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1.

Bicycle Dynamics, some observations
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Movie

Jour de Féte van Jacques Tati, 1949
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Experiment

Yellow Bike in the Car Park, Cornell University, Ithaca, NY.
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Experiment

Yellow Bike in the Car Park, Cornell University, Ithaca, NY.
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The Whipple/Carvallo Model (1899)

Modelling Assumptions:
* rigid bodies

« fixed rigid rider

* hands-free

e symmetric about vertical plane
« knife-edge wheels

e point contact, no side slip

- flat level road

= no friction or propulsion

m=) 3 velocity degrees of freedom

Note: Energy Conservative
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The Whipple/Carvallo Model (1899)

3 velocity degrees of freedom: _

25 bicycle parameters!
- lean rate
- steer rate

- forward speed v
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Linearized Eqn’s of Motion

For the straight ahead upright motion with lean angle ¢, steering angle ¢ and forward
speed v:

2] 2], ]

Standard bicycle + rider :

Vv =0
130 -3 0 -40 -1003 27 0 -96
M= , G = , Ko = , K, =
-3 0.3 0.6 1.8 27 -8.8 0 2.7

Assume motions: @ = @, 8 = 5,e*

Characteristic equation :

det(A°[M] + A[Cv]+[K, +K¥?]) =0

leads to a fourth order characteristic polynomial in eigenvalues 4

AP+ a,W)A +a,)A* +aV)A+a,v)=0

Masterclass Bicycle Dynamics

9
-




The Whipple/Carvallo Model (1899)

det(12[M] + A[Cv]+[K, + K ?]) =0

3 velocity degrees of freedom:
- lean rate @
- steer rate O

- forward speed v
selfstable: 4.6 <v < 7.9 m/s

@ =p,e™, 6 =o,e"
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Root Loci

T

Parameter: forward speed v

forward speed v=0 m/s, unstable

Stable forward speed range
45 <v<8.0m/s
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Root Loci

T

Parameter: forward speed v

forward speed v=3.5 m/s, unstable

Stable forward speed range
45 <v<8.0m/s

Masterclass Bicycle Dynamics 12



Root Loci

T

Parameter: forward speed v

forward speed v=5.0 m/s, stable

Stable forward speed range
45 <v<8.0m/s
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Root Loci

T

forward speed v=8.5 m/s, unstable
Parameter: forward speed v

Stable forward speed range
45 <v<8.0m/s
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2.

Experimental validation
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Experimental Validation

Instrumented Bicycle, uncontrolled

2 rate gyros:

-lean rate @
-yaw rate ¥

1 speedometer:
-forward speed Vv
1 potentiometer
-steering angle §

Laptop Computer
running LabVIEW
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An Experiment
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Measured Data

Fit function for the lean rate: ¢ = ¢, + e™[c, cos(A,t) + ¢, sin(A4,1)]
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Compare with Linearized Results

L e A, = 5.52 [rad/s]
B Ay = -1.22 [rad/s]

| forward speed:
A 4.9 <v <5.4 [m/s]
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Measure Bicycle Parameters

Mass Moments of Inertia
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Measure Bicycle Parameters

Mass Moments of Inertia

Philips
ResearCh, Masterclass Bicycle Dynamics 22
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Measure Bicycle Parameters

Mass Moments of Inertia

Philips
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Compare with Linearized Results

L e A, = 5.52 [rad/s]
B A = -1.22 [rad/s]

- forward speed:
S 4.9 <v <5.4 [m/s]

Fit function for the lganaatee™ [c, cos(A,t) + ¢, sin(A4,1)]

Philips 24
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Below critical weave speed
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Compare in a broad speed range

Conclusion:
Experimental data in good agreement with linearized analysis on 3 dof model.
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3.

Bicycle Selfstability
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Selfstable: automagic control?

How do we balance We balance an inverted pendulum by
a bicycle? accelerating the support in the
direction of the fall.
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Selfstable: automagic control?

