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Ahstraci

HPAs consume a great deal of energy io
become airbome. The pilots mast get ap
erpiagh speed m as shorl a disance as
r-nﬂ:.lblc The svstem of using a pmpa,"llu:r
in comjunction with & rope drive is
common. The abiliy of this system io
generate enough speed ks tested.

Eey Words: Take off Run, Requined Power,
Hurman-Fiovwerned Adrcrall

Introduction

Flying: A Woman™s Matural Advantage
“Active Gals™ is an HPA team in Japan
that started HPA activities m  199]
Becoase women have the advamtage of
lighter weight in human-powered flight we
designed our plane for a female pilat, Cur
estimabions revenl that it takes a condimuaous
output of 346 W for the sverage male
o Ay, We selected Kotong Hon becanss
she was [5dem (50) @l and weaghed 43
kg (97 pounds) (' We estimated if she
could mamiam an output of 283 W for 10
wxogmls she could fy—an [E% reduction
in paaver reguired oser that for the average
mabe, Lacking o gramt we can conduct
oaly a few flights a year. Kotono Hori, the
palot, succeeded mn human-powered fhght
for tlse first time for a Japamese female in
19452, That airplane, the KoToeMo-Limited
haz been  displayved 21 EKakamigahara
Aerospace Museum since | 9694

Kotome Hord, the pilor, mives a lechie af
fith -'EIIII-_I' -EI:I'II.U k] .':l:|'.l.lll|'.h:| [T

Kaodoma Hori, pilat
Dhate of hirth 18701 178
Height: 154 cm (5 fi)
Weight: 43 kg (97 Ibs)

In 1594 our goal was to iy using only
160 W of power at 2 velocity of 8.0 m's in
a 360 degree circle with a radius of 204
m. T fly with such low pooer, we .;l..]:_':pl::_-u
A long wing aspect ratio (AR) of 43.7. To
owercommes the twisting boad on both sides
of the wing during banking we built our
plans, the CHick-204d, using a “siress-
skinmed™ carbon fiber reinforced plastic
({CFRF) smocture. Un most planes the
wings are constrscied by forming a skin
ower a fmme latticewark, or extended spar.
In some military planes the skin cover is a
stress-bearg member, much like a hollow
tube. This reduces spar weight, making the
mane ome-third lighter.

Six years later, we suoceeded in a
straight flight on 4th Mow, 2000, During
that ttme we comducted experiments
and ook measwrements o obtain basic
data for the design of new airplane, We
developed techniques to miake CFRP, new
flight techmiques and comtrol methods at
ihi same e,

There were three accidents, including
crashes as well as the plane collapsing
i midamr. As a result of our repairs the
airplane became oo heavy o Ay inoa 200
m circle as onginally planned. Below we
describe some of our results, experiences
and lechnues we ganed m making our
attempi

Power Requirements

In human=powered flight, high power is
requined 0 beoome airthorme,  However,
with an efficient take off the pibot still has
enough power o make a powerdfial climb
and subsaquent stable Mghi
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Measirement of physical strengrh

We desipned our plane 1o fiy with
minimal power requirements. What we
sought was to becomee airborne  with
minimum distanee, ome and power loss.
This i what we ievestipated below.

It b5 very hand 10 meagune accurately
the reguared power m taking off fior several
reasans such as friction between the wheel
and the grourd, the efficiency and thrust of
the propeller, and the 1ifl and drag a1 low
Reynnlds numbers (Keh. The exact power
requited during take-off mot being clear we
wstimated the required power as 208 W, a
30 percent increase of the power required
for steady flight. Knowing this allowed us
to maximize efficiency which is especially
inportant in high-power fraining. Because
ke maximum power required was during
take-off we used this as the index for
truining. The data acquired were usefial
in designing the cockpit frame, seat amd
adrive: i,

Dirive system

A Dual drive was adopted. This i when
pedalling spins both a propeller and drives
a hicyvele wheel to achieve enough speed
to gt airborne.,

