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The use of the bicycle extends far beyond modern recreation and sports racing events. Bicycle ergometers
are videly used as testing devices to determine aerchic fitness levels and cardiac function. Over the past
several years, pedal-powered vehicles and stationary bikes have increased in popularity. This has come about as
a result of an increased public awareness of the bealth benefits of cardiovascular conditioning, as well as
providing an alternative form of transportation. The latter deals vith the development of the human povered
vehicle (HPV) vhere efficiency of locomotion is of chief importance. The purpose of this paper is to study the
efficiency of a conventional circular pedal motion (CPM) bicycle cyclist. Patello-femoral force is
a contributing factor to chondromalacia-patella (Dickson, 1985) and is a concern in both locomotion and
eyercise/rehabilitation.

Research investigating the forces applied using conventional CPM systems is extensive (Gregor et al.,
1985; Davis and Bull, 1981; Hull and Davis, 1381; Soden and Adeyefa, 1979; Hull and Jorge, 1985; and Newmiller
et al,, 1988). Reported movement patterns and applied forces at specific pedal positions are relatively
consistent between studies. The less popular and less available NCPN systes has not been studied extensively by
the research community.

METHODS

The CPX systea bike was made by Univega with toe clips. The bike was mounted on 2 stationary trainer to
aliow video taping of simulated riding. The NCPX system was the Alenax Tramsbar Power bycicle. This systea has
two ratcheting sprockets, one on each side of the rear tire. Ome end of each of two chains is attached to one
end of 2 pair of levers with pedals on the opposite ends of the levers. The levers reciprocate via a cable
connecting the free ends of the chain. Because the chain camnot tolerate a compression along its long axis, no
tension can be created by pulling the pedals up. No toe clips were needed because when one pedal is moved down
the other moves up. The NCPM system bicycle was mounted on a motor driven treadmill to provide a riding
sisulation, and a shuttered video camera was used to fila the subject completing ten stroke cycles on each
systen. Video prints vere made at approximately 0.45 rad intervals of crank rotation, A theoretical model vas
developed and applied to both systems.

Joint mopent arms were determined for the right ankle, knee and hip by analyzing x-rays of the subject's
thigh, shank and foot sequents. Instant centers of rotation were determined by the use of Moire fringes
{Gertzbein, et al., 1985) and respective moment arms were measured from the x-ray film. These measurements are
necessary to determine the work done by antagonistic muscle groups spanning more than one joint. This condition
is referred to as lombard's paradox (Lombard, 1903; Gregor, et.al., 1985). The muscles involved are the
gastrocnemius, responsible for knee flexion and plantar flexion; biceps femoris, semimembranosus, and
senitendinosus contributing to to knee flexion and hip extemsion; and the rectus femoris which is a knee
extensor and hip flexor.

The contribution of each of these muscules was determined by estimating each muscle's maximun length of
shortening and the amount of tendon displacement along the long axis of the muscle, as it moves from its resting
length to its shortened length. Moment arms of the tendon were plotted against joint angle. The sum of the
integrals of the equations fitting those curves was detarmined, from resting {0 rad) to the two respective joint
angies. An assumption was made that muscle will shorten 2/3 of its resting length. The only muscle where tension
was not exerted by the contracting muscle was the gastrocremius at the 6° past top dead center (TDC) cramk
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position in the CPM system bicycle.
Cross sectional areas of the two-joint mascles relative to the total cross sectiosal area of the total

mijor muscle movers at the hip, Inee and ankle were determined. The following assumptions wvere sade: {1) The
q@strocnenius tendon oo the posterior feaur was assigned a tension of 60% of the total force exerted by the
mjor plantar flexors. {2) The rectus femoris provided 25% of the tension exerted by the Inse axtensors. (1) The
sum of the glutecs saximas and the posterior portions of the gqluteus medius and gluteus ninlmus exert three
times as much force as the sum of the long bead of the biceps femoris, semitendinosus and seaimesbranosus.

