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The Holy Grail

I What are we seeking?

I To be able to predict the handling qualities of a bicycle.

I What is a handling quality?

I A measure that determines the ease and precision with which a
rider may complete a given task
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But why?

Isn’t the bicycle perfect the way it is?

I The bicycle evolved from 200 years of tinkerers.
I Alternative designs do not have this luxury.
I Help shed light on many other human/machine interactions.
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What do we know about bicycle dynamics?

We only confidently know some things about bicycle dynamics:

I Fact # 1: Some bicycles are stable at various speeds.

I Fact # 2: Steering into the lean will stabilize the bicycle.

I Fact # 3: To initiate a right turn (rightward lean) you have to
first steer to the left!
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Whipple Model Description

I Four rigid bodies

I Frictionless revolute
joints

I Knife edge, no-slip
wheels

I Uncontrolled

I 25 parameters
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Degrees of Freedom

8 GCs - 1 HC - 4 NHCs = 3 DoF

8 generalized coordinates
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Degrees of Freedom

8 GCs - 1 HC - 4 NHCs = 3 DoF

3 degrees of freedom: steer, lean, rear wheel rates
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Linearization of the Whipple Model

I Linearized about upright constant forward speed configuration.

I Three modes of motion:
I Weave: Oscillatory, stable at higher speeds.
I Capsize: Stable at lower speeds.
I Caster: Always stable.

I Average bicycle stable speed range: 11 to 18 km
h (7 to 11

mph).
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Eigenvalues vs. Speed
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Unstable at 0 km/h (0 mph)
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Unstable 12.6 km/h (7.9 mph)
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Stable at 17.6 km/h (11.0 mph)
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Unstable at 22.7 km/h (14.2 mph)
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Yellow Bicycle
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Vehicle dynamics and handling

I Is stability beneficial?

I The Wright Flyer was an unstable aircraft
I Fighter jets are unstable without control
I Race cars are typically on the verge of stability

I Stability does not necessarily equate to ease of control
I Are the uncontrolled dynamics and indicator of handling?

I For aircraft, connections have been found
I Unlike a bicycle, the pilot’s motion does not affect the

aircraft’s dynamics
I Pilot and manual control theory have provided more insight
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How do we control the bicycle?

Danny MacAskill, Pro Trials Rider
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How do we control the bicycle?

Obvious control input candidates:

I Steering

I Upper body lean (especially while riding no-hands)

Not so obvious candidates:

I Upper body twist

I Arm movement

I Leg movement

I Shifting on the saddle

First step: objectively observe and measure what the rider does
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The bicycle

Rear facing, frame mounted camera

Steer angle
and rate sensor

Wheel speed
sensor

Yaw and roll
rate sensors

Wireless DAQ Unit

Cadence
sensor

Video
recorder
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Experiments

I Around the town ride

I Treadmill tests: pedaling, no
pedaling, no-hands,
perturbing, lane change

I Measured bicycle dynamics
and observed rider
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Conclusions

I No visual signs of upper body lean

I Steering frequency is dominated by pedaling frequency

I Steering amplitude inversely proportional to the speed

I At low speeds the rider exhibited knee motion

But, no easy way to quantify the rider’s movements.
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Experimental Setup

I Full body motion capture with active
markers

I Two different bicycles and three adult male
riders

I Treadmill tests (pedaling, no pedaling,
no-hands, tracking) at different speeds
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Principal component analysis

3 riders× 90 runs
rider × 560, 000data points

run = 150 · 106 data points

Principal Component Analysis!

I Statistical data reduction technique based on an eigenanalysis
of data variance

I Used for face recognition, data compression, characterizing
human walking

I Largest eigenvalue corresponds to largest variance in motion

Jason K. Moore First Look at Rider Biomechanics while Controlling a Bicycle



Outline
Introduction

Instrumented bicycle
Motion Capture

Conclusions

Experiments
Data Processing
Results

Principal component analysis

3 riders× 90 runs
rider × 560, 000data points

run = 150 · 106 data points

Principal Component Analysis!

I Statistical data reduction technique based on an eigenanalysis
of data variance

I Used for face recognition, data compression, characterizing
human walking

I Largest eigenvalue corresponds to largest variance in motion

Jason K. Moore First Look at Rider Biomechanics while Controlling a Bicycle



Outline
Introduction

Instrumented bicycle
Motion Capture

Conclusions

Experiments
Data Processing
Results

Principal component analysis

3 riders× 90 runs
rider × 560, 000data points

run = 150 · 106 data points

Principal Component Analysis!

I Statistical data reduction technique based on an eigenanalysis
of data variance

I Used for face recognition, data compression, characterizing
human walking

I Largest eigenvalue corresponds to largest variance in motion

Jason K. Moore First Look at Rider Biomechanics while Controlling a Bicycle



Outline
Introduction

Instrumented bicycle
Motion Capture

Conclusions

Experiments
Data Processing
Results

Principal component analysis

3 riders× 90 runs
rider × 560, 000data points

run = 150 · 106 data points

Principal Component Analysis!

I Statistical data reduction technique based on an eigenanalysis
of data variance

I Used for face recognition, data compression, characterizing
human walking

I Largest eigenvalue corresponds to largest variance in motion

Jason K. Moore First Look at Rider Biomechanics while Controlling a Bicycle



Outline
Introduction

Instrumented bicycle
Motion Capture

Conclusions

Experiments
Data Processing
Results

Principal component analysis

3 riders× 90 runs
rider × 560, 000data points

run = 150 · 106 data points

Principal Component Analysis!