We balance an inverted pendulum by Balance the bicycle by steer into the fall!
accelerating the support in the

direction of the fall ( lateral acceleration contact point: a ~ v3/w &)
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Anecdote

LEGO Mindstorms NXT Bicycle, built by Joep Mutsaerts, MSc TUDelft
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Automagic control? Steer-into-the-fall !

Control Law: SteerMotorVoltage=8*LeanRate
LEGO Mindstorms NXT Bicycle, built by Joep Mutsaerts, MSc TUDelft
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A selfstable bicycle

Yellow Bike in the Car Park (slow motion), Cornell University, Ithaca, NY.

Masterclass Bicycle Dynamics 32



A bicycle is selfstable because ....

Gyroscopic effect of the front wheel? Trail on the front wheel?
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4.

Control and Handling
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How do we control the mostly
unstable bicycle?

by steer and balance
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Control Intermezzo

To turn RIGHT you have to steer ...

briefly to the LEFT, and then let go of the handle bars.
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Control Intermezzo

To turn RIGHT you have to steer ...

briefly to the LEFT, and then let go of the handle bars.

Slow motion:
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Steering a Bike

Standard bike with rider at a stable forward speed of 5 m/s, [= ]
after 1 second we apply a steer torque of 1 Nm for ¥2 a second
and then we let go of the handle bars. [= ]

Bike3, v=5 mvs, Stear Torgua 1 Nm to the left for i=1..1.5: bike turns to the right Bika3, v=5 m's, Steer Torque 1 Mmio the ledt for t=1.1 5: bike fumsz to the right
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How do we steer and balance?

 A.van Lunteren and H. G. Stassen. On
the variance of the bicycle rider’s
behavior. In Proceedings of the 6th

Annual Conference on Manual Control,
April 1970.

fiy(s) = +1.07[1+0.158] & °*'®® (handle bar)

=0,0%93

Ha(s) = =0.13[1#1.85] e {upper body)

« David Herbert Weir. Motorcycle Handling
Dynamics and Rider Control and the

PR

T T u—m
2K e

Effect of Design Configuration on
Response and Performance. PhD thesis, L I
University of California, LA, 1972.

W N
< —i—%ﬁ’[éi Dol LI T
/ L o '"'i"""{ o L
=20 'llﬂ - -i; ‘; Roll Angle to Steer Torque Response Propertiss . : )
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A Ride into Town

Measure rider control on an instrumented bicycle

3 rate gyros: Lean, Yaw and Steer

1 steer angle potentiometer
2 forward speed

1 pedal cadence pickup

1 video camera

Compac Rio data collection
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A ride into Town
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A Ride into Town
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Treadmill experiments

Vrije Universiteit Amsterdam , 3 x 5 m treadmill, vmax=35 km/h
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Treadmill experiments

A first ride...
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Rider Control Observations

Treadmill Experiments Camera Bicycle — Normal Cycling, Pedaling

Lo S [km/]
= T
3, L 10[km]
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Frequency [Hz]
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Rider Control Observations

Treadmill Experiments Camera Bicycle — Towing

5 [km/h]

01l L Ao RS P 20 [kmlh]

Steer Angle Amplitude [deg]

0.1 ‘ ‘ ‘ : g
005 - S R Y A L. 30[kmlh]
0 | | |
0 0.5 1 1.5 2 25 3
Frequency [Hz]
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Rider Control

Full Human Motion Capture, Optotrack active marker system

» 31 markers xyz-coor.
» Sample freq 100 Hz
e Sample time 1 min

One run is 600,000
numbers.

