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ABSTRACT 

This st.udy reports on the design, development and evaluation of a dynamic simu

tator for the human knee joint. The simulator was designed to facilitate the study of 

knee mechanics corresponding ta dynamic functional activities (e.g., walking. stair as

cent and descent). The simulator can be programmed to apply specified load histories 

Lo a knee specimen, in an unconstrained manner, such that the normal phyaiological 

l'csponse of the joint is reproduced. 

The simulator comprises of four actuators. Two stepping motors, acting as the 

main muscle groups, control the flexion angle histories of the joint through steel 

cables. Two electrohydraulic actuator systems apply the two main components of 

t.he foot-to-floor reaction; the flexillgjextending moment and the tibial axial force. 

Actuation control and data acquisition are performed separately through two micro

computer /interface systems. 

Satisfactory function reproduction, corresponding to walking gait, was obtained 

within the following ranges and error margins for a gait cycle time of 1.25 sec: 

Flexion Angle: 70 ± 50; Flexing Moment: 55 ± 5 Nm; Tibial Axial Force: 670 ± 

67 N. 



RESUME 

Ce mémoire présente la conception, le développement et l'évaluation d'un simula

teur tlynamique pour l'articulation du genou humain. Le sill1ulatcm fllt ronçu pl>1l1' 

faciliter l'étude de la mécanique du genou dans des adi\ ités dynamiques fon,tion

nelles, telles que: marcher, monter ou descendre des escalIers. Le simulalf'lIr pt·ul. 

être programmé pour appliquer à des spécimens In-vitro, de~ (ydes spf.rifiqut·s dt' 

charge de taçon non-contraignante, de sorte que la l'éponse physiologique et normale 

de l'arti('ulatlOn soit respectée. 

Le simulateur consiste en quatre actuateurs. Deux moteurs pas-à-pas rempla

cent les groupes musculaires principaux, soit les fléchisseurs et les extenseurs, ct 

contrôlent par l'entremise de câbles d'acier, l'angle de flexion de l'articulation Fi

nalement, les deux composantes principales de la réaction au sol, soit le moment 

fléchisseur/extenseur et la force axiale sur le tibia, sont appliquées à l'aide de deux 

systèmes d'actuateurs électrohydrauliques. Deux micro-ordinateurs avec interfaces 

sont utilisés pour le contrôle de la simulation et l'acquiSItion de données. 

U ne reproduction satisfaisante des fonctions cycliques prédéterminées, correspon

dant à la démarche, a pu être obtenue, atteignant les caractérist.iques suivantes: 

flexion, 70 ± 5°; moment de flexion, 55 ± 5 Nm; force axiale sur le tibia, 670 ± 

67 N; pour une période de marche, 1.25 sec. 

Il 



ACKNOWLEDGEMENTS 

1 wish to thank: Dr. A. M. Ahmed for thesis supervision and guidance; Celia 

Williams lor her relentless collaboration and support; Alex Hyder, John Kelly and 

staff, Arthur Clement and &taff, George Dedic and George Tewfil for their technical 

assistance; Shaolin Shi and Françoise Marchand for their expertise and finally, Anna 

Cianci for her p}'~tience in typing this manuscript. 

III 



1 

Contents 

ABSTRACT 

RESUME 

ACKNOWLEDGEMENTS 

LIST OF FIGURES 

LIST OF TABLES 

1 INTRODUCTION 

1.1 General Introduction 

1.2 Motivation ..... . 

1.3 Previous Investigations 

1.4 Specifie Objectives, Basic Design Approach . 

1.5 Thesis Organization. . . . . . . . . . . . . 

2 JOINT ANATOMY AND MECHANICS 

2.1 Introduction.. 

2.2 Joint Anatomy 

2.2.1 Articular Surface Geometry 

2.2.2 Ligamentous Structure 

2.2.3 Musculature. 

2.3 Gait Analysis . . .. 

iv 

\ 

.. 
11 

iii 

... 
V III 

x 

1 

2 

:3 

5 

9 

11 

Il 

12 

12 

12 

13 

},I) 



( 

( 

~ :J 1 

2.:J.2 

2.:Ll 

:2 :3 -. 

11\ trad lIctiOli . . . 

Cait Dc&criptiofl"i 

\lu~cular Activity . 

.Joint Kin('matirs 

2 :l,.i .Joint R('actions 

~.-I Sllmmary .. 

