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use of motor-vehicles is a daily choice 
between two level-value alternatives, 
and who would happily decide not to 
drive if it were made a little less attrac
tive. 

There have been many movements in 
many countries to introduce road-use 
taxes, sometimes called "congestion 
taxes", and there are now places where 
tolls on high-speed roads parallel to 
heavily used roads are collected elec
tronically. However, the complexity of 
region-.vide introduction of road-use 
taxes for a large nation or group of 
associated nations is so great that it 
seems likely that they will be first intro
duced comprehensively in an island 
nation and, if successful, spread rapidly 
to others. 

Governments can also regulate. City 
centers, parks, and other recreational 
areas can be prohibited for motor 
vehicles. Highways can be declared off 
limits for bicyclists. There have been 
several campaigns in Asian countries to 
banish rickshaws and to restrict bicy
cles. In democracies, motor-vehicle and 
oil-producer lobbies are very powerful, 
and it is necessary that bicyclists have 
lobbyists to counteract what would 
otherwise be absolute power. "Power 
corrupts, and absolute power corrupts 

Factors affecting 
performance in 
human powered 
vehicles: a 
biomechanical 
model 
Danny Too and Gerald E. Landwer 

Abstract 
There are a large number of bio

mechanical factors that affect cycling 
performance. These factors can often 
be grouped into one of three categories: 
(1) environmental factors, (2) internal 
biomechanical factors, and (3) external 
mechanical factors. The interaction 
of clifferent factors within a category 
can l.>e complex, but need to be exam
ined and understood if more effective 
h:.unan-powered vehicles are to be 
developed. The purpose of this paper 
is two-fold: (1) to examine the factors 
in each category, their interactions, and 
how they affect performance in human
powered vehicles, and (2) to provide a 

absolutely. " 
The comments of Andrew Oswald 

(2000) on the alleged ruination of 
Britain's universities are relevant to 
the bicycle situation. "These measures 
were the work of outwardly rational 
and plausible politicians. As with most 
mistakes in life, they did not happen 
because of outright malice. They were 
made by honest men and women with 
the best of muddled intentions. The 
problem was sheer mental sloth, plus 
an eye on short-term exchequer advan
tage, rather than on any appraisal of 
long-term costs and benefits .... " 

A reduction in the large subsidies 
to motor vehicles is the key to greatly 
increased use, coupled with fairer 
regulations for all classes of vehicles. 
However, forecasting the future use 
of bicycles and other human-powered 
vehicles is an impossible task, depen
dent on government actions that might 
be directed at one set of problems 
unrelated to bicycles, and might yet 
create unintended effects on bicycle 
usage. "The price of liberty is eternal 
vigilance." 
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Figure 1. Cycling performance 

biomechanical performance model for 
these factors. 

Introduction 
Performance in land and water based 

human-powered vehicles are a func
tion of the amount of propulsive forces 
produced versus the amount of resis
tive forces that need to be overcome. 
Greater production of propulsive forces 
vvith greater reduction of resistive force 

will result in greater pedormance in 
a human powered vehicle. Propulsive 
forces are often affected by internal bio
mechanical factors, external mechani
cal factors, and their resulting interac
tions, whereas resistive forces are often 
a function of environmental factors and 
internal mechanical forces (muscle fric
tional forces and viSCOSity; see fig. 1). 
Designers of human powered vehicles 
generally focus on how resistive forces 
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----------------
can be minimized (as opposed to con Internal biomechanical factors 
sidering how propulsive forces might 
be maximized) because environmental 
factors are universal, more predictable, 
less complex, and independent of the 
interactions involved in maximizing and 
maintaining propulsive forces. 

Environmental factors 
Environmental factors such as gravi

ty, friction, and air resistance are gener
ally resistive forces that inhibit cycling 
performance on land. The extent that 
frictional forces or rolling resistance 
affect cycling performance is dependent 
on the type of terrain encountered' the 
smoothness/irregularities and hard
ness of the contact swfaces between 
the wheel and road; the cyclist/vehicle 
weight; the type of material of the 
wheel/tire and road smface, road tex
ture; tire tread pattern, size, thickness, 
diameter and hardness (air pressure); 

Power production Torque production 

~ 
Internal muscle Speed of _ Muscle Resistance Force Muscle R ' 
friction/viscosity contraction_ force arm arm moment otarycomponent

:::;. ,1.."" length length arm length / 
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Figure 3. ,Internal biomechanical factors 
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Figure 2. Environmental factors 

deformation of the rolling wheel, and 
vehicle velocity (2, 6; see fig. 2). 

Aerodynamic drag is affected by 
factors such as: air density (altitude, 
hwnidity, and temperature), vehicle 
velocity, cyclist-vehicle cross-sectional 
area perpenilicular to the direction of 
motion, and the drag coefficient (shape, 
streamlinedness, orientation, and 
smoothness of the rider and bicycle). 
Changes in air density by cycling at high 
altitudes, or changes in the drag coeffi
cient (by moilif}ring the vehicle shape or 
size, or the use of aerodynamics suits, 
fairing, solid disc wheels, etc.) can sig
nificantly alter cycling speed, time, and 
performance (5, 6, 7). 

Internal biomechanical factors 
Internal biomechanical variables 

affecting propulsive force and cycling 
performance involve factors related to 
force/torque development and power 
production as depicted by the proceed
ing biomechanics performance model 
(see fig. 3). 

