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Chapter 1 

Introduction 

Every day most of us move with ease from one side of the room to another, up stairs, down 

slopes, turning, stopping and starting at will. Walking is taken for granted. However, looking at 

the first steps of a toddler we realise there lies considerable skill in achieving those first few 

steps. How we learn to move so effortlessly lies in the incredible design of the bipedal system, 

both at the mechanical and neuro-muscular control level. 

Nonnal human gait is the end product of a complex collaboration between the neuromuscular 

and musculo-skeletal systems of the body. The high degree of unifonnity of gait across all 

races, genders and body sizes lends itself well to serve as a diagnostic tool. The proficiency and 

ease with which a person walks thus allows insight into the status and function of several 

systems in the body at once. 

Z A, FenxwaJ 
ep1ccndyte 

o 

14 L ASIS 

11 L L4elatars.aJ htlad V 

9 l 
H .. , 

x 

_ ...... L. Matatarsal head V 
8 

~ 

Figure 1.1 (a) A typical placement of reflective markers used in video capture analysis and (b) the 
corresponding 3D "stick figure" used in analysis. [Illustration from www.univie.ac.at/cga/fag/sets/] 

In deriving the maxImum diagnostic benefit, gait analysis has progressed from subjective 

observation to precise descriptive teclmiques including electromyography (EMG), video 

capture and force plate analysis with capture rates of 1000 Hz and spatia] resolution of the order 

of O.Smm. One such technique that now fonns the backbone of modem day gait analysis is 

video based motion capture. This utilises a set of reflective markers placed at strategic 

1 
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Figure 2.1 Path of a bodies centre of mass when walking with quasi-dynam ie stability. 
IllIustrJ'ltion from Collins el (/1. (200 1)1 

Ballistic Walking: is a specific gait that requITes no (or a rnrnllnurn number ot) 

actuators, yet exi sts at a narural frequency. Machan and McMahon (1980) found they 

cou Id describe th is passive gait as a pair of coupled pendu lurns. The stance leg 

behaves as an inverted pendulum pivoting about the ground contact. while the swing 

leg behaves as a compound pendulum about the hip. As with all pendulum motion. 

most energy is recycled between intervening stages of kinetic and potential energy. 

The resulting energetic advantage and natural motion are ideal for lise in autonomous 

robots. Furthermore, the deduction by Mochon and McMahon (1980) that normal 

hu man gait is largely ba II istic has been supported by Inman el al. (198 I) in the ir EM G 

study 0 f ga it. Their find ings show that a II intrinsic leg muscles exh ibi t phasic act i v ity 

at the initiation and completion of a stride but are otherwise non-active. Hence the 

majority of walking gait may be more a result of the inherent dynamics, rather than 

forced actuation, of the legs. 
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Figure 2.2: Strobe photograph of the physical model designed 
jlnd sim u latccl by G arci:. et nl. (1998), (IlIUSlrlllion from G nrci~l el 

III. 1998). 

Figure 2.): SI robe -lilie si muJalion djl(jl (Jeft) of the Garcia el al.( 1'>,)8) walker on n slo Jll' 0 r 
,/=0.036, compared /0 thaI of norm:.1 human gait, from Winrer (1')87). The similarity exists 
despite the Iflck of 1I n 1I nlde joint, :lncl Irun It in the model. (1lIlIstration from G :lrcia ef (II. 19<)8). 

13 



Univ
ers

ity
 of

 C
ap

e T
ow

n

to 

Fr Froude number 

H Bow wave 

V 

g 

more 

on 

a 

at a 

as 

2.1 



Univ
ers

ity
 of

 C
ap

e T
ow

n

to 

to 

1 

an 

to a common 

we 

It across a 

to uncover as 

s ancestors 

1 ), 

astronauts on 

et 

an 

15 



Univ
ers

ity
 of

 C
ap

e T
ow

n

........ , ...... 

...... IH)"' .... .. Aller ;' , '. _ .................. ILIH) 'p' • 

... " .......... 1\1' plk ...... ; ~ ........ 4" ,,_ ,.101_", W ...... !.~ ..... _ w. 
__ ...-' ............ " .................. . ·..,. ............ ~ .. I -. <of ....... 

• • ,,,. 10., •• oJ ' .h ..... · ....... , 

, 

, -• , , , • , 
SII<#I_ot __ 

-:.··~-... I .... I--...... _ .. .. - " ... ., .. , ... _ ..... _ .. _""-_ .. _-,, "" ......... __ . 
" ..... ,' '' ... -..... _---_ ... ", ..... 

U .,l O,'U .. it SI.,I .. rlly 

....... _'. _ ~ ..... _::.::;::;:' ... -,. <If ",,)Iocol .. 
d)_I< MIIlIot'ol) Ho or I _.... I' 1),._ 7 '" I' <If 

If<~.- ................. d,"'" -"' .................. ,._ """'ben 

.. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

\vas bed as the 

more 

other Duncan (I 

are not 

m lti 

motion. 

the case 

The 

but 

Where v is the 

ulum 

itions 

A and 

I. Same 

other [n 

2. 

the 

IC 

g is acce 

( I 

notion ic simi 

are 

one are a constant mll the 

if their 

and 

on a govern 

IS 

was known to as the d 

as N 

1 v 2 

x--=-
r 

due to and r is the 

lums, 

are 

third. only 

In 

less 

2.2 

IllS the 

Iy dar 

. characterize the the lim relative to each 

each ground 80 

and running. 

is in contact with 

IS than 0.5 as one 

contact with 

17 



Univ
ers

ity
 of

 C
ap

e T
ow

n

3. 

4. 

5. 

IS 

(l 

to 

must exert 

must 

costs 

to 

a 

at 

a 

to 

one or more 

(l 

measurements 

to 

IS 

on 

18 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Moving pivor 

Com pound 
Pendulum 

Inverted 
pendulum 

Fixed pivot at 
Foot contact 

Figu rc 2.5 The inverteu penuular behaviour 0 f the slilnce leg lends itsel f well to descri bing 
wl'Ilking gait. High percentage of kinetic and potential energy recycled from one form to the other 
is thought to be responsible for Ihe high gains in efficiency an inherent characteristic of pendular 
motion. IlIIustrlllion adapted from A lexanucr (1992) I 

Despite the immense value of this energy efficient system, with increasing speed the 

pendulum motion of walking is less effective at conserving mechanical energy and 

IDust be supplemented by muscular exertion. At a certain walk-run transition speed, 

rhe pendulum motion of walking is replaced by the elastic spring mechanism of 

running. Farley el af. (1993) confirmed such an analogy with a simulated model. and 

showed that running gait, unlike walking, is governed not only by inertial and 

gravitational forces but also by the elastic properties or the limbs with energy stored 

in the rendons. 

A vital, energy-based distinction between walking and running thus emerges. As seen 

in Figure 2.6, walking has a steady state energy level where potential and kinetic 

energy are approximately 180() out of phase. The slim total energy is thus held for the 

most part constant. Conversely, Figure 2.7 shows that in running the kinetic and 

potential energies are in phase and coupled with spring energy from muscles and 

tendons alike. The resultant total energy is not constant and changes with eflch stride. 