3 DESIGN APPROACH 

:1. 1 Int rnduction 

:J.2 Four Force Simulation 

:3.:J Selection of the Simulated Oynamic Functions 

:U Specimf'11 Fi,atlOn and System Versatility 

:J.,') Sp('ci men PI f'paration 

:tG Summal'y 

4 SIMULATOR ACTUATION SYSTEM: DESIGN AND PERFOR

MANCE 

4.1 Introduction. 

4.2 Muscle Actuation System: Design and Performance 

4.2.1 St.epping MotorfDriverfSpeed Reducer Combinat.ion 

4.2.2 Stepping ~Iotor Controller .............. . 

4.2.3 Muscle Actuation System Performance Characteristics 

·L~ Ground Reaction Actuation System: Design and Performance 

4.3.1 Hydraulic System Modifications . . . 

4.3.2 Tibial Axial Force Actuation System 

4.3.3 Flex.fExt. Moment Actuation System 

15 

15 

16 

17 

19 

20 

21 

21 

22 

2.5 

28 

29 

30 

32 

32 

33 

33 

37 

39 

41 

42 

45 

49 

4.3.4 Ground Reaction Actuation System Performance Characteristics 54 

-lA Sumlnary ... . . . . . . . . . . . . . . . . . . . . . 

5 INSTRUMENTATION AND FACILITY DESIGN 

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . 

v 

56 

57 

57 



1 5.2 Foret' Plate ......... . 

5.3 Flexion Angle Potf'ntlometer . ·,K 

.1..1 Flex.jExt. :\loment Load ('('l! 1!1 

6 SIMULATOR HARDWARE INTERFACE AND OPERATION 61 

6.1 Introduction. 

G.~ Hardware Interface 

6.:3 Command Function Generation 

6.3.1 Stepping Motor Command Functions 

6.3.2 Ground Reaction Command Function Generation 

6..1 Operating Routine 

6 .. 5 Data Acquisition 

6.6 Summarv . . . 

7 SIMULATION RUN: RESULTS AND DISCUSSION 

ï.l Results .. 

ï.2 Discussion 

8 SUMMARY AND CONCLUDING REMARKS 

8.1 Introduction.. .. 

8.2 Design Evaluation. 

8.3 Scope of Investigations 

8.4 Future Considerations 

FIGURES 

REFERENCES 

APPENDICES 

A Tibial Axial Force Actuation Modelling 

B Flexing/Extending Moment Actuation Modelling 

VI 

(il 

6n 

6K 

il 

74 

ï6 

79 

ï9 

i9 

81 

82 

84 

116 

120 

120 

124 



C Operating Routine Source Listing 128 

VII 



List of Figures 

1.1 

2.1 

2.2 

2.3 

2..1 

2 .. 5 

2.6 

2.8 

2.9 

Simulated Forces ............ . 

Articular Surfaces of the I\nee (Szklar. 1!J8.5) 

Major Ligaments of the Knee (Szklar, 1!l Stj) 

Pertment .\lu~c1e Attachments of the Hip (Szklar, 1985) 

Pertinent Muscle At tachment" of tht> Femur (Szklar. 19~5) 

Pertll1ent .\Iusclt' Attachments of the TihiaJFlhula (Szklar, 1985) 

Free Body Diagram of the Knee Joint .... 

Stick Figure Representation of Walklllg and Stair Gaits 

EMG Response during \Valking (.\<Iorrison, 1970) ... 

EMG Response during Walking (.\-fann and Hagy 1980) 

2.10 Degrees of Freedom of the Knee .. 

2.11 Comparison of Computed Axial Joint Reactions 

3.1 Muscle ActuatioIl ... 

:3.2 Ground Reaction Actuatlon 

:3.3 Parasitic Twisting .\-Ioment . 

:3 4 Target Flexion Angle (Mann and Hagy 1 ~oO) . 

3.5 Input Ground ReactIOn Parameters (Grundy et al., 197.5) 

3.6 Target Ground Reaction Components ..... 

3. ï Parasitic Tibial Transverse Force Component . 

4.1 Muscle Actuation Parameters . 

4.2 TorquejSpeed Specifications; Extensor Mataf 

4.3 TorquejSpeed Specifications; Flexor Motor . . 

V III 

S() 

87 

88 

89 

90 

91 

92 

93 

94 

95 

96 

96 

97 

97 

98 

99 

100 

101 

102 

102 



L l Hydraulic Sy~tem Schematic . . . . . . . . . . .. . .... 