Data reduction by
Principal Component
Analysis (PCA).
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Rider Control

Full Human Motion Capture, Optotrack active marker system

3 x 5 m treadmill at the Vrije Universiteit Amsterdam
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Rider Control

Treadmill Experiments Full Human Motion Capture - Normal Cycling, Pedaling
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Rider Control

Treadmill Experiments, Full Human Motion Capture — PCA Motion Groups

a1’
- == Pedaling P
2 sl —e—steerYawRoll | &
E 4+ Knee Bounce &
g +oD 0 Lateral Knee Et—
2 o
E )
D i = ]
0 © 5 10 15 20 25 a0

Speed [kmih]

(g)
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Rider Control

Treadmill Experiments, Full Human Motion Capture - Compare

5km/h ~ 25km/h
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Rider Control: Conclusions

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

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

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

When pedaling at low speed we observe lateral knee motions which are
probably also used for control.
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0.

Selfstability, revisited
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A bicycle is selfstable because ....

Gyroscopic effect of the front wheel? Trail on the front wheel?
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Gyroscopic Effect?
Klein & Sommerfeld 1910

F. KLEIN UND A. SOMMERFELD,

UBER DIE

THEORIE DES KREISELS.

HEFT IV,

DIE TECHNISCHEN ANWENDUNGEN DER KREISELTHEORIE. Felix Klein Arnold Sommerfeld
(1849-1925) (1868-1951)
FUR DEN DRUCK BEARBEITET UND ERGANZT VON from the Klein bottle

81 Nobel prize nominations
FRITZ NOETHER.

&

LEIPZIG, Fritz Noether

DRUCK UND VERLAG VON B, G. TEUBNER.

1910. (1884-1941)
brother of Emmy
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Gyroscopic Effect?
Klein & Sommerfeld 1910

B66 IX. Technische Anvwendungen.

dabei wieder ansreichend, um die Glieder epster Ordnung in den
Behwingungen zo, erhalten, den vereinfachten Ausdruck (I) der Kreisel-
wirkung, pag. 764, zu verwenden. Wenn wir quadratische Glieder in
den kleinen Schwingungen vernachliissigen, so bemerken wir noch, dals
die Grifse der iiberhgupt in Betracht kommenden Ausschlige villig
innerhalb der Grenze liegen, fir die diese Niherung hei der hier zu
fordernden (renauigkeif ausreicht.

Die s0 #u erhaltenden Gleichungen stimmen mit denen von Whipple
und Carvallo iiberein. Ans ihnen ist zu folgern: Die Bewegung ergiebt

sich fiir kleine Geschwindigkei naturgemiils als labil, F wisse 1 H 1 1
e e b e o Here, we are interested in the contribution of

Sehwingungen kémnen in.der Form the gyroscopic effects to the results mentioned
Aple i
ducgestollt, werden, wo 1 cine komiplexe Grdfse mit negativ reellem above [that bicycles can be self-stable]. We shall

ki Tl s i - da o oo 0 e show, what has not been pursued by [Whipple

Gebiet et '“e'G°“"$‘;1ﬂ§-k_°f“;:°”mmh_l and Carvallo], that by leaving out the gyroscopic

also Geschwindigkeiten, die leicht erreichbar sind. Fiir grifsere . Ge- effects the region of full stability would

schwindigkeiten wird die Bewegung, was paradox erscheinen kiinnte,

wieder labil, doeh wird sich aus der 'Art, wie die einzelnen Bestand- dlsappear; therefore that the gyroscoplc effects’

teile des Systems gekoppelt sind, diese Erscheinung leicht erkliren.

Praktigeh ist fibrigens die letzte Labilitit nur eine schwache ind kann desplte thelr Sma”ness’ are Indlspensable for the

durch fast unmerkliche Bewegungen des Fahrers, auch ohne Berithrung .
der Lenkstangs, aufgehoben werden. Self_stablllty.

Uns interessiert hier der Beitrag der Kreiselwirkungen zu den er-
wihnten  Hesultaten. Wir werden =zeigen, was bei den genanoten
Autoren nicht verfolgh ist, dafs bei Fortfall der Kreiselwirkungen das
Gebiet der vollstindigen Stabilitit verschwinden wilrde, dals also die
Kreiselwirkungen trota ihrer Kleinheit filr die selbstindige Stabilierong
unentbehrlich sind.