19 



Univ
ers

ity
 of

 C
ap

e T
ow

n

100 
Walk 

80 

>. 60 to.!) .... 
II) 
C 
4.l 
;;; 40 
\.I 
'2 
'" .c 20 u 
u 
~ 

0 

a 0.2 0.4 0.6 O.S 
Tmlc IS) 

and kinetic energy of the centre of mass 
horizontal line indicates doubles support while the thin 

represents I Illustration from et al. (I 

n 
700 

~ 
«.) 50 c 

~ u 

n 
1:'. n 

600 g 
n 

~ 
550 

Left stance SOO 
0 0.4 0.8 

(5) 

2.7 of the centre of mass at from 

energy is again to It 

IS to accurately 

In the case 

In num to 

20 



Univ
ers

ity
 of

 C
ap

e T
ow

n

A 

(1 

0.5 

(1 

(1 

two 

(1 

cats. 

IS 

1 ), 

a 

over 

was a 

to an 

et (1 

21 



Univ
ers

ity
 of

 C
ap

e T
ow

n
to 

exact 

1 

(1 

as 

et (1 et 

(1 et 

as 

more recent 

were 

(1 (1 



Univ
ers

ity
 of

 C
ap

e T
ow

n
2.8 One of the earliest 

lise of 

el 

use IS 

an 

2.3.1. The 

The 

a 

the 

knee and is in contact 

the 

walkers 

the 

bi with knees. 

re two 

a stance or a 

the grou nd; the 

Fallis (1888) shows the 

d 

IS 

to 

(I 

tune 

the 

IS 

version 

Simu 

mass sha 

and a shank 

it 

is thus 

23 



Univ
ers

ity
 of

 C
ap

e T
ow

n

As a subsequent version of the rimless-whee! it is governed by Newtonian multi-body 

dynamics, subject to certain ideal conditions. The equations of motion are based on 

pelfectly non-slip and inelastic foot-ground impact at heel-strike. The knee offers no 

resistance to flexion of the stance leg but prevents over-extension of the swing leg 

when the shank meets the thigh in a plastic collision which is referred to as "knee­

strike" . After impact, the leg configuration remains unchanged , unlike the velocities 

of the feet. At all times angular momentum is conserved about the point of impact for 

the entire system, and only about the hip for the swing leg. 

Although based on ideal conditions, the final "return map" matrix describing the 

interchange of foot velocities produced several modes of periodic gait on differing 

slopes. The model thus illustrated that on completion of a step the appropriate 

conditions necessary for the second step are automatically produced. 

a) DIMENSIONAL PARAMETERS b) DYNAMIC VARIABLES 

:::::: / (,!),/ ' ! 
<y 

~ ' "' 

P'iglJrc 2.9: DeSCription of the dimensional and dynamic parameters of McGeer's kneed 2D bipe(l 

as interpreted by Garcill elol. (1998) I illustration from Garcia elol. (1998)1. 

The notation used by Garcia el al. (1998) to describe the geometric and dynamic 

parameters is shown schematically in Figure 2.9. Contact with the ground is provided 

via circular feet of radius R, which allow the hip to roll forward and, to a limited 

degree, upward . The foot centre is offset by an angle of £, from the stance leg and is 

attached to the lower shank by a rigid ankle joint. The masses and radi i of gyration of 

the thigh and shank are indicated by mi. rl and ms , r, respectively . The positions of the 

24 
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Chapter 3 

Design of the Physical Model 

3.1 Final Assembly 

The final assembly shown in Figures 3.t and 3.2 is our version of the 2D bipedal walker that 

was based on the parameter selection of Garcia et al. (1997). It comprised of four identical 

legs coupled at the hip such that each pair moved as one structure independent of the other. 

Figure 3.1 The manufactured, original physical wal ker set-up as tested. 
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Figure 3.2 SolidWorks drawing of the assembled walker excluding the suction-cup mechanism. 

Each pair of legs is identical to its neighbour and displays the parameters specified in Table 

3.l.The specifications of each component were designed by a two-step procedure. Firstly, 

unknown lengths or positions, for example the shank leg length, were determined 

geometrically from the schematic of Garcia (1997) in Figure 3.4. Secondly, the centre of mass 

(COM) location and mass of each individual element was calculated by balance of moments 

about the overall COM or a the relevant joint. 
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TEM NC CTY PART NO. I 
1 1 ThiQh 2 simple 
2 1 Thiqh Knee 1 
3 1 Shank 1 
4 1 Foot 1 
5 2 Ankle 4 
6 1 Knee 1 
7 1 Knee PIN 
8 1 knee ~Iqp plate 

® 9 1 knee stoDPin 
10 1 Suction CUD 
11 1 Bolt 
12 1 Nut 
13 1 Needle valve 
14 1 cup mounlin!=) 
15 1 Washer 
16 1 Collar 
17 1 Plate 

Figure 3.3 Exploded view of components used for a single leg final assembly. Shown are the thigh and 
shank, link.ed by a knee joint with accompanying suction-cup knee-stop mechanism, the circular foot and 
ankle joint brackets. The individual hip joint is excluded from this particular view. 

At each design stage of the individual components and their subsequent assembly, the mass 

properties were confinned by use of the Solid Works 2000 drawing package. In addition any 

design changes to the biped were first implemented virtually using this package to detennine 

the effect on the overall weight, COM and moments of inertia. This proved useful in both 

confinning the geometric relationshjps and momentum balance equations, as well as ensuring 
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accurate mating of the components and avoiding unnecessary interference during their relative 

motions. 

Before testing, the simulation was run using the new set of parameters to detennine the level 

of stability. If instability was detected the responsible part was redesigned to have a less 

signi ficant effect. 

3.2 Parameter Specifications 

The global dimensions used in parameter selection of the physical model were based on the 

constructed biped of Garcia et ai. (1998). These geometric properties, as illustrated in Figure 

3.4, were established by Garcia el a I. ( 1998) via mathematical a nalysis, and c onftnned by 

both simulation and physical construction to give a stable, efficient gait on a shallow slope of 

two degrees. The exact values of the dimensional parameters to be implemented are given in 

Table 3.1. 

I',,} nIT 

1'." In, 

, 
\ 
\ 
\ 

\ 
\ 
I , , , 

8 

Figure 3.4 Dimensional parameters as specified by Garcia el al. (1998) 

[n addition to the global parameters of Garcia et ar (1998), several practical design issues 

were incorporated into the constructed biped. Fundamental to the design of our biped was to 

pennit a moderate range of variation of key parameters, such as weight, COM position and 

leg length which may be adjusted on site, between tests without any re-machining. As a 

whole, the design also had to allow both ease of manufacture and assembly while maintaining 

the desired accuracy. 
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Substituting Equation I into Equation 2 

Where 

Ws (Fy - Ly) - LxFy = C, (F, - L,) - LyF, 

Fy = 0.26 + A. cos cr 

F,=A.sincr 

Lx = ~sin ¢K (Where x is a variahle denominator = 4) 
x 

, R2 .] [ __ a _] 
/!. = SIO a 

sma -acosa 

Final equation solved numerically: 

0.0065 + 0.025 A. cos(32°- a) - 0.025 (LJx) cost 14°) 

0.17 A. sin(32°-a) + 0.17 A. sin(14°) =- A. (LJx) cos(32°-a) 

sin(Sk) + 0.26 (Ll/x) sin(S..) - A. (Ll/x) sin(32° -a) COS(Sk) 

3.3 

3.4 

35 

3.6 

3.7 

3.8 

3.9 

3.10 

Using a mild steel shaft of circular cross-section the required diameter calculated is 12 mm. 

fhe tinal design parameters for the knee joint, leg and foot components of the shank 

subassembly are given in Table 3.4. 