-1.1 Flow-Load Charactf'nstics of a ServovalvE' with Bypass Flow 

·Ui Block Dlagrctm for Tibial Axial Force Actuation 

L Î \[pctslIrNI Tibial Axial Actllatlon Step Response 

·I.S ('omplIt('d Tihlal Axial Art nation Step Response 

103 

104 

104 

10.5 

105 

·1 () ('omplltf'd Tibial AXial ActuatlOn Frequenc) Response 106 

·1 10 Flex /Ext \loment Actuation Parameters . . . . 107 

1.11 Flow/Pressure SpeCificatIOns of Flex./Ext. Moment Actuation 107 

-t.l:l Block Diagram for Flex./Ext. Moment Actuation 108 

4.l:~ Measured Moment Actuation Step Response . 109 

·Ll4 Computed Moment ActuatlOn Step Response 109 

4.1.5 Computed Moment Actuation Frequency Response 110 

6.1 Information Flow and Hardware Configuration . 

7.1 Flexion Anglt> yleasurements . 

7.2 Flex.fExt. Moment Measurements 

7.3 Tibial Axial Force Measurements 

7 A Femoral Axial Force Component of Joint Reaction. 

7 .. 5 Femoral A/P Force Component of Joint Reaction 

~.l Photographs of the Simulator ...... ... . 

IX 

111 

112 

112 

113 

114 

114 

115 



1 

List of Tables 

2.1 Pertinent Muscles of The Knee Joint (SZI,JH, 1985) ..... . l,t 

2.2 Reported Magnitudes of Degrees of Freedorn of the Knee .. 18 

3.1 Flex./Ext. Moment VariabIlity (Winter, 1980) 27 

4.1 Elasticity in Extensor Mechanism ...... . 41 

6.1 Data Acquisition Channel Configuration and Resolution 71 

x 



Chapter 1 

INTRODUCTION 

1.1 General Introduction 

The knee joint is one of the more complicated and larger joints in the human 

musculoskeletal system. It acts as the articulating junction between two long lever 

arms, the thigh and the shank, through which the upper body interacts with the 

ground surface. Il ig a necessary elemen" in both normal bipedal ambulation and 

simple support. 

During functional activity, the knee joint must transmIt large reaction loads while 

allowing large rdative displacements between the joint members. Because of this, the 

joint is susceptible to both structural damage (in jury ) and artIcular surface degen

eration (arthntis). In elther case, surgery may be performed to restore the joint's 

normal biomechanical function including the replacement of the articular surfaces 

with prosthetic implallts. The success of surgical interventions de pends largely on a 

clear understanding of the joint 's mechanical charac. tenstIcs which are partly obtained 

from biomechanical research. In view of the joint's importance durmg dynamic func

tional a,tlvlty (e.g. ambulation), the establishment of thejoint's characteristics under 

dynamic condItions is of interest. In-vitro simulation of these conditions on a knee 

joint specimen under controlled laboratory conditions, allowing the investigator the 

possibility of using various invasive instrumentation techniques, is an appropriate ap-
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proaeh for the study of the joint's charaderistics. The subject of the preSt'llt study is 

the design, development and implementation of a research tooI capable of simulat il1~, 

in-vitro, corn mon dynamic functional activities on a human knce specimen. 

1.2 Motivation 

In general, biomechalllcal research is performed in either the static or dynamic 

regimes, i.e., the joint is subjected to either a constant load or to a time-varying load 

function, while the joint response characteristies of interest are measured. Each of 

these approaches can be undertaken either under in-vitro or in-vivo conditions. There 

are advantages and disadvantages associated with each combination. 

The static regime is simpler than the dynamic one and requires therefore less 

sophisticated hardware. However, functional activity is dynamic in nature and the 

correlation of statically obtained data to a normal dynamic physiological situation 

is diffieult in view of the complexities of the joint and the time-dependent material 

characteristics of biological tissues. 

For in-vivo testing, whether statie or dynamic, the investigator is restrieted to 

non-invasive instrumentation techniques in constrast to the case of in-vitro testing. 

In-vivo studies yield data concerning qualitative forces of superficial muscles acquired 

electromyographically, approximate relative dlsplacements of joint bone components 

measured externally using photographie techBlques or electro-mechanical goniome

ters, and foot-to-Roor (ground) reactions measured via force plates. The lower limb 

incorporates 31 muscles and thus to obtain the jomt reaetJOIl forces or other joint 

forces (ligament forces ... ), objective functions are developed to render the prob

lem determinate and verified with the recorded data. These objective functions are 

derived from intuitive criteria and are therefore, a source of uncertainties. 

Dynamic in-vitro testing offers the capability of directly measuring the joint char

acteristics sinee joint components can be made more casily aCL~ssible as required. 

Furthermore, since studies are performed under dynamic conditions, the data ob

tained appHes directly to the simulated activity wÎth the time-dependent aspects of 
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the biological tissues taken into accollnt. SlIch advantages warrant the development 

of a dynamic in-vitro simulator. 

ln this study, it I~ proposed to design, fabricate and test a facility which applies 

dynamic loads to amputated or cadaver knee joint specimens. The applications of 

this simulator are manifold: 

1. studies of the knee joint under dynamic conditions can be under

taken wilh the use of a full complement of instrumentation techniques. 

