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Abstract

This paper presents the kinematics of the leg-tecfee-bar linkage system mechanism including feegment.
Kinematics is very important in the analysis ofdigodies system whenever theoretical analysigiisgosought
especially in bicycle-leg linkage mechanism. Adbdexperimental works has already been carriecoaubwer
limbs segments biomechanics during cycling whicloined the use of positions of the lower limb segtagbut
there has not been a complete theoretical anabfsihe lower limb segments positions in the litarat
Therefore, there is need for a complete kinemaifcthe bicycle-leg linkage mechanism which includies
position analysis of the lower limb segments. Thsition, velocity, and acceleration equations wlrsved and
the profiles of the thigh, shank and foot segmemte plotted against crank angles. It was fountlttr@profiles
obtained are reasonable and agrees with experiments

Keywords. Cycling; Five-bar linkage; Kinematics Analysis; LemLimb Segments.

1. Introduction

Cycling has been used for transportation and réorethroughout the world for over a century [1]aMy works
have been carried out on cycling and cycling reladabjects. The cycling exercise could be usefuthe
following ways: (1) as therapy for rehabilitatiori accident patients, (2) for competition in spof® for
recreation (4) for keeping fit (exercise) and &) électricity generation during exercise. Severatks has been
done in monitoring pedal forces and crank torq@e6][and also design parameters for a bicycle-raystem
which maximizes the power output from the musclelsuman lower limb, and developmental progresshat t
characterizes the interaction of muscular and naseular forces in tasks constrained by contact whith
environment and biomechanics of the hip, knee askieaduring a progressive resistance cycling praitat an
effort to detect and measure the presence of mdatiigue were investigated [6-10]. Four spacesobgac
matrix was used to analyze a five-link mechanisrd dypnamic model of a four bar linkage with cleamnc
between coupler and rocker were solved [11-12]s Plaiper presents a complete kinematics analyshedég-
bicycle five-bar linkage mechanism thigh, shank toat bone.

2. Equation Derivations

Figure 1 below shows the model of lower limb segtmencycle frame and pedal cra@ABCD is the bicycle
frame,l,, |5, andl; are respectively thigh, shank and foot segmerds,aa the pedal crank arm.

2.1 Position Analysis

The loop equation of the model below in figure h ba written in as follows, if we assume the bieyithme as
a fixed link:

l,[cosd, + jsing,] +1,[cosB, — jsing,] +1,[cosE, + jsing,] -

_ _ . )
[,[cos@, — jsing,] +1[cosm/2+ jsinm/2] +| [cosm+ jsinm] =0
The vector loop equation 1 can be written for #w and imaginary axes as
|, cosf, +1,cosb, +1,cosb, -1, cosd, +|,cosn/2+1,cosn=0 (2a)
[,sing, —1,sin@, +1;sing; +1,sin6, +1.sinn/2+I,sin1=0 (2b)
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Figure 1: A model of a lower limb segments, pedahk and bicycle frame

2.2 Derivation of Thigh and Knee Angles

Fig 2: shows the resolutions of the leg segmentsaneal and imaginary axis as well as the poséioalysis of
the leg segments and the space analysis of the dimid knee angles.

From triangle ABF in fig 2, it can be found that

1,Sn8, -1,Sn8, -1,Sn6, +1,

tand, = ()
|,Cosé, —1,Cosb, —1,Cosb, +1

6, = tan™ 1,Sn8, —1,Sng, -1,Snd, +1, @
|,Cosé, —1,Cosé, —1,Cosb, +I,

The expression for the thigh anglecan also be gotten from triangle OAH in fig 2 hewn below:

Using Pythagoras’ theorem,

12 =[(l, +1,Cosé, —1,Cos8,) -1,Cos6,]% +[(I; +1,9n8, -1,9n8,) -1,Sn6,]* (5)
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Figure 2: Space Analysis of thigh, and kneed, angles

2

{2[(1, +1,5n8, —1,Sn8,)(1,Sn8,)] +2[(l, +1,Cos8, —1,Cosd,)(1,Cos8,)]}
={(1, +1,Cos8, —1,Cos8,) + (I, +1,9n8, ~1,Sn8,)? +12 -12}

If we let

A= (l, +1,Cos8, —1,C0s6,)% + (I, +1,9n8, =1,9n8,)% +12 —12

B=2( +1,9n6, -1,9n8,)|,
C=2(, +1,Cosb, —1,Cosb,)l,
Then, equation (7) becomes

CSnéd+BCosf = A
Using trigonometry identity and ldang /2 =t

61

(I +1,cos8, —1,cos8, -1, cosb,)