Table 3.4 Calculated geometric and mass parameters of the shank subassembly 
components 

Parameter Symbol Value 
_._-------------_._-- .. -

Knee Joint Mass mkn<::.e 0.417 kg 

Shank Leg Mass ml eg 0.402 kg 

Shank Leg Length L1eg 440/405 mm 

Shank Leg Diameter Rslumk 12.0 mm 

Foot Mass ITIfOOI 0.611 kg 

Foot Angle of "Sweep" ~ = 90° _ 25.2 0 

Foot Th ickness trool 10mm 

Radius of Gyration (kgm') r, 69.62 x 10-3 
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3.5.1 Foot Design 

The feet of the biped have been almost fully defined by their radius R, angJe of arc ~. mass 

M,oor and centre of mass position along the centreline }". The final parameter required is the 

foot th ickness tfool, which is calculated by using equations 3.1 I and 3. 12. I,.vh ich gi ve a 

thickness of6 mm. 

3.r r 

3.12 

By incorporating a lengthwise slot centred about the COM, the foot thickness is increased to 

10 ml1). However, as shown in Figure 3.12, the slot is shifted slightly to the left to 

accommodate the ankle joint and a foot-l ink spann ing the inner feet, wh ich will be d isctlssed 

towards the end of this chapter. The resulting shift in COM position is marginal, with 6A. = 

0.5 mm and 6:.x = 4.7 mm and thus implemented. 

o 

0) 
I 

, 
\ 

\. 

Figure 3.11 Foot profile dimensions. 

- ] 
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3.6 Hip Joint 

Although the required mass of the hip joint has been determined, it is not the only role it must 

play in the bipedal system. Several practical issues must be dealt with in conjunction with 

providing the predetermined mass. 

As calculated each hip must provide a mass of Mh1p = OA17 kg concentrated about the 

common axis of rotation. During mathematical analysis and subsequent simulation, the hip 

joint is assumed frictionless and as McGeer (J 997) states, should the friction be more than 

negligible it will destroy the gait cycle entirely. 

The design is tackled from two perspectives: that of providing a frictionless joint with a 

specific mass for each leg, and that of structurally separating and synchronising the motion of 

the four legs as inner and outer pairs. After selecting the structural concept to be 

implemented, the shape of the individual hips were formulated and their sizes designed for. 

Furthermore the structural design must allow the attachment of extra weight to each hip pair 

about the axis of rotation to facilitate parameter variation during fine-tuning. 

B 

r--------------~~-------------, 

c 

Key 

, 
J L 

TE I 
H Spacer 

Figure 3.12 Schematic of possible structural concept for hip joint 

Locating pin 

. '" , . , 
" , 
,; I , , 

J L 

M 
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The following two concepts were considered when attempting to fulfil the structural aspect of 

the requirements. In Figures 3.12 and 3.13 the outer and inner hips share a common support 

shaft S, although only the inner pair of hips rotate about the shaft, isolated from its rotational 

movement by virtue of a paired bearing arrangement B. The bearing housing H serves 

multiple purposes by accommodating the bearing and additional collars C, as well as ensuring 

the simultaneous movement of the inner legs by fusing the inner hips. 

The outer hips on the other hand, are linked by virtue of the main shaft M, which they are 

fixed to by either a key or locating pin thal passes through the upper portion of the separate 

thigh-end piece, TE. The main shaft provides structural support, synchronisation and 

contributes to the hip mass of the outer hips, hence reducing their volume. Additional weights 

in the form of collars C may be attached to either pair by sliding onto the housing or main 

shaft and fixed by means of a locating pin, thereby ensuring the extra weight is centred about 

the common axis of rotation and moves in synchrony with the adjacent hip. Extra length is 

produced at the junction between the thigh and the thigh-end piece by a slider and grub screw 

in a similar manner to the knee-end piece as discussed in section 3.4 

Outer 
Hip 

hmer hip pair 

figure 3.13 3D view of possible hip arrangement 

Main Shaft 

An alternative and simpler concept is shown in Figure 3.14. This more obvious arrangement 

possesses a similar main shaft M; however in this case both outer and inner hips are isolated 

from rotational movement with a simple lubricated clearance fit or journal bearing (not shown 

in the diagram). Synchronisation is less elegantly achieved by overhead ilUler and outer links 

CIL and OL) fastened onto the top of each hip. A problem arises as the main shaft's rotation 
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a) Outer Hip b) Inner Hip 

Figure 3.15 Dimensions of implemented outer and inner hips 

Each individual hip was to be of mass, mhip = 1.1256 kg centred about the axis of rotation as 

determined in Appendix B.l. On assembly the links Were to display sufficient clearance for 

all possible thigh angles occurring during gait to ensure no interference between the outer and 

inner legs. Tbis clearance was provided by an increased elevation of the outer hips, which 

take on an inverted T-profile to ensure the weight was balanced symmetrically about the 

centre of rotation. Similarly, the inner hips assisted clearance with a shorter and narrower 

profile. Change in thigh length was realised by a short slider screwed into the base of the hip. 

This ran within a hollow at the cordate thigh end and was secured by a pair of grub screws. 

The link's ability to transmit torque from one leg to another was paramount, although several 

additional criteria did exist In formulating a design each set-up aimed to minimise weight 

while providing sufficient strength, accessibility and versatility. The latter refers to the need 

for change in limb separation, which from the physical trials displays a decrease in yaw and a 

more robust heading with the widening of the hips. Two such methods considered for 

fastening are shown in Figure 3.16. 

The first concept had a circular rod spanning the distance between the thighs secured to the 

lOp face of each by a modified saddle clamp. A flat face machined on the bottom of the shaft 

ensured maximum friction and limit free rotation, while the rod itself may slide back and forth 

as required. A variation would involve housing the rod directly within the hip. However the 

limited volume of the individual hips, particularly the taller outer pair, would compromise its 
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strength. As a result the links are to remain "separate" from the hip, with fastening limited to 

the outer faces. 

Saddle 
clamp 

Hip 

Bolt 

Figure 3.16 Possible fastening methods: (a) saddle clamp with 
circula r link; (b) bolted square lin k 

The alternative idea (b) ustelised a link of rectangular profile with pairs of equally spaced 

locating holes machined at each end, through which bolts attach to the top face. The larger 

available contact area facilitates torque transmission between hips while shifting the points of 

attachment between each pair of holes quickly and simply varies separation distance. In 

addition this lends itself well to using various links of differing mass. Ultimately the square 

link profile was chosen. With these criteria in mind the final outer and inner hip designs 

shown in Figure 3.17 were realized. 

Figure 3.17 Implemented hip joint arrangement 
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here required the machining of a threaded runner into the shank body which limited both the 

strength of the limb as well as it's versatility, as alignment of the feet allow only full turns. 