For instance, the direct measurement of ligament loads, external joint 

forces and spatial displacements between joint members are possible. 

Il. the biomechanical consequences of corrective surgical procedures can 

be evaluated by monitoring their effects under dynamic activity, avoid

ing the risks associated with in-vivo experiments. 

Ill. the biomechanical performance of knee joint prosthetic implants can 

be evaluated including the effects of their misalignment. 

1.3 Previous Investigations 

A series of dynamic knee loading devices have been reported in the literature 

[Shaw and Murray (1973), Richards Manufacturing Co. (1978), Greer (1979), Pappas 

and Buechel (1979), Szklar (1985), Szklar and A hmed (1987)]. Only one of these 

simulators [Szklar (1985), Szklar and Ahmed (1987)J is of direct significance in this 

study. The remaining similators were designed as life-cycle testing machines to deter

mine the rate and nature of wear of prosthetic components. ln view of their intended 

application, simple constrained loading schemes were employed which did not allow 

normal physiologically constrained joint responses. Joint wrench reactions and/or 

n'lative displacements were applied directly as cor·trol inputs. In the normal physio

Iogical situation consistent with a given functional activity, the jeint reaction forces 

and relative displacements are induced by muscle forces and ground reaction forces 

while being passively controlled by each joint's geometrical and structural chacteris-
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i. 
tics in a unique fashion. Hence, the joint forces and relative displacemellts can Ilot lH' 

expected to be 'normal' in these life-cycle testing machines. Although these facilit.ies 

serve a useful function for which they were designed, the)' are inadequatf" for joint 

biomechanical research, 

The only unconstrained simulator reported in the literaturf' is tha.t. by Szklar 

(1985) and, Szklar and Ahmed (1987). This was the first slnlldator of its type and 

is the prototype on which the simulator discussed in the present study is based. 

The simulator reported in the present study is actually an cxtended and m0dified 

version of the 'Szklar' sirnulator. Many of the hardware components have been either 

re-implemented unchanged or modified depending on their performance, and new 

cornponents have been added as necessary to improve or supplement t.he original 

simulator's features. Many references will be made to the previous simulator hereafter 

under the term 'prototype'. 

Because of the technical complexities of true dynamic simulation, the prototype 

was limited to simulating the dynamics of the joint by using only two muscle forces, 

the extensor and flexor lumped muscle group forces, without the independent appli

cation of the ground reaction force. While the femur was held fixed to a force plate, 

the muscle forces were applied to a freely moveable tibia by two electro-hydraulic 

servo-actuators acting through fleXIble cables. The extensor cable was attachcd to 

the patella, thus including the patellofemoral joint reaction contribution to the over

aH joint mechanics. IndivlduaI action of the actuators was uscd to control active 

flexion/extension, whiIe their sImultaneous action was used to control the ,ioint com

pressive force. A microprocessor under real-time control coupled with an interface 

card was used to simultaneously send reference command signais to the hydraulic ac

tuators and to record the knee flexion angle as weB as the joint reaction time-histories, 

measured respectively using a two degrees-of-freedom gOlllometer and the force plate. 

Although the prototype design provided a scheme by which the action of the two 

main muscle groups affecting the knee during normal functional activities could bc 

mechanically simulated without constraining the natural and conjunct passive mo-
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tions of the knee, the application of the total axial joint compressive forces through 

the muscle cables resulted in the presence of large non-physiological forces. For ex

ample, the C'xtf'nsor loads partly inc!uded the tibial axial component of the ground 

reaction forC(' resulting in parasitic patellofemoral reaction loads. Normàlly, the tib

ial axial compolwnt of the ground reaction force is transmitted up the tibia to the 

joillt without tlte' actIve interactions of the extensor or flexor muscles. The muscular 

activity which affects the knee should only be in response to the components of the 

ground reaction force, as well as the inertial and gravit y forces, which are tending to 

rotàte the shank with respect to the thigh in such a manner that the motions associ

ated with functional activity are obtained. Therefore, to avoid the generation of non

physiological forces on the joint, the ground readion force and moment components 

should be applied to the joint rnembers separately from the muscle forces. 

Another problem which limited the usefulness of the prototype, and which stemmed 

from an unforeseen problem within the actuatlOn system, was its inability to repro

duce gaits of frequencies and flexion ranges beyond .. 5 Ilz and 40° respectively. 5uch 

a limited range of operation precluded the simulation of most functional activities. 

