 1



How to Encode Diverse Transverse Markings?

200types

2 types



Introducing: Inter-magnet Distance

ÅMETRO introduces distance ratio (i.e., ratio of inter-magnet distance)

¢ǊŀƴǎǾŜǊǎŜ ƳŀǊƪƛƴƎ ŘŜƴƻǘŜŘ ŀǎ ϑά{b{έΣ л°, M, L, Segd, d2/d1}

Mag M

Segd

L

( N , 0) 

( S , 0) 

Candidate position
Χ

N SGround

0° polarityMag 2

Mag 1

d1

d2

Only use the N/S polarity

Mag M

Χ

Mag 2

Mag 1

d1

d2



Exemplary Transverse Markings

2m/2m=1 3m/1m=3 1m/3m=1/3Distance ratio:

ÅGiven M=3, L=4 m, Segd=1 m, METRO can encode 24unique messages 

1m

4m

Mag 1

Mag 2

Mag 3

Polarity: SNS SNS SNS

Tag 1 Tag 2 Tag 3



Encoding Capacity Analysis

ÅEncoding capacity

ÅWith M = 3, L = 4 m and Segd = 0.1 m, METRO 
can reliably encode 248unique messages

ὅ ς ẗ
ὒȾὛὩὫ ρ
ὓ ς

Segd

L

Χ
Mag M

Mag 2

Mag 1



How to Achieve Robust Magnetic Sensing?

ÅMETRO needs to tackle unique challenges to facilitate the harsh 
on-road scenarios

High speed (e.g., >50 mph) Rough pavementsAdverse weather 

We propose an automotive-grademagnetic sensing framework that 
constitutes novel hardware and software designs



Hardware Design

ÅModular design for the magnetic sensor array
ÅA Teensy 4.1 MCU

Å12 MLX90393 magnetometers

ÅHardware cost: < $85

ÅThe sampling rate: >350 Hz

On a smart electric car

On a Tesla Model Y



Sensing Algorithm

ÅDerivative-basedpeak detection algorithm

wŀǿ ǇŜŀƪ ǎƛƎƴŀƭ ǿƛǘƘ άbέ ǇƻƭŀǊƛǘȅFirst derivative signal

ÅThree key steps, total time delay <25 ms
ÅPreprocessing, derivation, peak/valley detection



Integrated Noise Cancellation

ÅEnvironmental disturbances can be eliminated by the derivative-based 
sensing algorithm
ÅOn-road infrastructures

ÅSurrounding vehicles

On-road infrastructures Surrounding vehicles 

Transverse tag

Longitudinal tag

Speed bump Concrete Cast iron Combination



Integrated Noise Cancellation (Cont.)

ÅDynamic noises from the ego car
ÅObservation: the wheel rotation incurs severe periodic magnetic noise

ÅIssue 1: the magnetic field varies with different vehicles and road conditions

ÅIssue 2: The frequency of the noise varies with the speed

W/ the wheel noise

28.8%
Accuracy

Magnet



Integrated Noise Cancellation (Cont.)

ÅSolution: LMS-based adaptive magnetic field neutralization (AMN)

Adaptive filter with Least Mean Square

Front 
Sensor

LMS Algorithm

Input Signal

sfront

Output Signal

sout

Desired Signal

nref

Adaptive Filter

+

-
Error Signal

serr

Reference 
Sensor

Reference  
sensor



Integrated Noise Cancellation (Cont.)

Filtered by AMNW/ the wheel noise

96.7%
Accuracy with AMN

AMN Filter



Evaluation: Vehicle Speed 

ÅSpeed: 15-55mph (24-88km/h)
Å¢Ŝǎǘ ǘŀƎǎΥ ǘŀƎ ϑάbέΣ фл°} and tag ϑάbbbέΣ л°, 3, 4m, 1m, 3/1} 

ÅResults
ÅThe accuracy of detecting 90° and 0° magnets exceeded 93%and 90%at > 50 mph

ÅOverall detecting accuracy over 97%

Accuracy w/ different polarities Distance ratio result



Evaluation: Ground Clearance

ÅMeasure the ground clearance of four different vehicle types

ÅGround clearance: 15-35 cm

Ground clearances of different cars



Evaluation: Ground Clearance (Cont.)

ÅResults
ÅEven at 30 cm, the performance of 90° and 0° magnets are 93%and 87%

ÅThe overall accuracy exceeded 97%within a ground clearance of 30 cm

Accuracy w/ different polarities Distance ratio result



How to Deploy METRO in Real-world Roads? 

Achieve a highly durable and cost-effectivedeployment for
Åa9¢whΩǎ ǎŜƴǎƻǊ ŀǊǊŀȅ

Åa9¢whΩǎ ƳŀƎƴŜǘƛŎ ǘŀƎ



5ŜǇƭƻȅŀōƛƭƛǘȅ ƻŦ a9¢whΩǎ {ŜƴǎƻǊ !ǊǊŀȅ

ÅProtect the sensor array with a PVC shell

ÅInstalled the sensor array under the front bumper of a compact EV for a month
ÅA total travel distance of over 150km

bƻ ǎŜƴǎƻǊ ƳŀƭŦǳƴŎǘƛƻƴǎκŀƴƻƳŀƭƛŜǎ ǘƻ a9¢whΩǎ ǎŜƴǎƻǊ ŀǊǊŀȅ

PVC shell

Sensor array

1.9 cm

3.2 cm



5ŜǇƭƻȅŀōƛƭƛǘȅ ƻŦ a9¢whΩǎ ¢ŀƎ

ÅHigh durability
ÅUse cubic N52-grade passive magnets

ÅWith a 3D-printed protective shell

Rain Snow Dust

9.5mm
10cm

Side View Cubic Magnet

METRO tags in all-weather conditions

ÅLow cost
ÅEach magnet: $1

ÅLine marking: $0.17 per meter
ÅTraditional line marking: $0.21-7.70 per meter [2]

ÅTransverse marking: $3per tag

[2] 2005. Cost-Benefit Analysis. https://www.fhwa.dot.gov/publications/ research/safety/humanfac/04142/costest.cfm. (2005)



5ŜǇƭƻȅŀōƛƭƛǘȅ ƻŦ a9¢whΩǎ ¢ŀƎ ό/ƻƴǘΦύ

ÅDeployed the tags on a busy public road for one month
ÅAn average daily traffic volume exceeding 2,200vehicles

6m

1m

bƻ ŘŀƳŀƎŜ ƻǊ ŘŜƳŀƎƴŜǘƛȊŀǘƛƻƴ ǘƻ a9¢whΩǎ ƳŀƎƴŜǘƛŎ ǘŀƎǎ



aŀƴǳŦŀŎǘǳǊŜ ŀƴŘ 5ŜǇƭƻȅƳŜƴǘ ƻŦ a9¢whΩǎ ¢ŀƎ

1. Print the protective shell 2. Install the passive magnet 3. Add adhesive

4. Deploy the tag5. Wait for drying (10 mins)6. One-month deploymentSustained for six months now!