The reverse condition, using a pronged shank-end shown in Figure 3.19, was achieved by the 

addition of a separate knee component K to the shank. This negated both the need to split 

shank limb and the use of collars, provided the mass was symmetrical about the axis of 

rotation. The shank attachment in the base was adjusted by a grub-screw, allowing a portion 

of length to move into or out of the knee, thus effecting length change. Alignment was 

guaranteed by means of a locating groove, which guides the fastening screw during assembly. 

The thigh too used a similar discrete interface that screwed onto the outer face, while the 

rounded weight-bearing extension fits in the gap G. Rounded faces ensured the separation 

distance between shank and thigh is minimal while multiple pivot points allowed for 

moderate limb length adjustment. This second idea was thus preferred for its adaptable shank­

end. However, before implementation the opposing thigh piece was first refined to more 

efficiently permit the required movement while using the limited volume available. 

Thigh end, 
attached to 
outer face 

G 

Multiple pivot points allow 
limb extension 

K 

Figure 3.19 Knee joint concept (b) 

Shank end fastened 
by grub screw 

The final implemented form of the knee joint, shown in Figures 3.20, 3.21 and 3.22, which 

used a reduced thigh--end piece T to minimise both weight and the separation distance 

between the limbs. During design care was taken when allocating the correct masses within 

the knee assembly. For example, if the pin rotates with the thigh, its mass contributes to the 
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Final Knee 
Joint COM 

Shank 

Support 
plO 

Additional Shank 
extension 

Figure 3.21 3D view of knee joint centre of mass (COM) from Solid Works 

Thigh-end 
piece 

"-- 45 - -" '- --

Locating groove 
and dimple at 
max position 

~ ~ain Support 
-----rIO 

Figure 3.22 lmplemented Knee joint with dimensions 
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3.7.1 The Knee-Stop 

To complete the knee a mechanism was added to prevent the over extension of the shank in a 

non-bounce, non-stick (i.e. plastic collision) manner while being sufficiently lightweight so as 

to preserve the mass balance of the knee. In addition, in order to expand the range of flexible 

parameters the degree of knee extension pennitted was designed to be easily adjusted. 

Knee 

~ 

Main 
support 
pIn 

----~---;. -- - ./" .. -
00 

0 

0 

0 

0 

(a) Fixed bar 

U-bar to fit 
thigh shaft 

---1 ~-:-:----.--
.. -
Q 0 

CIJ 
0 

(c) V-bar and pivot 

Adjustment ~ 
Knee 

o 
/ 

~ 

0 .. 
/ 

/ 

/ 

/ 

\J 

(b) Sliding bar 

Set extension 

Main 
support pin 

Figure 3.23 Possible Knee-stop mechanisms (a) (b) and (c) 

Slot 
/' 
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This paired system of components offered more elegantly the inclusion of an energy­

absorbing spring, and if required an adjustable damper, all within a relatively compact 

volume. Further more the somewhat unavoidable asymmetrical addition of mass to the overall 

knee is minimised as all components are of aluminium save the bolt, which is the only 

component subject to direct stress and nonnal steel. Although the bracket transmitted the 

force of impact its high-strength profile allowed the use of lighter material. The overall mass 

of this arrangement is approximate Iy 83 g and shifts the centre of mass by less than 1. 1m m. 

Thigh-end 
piece 

Pin 

Knee 

Aluminium 
Bracket 

Sliding 
bolt 

Shank securing 
grub-screw 

Figure 3.25 Knee joint assembly showing knee-stop and thigh-end piece 

3.8 Ankle Joint 

The ankle was required to be a rigid lightweight joint, allowing the simple adjustment of both 

angular and fore-aft position of the foot between trials. In accordance with the Garcia (1997) 

model of Figure 3.4, the foot edge where arc 'begins', and the shank centreline must be 

coincident. The evolution of possible ideas, which culminated in the implemented design, are 

illustrated in Figure 3.26. 
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especially at heel strike, a flange is machined into the shank to fix the foot position and thus 

dispensing with the need to calculate the maximum joint torques and bolt strengths. The 

simple positional adjustment by release and tightening of the bolts, while remaining immobile 

during gait makes this lightweight design the preferred choice. The final dimensions are given 

in Figure 3.27 and Appendix D. Table 3.5 shows the final set of thigh and shank parameters 

of the thigh to be tested. 

o 

10 

30 20 
,'-

Figure 3.27 Dimensions of the ankle joint, Solid Works detail side view: two 

required per foot each of thickness of 3mm 

Table 3.5 Final parameters for dynamically equivalent inner and outer thighs 

Parameter Thigh Shank 

Mass (kg) 5.1135 5.0946 

COM position (mm) 103 101 

Moment of Inertia (kgm2) 77.351 X 10-3 78.59 X 10.3 
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provided and thus used to fine tune extension. Although the former may be adjusted 

between trials, it remains constant throughout the gait cycle, see Figure 4.3, thereby 

inhibiting the inherent unlocking torques responsible for flexion at toe-off. The 

advantages of its compact and simple nature are outweighed by this lack in 

functional requirements, as the distortion/interference of unlocking torques is too 

critical an aspect to overlook. 

Dimple 

ThiQ:h 

+-- Knee 
base 

Adjusting screw 

Figure 4.2 Socket and ratchet mechanism: Spring loaded ball 
bearing housed in base of knee, mates with dimple 00 thigh end. 

c. Timed Magnets: A permanent magnet of sufficient strength would similarly require 

greater unlocking torques for flexion. However using an electromagnet whose 

activation is timed with an appropriate event in the gait cycle, for example the 

passing of the inner and outer knees, the magnetic attraction may be localized to the 

required period. The difficulty arises when implementing the electro-mechanical 

interface between event and magnetic activation. A possible form includes placing 

either an ultrasonic or infrared sensor on the side of each knee, which, on detecting 
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Figure 4.4 Implemented suction-ell p aud needle valve knee stop, (a) general layout; (b) exploded view 
showing detailed arrangement of paris 

Our version of the McGeer suction cup method, shown in Figure 4.4 and Appendix D, 

shares the same timed-release principle but is modified in two main areas. Firstly, the 

mounting of the contact plate and the suction-cup assembly are on the thigh and shank 

respectively, with the latter attaching to the current knee-stop bracket via a pronged 
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Inner Tbighs Ouler Thighs 0 mi' 
(J) (2) I,' 

1 
r r 
c, C1* = C2 C, 

I I I c, 

j 
MI· = 

M, MI + mi· M, 

M, 

u 
Original Parameters Step J: C J * = C, 

1 

0 mi· + O.5m2 

1 

0 mi· + O.5m2 

r r 
L, L, 

C, C, 

MI· = 1 MI· = 1 M2* = 

MI +ml" M, MJ +m\* M2+m2 
+ m, + m, +(m,* - m,) 

L, L, 

1 O.Sm, 1 O.5m, 

Step 2: }I* = 11 Step 3: MI* = M2* 

Figure 4.5 Steps to achieve dynamic equivaleoce. Subscript 1 and 2 refers to the inner and outer pairs of thighs 
respectively 

78 



Univ
ers

ity
 of

 C
ap

e T
ow

n

a masses are a 
. . 

mass ml = In our case IS at a 

new mner 

4.1 

we 

4.2 

43 

to g -45.5 

mm, common aXIs 

to as it a 

connector movement. 