In pedaling an HPA, it i importamnt
to improve the propeller's efficiency by
amoothing the oscillation due to pulse
aceeleration caused by pedaling. The
propeller sping mest  efficienily  with
comtinuous  power as opposed to  the
pulse aceelerations caused by altermate
pedal thrusts of the legs. Dwring the
imitial scceleration before  lifi-off the
peak power shifis are great as the legs
alternate pushing because large torque is
required. During that tme, the propeller
blade alernates  bhetween  cycles  of
aoceleration and deceleration, amd a8 a
resuld its elfficiency decresses presily. Al
lovwe spewds (under 56 m's) e deag of the
propelber 15 considerable and acceleration
by deving a corventional lcycle wheel

15 more efficient, Also, a varahle-pitch
mechanism that adyusts the propeller angle
auwiomatically is needed,

At groumd 5-6 m's, the wing hegins
generating lift decreasing the weight on
the driving wheel and the ability of the
wheel to propel the plane, Just before lift-
off the bicycle wheel drops in efficiency
due to tire slip and the efficiency of the
propeller  drive  increases. When  this
happens the drive powering the bicycle
wheel shifts into propeller drive. This is
thus a very efficbent drive unit.

We wsed a ZH00 mm  diameier
propeller and a rolational speed of 140
RPM. The efficiency was estimated to
bhe 490%. The propeller was doven by a
twvisted chain conmected 10 a cormentronal
chaimwheel assembhy, 1200 mm between
axes, The bicycle wheel was a tubular
{zea-up) tire a5 wsed in bicyele moes and
velodromes,

At the cranks, the Kevlar rope was
wound onio a 235 mm dinmeter front drum
between two closely spaced, large, fat
dizcs (see Fig. 7} and a 65 mm diameter
drurn attsched o the rear wheel (sec Fig.
131 As a result, each tom of the pedals
increased the diameter of the crank-arm
drum onto which the rope was wound and
decressed the size of the fesr hob doom the
rope wis unaoumd from. As a result esch
revolution of the pedals increased the gear
ratio (s Fig. 5)

[t )

Furrkar =1 crenk revtioleses grd moregEng grar el
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Number of Crank  revoluions  and

Morpasing Gear Rasio

What we sought was to determine
the aptimal rabe of gear ratio increase as
well as the optimal time for shifting to all
propelker drive,

Method

Far awr experiments we made a full size
replica of the cockpit frame (i, witloat
wings) that the pils could pedal like
a hicycle, using the dual-drve sysiem
descnibed abowe and 8 messurement
system o shody the maxmmuum  power
possible, Cher goal was § mds.

Cockpit frame
Cockpit  frame was constrecied  with
square fubes of CFRP composites the

Mg peeoey ol Feevw 300 130FRP wngle paee
darliany gennes of fraew  FLENFTR wngfa pios

Figlh Cookgdt b dernsmns [mm]

Ciockpid frame measurements (mm)
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same sizes ussd o the “CHick-200,
Aluminam square fubes are used as mould
o pile up the prepeg sheeis. After which
the prepreg sheets are heated and cured by
the 1ape wrapping method. CERF tobes
were hand=madle by PYROFIL TR-3di
[Mditsubashy Bayon Co,, Led ).

Apparatus

A sirain gauge located on the right hand
pedal measured pedal forque amd B
photoeleciric sensor measursd rodational
speed of the sprocket. Analog voltage
signals caused by electrical resistance
whech are proportional 1o the strun were
amplitied and logpad by a U-LOGRGER
LE&D [UNIPULSE). The ssmplmg rate
wias ] NS,

A photoelectric sensor devected the
passing of the sprocket teeth. When a toath
crosses the phatoelectric sensor it opens a
switch and transmits a +3 V' outpat. The
datn logger treated thes: annlogue signals
ns palse signals. Power was derived using
data from the oiational spesd and the
strain gauge.