These are factors not often under
stood or considered by designers of 
human powered vehicles because of 
the complexity of their interactions. 
Manipulation of these factors can 
modify and alter the effective muscle 
force/torque/power generated and 
transmitted to the vehicle. These fac
tors include: position of initial and final 
muscle length, change in muscle length, 
muscle moment arm lengths, force arm 

length, load imposed on muscle, resis
tance arm length, ilirection/line/type 
of force (resultant, stabilizing, rotary, 
dislocating), point of application, joint 
angles, muscle angle of pull, single or 
multi-joint muscles, muscle fiber type 
and arrangement, type and nwnber 
of lever/pulley systems involved, type 
of muscular contraction (concentric, 
isometric, eccentric), speed of contrac
tion, muscle recruitment patterns (firing 
frequency, synchronization, number and 
sequence of motor units involved), con
tribution of series and parallel elastic 
components, internal frictional forces 
and viscosity "vithin the muscle; and 
differences in segmental limb lengths 
and limb ratios (2, 4, 8). Changes and 
interactions occuning in the int m al 
biomechanical variables resulting in 
propulsive force are often the result of 
manipulations of external mechanical 
factors . 

External mechanical factors 
External mechanical factors involve 

constraints imposed upon a cyclist by 
the structure of the vehicle-and how 
power is transmitted to the ~cle. 
These factors include: the seat~o.::pedal 
distance; seat tube angle; seat heigl1.t; 
pe?al crank arm length; handlebar \ 
heIght, length, and position; cycling , 
body position, orientation, and joint 
configuration; foot-pedal position; 
chainwheel size and shape (circular 
versus elliptical); use of cams; gear 
ratios; the wheel size, mass, iliamel er 
and inertial properties; and losses in 
power transmission due to friction, 
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Manipulating these variables will 
alter joint angle position, joint angle 
ranges, n1llsc1e length, resistance load, 
muscle mechanical advantage, anellor 
the ability to produce force/torque/ 
power. Therefore the resulting pro
pulsive force will be a function of the 
interaction between the internal bio
mechanical fact rs with the external 
mechanical factors in developing force, 
torque, and power for propulsion (1, 2, 
3, 8). However, complexity is further 
increased when one must consider how 
hanges in the shape and structure 

of a human powered vehicle (from 
manipulation of the external me 'hani
cal factors) not only affect propulsive 
forces, hut also how it affects the type 
of resis tive forces enc6untered from the 
environmental factors, and the result
ing interaction between these forces. 
It is beyond the scop e of this paper to 
exan1ine and review the existing litera~ 

ture, regarrung how changes in exter
nal mechanical factors (seat-to-pedal 
distance; seat tube angle, rank arm 
length, body position, orienta tion, and 
joint configuration) interact with the 
internal biomechanical factors to affect 
force and power production in human 
powered vehicles. However, a fu ture 
paper will examine the biomechanical 

and physiological variables involved in 
muscle force production and provide 
infom1ation as to why and how hanges 
in ext ernal mechanical factors interact 
with these variables to affect force pro
duction. 
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E. Eugene Larrabee: a remembrance 

E. Eugene Larrabee rued on 

11 January 2003 in Mt. Vernon, NY, at 
the age of 82. 

Gene LalTabee was a professor at 
MIT and made key contli butions to the 
science and technology of aircraft and 
road vehicles. He is known to readers 
of Human Power for his work in pro
peller and win dmill design. 

Following are t.he remembrances of 
several who knew Gene Larrabee. 

Mark Orela 
His [Eugene's] design methods could 

be performed easily with a hand cal
culator or a spreadsh et. They were 
usable even by lay engineers with no 
specialization in aerodynanlics, which 
made them very popular wit.h aircraft 
and boat homebuilders, hobbyists, and 
wind power manufacturers, in addi
tion to their expected use by Lhe light 
aircraft industry. As for Larrabee's per
sonal style, he had a tendency to inter
ject an amusing and relevant historical 
aviation anecdote into almost every 

conversation. 

Theo Schmidt 
After reading his article in Scientijic 

Am erican, Gene Larrabee inspired me 
to design my own propellers-paradox
ically not by llsing his m thod, which I 
ould not under land, but by devising 

my own. However without his help and 
encouragement I would never have 
started. The resulting "amateur" pro
gram "PropSim" is since being used by 
many hobbyists, and around one hun
dred propellers have been made [using 
PropSim]. Gene and llis wife, Christine, 
visited us in Switzerland when I was 
still living with my parents . Gene took 
a keen interest in the ToUl' de Sol, a 
race for solar and solar human-powered 
vehicles, which was taking place at the 
time of his visit. 

Dave Wilson 
When I came on the MIT faculty in 

1966 Gene was teaching a course on 
mOlor-vehicle design in Aero. When he 
retired he went to California to teach 
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at Northrop University and remained 
active as a consultant. I valued his 
contributions to human-powered air
craft and also founo him to be modest 
about what he dld. He wTote that he 
had simply taken the theory of German 
aerodynamicist Albert Betzt to produce 
a propeller design system that he called 
"minimum induced drag." It seemed to 
give efficiencies of around 90%. 

The MIT team was trying to win the 
Kremer prize for the first crossing of 
the English channel, and their rival \,';:5 

the MacCready "Gossamer Albatross" 
team that had won the first Kremer 
prize, for a figure-of-eight flight, wi1 '1 its 
"Gossamer Condor". Paul MacCready 
asked if we could provide him with 
a propeller. Instead, the "Chrysalis" 
team, or Larrabee's students working 
on the propeller, designed a special 
propeller for their rivals. We were told 
that with their old p ropeller having an 
efficiency of about 70010, pilot Bryan 
Allen could stay aloft only ten minutes 
before he was exhausted. With the 
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