— (I +1,sing, —1,sind, —1,sind,)

2= (I +1,Cos@, —1,Cosb,)? + (I, +1,9n8, —=1,9n8,)” +1?
—~2[(l5 +1,Cos8, —1,Cosb;)(1,Cosb,)] - 2[(ls +1,9n8, ~1,59n8;)(1,Sn6,)]

} (6)

(7)

8)
(9)

oj1
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6 t
Sn—= (12)
2 \1+t?
6 1
Cos— = 13)
2 \1+t?
.6 6 t 1 2t
Snf =2Sn—Cos— =20 E = (14)
2 Vi+t? J1+t2 1+t°
6 1 | 2 2-1-t2 _1-t?
Cosf = 2Cos* —-1=2 -l=——-1= — = (15)
2 A1+12 1+t 1+t 1+t
Recall equation (11)
CSnéd+BCosél = A (11)
Substituting equations (14) and (15) into equatidl), we have
o 2 |iglit|oa (12)
1+t? 1+t?
Multiplying through byl+t%, we have
C(2t) +B@L-t%) = A0 +t?) (13)
2Ct+ B-Bt* = A+ At? (14)
A+ At? -2Ct-B+Bt*>=0 (15)
(A+B)t?-2Ct+(A-B)=0 61
Recall equations (8), (9) and (10)
A=(,+1,Cosb, —I3CIOS6’3)2 +(,+1,9n6, —I3S'n03)2 +|12 —I,f (8)
B=2(, +1,9n8, —1,Sn6,)|, 9)
C=2(,+1,Cos6, —1,Cosb,)I, (10)
Then equation (16) becomes
[(Is +1,CosE, —|3C0593)2 +(;+1,9n6, —I33n03)2 2
+|12 _|22] +[2(15 +1,9n86, ~1,9n6))l,]
-2[2(Is +1,Cosd, —1,Cosb,)l, ]t =0
+{[(I6 +1,Cos@, —1,Cos6,)? + (I, +1,5n6, —I3Sin6’3)2}
+I12—I22]—[2(I5+I4Sin64—I38'n6?3)I1] (17)

Equation (17) is a quadratic equation of the fax’ +bx +c = Owhere
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o= [(I; +1,Cos@, —1,Cosb,)? + (I, +1,9n8, —1,9n8,)* +17 —12] a8)
+[2(1, +1,9n8, -1,Sn8,)1,]
b=-2[2(I +1,Cosb, —1,Cosb,)l,], (19)
and
o= [(I +1,Cos8, —1,Cosb,)* + (I, +1,9n8, —1,.Sn8,)* +17 —12] 0
-[2(5 +1,9n8, -1,9nE,)I,]
The solution of equation (17) is then,
22(1, +1,Cosé, —1,Cosb)l,)
(- 22(, +1,Cos8, —1,Cos8y)!,]) »
[(I, +1,Cos6, —1,Cos6,)> [('; +1,Cos6, ~1,Cose)”
t=l+ o AT e +(l, +1,9n8, -1,9n8,)? 1)
—4 +(, +1,9n8, -1,9n8,)% +12 —12] (25 450% Tl )
+[2(, +1,Sn6, -1,.Sn6,)l,] *lo-lal-
[2(, +1,9n6, —1,9n8,)1,]
[(I, +1,Cos8, —1,C0s6,)? N
2 + (I, +1,9n8, -1,9n6,)2 +12 - 12]
+[2(I; +1,9n6, -1,9n6,)I,]
Recallt = tanﬂ
2A2(1, +1,Cosé, —1,Cosb,)l,)
05

(- 2[2(1, +1,Cos8, —1,CosB,)1,1)?

[(I, +1,Cos8, —1,Cosé,)?
—4 +(I, +1,5n8, -1,9n8,) +12 - 12]

I+

_ =
6, = 2tan +[2(I; +1,9n6, -1,9n8,)I,]
[(I¢ +1,Cos6, —1,Cosb,)? ’
2 +(l, +1,9n6, -1,9n8,)? +17 -12]
+[2(1 +1,9n8, = 1,Sn8,)1,]
(23)
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2.3 Derivation of the Foot Angle

The foot angle ig; in figure 2 above, looking at triangle BCD, if arpendicular is drawn from point C to line
BD, and calledh, as shown in figure 3 below. BC is assumed tchbddot segment while CD is the crank arm,

]

Figure 3: Analysis of foot angle

h=1,sing, =-1,sing, (24)
l,sing, =-1,sing, (25)
g, = sin‘{Mj (26)
|3
2.4 Velocity Analysis