Table 4.2 

._---_ ........ _ ............ _ .............. _ .. _ .......... ~---•. ------ ._--------_._.-
4. 

113.9mm 101 mm 

9xl X 1 



Univ
ers

ity
 of

 C
ap

e T
ow

n

* 

4.6 for the 

maximum 

at 

moments as 

ml 

* 
+ 

I 

the inner overhead link 

4. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

is to 

our case as II *< 

+ 

is to 

masses 

1. A new inner 

• 
• 
• 
• 

2. on 

• 
• 

mass IS 

moments 

to 

exact 

+ + 

+ + 

a mass 

mass IS 

at a 

mass IS aelJenlO on 

a co 

maximum 

Inner 

at 

set In 

+0. 

9.5 mm 

172 mm 

mm 

at a 

6mm 

g 

mm aXIs 

g 

maximum 

4.5 

outer 

4.6 

4. 7 

4. 

81 



Univ
ers

ity
 of

 C
ap

e T
ow

n

• mm = 1 nun 

3. A set outer c its c mm 

• + m,*-

• 17.5 mm 

• mm 

.5mm 

5.11 5 

mm 101 mm 

1 x 1 x 1 x 1 

arrangement additional collars and new inner link added to achieve 
between the inner and outer 



Univ
ers

ity
 of

 C
ap

e T
ow

n

and 

a 

more 

some cases 

contact 

case 

no trace 

et 

In 

outer 

as 

outer 

to 



Univ
ers

ity
 of

 C
ap

e T
ow

n

moment ann was 

vacuum 

some cases to "Ul"-,,,UUl 

w s to 

screws were 

• 
extent 

• 

were 

• 
not to 

to 

accurate 

a 

some 

to 

to 

to 

to 

were 

to 

to ensure 

was 

as 

10 

a 

at 

was 

to 

areas 

to 

occurrence 

or 



Univ
ers

ity
 of

 C
ap

e T
ow

n

5 

not 

means not 

our case we 

maximum 

=a+b =( )+ )+ ) 5.1 

IS to 

was to 

as 3 

R= ) 5.2 



Univ
ers

ity
 of

 C
ap

e T
ow

n

= -----=-------=-

stmcture as 

stature. 

an 

IS as it if 

was to 

no 

a 

or 

outer 

5.3 

Ii 

new mass 

are 

to 

m 

was 

at an 



Univ
ers

ity
 of

 C
ap

e T
ow

n

an 

nm to 

5 1, 

at 

suma 

most was 

was 

to was 

manner: 

curvature 'I' 

==a+b=2x [( )+ 

curvature = 'I' = 

= 

et (1 

as 

was 

were 

centre 

5.4 

5.5 

5.6 



Univ
ers

ity
 of

 C
ap

e T
ow

n

L= +1fI 

o. 

5.1: Schematic of 
calculate stride 

2, is 

- v 

dimensions and 
to foot centre distance '''''I1."r·u 

5.6 IS 

5.7 

used to 

5.8 



Univ
ers

ity
 of

 C
ap

e T
ow

n

II 5.9 

II =/3 
v 

=-;===== 5.10 

5.2: The Garcia simulated 
the set of the 

a to ensure a 

1,2 or 

3 more so 

set-

two e. are 



Univ
ers

ity
 of

 C
ap

e T
ow

n

5.1. 

one 

are 

some cases 

a 

5.1. 

0.35 

0.30 

0.15 

0.10 1 

0.00 

0.6 0.7 0.8 0.9 1.1 1.2 

I 

5.3: Dimensionless p, of simulated scaled 
maximum of4 was refers to 

1.3 

5 3 

are 

.A. Scale 
Factor 

1.4 1.5 

01 

0.667 

.0.75 

1 
1.5 

ll1.667 

1 

was 

1.6 1.7 

scale factor. Each size has a 
set used as 

Inner non-D. Outer non-D. D.E set as with calculated additional 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Table S.l: Results from simulation showingj specific parameter set-up, either D.E or inner/outer non-D. E 
pairsj specific parameter changedj stride Length; stride velocity; slope; Froude number; Dimensionless 
velocity 

.. ..... .. .... . . .... ... . ... ...... ',:, :: · · · S¢.~Ue ······ · .... /? '.' .... ..• , ......... .... 

'1' FrQ:ude ···· ;,Qim~rl'j.()Qless·: , :. " . . :" .. ... ;.".;. .. -

Tr.ial .#. Oes~dptlon .=: 10 
:'. 

. ac .. r :.Sh):pe :'NuniJl~r· \l:e[p'city 

x Degrees Fr (3 

Garcia et al. (1997) 1 2 0.03 0.18 

Unstable 0.5 N/a N/a N/a 

1 4.3 0.068 0.260 

2 Outer Thighs Non-DE 3.5 0.055 0.235 

3 Ct = 26.7; 0.667 2.5 0.054 0.232 

4 'P!ert~q~~~:g 1.9 0.039 0.197 

5 4.5 0.086 0.293 

6 Outer Thighs Non-DE 3.5 0.078 0.280 

7 Ct = 55 0.75 2.5 0.022 0.149 

8 Ct = 40 l~~:::'fQg~~~g 1.2 0.018 0.134 

~ 3.5 0.067 0.259 

10 Dynamically Equivalent 2.7 0.053 0.230 

11 Physical Model 1 1.8 0.044 0.210 

12 1 0.010 0.101 

13 2.6 0.034 0.183 

14 Inner Thighs Non-IDlE 22 0.029 0.169 

15 Ct = 195.74 1.5 1.8 0.020 0.141 

16 1.4 0.011 0.104 

17 Inner Thighs Non-DE 1.7 0.010 0.102 

18 Ct = 220.2 .:~~@qd.Ig 1.6 N/a N/a 

19 gg@Q§~::1 1.667 1.5 N/a N/a 

20 B§ilQtn~ 1.4 N/a N/a 

Unstable 2 N/a N/a N/a 
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The first tentative steps at finding a stable gait at different. geometrically silYlilar sizes began by 

defining the maximum and minimum limits. For OUf particular parameter combination these were 

found to occur at double and half the original size respectively. As Figure 5A shows at a scale 

factor of 0.5 the biped is stable for a single step with the satisfactory completion of knee and heel­

strike followed by unstable support transfer. The gait pattern of the larger size limit, with a scale 

factor of 2, Figure 5.5, shows a greater degree of instability with knee-strike barely accomplished 

and heel-strike failing to occur altogether. 

" 

/ 

.. 
,"­

. " \ 

Figu re 5.4 An example of the unstable gait produced when 
using the unmodified parameter set relating to half the original 
limb length. 

-,-----,..----.. -..-. ---,-'.,...---, ---r--r----"'-,.-----,--- l 
-------, 

//- '"--

/ ~, 
/ 

/ 
/ 

./ 

::.-:'- --------- ----'-" '~. _.> ...... _., 
/ I / 

/ 

J 
I -, 

Figure 5_5 An ex~mple of the u nstable g~it prod ucecl when 
using the u nmodified p~rllmeter set relating to twice the 
origin~1 limb length. 