A strain gauge was comnected o the
crunkshaft by winding a smtahle length of
cable around a drum comnected between
the crankshaft and sprocket. With each test
ran the cable was wound up by the drum,

Data Collection

[he sirain gauge comverted torgue o
valtage. The relabonshap between force
arl voltage is; force {F) and voltage (V) is
related with the eguation as follows

Flkgl=-2.0705+7.6T20Y

A regression  line was  ft that
necounbed for 99,9%: of the vanance

Torgue was obinined by muoltiphying
force (Fhoand the crank arm length (1)

=105 mm
T=Fkg *Im

Dt were stored in o data bogges (U-
LOGGER LE40) and uplosded o a PC
where the sirain gauge and photosleciric
sensor data were separated. Pulse signals
phtained by phodoslecine sensor  wens
comveried it rotaticnal spesd by oa
FORTRAN 77 program

Experiment |
Experiment 1 consisted of two

Mrain Garage end Frownl Keviar-Rope D
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sesgions. The first session was on §2196
amed consisted of 5 trials, or runs, amd the
second session was on WEDG with one
irinl, Both sessions were conducted on the
track af Osaka University of Health and
Sport Sciences under the direction of Prof.
Huchimato

Test muns were conducied on a
Tartan™ track made from synthetic rubher
amsdd wsed at the Olymipics. [t was thought
that the coefficient of frcton between the
tire and track was large enough so that the
driving whee] would not slip.

Rurners guide bat do mor pusk the coctpit

Each run was conductad under less
than 2 mv's of wind velocity, Each rum
wins 30 m, and we adjusted the length
of Kevlar rope so that the distance osing
bath propeller and rope dnve (DUAL
drmve) was 200 m. The last 10 m was ander
propelber drive onhe We attached a 20 kg
sanndbag to the back of the seat so that the
wierght of the cockpit Frame was the same
a5 lhe complele alrplane.

Results of Experiment I
Char resulis ane shown in Tables 1-1%

First experimental session

Tabde I Maximem amd averaged
gpeed of fake-off run Tahle [1. Torque
and required power in take off nan

Becond experimental session

Table M. Maximum and avemged
speed of tnke-off run

Table 'Y Torque and required power
in take-off rnan

Figs 16—19 depict data summarized in
Tahles 1 & 11

Unfortansely, we where unable 1o
achieve our goal of a cockpit speed of
& m's using vilen analysis. The average
maximum chamwheel velocrty (n=6) for
the first experimental sesion was 7.53

m's, The highest maximum velocity of
the single run of the secomd experimental
session was 9,02 ms, Unfortunately, no
videny analysis to determine cockpit speed
wis possible for thes fmal nan

Discussinn

The maximum chaimwheel velocity is the
chainwheel speed duning a pedal stroke at
the mament of the pilets maximem throst
on the pedals The averape chamwhes]
speed in one stroke of pedaling s abow
half of the maxmmum speed.

The maximum spocket speed durng
amy single rotation of the pedals when the
mlot exerts maximum thrust i extending
thir leg s abowt 12 mia, and the minimom
sprockel speed during any single rotalion
of the pedals @5 sbout 3m's. The average
spoed 4 the midpoiat of the maximam
speed and the minimuam speed.

I pedaling a bicvele, the differences
between the maxinwm and  minimum
values &re atienuated by the inerfial foree
of the combined bicycle and rider weight.
[n pedaling an HPA the propeller is so
light that there s no Myahee] efecd and
the power ascillation of albernstmg pedal
thrusis 15 greal. Thas led e Experiment 11

Prepararion jor pedaling
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Fiew of e photoelectric semsor egqinpped
With fhe cocspit

Fiew of the wowmd-up rmpe
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TABLE |
Expeériment —First Exparimanbal Segsson

Maximom and Averaged Speed of Take-off Fun

the propeller due to power aliernation
{descibed mbowe). To redecs  the
oscillation of the chain we re-tensiomed

e - T vﬂ-ﬁ:'-ﬂr_-il s S— the chain and improved the efficiency.