The model utilized for ideal force apllication for the CPM systea is similar to one used by Soden and
Meysfa (197). Their *idea)® condition did not allov for the shear force exertsd by the foot on a pedal
aquipped vith toe clips. They suggested that this force was not significant and could de cmitted. Measuresent
techniques used by other imwestigators (Bull and Jorge, 1985; Davis and Bull, 1981; Bull and Davis, 1981 and
Nevailler, et al., 1988) indicmte othervise. A mean peak wvalue of the ahear forces relative to normal pedal
forces was detarxined to de 1:) respactively. Observed crank arm torque approxisates the following curve (B 1)
vhere Y is the vertical force and # is the displacesent clockvise beginning at TOC.

I =Y sing (1)
The vork done in one half pedal revolution vas determined using one arditrary unit of force. The crank irz

was 18ca long but standardized to 1 length unit to siaplify the calculation. Total work done is determined dy
solving the integral:

et
{2)
U, = sin 6 deo
0,
Uy = 2au (3)

The borizontal component is the shear force applied to the pedal. The force/ position curve was the
absolute value of a cosine curve of 1/ the amplitude of the peak vertical force. The total work done can be
troken down into the folloving vertical and horizontal cosponents:
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Pigure 1: Torgue/Crank Angle Ourve. Crank Angia # (ragl

Piqure 1 shovs the torgee/position curve for the wertical and borizontal components. The sase relationshiy
w3 used to deternine the vertical force on the NCPN systes, using the cbsarved lever are liaits. An assagtion
Vs sade that there was oo gmar force, and the normal force bad & vertical component that satisfies the
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folloving equation:

=2 sin e (6}
The work done in one pedal stroke of each respective pedalling system was determined by solving the
integral: o,

U, = /; sin 6 d8 = 2au (7

e

Using the limits of the crank stroke for ¢; and ¢, as 1.431 and 2.758 respectively, the constant Z (peak torque)
ws solved.

2.758
4 ( - COS 9) ) = 2au ®
1.431 {9)

2 = 1.875

In both systess the work done in lifting the weight of the leg vas omitted because that potential energy is
released on the next stroke. Vertical travel of the leq's was considered not significantly different betieen
the CPM and MNCPM systems. Forces were solved conforming to the model described. Absolute pedal angle with
respect to the horizontal ¢/ vas used in determing forces. Because the NCPX systen had no toe clips, the
assueption vas made that al} forces applied were normal to the pedal, and a frictional force vas exerted to hid
the foot on the pedal when small absolute angles ¢/ existed. Equation 11 vas substituted for Py (vertical force)
in equation 10. By {force normal to the pedal) wvas solved for using equation 12. Pigure 2 shows the NCPN forces.
Note that d is 1.757 times the one length unit used in the CPM system (Eg 1).

' =1.875 sin @ = D F sine (10)
F, cos & = p, (11)
F, 1.875/1.757 cos ")

F, = 1.067/cos ¢ (12)

Figure 2: NCPX Pedal Porces.
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The CPX systea force components are solved for in a similar fashion except that now both shear and normal
forces exist. Eguation 13 vas used to solve for the vertical force applied to generate the torque necessary at
the crank arm.

Figure 3 details the normal and shear components of the vertical forces Fy.
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Figure 3: CPX Pedal Porces.

Bquations 14 and 15 compensate for the absolute pedal angle. Bquations 15 and 17 are equations 13 combined with
14 and 1) combined with 15 respectively; used to solve for normal vertical Fyy and shear vertical Py, forces:

For : 0 < 8 <7

F, = F, cos v (14)

F, = F, sin y (15)

1/d - 1/3d tan ® = F, cos ¢ (16)

- 1/d -~ 1/3d tan 6 = F, cos ¢ (17)
F., = cos ¢/d - cos ¢/3d tan 8 (18)

F,., = 8in p/d - sin ¢/34 tan © (19)

The horizontal force Fy and components Fyy and Poy were determined in the same manner with the exception that
the direction of the force changes at 0 = /2. Poﬂwinq the convention established:
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Since:
r'=1/3 cos 6 = P, d cos ©

Fu = F, 8in p,

and Fu = F, Ccos ¢
Therefore: sin ¢/3d = Fu for : 0 s 6, /2, (20a)
- 8in ¢/3d = Fu for : /2 <@ < ¥, (20b)
cos ¢/3d = Fu for : 0 £ & < w/2, (21la)
and - cos @/3d = F, for : */2 < ©® < ¥ (21b)

Table 1 presents the algebraic sum of all shear and normal forces. Normal and shear forces were calculated
for the CPN and NCPX systems, Lines were drawn normal to the pedal and parallel to the surface of the pedal
through its axis of rotation. External mosents were measured fros the perpendicular distance froa the line to
the center of rotation for éach of the three joints. A positive counterclockwise movezent convention was
established.