Having determined a set of upper and lower limits to biped size, (more may occur which we may 

nol be aware of due to the limited domain of our trial-and-error search approach), the first set of 

<>2 
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stable parameter sizes we sim.ulated represented the constructed model. With a scale faclor of one 

and lIsing the DE set of parameters; the maximum and minimum slopes at which stable period one 

gait was possible are 3.5° and 1°, each with an assigned dimensionless velocity of 0.259 and 0.101 

I·e~pectively. At t\VO further slopes of 1.80 and 2.70 the accompanying velocities at which the biped 

travels are 0.21 and 0.23, 

Increasing limb length to 1.5 times the original stable, gait appeared only with the inner non-DE set. 

without any need for modificarion. The slope limits decreased to 2.6° and 1.4° with velocities of 

0.18~ and 0.104, while the intermediate slopes of 2.20 and 1.8° the velocity fol!ows a predictable 

I i near increase to 0.169 and 0.14 I respectively. r n Figure 5.6 the DE parameter set when rested al a 

slope of 0.90 gave a lypical exponential decay of the sO'ide length, which despite several parameter 

changes could not be salvaged. 

O t~~, --r---~----'---~-----r--~~---.---------. 
\ 
" 

os 

O. I 

Ol 
! 

0' \ 

f' 
J ' 
I I 
I I 

.' \ , \ 

figu rc :>.6: TypicBI exponential decay of stable gait rna rkcd by the decrea~ing inter·th igh angle 8" . Here 
:\ sca Ie fnctor of 1.5 is user! with the inner legs non-D. E. pllr'l meIer sel M a slope of 2.5 0 

Distinctively at a maximum scale factor of 1.67, only a single stable slope was found at slope of 

I ,7r. gi v i ng ami n i mal velocity of 0.102, usi ng the inner non- DE set. The evolut ion to th is srable gait 

is illuslrated in Figure 5.7 where, after beginning wirh a promising first few steps the DE set ended 

in "over-stepping", Opting for the inner DE set srability was greatly improved, although the stride 

was d i Sl inct Iy period two wh ich despite an increased slope did not improve. A frer severa 1 parameter 

varit:llions, increasing Ct from 20 mm to 270.2 mm attained a period one gait. 
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knee-strike. The outer thigh non-DE set, although initially also plagued by multiple swinging of the 

shank, proved more promising after decreasing Is from 34.78 kgm 2 to 2534.78 kgm 2
. 

Further stability was achieved by reducing C1 from 76.7 mm 10 40 mm, Figure 5.8(a) Care was 

taken with these variations as the second step was on the verge of buckling. Fortunately by 

increasing Ct to a final value of 55rnm, Figure 5.8 b), although the first step is barely completed rhe 

flowing settle into a steady pattern of equal stride lengths after five to seven srrides. Decreasing Ct 

roo far to 26.7rnm, Figure 5.8c), despite allowing more robust initial steps increased the period to 

two. 

(a) Slope = 1.5deg (76mm) "'Ct ~ 40.mm (b) Slope = 3.5deg "'Ct = 55.mm 

:. 1\ ('1 ;~ ~. "I 1 I : I 
~ ~ r, 1'1 I /1 I' ,I I I' I" ., ' I /1 I ' , 

{' I', ,'I . I '\ I I I ' I 'I 'I 'I' , 
{, ' : I r I ' I I I I I ' I I I I 

" /', "II / I I . I' , I, , 
' I I \' i I \ \ I I i, I I t ' I . I i' I " ' 
I' I I, IJ'I 'I ftl ' 1/" " I 'I ' \ I', 'I 

" '\J\/,,1I,~.\ I I i'lll~\' " \" I I' 
'\ ,', 1/\ I AI , \ \ '/ I {! I I ', ',' I /II, Ii ' : ' 

.1 II' I{' t' I ;l I I r " f , I ' 
• 1/ ! I I I~ I ~ 'i 1 V I Vii : V ; ,/ I .' :i 1/1 I 

.f I II \ I fi ;,'1 J I i ( l ; I 
0, I'll ! I" I \ I '1 ~ ! 'd I' I' \ : / 1 It I I' If / I !, I 

I II . I ', } \ II 111 ' I I I II ~ I . I . I' 
I \}-' ~ \1 H " 11 ll' I I I • 

-J ;;; I, J 'I I " I 

v· \, 

(c) Slope = I.5deg· Ct "" 26.7.mm 

... ,!.---;----- 10 • __ I_~._-~._~L, __ .. J ... , ....... ". __ 1 _ _ 

I ~ ~ ~ £ ~ ~ 

Figure 5.8: The errect of ll.Jtering Ct on gait at a sc:\le factor of 0.75 with the non-dynamic:\l1y eqlliv:llent (I'eferre(t 
to ill the text as non-DE) pll.rameter set or the inner legs. 

When combined, as in Figure 5.3, a wide spectrum of velocities was eventually determined ranging 

from a maximum of 0.293 at a slope of 4.5 0 to a minimum of 0.134 at 1.2°. The inrermediate 

slopes, allhough equally spaced at 2.5° and 3.5°, produced vastly different velocities of 0.149 and 
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0.280. Interestingly at a slope of 1.5° and with Ct = 26.7 mm the outer non-DE set produced an 

exception("tlly stable period two gait, without the momentary unbalance in the first step as was the 

Cil$e ill the period one cycle. 

Flll1her shrinking limb length by a factor of 0.667, instability was once again evident in all three 

groups with slopes from O. J ° 10 10°, with the inner non-D.E set displaying two increasingly smaller 

steps ending in a final double support stance with both feet next to each other. Employing a change 

in C from 66.9 mm to a fmal value of 26.9 mm. stabil ity for the ourer non-DE set was achieved. 

Jlthollgh the tirst three steps displayed inconsistency beyond rhis the gait settled into a truly sr<1ble 

period two gait. However, for our purposes, the difference between stride periods of 0.1 is 

considered negligible and thus included in the results. 

This final 0.67 combination produced a similar range of angles as the previous scale factor, 0.75. of 

between 1.90 and 4.3° with a modest accompanying increase in dimensionless velocity of 0.197 and 

0.260. When tested at similar slopes as the previous set. 2.5° and 3.5°, 0 was almost identical <1t 

0.23) and 0.232, opposite to the vast difference of the former. Once again an alternative gait, this 

time of period three was also present but again displaying a more robust initial ph<lse occurring 

within the slope range at a slope of4.lo. 

(,I) Slope= 3.5D
; (66.9mm)*Ct = 26.9 mm 

• I , 

J I " /1 ,I ...... , 

, I \ / , 
\ II I ( .. I I I J. I J 

• . " J' " , I ( 
I ' \ I , I • ' f ' \ I I , ' I 

.. ' ,i ', .i. 'I \ / \ I I \ / '( 1 / " ' / , .) \ J . I I I. I \ I, i V 
, I I , • I I~' , ;\ f ' .{ ,v I 

/0 1 i I ~ l 'il (I ,/' l \ 
, ,/ \ : / 1 1/ \ I I~ I 1/'1 ' /" I I . I 

.1 ~ Ii . \ '1 'I \ I I I I I I' I \ l I 

) I. ' \ ',I '" I , '. 1 J I , l \! . " ''c 
\. ! . \ I) ,~ I.~J " . 