Although thes<:' problerns were significant, the performance of the prototype was 

sufficiently encouraging to promote further design development to circurnvent the 

abovt' limitations. 

1.4 Specifie Objectives, Basie Design Approach 

ldeally, a dynamic loading simulator should be capable of applying to a joint 

specimen aIl the forces affecting the joint (viz.,muscle forces, ground reaction, iner

tia, gravit y ) in a manner such that their time-histories correspond to the functional 

activity under simulation. Moreover, the method of application of the forces should 

be ~uch as not to constrain the resultant response of the joint. 

Given that the aforementioned dynamic load functions are applied to a knee joint 

specimen, then the resulting motions and joint reaction forces will be those intrinsi

cally defined by the biomechanical characteristics of the specimen. Thus the relative 
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motions and joint reaction forces are not inputs to the sirnulator but a rt'sult of t.1lt' 

inputs. Such physiologically cont.rolled dynamics are terrncd ·unconst.rained'. This 

criterion is adhered to in this stlldy. 

Due to the technical complexities involved in the realiz:ation of ail ideal simulator, 

to render the design feasible, certain simplificatIons must he adoptC'd wilhout. t1t1<hll' 

compromise of the applicabihty of the sirnulator. ln the prototyp(', cach of 1 II(' (':.;1<'11-

sor and flexor muscle groups v'ere lurnped resulting in a two-m\\scle fOlee "imlliatioll 

in such a manner that their lines of action were theoretlcally t"quivalent \'0 that 01 

the resultants of the various muscles which control flexion/extension. TI\l~ rnodt' of 

actuation has also been employed in the present study. 

The other simplification which was used in the prototype was to include the groulld 

reaction force in the muscle loads to obtain the axial joint rcaction. As was melltiolwd 

in the previous section, this resulted in large parasitlc forces. The ground reactlon 

force should be separately applied to restrict the muscle loads to amounts which are 

physiologically correct and commensurate with the activity simulatcd. Ht>nce, ,t. IS 

the purpose of this study to exte:1d the prototype such that the grouna rt'action 

may he separately applied (Figure 1.1). Such an undertaking implies the design 

and implementation of independent ground reaction actuating mechani~ ms, control 

systems and instrumentation. A complete re-design of the given prototype and its 

user interface system to incorporate the new subsystems Îs also entaiied. 

The groun1 reaction (foot-to-floor) may he defined hy three mutllally perpendic 

ular forces defined hy the plane of motion and the tibial long axis. The cornponent 

along the tibial long axis is in general at least 5 times larger than the remaining t,wo 

components during normal functional activities (walking gait, stair galts, etc .. ). 

This force is transmitted up along the tibla to result directly in a compressive forC(' 

at the tibio-iemoral junction. Another major contributor to knee joint mechanics j~ 

the moment generated by the off-axis component of the ground reaction force III the 

plane of motion (the flex.Jext. moment). This component is significant in that the 

flexing/extending muscle forces generated during functional activity are to a large ex-
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tent directly altributable to this moment. The muscle forces must in effer.:t generate 

a moment about the knee's central axis ta sustain or overcome the ground moment in 

arder to produce the required motion. These two components of the ground reaction 

arc in the plane of motion. The remaining important contributor to knee joint me

chanic!> is the moment component of the ground reaction which IS tending to deviate 

the shank out-of-plane relative to the thigh (abducting/adductmg). 

ln view of the foregoing, only the tibial axial and moment components of the 

ground reactlon in the plane of motion are considered in the present study (Figure 

1.l). To also simulatc the out-of-plane moment eomponent of the ground reaction 

would l'eqUlre additionally the simulation of the abductorjadductor muscle groups. 

Two specially designed act.uating systems have been implemented to apply the 

dncribed ground reaction components. The electro-hydraulic actuators that were 

used as the muscle load actuators in the prototype have becn selected here ta provide 

the actuating forces. They were shawn to be ideal as force applicators in the prototype 

as is necessary in thls instance. The hardware problem which limited the operating 

range of these actuators in the prototype has been rtsolved to ensure that it doesn't 

hinder the presently propos-;d simulation. The designs of these actuating systems as 

presented in this study are sueh that the natural and conjunct passive motions of the 

knee are unconstrained. 

As to the muscle load actuation scheme, a two axis stepping motor actuation 

system has been implemented to replace the hydraulic actuation system. Loads are 

appiied through steel cables to maintain the unconstrained condition as was achieved 

in the prototype. The extensor cable is again directly attached to the patella thus 

reproducing the patellofemoral contributbn to the knee joint mechanics. Stepping 

motors have been chosen in view of their suitability in positional control applications. 