Das Zweirad (Fig. 135) besteht im Wesentlichen aue dem Rahmen,
der das in seiner Ebene gelagerte Hinterrad triigt, und der Lenkstange,
deren Axe das Vorderrad triigl.  Da die Lenkstange durch einen festen
Tubus der Rahmenebene gefihet ist, so handelt es gich um. zwei
ebene Bysteme, die, um eine gemeinsame Axe drehbar, verbunden
gind. Mit dem HMahmen denken wir uns auch den Fabrer starr ver-
bunden. Die Drehaxe der Lenkstange ist bei den modernen Rédern
nach rilckwiirts geneigt, und zwar so gefiihrt, dals ihre Verlingering die’
durch den Berithrungspunkt B, des Vorderrads gezogene Vertikale B, S,
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Gyroscopic Effect?
Klein & Sommerfeld 1910

880 IX. Technische Anwendungen.

Wir i diese Resultate durch den Nachweis, dals die voll-
standige Stabﬂmmng ohne Kreiselwirkungen nieht maglich wire. Zu
dem Zweck berechnen wir den Koeffizienten (8w 8,u%) von i aus der
Determinante A. Wenn wir zur Abkilrzung das gesamte- Schwere-
moment M, by 4 Myh, mit Mh bezeichnen, wird dieser:

g(— Myhye, + Myhye,) sine - N
— gMh[e, c0s6 A, + ¢, (cos B, + sino B,,)]
— 9 Mh(e? + ¢ sina -
'.‘}M;‘["s Mys, + e Mysy] 5
+ 9, 31+-=1Hssz)[(¢1+ &)+ (M by, + Mihye) 7 +B,, 7]
+ (e, +_.c1) €086 - [2Nu+ Mhw? — g Mye,r]

und reduziert slich noch z:
— g Mh cos 6 (e, A, + c'B}%' "
+ grB,,( Mk, sineg + Myr % cos a)
— g M, hy M,h,l sin G-u— g_M:J!i’,thf 080 - 4

(18)

+ % cos ¢ N[2Nu + Mhu'].
In diesem Ausdruck enthiilt das letzte Glied, da N mit w pro-

e e e e oo T e, The stability of the bicycle found by Whipple for
1ef die beiden kleinen Faktoren ¢, und » enthilt; daher wird _

T Wi, ebgethmindighet  dor_ e Koot sugan the speeds from 16-20 km/h is therefore only

blcke Immer ey, n?;,ﬂj;;?;;;; e e ol i, T made possible through the gyroscopic effects of

wiirde (d. h. da die Umlanfsgeschwindigkeit proportional zu wu ist, the WheeIS.

wenn das Trigheitsmoment der Riider um ihre Rotationsaxe vernach-
lissigt wiirds). Durch das letzte, von den Kreiselwirkungen her-
rithrende Glied, das den Faktor w® enthilt, wird der Koeffizient bei
geniigend grolser Geschwindigkeit positiv. (Welches die Grifsenordnung
der hier als.lklein. und genﬂgend grols unterschiedenen Geschwindig-
keitsintervalle ist, konnen wir aus den oben angegebenen Whipple'schen
Zah]tn ersehen, Die Grenze zwiséhen beiden bildet der Wert u,— 12km/h.)
.- Die von Whipple géfundene Stabilitit des Fohrrads fiir die Ge-
mm;kemm 1620 Tmfh ist daher nur durch die Kreisel-
wirkungen der rotierenden Riider ermiglicht.
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Gyroscopic Effect?
Klein & Sommerfeld 1910