L i T T o

1 450 (51.1] T4 (E3AY 537 Roa s ewre 2. The drum on the rear whesl which

3 483 (62.3) TEE (130 545 - Fig=16.17 the keviar rope was wound Aroand as

= tapered going from 50 mm te &3 mm.
B (XN b1

- —d :31 [:nm = = Ty This increased the gear ratio 30% as the

= 510 {84) .- rope urwound. In gach & way the gear

5 474 {Aa4) 1.3 (i arn = rafio increased from 3606 bo 4, 700

AVERALGE 485 (803 TER (1T 532

TABLE I 1. Because we could mot reach the take-

Experiment —First Experimental Session off speed of Bm's during the last |0m

and Pawer i Take-off @ of the previows muns using propeller

e - Hequeed | Foauired drive only we lengihened the rope from

1 ;"’; E hh p'-l "'I Haltna Flgurss 20 m to 30 m so the cockpit frame was

" FYT 28 FrT B2 | e e powered by DUAL drive throughout

At pia the rum. In this way we hoped 1o reach

i 290 127 13 a7S - F-16.17 p—

3 385 1LB 40 B30 =

4 80 123 o] B = Fig-1818| 4. Becawse of our changes we chanped

5 ET 124 X BT n the position of the photoelectric sensor,

Also, because at some  points  the
AVERAGE 187 27 4 Bl '
L voltage exceeded the apper limit of 10
Tmr!h':" & : V oof the data logper, we lowered the
Experiment I—Second Experimental Session :
—— . gain of the strain gange.
ke churvehaad Valocky | by odesan_pnsieris]  Nobes Results of Experiment 1L
: mn Table % Maximuam and averaged speed of

18t 527 (80.8) 002 (10n0) = 5 take-off P
TABLE IV Ta:.'_-lc rr'-.-'l Torque and required powes in
Experiment I—Second Experimental Session Wieod e
Towguee and Meguired Powaer in Take-aff Bun

Avmrag crank um crane | Mugures ] Fimcquerss Figs 20-23 depict data summarized in
| Torgus Tergus Forsnr Motk Tahles ¥—%1
;E B. 43 v )

L. - — I . - The mean maximem velocity of the
TABLE W second experiment (n=2) was 12.35 mis,
Experiment ll—Second Experimental Session To estimate the effect of tire slip we
Maximum and Averaged Spesd of Take-aff fun

L [TETIL ] Cgzacs ram v iy
T greimwhesl Velacky | by video sn snakbrsis) Hotes Fipares
Experiment 11 s _irpenl o o) m
The second experiment was a single 1st 555 (S0 1.7 (1330 A.B0 = Fg-20.21
cxperimental session on Sepiember 8, nd 458 [566) 130 (1480 500 - o
1996 that consisled of three irals and Hrd 553 [BLE) 167 (121 20 m-lﬂ,'d' Fig-22.23
was conducted m a brick-powder track, [e—————— s —
Compared with a nabber track used in the [mRer wo mmef 527 (5880 124 (HOE sl
previous measurement, it had amuch arger o a0 & 4y
slip ratia, We made the following changes.  eypariment Il—Second Experimental Session
Targue and Regquired Power in Take-off fun
Changes made hefore  the second Bxarmg crark | Mackreomn arrk. | Baauired | Bsgared
xpeTiment, B 5 T R | SN 1= ot Motes Result
1 T T T
1. Druring the first twae mins we noticed the ;t I — = - ;33: - s
chain was boose, increasing the power i : __"r -
alicrnations  between  pedal  thrusts, ad | 1w 230 188 1470 pasis: Fa-2223
further decreasing the efficiency of Imﬂ PRI 214 =51 1874
18 Number 54 Human Power
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e Velonity (]

remeved the 20 kg ballast for the thind trial,
reducing the maximum velocity to 10.7 m/
&, This demonstrates that if the weight is
decreased by 20 kg it requires less torgue.
Ispection of Table VI shows that though
the groumd speed welocity increased from
495 m's b 5.2 m's the average amount of
targue decreased from 4.19 kp'm to 3,38
kgimi, The decrement of weight decreases
the required power at take-off run.

Hscussion

Becawse of our changes we were able to
inerease the afficieney and power outpal so
that the chaimwhss] velocsy dramatically
increassd from 7.53 m's o 12.35 m's. For
thi: puerposes of exammation Figs 24-27 are
taken from previously graphed dsta from
Expertiment [, Firsl expenniental ssson,
irzal #4, which achieved the highest cockpat

hgi? EEPENEIEUT | P ot imbia, Tra §- s BP0 i Dok Terms

frame velocity (6.25 m's) as seen i Table
I amed the lowest max. Torque {12.3 kgm)
&3 seen in Table 11 What we seek 15 the

hephest possible cockpit speed with the
leravest T tmm tongque possihle.