It has been decided in the present study to input. the displacement time-histories of 

the muscle cables to specifically and actively control the flexion angle time-histories 

associated with the functional activity under study. Since the ground reaction forces 

are applied separately, the forces generated in the muscle cables should inherently be 
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physiological. 

Hence, it is proposed to actively control the joint flexIon angle throllgh t}w nt'x

ingfextending lurnped muscle groups while concurrently and sepalatt"ly applying the 

two described components of the ground rcactlon. Thc remaÎlIing dt·.e;f(·{·~ of flt't·dom 

are passi vely con trolled only by knee geomctry and ligarnentollf> st rud u('(' The COIl

tributions of the inertial and gravitati(jnal forces are only partlally maInt.allH'rt Only 

the relative accelerations of the shank with respect ta the thigh are r<,plOduct'd sÎnce 

the femur is he Id fixed to a force plate as III the prototype. The gravltational fOH PH 

are only approxlluated since again the femur is hcld fixed lU an average upright po

sition. Although not exactly reproduced, these contributIOns are much sma.lkr than 

the muscle and ground reaction contributions to knee joint Incchal1lcs 

The simulator must be capable of simulcÜing a variety of functiollal activities. 

However, thf' design of the actuation system ,:onslders only J('vel walkHlg gait and 

stair gaits (bath ascent and descent). It is felt that gJ\:en this range of possihle 

activities, other activities such as ramp ascent and descent may also he consirtered. 

Due to the page constraints of this report and the time limitation of this st.udy, th(' 

simulator presented in this study was only evaluated un der the conditIOns of IpVC'1 

walking since it is by far the most common and clinici\Uy relevant functional actIvity 

which the joint must sustain. 

In the prototype, both actu Ltion control and data acquisitIOn wefP pprformed by a 

single mlcroprocessor with a limited possibility for system expansion. In the present 

study, actuation is controlled by a microcomputer whlch i., entirely programmablp 

such that other activities may be simulated. A èedicated data acquiSItion systl"m 

has been implemented to measure the simulators performance which may also be 

reprogrammed as required to allow the measurement and logging of knee joint char

acteristics. 

ln surnmary, the specificic objectives were to design, fabricate and implement a 

dynamic simulatoI' for the knee joint. In order to fufill the requirements, a four ac

tuator scheme was adopted. In correlation to a specified activity, the flexion angle 
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and the' tibial axial force and flexing/cxtending moment components of the ground 

reaction are reproduced. The fl('xlOn angle is controlled through the actions of the 

flexor and cxtensor muscle forces while the two ground reaction loads are applied 

lJldf>pt'IH!ent ly. All loading is snch that the natural and conjunct passive motions of 

the> kl)(,(' dl (' UIl( on"lrained The femur is held fixcd to a force plate while the forces 

cil(' clPplicd to il [['('ely mo\'cablf' tIbIa. The extensor force is applied through the 

pate'lIa and t hu,>_ both the tibiofemoral and patellofemoral articulations which fonn 

the klW(' circ' Idt llltac t. The desIgn and/or selection of the simulator components 

(I.e., actuators, mcchanical components, instrumentation, control systems, ... ) took 

into consideration the requirements corresponding with walking and stair gait sim

ulations to ensure the possibility of simulating a wide range of functional activities. 

The slInulator's hardware and user interface system are redesigned separating the 

controller and data acquisition components in a manner to facilitate use and system 

expansion. New control and data acquisition software is lmplemented and designed 

to cosure ease in system programmability. Finally, sample results of a walking gait 

simulation art> obt.ained for two specimens in order to evaluate the performance of the 

simulator. 

1.5 Thesis Organization 

To achieve the design of a knee simulator, the system with which the simulator 

interacts (i.e. t.he knee) must be first clearly understood. An anatomical study of the 

joillt and its behitVIOUr during functional activity are the subjects of Chapter 2. 

Then the adopted overall desIgn and its various [eatures are described in Chapter 

:3. Inc\uded in this chapter are the reference input functions which were chosen to he 

simlliated and the method of specimen preparation. 

In Chapter 4, the implemented actuating systems and their components are de

scribed. System modelling, component selection criteria and performance character

istics are Illcluded. 

The instrumentation us~d to measure the joint characteristics and the performance 
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of the actuating systems are described in Chapt,"r 5. 

The microcomputers and various subsystcms u~ed to conl roi tlae slInulator and 

perform the data acquisition functiollS are descnbed in Ill(' fin,t part of Chapt('J' ti. 

The remainiug part of the chapter is dedicateJ LO the variolls procedures and softwdrt, 

techniques, utIlized to generate the command functions, control the actuat.lnl?; system:; 

for a simulation run and perform the data acquisition function~. 