880 IX. Technische Anwendungen.

Wir i diese Resultate durch den Nachweis, dals die voll-
standige Stabﬂmmng ohne Kreiselwirkungen nieht maglich wire. Zu
dem Zweck berechnen wir den Koeffizienten (8w 8,u%) von i aus der
Determinante A. Wenn wir zur Abkilrzung das gesamte- Schwere-
moment M, by 4 Myh, mit Mh bezeichnen, wird dieser:

g(— Myhye, + Myhye,) sine - N
— gMh[e, c0s6 A, + ¢, (cos B, + sino B,,)]
— 9 Mh(e? + ¢ sina -
'.‘}M;‘["s Mys, + e Mysy] 5
+ 9, 31+-=1Hssz)[(¢1+ &)+ (M by, + Mihye) 7 +B,, 7]
+ (e, +_.c1) €086 - [2Nu+ Mhw? — g Mye,r]

und reduziert alich noch m:
— g Mh cos 6 (e 4, + 0'3)%'
Mk sine + Myr

Two sign errors: as + 9B (=1 T ona)s
_—_gﬂ,klM,k,I smd-u—g_ﬂﬂﬂﬁhqrmsu-u

+ % cos ¢ N[2Nu + Mhu'].

In diesem Ausdruck enthilt das letste Glied, da N mit w pro-
portional ist, den Faktor w° dio anderen nur den- Faktor u. Von
diesen tiberwiegen die negativen Glieder weit fiber das positive, da
das letztere die beiden kleinen Faktorem ¢ und # enthiilt; daher wird
fir kleine Fahrtgeschwindigkeit u der ganze Koeffizient negativ. Er
bliche immer negativ, und damit die aufrechte Bewegung labil, wenn
die Kreiselwirkungen unberiicksichtigt blieben, also N=0 angenommen
wiirde (d. h. da die Umlaunfsgeschwindigkeit proportional zu u ist, .
wenn dga Triigheitsmoment dfﬁﬁder ufn ihrepRutatiomaxe vernach- TWO Slgn errors co rreCted
lissigt wiirds). Durch das letzte, von den Kreiselwirkungen her-
rithrende Glied, das den Faktor w® enthilt, wird der Koeffizient bei
geniigend grolser Geschwindigkeit positiv (Welché@ die Grofsenordnung
der hier als.lklein. und "D d grofs unterschied Geschwindig-
keitsintervalle ist, k&nnen. wir aus den oben angegebenen Whipple'schen
Zahlen ersehen. Die Grenze zwischen beiden bildet der Wert u,—12km/h.)

- Die von Whipple géfundene Stabilitit des Fahrrads fiir die Ge-
ﬁdwm»d%ykemtm 1620 Tmfh ist daher nur durch die Kreisel-
wirkungen der rotierenden Riider ermiglicht.
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Trail?
Jones 1970
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Trail?
Jones 1970

Jones calculated handlebar torque via the
derivative of system gravitational (potential)
energy H with respect to steer angle at fixed
lean.

But careful analysis on the full dynamical system
(linearized equations of motion) shows:
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Gyroscopic Effect and/or Trail?
Whipple model

Linearized equations of motion:

Stability:
Characteristic eqn:

Routh stability criteria
A,B,C,D,E,X>0:
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Gyroscopic Effect and/or Trail?
Whipple model

25 bicycle parameters!

Routh stability criteria
A,B,C,D,E,X>0:
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Two-mass-skate (TMS) bicycle

Only 8 bicycle parameters

Two point masses and wheels are replaced by skates

Only 8 non-zero bicycle parameters
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Two-mass-skate (TMS) bicycle

Routh criteria

A,B,C,D,E,X>0:

Two point masses and wheels are replaced by skates

More manageable expressions ....
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Two-mass-skate (TMS) bicycle

Stable when....