0 , 

(b) ~Slope ~ 4.10; (66.9mmYCt = 26.l)mm Periou I 
Period 3 

.. 

f-igul'c 5.9: A t !I SClIle factor of 0.66, using the outer tegs non-DE parameter set shows sensi! ivi!)' to 
~rl.iostment of Ct lit slopes of 3.50 lind 4.1"; (a) Period 2 gait with an unfavourable 2,,01 ~n[1 yd step!>; (lJ) 

Period 3 gait beginnin g with sm!lHer st~ blc sIers :mu settling 10 larger steps. 

It Inllst be noted that the parameter changes undertaken were aimed solely at generating stability 

and not concerned with the ease or potential for construction. With some variations, particularly lor 
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new stance foot far outstripped the energy available. Conversely, as slope decreased so did the 

stride length, until eventually the steps were so small that the biped fell forwards. 

r. -0> 
c: 
Q) 
-' 
Q) 
-0 .'" -(/) 

0.60 I 

0.50 

OAO 

0.30 r 

• 
0.20 • 
0.10 

0.00 

o 1 

£:, 0 

• • 
• 

2 

• 
• 

• 
• • • 

• 
• 

Scale Factor 

• 0.66 • 0.75 

o Garcia • 1.50 
(1997) 

• 1.00 £:, 1.67 

3 4 
Slope (Degrees) 

Figure 6.2 Stride length in metres against ground slope for the simulated data The size 
at which each gait occurs is labelled according to tbe legend in the top left corner. 

5 

It must be remembered that in Figure 6.2 stride length is not dimensionless, and hence the 

larger sized walkers, having larger feet, show longer strides for a given slope and thus reach 

their maximum stride length limit at lower slopes than that of their smaller counterparts. 

These restrictions to stride length were extended by the relationships derived a nd listed in 

Chapter 5. Firstly, to extend the upper slope limit, the vertical offset of the shank centre of 

mass from the knee (Cs) must be adjusted. The reduction in Cs served to limit the moment arm 

of the shank, which consequently reduced both the kinetic energy requirements of the shank 

and the energy expenditure at knee-strike. The lower limit was extended by decreasing the 

thigh centre of mass offset (CD from the hip by approximately 50%. 
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Size and Dynamic Similarity 

The dynamic similarity of gait between different biped sizes is apparent in Figure 6.3, where 

dimensionless velocity ~ is plotted against the biped's relative stride length which, as per 

Alexander (\ 984,2004), Kubat (2000) and Pratt (\ 999) took as the stride length A divided by 

the height h of the stance leg hip above the ground at mid-stride. As Kubat (2000) reported, 

both Donelan et al. (\ 997) and Pratt (\ 999) believed that dynamic similarity was only truly 

present ifboth the Froude number and the relative stride length were equal. 

J::: -Ol 
c 
Q) 

-' 
Q) 

-0 
~ -en 
Q) 

> -cu 
Q) 

0::: 

0.90 

Scale Factor 
0.80 .l * • 0.75 * 0.70 .l 

• 0.667 • • 0.60 • • 0 Garcia (1997) 

0.50 ...... • 1.00 

* • 
0.40 -. 1.50 .... 
0.30 {o 1.66 It. 

• 0.20 

0.10 

0.00 

0.00 0.05 0.10 0.15 0.20 0.25 0.30 

Dimensionless Velocity (~) 

Figure 6.3 A reinterpretation of simulated results showing the variation of dimensionless 
velocity p with relative stride length (L.,,,.!Lllmb)' Each point is labelled according to limb 
length relative to the original physical roodellirob length, referred to as the scale factor. 

Pendulum and Elastic Mechanics in Gait 

0.35 

The strong linear relationship bears testimony to the ability of the Froude number and its 

square root, the dimensionless v elocity ~ , top redict the dynamic similarity 0 four passive 

dynamic walker at different sizes and slopes. The Froude number, also defined as the ratio of 

gravitational forces to centripetal forces, lends itself well to predicting simulated passive 

bipedal gait as pendulum mechanics are the sole mechanism employed. 
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In Figure 7.1 a small adjustable counter-sunk bolt within the heel acts as the limiter. The 

restricted available volume and the need to maintain a smooth ground contact surface 

limits the size of the bolt and demands the bore be placed at an acute angle with respect 

to the upper foot surface. Unfortunately, as this demands intricate manufacture and more 

importantly compromises the strength of the ankle, it is retained as a secondary option. 

Shank 

Current ankle brace 

Stop-rod 
Foot 

Figure 7.1 The redesigned ankle joint showing the position of the additional stop-rod in relation to 
the current ankle joint. Housed wit bin tbe heel, stop- rod angle of inclination is more acute and length 
has been exaggera ted for clarity. 

The second arrangement In Figure 7.2 has a fixed governmg stop-rod housed in a 

separate elongated collar that slides along the shank limb. Once more the stop-rod 

contacts with the upper foot, and is adjusted by grub screws. Despite the impact of heel­

strike and the following foot-rol[ in stance phase where the moment arm at which the 

contact force acts gradually increases, "dorsi-flexion" of the foot is impeded. 

Adjustment in minimally demanding, allowing for the accurate, reproducible, rigid 

angular positioning of the feet. The sacriflce of fore-aft freedom is felt, al present, to be 

minor in comparison to these advantages. The disadvantage that may deem this approach 

ineffective is the corruption of the shank centre of mass by the extra parts. However, if 

sufficiently minor these may be easily countered for elsewhere in the shank subassembly. 
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Cross-sec.tion: Foot and Limb 

(please refer to Excel spreadsheet Dcsign_Eql.lations.exl :Shank dimensions on attached CD) 

Having found the necessary masses of the shank components it is a simple step to calculate 

the dimensions ofthe limb and foot. The knee, being a more involved component will be dealt 

with separately in the following Appendix. 

Beginning with the shank limb, the required radius is calculated by means of 

cross sectional area, A as follows: 

A 
M Limb 

I.LimbP sleel 

available 

A. 25 

Thus the limb radius required is approximately 6 mm. Similarly the foot thickness is 

determined from the required mass, Mfco! = 0 1785 kg and the angle of are, (l = 274°, giving 

A 
a 

1800 
acosa 

lhickness T M Foot 

Axp 

A.26 

A.27 

The final foot dimensions included an additional slot of length 80 mm and height 6 mm. This 

was placed at the level of the foot COM. Thus reducing the cross sectional area not only 

"""n",,c,u the foot thickness to a more hand able'" 10mm, but is to also provide a useful 

attachment for the ankle joint. Although the slot is offset by 15 mm from the centre In 

the x-direction, the resulting 0.8 mm deviation of the foot COM made the inclusion of the slot 

worthwhile. 

The fmal parameters of the shank sub-assembly are given in Table A,2, 
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B ---...+- A 
= 24 nun 

= 12 
R 12mm nun 

=24mm 

v 

12mm 

B. 2 Schematic of the and shank end of the knee Note that 
15 mm above the inner base of the knee to interference of the 

areas 

shank B.7 

B = 30 + B.S 
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(1 a rn, ("L(l U." 

was 

extra masses at 

as were 

were to 

ro on 

text 

% 2D Passive 

% version 

1 Code 

Garcia (1997) 

% Nazir Karbanee UCT,2004) 

ed and sl 

% comments and method retained for clari 

modified 

% run .m 1 initial for 2D kneed walker and 

% int forward to simulat wal down shallow s (gamma 

% radians) 

% Parameters should be entered for and shank ) and 

% ext ated for st leg cornbination- modi this 11 /94 

% to eliminate inconsistent 

% At knee strike, the 

% strike", 

incorrect parameter values 

function calls the function "knee 
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% which locks the knee and es new angular velocities 

% based on conservation of ar momentum. Simi , at heel 

% strike, 

% the function cal s "he I strike and e new 

% veloc t es, 

% and also -defines variables so the walker can take a new step. 