The results of a simulation run performed on two specimens will be presented alld 

discussed in Chapter 7. 

The final chapter is a concluding chapter in which the achievernents of the simll

lator design criteria are evaluated. The scope of the experimentation capabilitics of 

the sirr.u!ator as well as recommendations for future development are also inc\uded. 

The Appendices are reserved for secondary information. They includ<, the dynamir 

equilibrium equations and parameter value estimations used to model the ground rt'

action actuation systems. The source listing of the operating routine is also included. 

10 
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Chapter 2 

JOINT ANATOMY AND 

MECHANICS 

2.1 Introduction 

In this chapter, the knee joint anatomy and physiology will be presented. The 

discussion on anatomy will be hmited to those aspects which are relevant to the design 

of the dynamic simulator. The important aspects of anatomy which determine the 

joint 's functional behaviour are the geometry of its articular surfaces, the ligamentous 

structure and the musculature. Having described the elements which form the knee 

joint, Its resulting behaviour under prescribed functional activities will be presented 

in ter ms of muscular activity, joint kinematics and reaction forces. The functional 

activities which WIll bé examined are level walking and stair ascent and descent gait 

<H'tivities. 

A greater emphasis will be placed on level walking sinee the simulator has been 

tcsted and valtdated under those conditions. Stair gaits will be brieRy examined 

sinn' the actuator scheme and other simulator components have been designed to 

also .J,ccommodate the simulation of these more stringent activities. 
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2.2 Joint Anatomy 

2.2.1 Articular Surface Geometry 

At first impression, the knee joint may appear to aet as a pm-joint having il slIlglt· 

rotary degree of freedom. In actuality, thcre i~ no mf'chanird! illtN!orking of tIlt' bOlly 

components themselves and thp mdting surfaœs are highly Irn'gulnl. Flirt !(('tlllon', 

the knee joint is comprised of two articulatIOns as ('an IH' ""('Il III FI~lIl't' ~.I OIH' 

is the tibiofemoral articulatIOn between the tibia and tht' f(,lIlur d!HI th(' odH'r I~ the' 

patellofemoral articulation bet ween the patella and th(' [emur. 'l'Il(' f<'ll\ol'al al t icu

latlllg surfaces are formed by two neady spherical surfac('~ called tilt' (ondyh'~ wlllch 

mate wIth two \'lrtually fiat surfaces separated hy an emlllencp Oll tilt' proximal end 

of the tibIa. The articulatlllg SUl faces of the tibIa are callpd thf' tibial platf'all~ Thf' 

drticulating path for the patelIa Oll the [emur is a notch between the [f'moral condyles 

called the 'patellar' surface. This surface also forms a bearmg surface for the attached 

quadriceps tendon. The irregular mating geometries and the incongruencies of tht' ar

ticulations imply that the relative displacements between the jOlllt bonc WlllpOn('[lts 

are a functJOn of the geometry and flexion angle III addition to the applied loads 

Hence, the relaLve dlsplacements depend upon the activity perforrned Furtlwrmorl', 

an important cop.sideration is that each knee joint is uIlIque (blOloglral varianCt') and 

presents a variable geometry. Relative displacements may then bf' expected to vary 

somewhat between specimens under identical loading conditions. 

2.2.2 Ligamentous Structure 

As was noted in the previous section, the geometric cha.racteristics of the articular 

surfaces are insufficient to provide the joint with adequate stability. The ligamentous 

structure serves to passivf'ly restrain the non-compressive relative displacements he

tween the articu:atmg surfaces. 

Ligaments are bands of fibrous tissue which serve to jOlll or connect adjacent bones 

in a joint. Although, upon dissection, the joint is seen to be totally encapsulated by a 
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single ligamelltous structure, its thickness vaIÎes locally su ch that discrete ligaments 

may be defined (Figure 2.2). 

The medial and lateral collateral ligaments are oriented vertically on each side of 

1 he kn('(' joint between the tibia and femur, and the fibula and femur, respectively. 

Tlwy provldf> lat t'raI and rotary stability for the knee. In the middle of the knee, 

'il iil t ing lwtw('('n 1 he [cmoral condyles and ending at the eminence of the tibia and 

forlllillg an x-pattern. are the anterior and posterior cruciate ligaments. Their dispo

sition 15 su eh that backward motion of the tibia relati ve to the femur is restrained by 

the po::.tcnor cruciate ligament while the opposite motion is restrained by the anterior 

Cl'IlClate ligament. 

The other ligament to be considered is the patellar ligament. This ligament has 

a tendon-likf' function and IS often called the patellar tendon. It connects the patella 

1,0 the front cf the tibia and serves to transmit to the tibia, through the pateIla, the 

muscle forces from the front of the thigh. 