Stable when front mass /m,, is within shaded area, Eigenvalue plot

where

Stable without Gyroscopic or Trail effect!
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Two-mass-skate (TMS) bicycle

Full non-linear simulation
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Two-mass-skate (TMS) bicycle

Experimental Bicycle

Wheelbase 0.75 m, point masses 2 kg, 99.5 % gyro free, trail -4 mm
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Two-mass-skate (TMS) bicycle

Experimental Bicycle

Front assembly, steering head design detail
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Two-mass-skate (TMS) bicycle
Physical Model

Wheelbase 0.75 m, point masses 2 kg, 99.5 % gyro free, trail -4 mm
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Two-mass-skate (TMS) bicycle

From theory to practice
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Two-mass-skate (TMS) bicycle

Basic Experiment
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Two-mass-skate (TMS) bicycle

Compare measured motions with simulation

Transient motion after a disturbance for the experimental TMS bicycle. Measured and
predicted lean and yaw (heading) rates of the rear frame are shown. The predicted
motions show the theoretical (oscillatory) exponential decay.

Note at t=0: v=3.6 m/s-> t=3 sec: 2.4 m/s.
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End of Story?

A necessary condition for self-stability

Linearized equations of motion:

Stability:

Characteristic egn:

Routh stability criteria

Steer into the Fall

A necessary condition for a bicycle to have self-stability is that the steady turn
torque applied by the rider is of the opposite sign of the handlebar angle.
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End of Story?

Locked up steering, unstable
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Counterexample 1

The benchmark bicycle has no stable region when the gyro
is removed

JBike6

A bicycle of common
construction but with the
gyroscopic terms
eliminated.

The model is based on the
benchmark bicycle where
the only change that has
been made is to eliminate
the spin angular
momentum of the wheels.
This bicycle is unstable at
all forward speeds.
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Counterexample 2

The benchmark bicycle has no stable region when the trail
is made negative

JBike6

A bicycle of common
construction but with the
trail altered.

The model is based on the
benchmark bicycle where
the only change that has
been made is making the
trail negative by displacing
the steer axis backwards.
The self-stability speed
range vanishes.
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Counterexample 3

Lacks any stable speed range even with positive trail and
positive gyro

JBike6

A bicycle of common
construction with gyroscopic
action and positive trail but
with no stable forward speed
range.

The model is based on the
benchmark bicycle where the
only change that has been
made is to place the center of
mass of the front fork behind
the steer axis instead of in
front of it.

Clearly the bicycle is unstable
at all forward speeds.

Masterclass Bicycle Dynamics 84



Counterexample 4a

Conventional bicycle displaying stability even with negative
trail

JBike6

A bicycle of common
construction but with negative
trail, which still shows a stable
forward speed range. The
model is based on the
benchmark bicycle but now
with a negative trail of -0.02
m, an increased steer axis tilt
of 25 (= 90-5) degrees and
therefore with the center

of mass of the front assembly
more forward of the steer
axis. The front frame mass
was also increased.

This bicycle still shows a
(small) stable forward speed
range (between the vertical
lines marking the weave and
capsize speeds).
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Counterexample 4b

Conventional bicycle displaying stability even with negative
trail

JBike6

A bicycle of common
construction but with negative
trail, which still shows a stable
forward speed range. The
model is based on the
benchmark bicycle but now
with a negative trail and a
decentering steering spring
(T = -ko, with k = -10
Nm/rad).

This bicycle still shows a
(small) stable forward speed
range (between the vertical
lines marking the weave and
capsize speeds).
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Counterexample 5
Stable with negative gyro

Forward Speeds
|Two Mass Skate Neg Gyro Stable vl J B I ke6 ~ Min | a | mis Calculate
Mame |Two Mass Skate Neg Gyro stz| Wihesl base | 1 Mas | 10 | mis SHEEE
Head angle 85 "degrees "| Trail | 0 | b BiEpe | 1a | Et
e - Front Resr Frame Rider Resr Rack Front Fork Front Bssket
YWheel Vihes! certer X| 12 || o || o € 4oz || 0|
Diameter| 001 || om | ofMass [ aa |[ « [ o v[ o2 | e |
Ma33| a || 0 | Mass| 10 |1 ) [ 0 Mass| 1 | o |
Moment PxEtey|[ D [ o 1 0 o 0 1 0 o
of inertia lzz | -5e-006 “W‘ 22 0 o a 22 ° 0
Allunits are kgs, meters, and degrees. 22 e u g 2= g 0
Click here for more details. ] Principal Axis angle (alphaJ| 0 | | D | | 0 alpha 0 | | 0 |