% wal continues until t=t inal 

% modified 11/6 95 to turbo version to run faster 

clf reset 

axis 

clear 

format long 

WORKING SECTION 

% Subas 

% without extra tuff 

It 0.355*0.75; % limb I mult ied "scale factor 

ctold 0.040; % COM distance from 

wt OJ % COM distance from centre line 

m(2) = 4 289; % Total mass 

zz2noem 0.03896 % 2nd moments of from Solid Works 

% FoIl section was not as Solid Works allows direct 

% derivation of radius of ion and COM position. However it is 

included 

% here for etness. 

% Addition of extra mas 

% 0.1718; Garc (1997) 

0.0; 

cern 0.002; 

% square masses add at cern down (calculated 1 
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% ust to include extra (non-cm) mass added 

ct (ctold*m(2) + cem* 

Izz2wem Izz2noem + 

rt = (Izz2 

m 2) m(2) 

% extra mass at 

% mh=0.773/2i 

mh=Oi 

cth=(ct*m(2) /(m(2) 

(m(2) 

Izz2whm=Izz2wem + mh*c 

m 2)=m(2 +mh; 

(2) ) i 

) i 

z2 2 ) % final radius of 

Solid Works 

ct=cthj 

%Shank Sub 

m(3 1 88; % Mass 

rs (0.03478 (3) ) ; % radius of lon 

Is 0 315; % 

0.081; % COM "y-axis" distance 

ws 0.0028j ~ COM "x-axi 11 di tance . 
R 0.150; % radius a foot 

% Total Mass 

m(l) m(2)+m(3 

% S , & Gravi 

gam 4.0 180; % s 

9 9.81; % 

% Short Hand 

sgam sin ( 

cgam cost *g; 

ion; derived from 
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%eta epsilon)values as defined in notes 

12* /180) ; etak 

etat 

etaf 

atan (ls- *sin etak) ((Is 

etak-etat; 

*cos(etak)+lt) 

cs=csold*cos(etak)+wsold* in(etak); 

ws=csold*sin(etak)-wsold*cos(etak) i 

% Initial Conditions as used Garcia et al (1998) 

% for labwnks gam=0.036 em=O 8 and 0.1718 mh=O 773 

thetal= 0 24395343514010; 

theta2 pi etat-2*thetal; 

theta3 etak; 

thetaldot= 1 04912725993148; 

theta2dot= 0.74760219037376; 

theta3dot= 1.18165555602257; 

hetal theta2 theta3 thetaldot theta2dot theta3dot]; 

% vectors from 

% refer to 

Ix R; 

t*cos( tat 

3x t; 

%vectors from 

ct; 

wt; 

cs; 

ws; 

cms of 

%without mass 

frame to next frame 

3.2 

(Is R)*cos(etaf) i 

of frame to cm of bit 

and shank coordinates 0 stance 

p 

ct*cos(etat)+wt*sin(etat) 

ct* in(etat)+wt*cos(etat); 
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pcsx -cs*cos(et )-ws*sin(etaf)+(ls *cos(etaf) ; 

pcsy cs*sin(etaf)+ws*cos etaf)+(ls-R)*sin(etaf) i 

pcs 

% 

pClx 

pcly 

, . , 

cm of composit stance 

(m(2) 

(m(2) 

c2x+m(3) 

(3 ) 

(1) i 

(1) ; 

% coordinates stance knee from frame 1- used for heel rike 

Is *cos( ta ); 

(ls- *sin (etaf) ; 

, . , 

% coordinat from stance knee, used in stance knee torque 

check 

tlx It*cos(etat) i 

t -It*sin(etat); 

% moment of inertia of bits about centers of mas 

Izz2 

1zz3 

Iz 1 

m(2)*rt"2i 

m(3)*rs"2; 

I +m(2)*( 

lock(l)=(-pc 

lock (2) (-pc 

*cos(etat)+pc 

)*sin(etat)-pc 

1zz [1zzl 1222 1zz3 '; 

pel Ix pc 

pc 

, . , 
, . 

I 

, . , 

"2 +Izz3+m(3)*. 

sin(etat ; 

cos (etat) ; 

tol Ie 10; % numerical tolerance; Newton-

%t 1 ; % Total simulation ; seconds 

% inal sec/ (( % Total simulation 

dimensionless 
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tfinal 0.1 

K KK 

initializeK not; 

initializeKK; 

[t,y, walker turbo(O,t inal, ... 

,tol,m,g,R,sgam,cgam,Iz ,p12x, 3x,pCl, ,pc3,pcs, 

It,ls,etak,etat, taf, lock i 

y(:,4) y(:,4)./ 

y(:,5)= y(:,5)./ 

y( ,6 y(: ,6) . 

% convert to mcgeer 

ls+lt) ) ; 

( s+lt ) i 

(ls+lt ); 

% y :,7,S,9) are mcgeer 

velocities 

and y :,10,11,12) are corresp 

y(:,7) y (: ,I) ; 

y(:,S) pi-y(:,l)-y(:,2) etat; 

t(:,2) t(:,l).* )"0.5 (ls+lt)"O.5 

y(:,9) y(:,S)- :,3)-e 

y( ,10) -y(:,4); 

y (: ,II 

y : ,12) 

-y ( ,4 -y ( ,5); 

-y ( : ,4) -y ( ,5) -y ( : ,6) ; 

s 

t .,l),y(:,4 ,t(:,l),y(:,S),t :,1 ,y(:,6)); 

t :,2),y(:,lO),t(.,2),y :,11),t(:,2 ,y(:,12 ); 

ot(t(:,2 ,y :,7),t(:,2 ,y :,8),t(:,2),y( ,9)); 

(t(:,l),y(:,l),t(:,1),y(:,2),t( ,1 ,y(:,3) ; 

%Veloci of leg et al. 

% McGeer 

vcfl(:,l) -R. (:,4); %stance foot center, x axis 

vcfl ,2) O. (:,4). :(4); 

( : ,1) =vcfl ( : ,1) -p (: ,4) .*cos : ,1) ) ; %veloci 

x-axis 

: (2)=vcfl .(2)+p : , 4) . * s in (y ( : , 1) ) ; 

ar 

es 

of 

1 



Univ
ers

ity
 of

 C
ap

e T
ow

n

vknee : ,1) 

%ve 

vknee 

vcf2 (:, 

% 

*sin 

vcf2 ( : ,2) 

.*cos i-y(:,l -y :, 

%f 

t : ,2 , 

axis 

(: I ) -Y (:, )) * 

:,5 -y (: ,4 ). 

,5)-y{:, -y(:, 

( . ,5 -y 14 - ( , ) 

y(:, ); 

( , ), :,2 ) 

(: I ) i 
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