I Statistical data reduction technique based on an eigenanalysis
of data variance

I Used for face recognition, data compression, characterizing
human walking

I Largest eigenvalue corresponds to largest variance in motion

Jason K. Moore First Look at Rider Biomechanics while Controlling a Bicycle



Outline
Introduction

Instrumented bicycle
Motion Capture

Conclusions

Experiments
Data Processing
Results

PCA in a nutshell

P =

[
x1 . . . xj . . . xn

y1 . . . yj . . . yn

]

Covariance of the mean subtracted data:

C =
1

1− n
(P− P)(P− P)T

[
xj

yj

]
= u + a1jv1 + a2jv2

v1 and v2 are the eigenvectors of the covariance matrix, C
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Graphical User Interface
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Normal bicycling at 15 km/h
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Motions and Groups

Steer-Roll-Yaw
Group

Pedaling Group Lateral
Knee
Group

Knee
Bounce
Group
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Group variance vs speed
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Normal bicycling at 5 km/h and 25 km/h

5 km/h and 25 km/h
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Steer angle comparisons
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Figure 7. STEER ANGLE TIME HISTORY PLOT FOR 20 KM/H DUR-
ING NORMAL BICYCLING. THE STANDARD DEVIATION OF THE
STEER ANGLE IS SHOWN IN GREY.
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Figure 8. STEER ANGLE TIME HISTORY PLOT FOR 5 KM/H DURING
NORMAL BICYCLING. THE STANDARD DEVIATION OF THE STEER
ANGLE IS SHOWN IN GREY.

The black vertical dashed line in each of the plots in Fig.
10 indicates the measured pedaling frequency. The figure clearly
shows that during normal pedaling most of steering action takes
place at, or around, the pedaling frequency, irrespective of the
speed that the bicycle is moving. The pedaling frequency is es-
pecially dominant in the steering signal at the highest speeds
where practically all of the steering takes place in the pedaling
frequency.

Figure 11 shows that if the steering signal is assumed to con-
sist of just one frequency - namely the frequency with the largest
amplitude, how this maximum amplitude reduces with increas-
ing speed. This assumption becomes more valid with increasing
speed as indicated by Fig. 10. The plot in Fig. 11 has a similar
shape to the standard deviation plot in Fig. 9.
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Figure 9. THE STANDARD DEVIATION OF THE STEER ANGLE FOR
THE SIX DIFFERENT SPEEDS FOR THE THREE DIFFERENT EXPER-
IMENTS.
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Figure 10. STEER ANGLE AMPLITUDE PLOT FOR THE SIX DIFFER-
ENT SPEEDS FOR NORMAL PEDALING EXPERIMENT. SOLID VER-
TICAL LINE INDICATES THE PEDALING FREQUENCY. DASHED VER-
TICAL GREY LINE INDICATES THE BICYCLE & RIGID RIDER WEAVE
EIGENFREQUENCY.

Towing; No Pedaling
Visual inspection of the video footage revealed, similar to

the normal bicycling experiment, that no upper body leaning
at any of the measured speeds and that larger steer angles oc-
curred at the slower speeds. However, unlike the normal bicy-
cling experiment, no knee motion could be detected from the
video footage at any of the speeds, other than small remnant mo-
tion as a result of slight steering deviations from straight ahead.

The recorded steer angle data also indicated that larger steer

6 Copyright c© 2009 by ASME
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Conclusions

I During normal bicycling the dominant upper body motions:
lean, bend, twist and bounce, are all linked to the pedaling
motion.

I We hypothesize that lateral control is mainly done by steering
since we observed only upper body motion in the pedaling
frequency.

I If upper body motions are used for control then this control is
in the pedaling frequency.

I When pedaling at low speed we observe lateral knee motions
which are probably also used for control.
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Conclusions

Bicycles present a rich complex
and robust system to study

I vehicle dynamics (rolling
contacts, variable stability)

I biomechanics (human
stabilization, locomotion)

I human control (stabilization
+ manuveuring)

I handling qualities
(perception, psychology)

Jason K. Moore First Look at Rider Biomechanics while Controlling a Bicycle



Outline
Introduction

Instrumented bicycle
Motion Capture

Conclusions

Conclusions

Bicycles present a rich complex
and robust system to study

I vehicle dynamics (rolling
contacts, variable stability)

I biomechanics (human
stabilization, locomotion)

I human control (stabilization
+ manuveuring)

I handling qualities
(perception, psychology)

Jason K. Moore First Look at Rider Biomechanics while Controlling a Bicycle



Outline
Introduction

Instrumented bicycle
Motion Capture

Conclusions

Conclusions

Bicycles present a rich complex
and robust system to study

I vehicle dynamics (rolling
contacts, variable stability)

I biomechanics (human
stabilization, locomotion)

I human control (stabilization
+ manuveuring)

I handling qualities
(perception, psychology)

Jason K. Moore First Look at Rider Biomechanics while Controlling a Bicycle



Outline
Introduction

Instrumented bicycle
Motion Capture

Conclusions

Conclusions

Bicycles present a rich complex
and robust system to study

I vehicle dynamics (rolling
contacts, variable stability)

I biomechanics (human
stabilization, locomotion)

I human control (stabilization
+ manuveuring)

I handling qualities
(perception, psychology)

Jason K. Moore First Look at Rider Biomechanics while Controlling a Bicycle


	Outline
	Introduction
	Handling Qualities
	What do we know?
	What we want to know

	Instrumented bicycle
	The bicycle
	Experiments
	Conclusions

	Motion Capture
	Experiments
	Data Processing
	Results

	Conclusions