Two Mass Skate Neg Gyro Stable

O
¥ |
o]

P |
ofF— wheelbaseﬁ‘ trail

Copyright @ 2003-2006 Schwwab, Papadopoulos, Ruina, & Dressel
Deltt University of Technology & Cornell University

1/s

Re(x) in blue and Im(%) in cyan -

Stable <-> Unstable

=851

Weave speed = 32621 mig, there is no capsize speed

8

4 6
torward speed - m/s

10
O7-hav-2010

The model is based on the
theoretical two-mass-skate
(TMS) model but with slightly
negative gyroscopic action
(e.g., by counter-spinning
wheels) and where the center
of mass of the front fork has
been lowered to 0.2 m.

This bicycle has a large stable
forward speed range.
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Counterexample 6
Stable speed range with a reverse tilted steer axis

Forward Speeds

|Two Iass Skate Neg Gyro Meg Head Stable vl J B I ke6 | e Min | 0 | e [m
Marme |Two Mass Skate Meg Gyro Negl Wheel base 1 | M | 10 | miz Save kike
Head angle a5 ||degrees VI Trail | 0 | - Steps | 101 | Exit

Components Fesr B Rear Frames Ridar Rear Rack Frort Fark Frort Bashkeat
“Wheel Whes! certer X| 035 || o [ @ X [l o |
Diameterl 0o || 0o | ot bass v o2 || ) | o voea ] o |
Massl 0 ” 0 | Mass| 10 | I 0 | | 0 Mass| 1 ” o |
Moment 'xxﬁlw| 0 "T| 11 0 o 0 11 0 o
of Inertia Izzl 52008 "WI 122 o u] a 122 1} 1]
Allunits are kys, meters, and degrees. 2= o o o lzz 0 0
Click here for more details. | prncis axisange ey o || o || o alpha o || o | A two-mass-skate (TMS)
Two Mass Skate NEQ Gyru NEQ Head Stable o Weave speed = 3.0371 miz, capsize speed = 20,7135 mis blcyC|e Wlth negatlve
° gyroscopic action, reverse
< : : : : tilted steer axis, which shows
§E Bl e TRRT S a stable forward speed range.
£8 g : § : The model is based on the
; :5 ; § T alternative theoretical
, o o4 O S— - two-mass-skate (TMS) model,
7 o g8 | : : which has a reverse tilted
I —i— . E‘% eh N AN steer axis with added negative
trail = : : . : gyroscopic action.
:: . : : | This bicycle clearly shows a
Copyright & 2003-2006 Schwab, Papadopoulos, Ruina, & Dressel _100 2 4 6 ‘ 8 1° Stable forward Speed range
Delft University of Technology & Cornell University 4=981 forward speed - m/s 07-Powe-2010
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Two-mass-skate (TMS) bicycle

Original and Alternative design

Original Alternative
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Example 7

Rolling backwards, unstable.
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Counterexample 7
Stable with rear wheel steering

JBike6

A bicycle with ‘rear wheel
steering’ which shows a stable
forward speed range. The
steer axis is just in front of the
rear wheel and is vertical. The
heavy front assembly has a
center of mass in front of the
front wheel.

This rear wheel steered
design has a stable forward
speed range to the right of
the rightmost vertical line,
from 3 m/s to infinity.
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Counterexample 7
Stable with rear wheel steering
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Counterexample 7
Stable with rear wheel steering
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http://bicycle.tudelft.nl/

Thank You
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0.

Homework
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Homework Assignment

You can find this at my website:
Just google: Arend Schwab.
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Thank You!

http:/ /bicycle.tudelft.nl
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