The velocity derivatives of the thigh and shanknsegts can be gotten by taking the
first time-derivatives of (1) above we obtain thmgalar velocities
l,[cosE, + jsing,] +1,[cosE, — jsing,]

—+1,[cosd, + jsing,] -1,[cosd, — jsing,] =0 (27)
+1 [cosm/2+ jsinm/2] +| [cosm+ jsinr]

Equation (27) is
|, (B [jcosd, —sing,] +1, [B,[-j cosl, —sing,] o 8)
+1, [, jcosh, —sinb,] -1, [B,[ j cosd, —sind,]
Separating equation (28) into real and imaginaryspand equating to zero

Real Part:
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|,[-sin8,]8, +1,[-sinb,18, +1,[-sinb,]6, -1,[-sinb,]18, =0 (29)
1,[-sing,16, +1,[-sind,16, +{~1,[sin6,14, +1,[sin6,14,} = 0 (30)
Imaginary part;
i[l,[cos@16 +1,[-cos,16, +1,[cosb,16, 1,[-cos8,16,] =0 (31)
Sincel # 0, then
|,[cos8,]8, +1,[-cosh,18, +1,[cosb,]16, —1,[-cosb,]6, =0 (32)
Therefore,
1,[c0s6,16, +1,[-c0s6,16, +{,[c0s8,16, +1,[cos6,]6,} = 0 (33)
Equations (31) and (33) can be set as simultaneguations, and then solved for
91, and92 using second order determinant and simplify,
g =l ,0,sin(8, +86,)+1.,8,sin(6, - 6,) i~
' 11, sin(6, +86,)
g = ,0,sin(6,+8,)+1.8,sin(6, - 6,) )
? 11, sin(6, +86,)
The velocity of the foot angle is gotten by takee time derivatives of the foot angle thus
d d| . 4 -I,sin@
—(6,) =—1sin| 42— 36
O | @0
g, = -1,6,cos, @37)
2
l, .
IS\/{l—(“smH“) J
ls
2.5. Acceleration Analysis
Taking the second time-derivates of loop equatignye have:
d? [l[cos@, + jsing ] +1,[cosb, — jsing,] +1,[cosb, + | Sing;] -
dt? |=1,[cos8, — jsing,] +I [cos/2+ jsins/2] +|[cosmT+ jsin] 56
1,[-(8,sin6, + 87 cosd,) + j (6, cosh, — 67 sinb,)]
_|=1,[(8,sin8, + &% cosh,) + j(-6Z sind, + B, cosb,)] 39

+1,[—(8, sing, + 82 cosB,) + j(—67 sind, + 8, cosF,)]
+1,[(8, sin@, + 62 cosB,) — j(-67 sind, + 8, coss,)]
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Separating equation (39) into real and imaginaryspave have

Real part:
l,(=siné,)d, —1,(67 cosh,) +1,(-sing,)b, - 1,02 cosb,]| _ 0 (0)
+1,(-siné,)8, -1, cosd, +1,0, siné, +1,07 cosh, )]
) . |-1,62cos8, -1,(8% cos,) 1,8, siné.
|,(-sin)8, +1,(-sin6,)d, +{ * - * 2(.. 2 ?) 2T =0 (41)
—1,67 cosd, +1,6, sind, +1,67 cosd,
Imaginary part:
i 1,[(6, cosg, - &7 sinG,)] - 1,[(=67 sind, + 8, cosB, )] o )
+1,[(-6Z sing, + 8, cosd,)] -1,[(-67 sin6, + 8, cosb, )]
Sincei # 0, then
l,(cosh,)8, —1,67 sin6, —1,(coss,)d, +1,67 sing, | _ 0 )
~1,62sin@, +1,0, cosb, +1,67 siné, - 1,6, cosb,
. . |[-1,67sin@, +1,82sin8, —1,62 siné.
l,(cos8,)8, —1,(cos8,)d, +{ T H FETITE ST Lo (44)
+1,6, cosg, +1,67 sing, —1,6, cosb,
The angular accelerations of the thigh and shankbeadetermined from the simultaneous equation 482)
equation (33), using second order determinant anplliy,
21262 cos’ 6, +1,62 codd, - 8,) +1.),0% codB, - 6,) -
1,82 cod8, -6,)+14,8,sin(8, - ,)+1,,8,sin(6, - 6,) )
! 11, sin(6, +6,)
~1262 -1,,62 cod6, +6,)-1,,6% codd, - 6,) +
. |14,07codd, -8,)+1],8,sin(6,-6,)-1,.8,sin(6, +6,)
g, = : (46)
11, sin(6, +6,)