TABLE 1
Normal and shear forces for CPX system bicycle at various crank angles. {Normalized for crank length of I unit).

for @: } 0 £ & < 0.3217 0.3217 < & £ 7/2 ¥/2 < © £ 2.820, 2.820 £«
r,; sin ¢ sinp -(sinp/3tan®) |sinp -(siny/3tan®) -sin ¢

+ Cos¢/3 - cos @/3
F,= cos ¢ cosp -(cosyp/ltane) cosy =(cosyp/3tand) cos ¢

+ sinpl - sin 9/3
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A on and multipliad by 5,60 to
M’-r ar t the origln 8t that knee angle,
Laken 23 the sue o” 0.75 times the gluteus
maximes lever arm and 0,28 ti i sipenbrancsus lever arn. Total aip
extengion tension wag detersined w’ .mt .pk.ed L‘y 0. 25 t determire the tersion in this complex at the site of
tiblel Insertion. That insertino’s moment avs, at that joint ergie, was peasured and the product yielded
a secend internal knee moment,

Toe “esnlmﬁt emkie BOTEUY wh
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Froz the sus of all mosents acting on the Xnee, forees in the patellar ligament and quadriceps tendon were
determined and 9.25 times thiz 4amﬁ {imes ?bﬂ wonert ars of rectus femoric &t the acetadulum, produces another
internal moment. The contribution of this nev resuitant zowent o6 Fnee extipsion forces was recalculated wntil
the diszrepancy from the previons valuas was lase Than 5% Figre 4 shows 2 free body diagram depicting all
forces, other than gravity, aciimg on the lag

F
X
/ ) Fan = Reaction Force (Normal)
5.2 - .F'-— ‘o Fag = Reaction Force (Shear)
oM . T
= F . Far Far = Force Rectus Femoris
{\ 4) Fuo = Force Hamstrings (at origin)
e
O .&1‘ iy F .y = Force Hamstrings {at insertion)
// Fp = Force Patellae Ligarnent
- Feor = Force Quadriceps Tendon
. /\ Fe = Force Gastrocnemius
= NS Fo = Force Calcansai Tendon
3
{ L Fau = Foice Gluteus Maximus
Fan

e

Figure 4: Forces applied and sign convention 5f sopents about the hip, kree and ankle {excloding body weight:
¢ g i ght

The resultant moment about eack joint wes mined at the selected joint angles. These vajues were
plotted against joint angle and integrated over the initial to final juint angle values, taking into account
changes in direction encountered by the joints; observing eccentris contractions as well. Pateilo®emoral *
were calculated based on the tension values in the quadriseps tendon ard the patellar ligazent.
the zlgebraic sup of the products of tendon and ligament tensions and the cosine of the angles each of thy
vectors meke with a line that passes through the point of contact of the patella and femur and the i‘*"sm‘.,n
of the téo force vectors. (Ellis, et al., 1980}, The sun of these ‘two vector components wes
resultant compression patellofemral force. These values were plotted and fitted with a soooth
integrated along the range of motion ¢f the joint.

RESULTS
The total work done by the guscles of each jeint is listed in Table 2. Pigure 5 illustratas th oking
sequences in CPY and NCPY. The total work produced vith the d now equal to 13 cm put into the oriyinal work

equations 2 and 3 yielded & work product of 36 au (cm) for each 1/2 revolution. The data shows a 7% ir 2 i
the amount of work done in the conventional CPM system bicycle as computed to the NCP¥ systea. The "orw:nmra;
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M systea attributes 39.4% of the work produced by the muscles is due to Lombard's Paradox as compared to

26.9% in the NCPX systes.