Unforturately, the increased slipping
of the fire prevented the cockpit frame
from accelerating from rope drve. We
wonidered if the mersase in chainwles|
velaciy was due o the increased slipping
af the tire. The persod of forgquee vanation
agrees with the penod of pedaling so that
the maximum value of the torgue is during
the st or 2nd revolution, The strain gauge
located on the right hand pedal registered
peak when the nght hand pedal is pressed.
Fig. 24 shows the pilot’s maximum torgue
was af the beginning

In Fig.s 25 & 26 it can be seen that
with time, crank-arm speed and chainwheel

velocity increase. The maximum value of
the moment 15 90 BEPM o 67 m's. The
variation period of ratabion and velocity is
about half of the period of pedaling,

Fig 26 shows that when the pikot
pedals, the plane is accelerated. The speed
of one crank arm revolution decresses
from 2.1 to B seconds in 5 revoluions,
despite the increaging gear size with each
revalution. Fig. 27 shiows the shape of the
curve showing requined power over time
The shape of the curves showing required
power agrees with the shape of the carve
showing the amount of torgue nequired,
Fig. 24, With fime, the velocity and power
increase, Inspection of Fig 24 reveals that
high torques coincides with the peak power
in Fig. 27, reaching a maximum during
the 3rd revaluticn. Comparing the annolar
velocity of the front chainwhes] (m's) in

Human Power
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Fig. 26 shiows how the velocity af the crank
detectes] by chamwhesl speed mcreased
with time. This was related to the averaged
velacity of the plane measured by viden,

During the beginning of the run, the
plane was propelled by bath rope drive and
propeller drive (DUAL drive). During the
fith revolution the mpe unwound shifting
all the pilats power to the now more
efficient propeller suddenly decreasing
ihe bead of the pilot and the rotational rate
incrensed, as alwwn in the sixth revalution
of Fig. 25 & 26,

The peak forque decressed in the
secamd half of a ron; the effect of the
Kavlar roge as it unwound from the tapensd
dram on the rear wheel, The maximum
valoe of torque s prester during the first
half af the mal as can be seen in Figs. 17,
19, 21, 23, and 24,

In the 15t Experiment, one revolation
ook 1.5-20 5 bat cduring the Ind this
was reduced to 1.0 s, due in large part to
the effect of improving the tmnsmission
efficiency of the chain-drive as well

EEFERIMENT [ Tra 1- Shaimsdssl ' siseey o Far

EESTFAMTAT [ "-wl 35 Befar, Seedore! Semte = D

B (W]

bk "BEBEgEEERE

ERE

P (88

GREbETRRBRRRE

as the slipperinzss of the brick-pover
ground compared to an all-weather rubber
Tartan™ track.

The cockpal frame speed in Experiment
1 was slower than i Expermment | due 1o
tire slip. After going 30 m during a real
flight atempt, somse lift cocurs on the
wing. Al the beginning of a non the welgh
af the wings 15 dead weight and they hang
o, When the cockpit frame has esough
speed and starts to fly the wings generate
lift and confirm the dikedral angle, With
imcreased lift the cockpit frame is more
likeky to go straight as the force of the
driving whesl decreases. This makes
mere porwer available to turn the propeller
and the |:rr||;|-|;|:l|r.r turns. faster. [F 20 kg of
bnllast bost sand gradunlly during the trial
the conditions would be mare like those in
actually taking-off.

The pikits increased power culpuet on
the second experiment should be naled.
Certamly the track was mane slippery but i
s be revmenhered that throughout the 340
m inal bath the rope and propeller always

ciperabed topether, Whibs, we were unohle to
achicve the desined ground speed of Bm's as
comfirmed by video analysis, this may b
been duss 1o a mumber of reasons.

Far one, the cockpll frame we wsed
had additionnl aaxilinry wheels on either
gide to smbilize it that the aircrafi did
o, The drag from these wheels meay
have impaired performance. While it was
difficult 10 balance the haman-powered
arreraft the mh:ili:u'ng wheely may bz
preventsd the cockpit frame from smaoth
acceleration. Moreover, ewen  slight
unevenness m the ground will allew the
tire to imperceptibly slip,

However, we were determined o fly
and fimished the airplane. We ook 1t o
n very smacth rumway of concrete and,
without the losses incumed by stabilizing
wheels on the cockpit frame, were
suscesalully able vo iy,

The pilot reported that the effori
niecessary for flight was the same as the
cxperiment.
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