The acceleration of the foot is gotten by taking tilme derivatives of the angular velocity expressquation
38 above, assuming the differentiation of a quatidnwo functions:

d ( 93) _d -1,8, cosd, -

dt | 2
I 1—(|“sin94J

3

it u=-,6,cosd,, u=1,6,sing, -4, coss,|
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| 2 | 2 _}é

andv =1, 1—(|—45in6’4j ,v=1,0,cosd, 1—(|—45in6?4J
3 3

d

dt

vU —uv

V2

(48)

(6,)=4, :%:

2 2 _%
I 1—(:“sin94j (I4[94sin94—é4c0564])+ (I45?4c0594)2 1—(:“sin94j

3 3
I 2
|2 1—(4sin6?4J
l5

For the studies of these segments, the valueshte Ta below is used. The profile of crank angled the leg
segments angles is shown in fig 4, below. Thests plere obtained from our derivations for thigharshand
foot angles in equations 4, 23 and 26 respectively.

(50)

3. Results and Discussions

Table T Parameters used for simulation

SIN DESCRIPTION SYMBOL VALUES USED
1 Length of thigh bone l, 0.396m
2 | Length of shank bone l, 0.435m
3 | Length of foot bone I 0.213m
4 | Crank arm length l, 0.170m
5 Hip to crank axis (horizontal) |5 0.212m
6 Hip to crank axis (vertical) |6 0.673m
7 Angle between the vertical and thigh bone 91 87
8 | Angle between the vertical and the shank bone A 157
9 | Angle between the vertical axis and the foot bone o, 3¢’
10 | Angle of the crank arm o, 45
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Figs. 4 -6 are the profile of the segments angbesus the crank angles: The foot angle profileign is
sinusoidal which agrees with experimental obseovatif Hull and Jorge [6]. The profile of the thighd shank
angles versus crank angles also agrees with sthikit@matics of four bar linkage mechanism [13th# foot
angle is fixed. The velocity profile of foot segnerrsus crank angles in figure 5 is cosine shdpielmagrees
in theory with differentiation of the foot segmeamtgle (a sine curve). The profile of the anguldoeity of the
shank and thigh segments peak at arouichd8 also at 375with lesser peaks at 135he acceleration profiles
in Fig. 6 reveal that the magnitude of the shamjrsmnt profile peaks at 4and again at 33Mut with lesser
magnitude. It can be inferred from the graphs thatcycling activities will be felt more in the shasegment of
the lower limb at around 4%nd 318 which suggests likely stress and strain in théoregf the knee since it is
the knee angle that is associated with the shagrkeet in the analysis.

Segment Angles
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@ 3.0000 e Knee
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-1.0000 —m -

-2.0000

Crank angle (degrees)

Figure 4: The profile of segments angles and ceargtes

The profile of velocity and crank angles for thighank and foot are shown in Fig. 5 and it wasinbthfrom
equations 34, 35 and 37 respectively.
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Figure 5: The profile of segments angular veloaitg crank angles

The profile of angular acceleration and crank amépe thigh, shank and foot are shown in Fig. 6latained
from equations 45, 46 and 50 respectively.

Segments angular acceleration

OB T N IAYA A YA YATATATATA AA At a4 AT AT A A AN AT A T s AN AT AT
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—#—shank
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Figure 6: The profile of segments angular accatamand crank angles
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4. Conclusion

Kinematics analysis of the lower limb segmentsmydycling session has been presented. The pasition
velocity and acceleration analysis of the lowelisegments during cycling which will afford theadcat
validation of experiments that can be carried ouhis field of study. The equations for the pasitivelocity
and acceleration of the foot, shank and thigh segsneere derived. The profiles of position, velp@nhd
acceleration and crank angles plotted. The platseagith experiment results.
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Nomenclature
b,, b,:real and imaginary axes respectively ;
l,, 1,, |;:respectively lengths of thigh, shank and anklpeidal spindle;

|4: crank arm length — from pedal to crank spindle;

|5, IG: respectively horizontal and vertical distanceshefseat from the crank arm spindle;

91, 91, 91: positional angle, angular velocity and angularederation for thigh with the vertical
respectively;

92, 92, 92: positional angle, angular velocity and angularederation for thigh with the vertical
respectively;

93, 93, 93: positional angle, angular velocity and angularederation for thigh with the vertical

respectively;
6,, : crank angle measured from the vertical.
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