TABLE 2
Muscular work required to do 36 au ca of work for CPM and HCPX systems.
Joint CPM (Work Done) NCPM (Work Done)
(au-am} (au-om)
Value %Total Value %Total
Hip 34.82 58.60 23.47 47.00
Knee Ext 14.38 24.30 15.32 31.10
Knee Flex 2.63 4.40 00.00 00.00
Ankle 7.55 12.70 10.46 21.20
3 = (au-cm) 59.38 100.00 49.27 100.00
CPM NCPM

Figure 5: Stroking Sequences in CPM and NCPM.

Figure 6 shovs the range of motion at the hip, Xnee and ankle for each type of pedal motion. This decrease
vg_ilagge range of motion partially explains the smaller amount of antagonistic musclz
7]

in the joints use of a
action.

RAHNGE OF MOTION (DEGREE

JOINT
Figure 6: Joint Ranges of Motion for CPN and NCPM Pedalling Systems.
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A comparison was made between these two bicycle systess based on the amount of vork done relative to the
crossactional area of the major muscles moves involved. Plagehoef's data (1987) vere used to determine total
crossectional area of the major muscle movers for the joints analyzed. The data are recorded in Table 3.

TABLE 3:
Sork output in CPM and #CPM systess.

Joint Action Crossectipnal % of % Work % Work
Area (cm?) Total Done A Done A

, CPM NCPM
Hip Extension 109.76  37.00 £8.60 21.60 47.70 10.70
Knee Flexion  69.50 23.40 4.40 19.00 00.00 23.40
Knee Extension 71.10 24.00 24.30 0.30 31.30 7.10
Ankie Plantar Fl. 4.62 15.60 12.70 2.90 21.20 5.60
X 43.80 46.80

Patellofemoral forces were analyzed for one stroke cycle for both CPM and NCPM. The area under the curve
for one stroke cycle was 2.486 total units vith the NCPX system and 2.191 total units in the CPN systea. This
represents a 11.9% difference betveen the CPM and NCPM systess. Mote that this force {s applied through 0.87
rad. anqular displacesent on the NCPM systea or 2.857 units force/rad. knee displacement and through 0.56 rad
{3.91 units force/rad knee displacement) for the CPM system. There is a 27.0% decrease in patellofemora} forces
per unit of area contacted in the NCPX in comparison to the CPX systea.

DISCUSSION

The primary findings of this study suggest that a more efficient systes of producing work may exist with
the NCPX systea as compared to a conventional CP¥ systes. At very high pedal velocities this increased
efficiency in the NCPM system may be lost because rotational kinetic emergy is stored in the crank, pedals and
lover extremities in a circular pedaling motion. In the NCPM systea the mass must be accelerated and decelerated
in order to change direction at the beginning and end of each stroke. If the forces required to cause these
decelerations comes from muscle power, then efficiency is lost. It is possible that this energy could be
transferred to the locomotion mechanism of the bicycle without exerting muscular force to change the direction
of the movesent. Yo alleviate this potential problem, very high pedal velocities should be avoided. As the pedal
force is increased, the absolute patellofemoral force per pedal stroke also increases. If the power output
required can be achieved by a lov pedal force and velocity, the increased efficiency, found in this model, may
bold true.

With respect to a mode of exercise, where prolonged high pover outputs are not the issue the NCPM systea

my offer a practical alternative. Por persons with a limited hip or Xnee range of motion, chondromalacia
patella, or other limlting conditions, this pedalling systea may prove advantageous. It is conceivable that
2 lov mass lever driven systea could be developed in order to satisfy both populations.
Woen using a bicycle for transportation and exercise, the elimination of detrimental stressed is of obvious
benefit. The data suggest that a 26.9% decrease in force per unit of crossectional area exists at the
patellofesoral joint in the NCPX in coaparison to the CPM systea. The larger more sporadic patellofemoral forces
calculated in the CPM as compared to the NCPM systea may also contribute to improper patellar tracking and
excessive patellofemoral forces. Both of these may contribute to chondromalacia patellae. The data also suggest
that both systess could poskibly be {mproved by repositioning the pedal arm or crank to more equally use the
body's natural strength potential. The advantage of a push-pull lever NCPM system offers a plausible alternative
to conventional pedalling systems.
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