Ligaments are tenslle mernbers which display viscoelastic behaviour. This char

dcteristIc will result in their response bemg 3. functlOn of their load-time histories. 

Hence, relative displacemer.ts and stress distribution between the articular surfaces 

are not only a functlOn of the actlvlty performed but also of the rate at which they 

are perf0rm<.'d. 

2.2.3 Musculature 

The lower IImb comprises the hip, knee and ankle joints, aIl of which are capable 

of multiple motIOns. To control these multiple degrees of freedom, the lower limb is 

f'qUlpped wlth 31 muscles. Each of these may span one or two joints and they are 

I\(~nce capable of producing multiple actions on the joint bone components such as 

flexion. abduction, axial rotation, etc. Table 2.1 lists only those muscles and actions 

which arc pertlHent to this study. The primary degree of freedom of the knee joint 

is fleXIOn/extension. The quadriceps group at the front of the thigh is responsible for 

<.'xtension. As was mentioned in the previous section, aIl quadriceps group muscles 
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Table 2.1: Pertinent Muscles of The Knee Joint (Szklar, 1985). 

Action Muscle Origin Int>f'rtion 

( :'roximal ( Distal 

Attachment) Attarhment) 

Knee Extension Quadriceps 

Reet us Femoris ilium 

Vastus Lateralis Femur Patella 

Vastus Medialis 

Vastus Intermedlalis 

Knee Flexion lIamstrings 

Biceps Femoris ilium & Femur 

Semi tendinosis ilium 

Semimembranosis ilium Tibia 

Gracilis Pubis 

Sartorius ilium 

Foot Flexion Gastrocnemi us 

Medial Head Condyles of Femur 

Lateral Head Heel 

Sole us Tibia & Fibula 

Perone us Longus Tibia & Fibula 

Peroneus Brevis Fibula 

Tibialis Posterior Membrane between Foot 

Ti bia & Fi bula 

Flexor Digitorum Longus Tibia 
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ad through the patella. Flexion is produced mainly dy the hamstrings at the back 

of the thigh. The gastrocnemius group are the main ankle actuating muscles (foot 

('xt<'nsors). They have also been included in this c;tudy sinee they also span the knee 

joint and are known to he important contributors in locomotion as will be elaborated 

iIl a furtlH'r scction (Section 2.3.2). 

The areas of at tachment of the aforementioned muscles are depicted in Figures 

2.3, 2.4 and 2.5. These are necessary in the determination of the lines of action of 

the contributing muscles as is required in the next chapter (Section 3.2). 

The other degrees of freedom of the knee joint beyond flexion/extension will be 

discussed irl the later section on joint kinematics (Section 2.3.4). 

2.3 Gait Analysis 

2.3.1 Introduction 

The response of the knee during functional activity is the result of the actions of 

many forces which are in dynamic equilibrium. A free body diagram of the joint is 

depicted in Figure 2.6. Starting distally, there is the ground reaction force which is 

transmitted up the tibia from the ankle and foot. Then in relation to the movement 

and position of the lower limb, there are the inertial and gravitational forces which 

ad upon the lower limb. The muscle forces act next upon the knee bone components 

as prime movers to actively produce the overall motion associated with locomotion. 

AIl these forees are in equilihrium with the joint reaction forces (articular contact 

forces and ligament forces), and result in the relative displacements between the joint 

mcmbers. 

2.3.2 Gait Descriptions 

Stick figure representations of single cycles of walking and stair ascent and descent 

gaits are depicted in Figure 2.7. There are two distinct phases during a single step of 

walking or stair gait: the stance phase which is initiated when the foot contacts the 

15 



ground (i.e. "heel strike" for walking); and the swing phase which is initiatf'd wlwll 

the foot leaves the ground surface. The ratio of swing to stance is about. 60%:40% 

to 65%:35% for the gaits deplcted. Since the ratio is lIot c\'ell, tlwr(' is ct period 

cluring which both feet are in contact with the ground and this port ion is c1efill('d a~ 

double-legged stance. Stance i:o opposite in nature to swing. It is t.1lt' w('ight bl'arillp, 

period during which the lower leg is in contact with the grol)lId alld tilt' knc(' joilll. 

must sustain the ground reaction forces which are transmitted from litt' anklt, along 

the tibia in addItion to the muscle forces During swing, the pcriod dm ing which the 

foot is not in contact \Vith the ground, thc knec joint ne('d oIlly sus!,ctill t.h<' smaller 

inertial and gravitational loads of the lower leg. Furthermore, milllmai knee flexion 

is ohserved during stance relative to swing during level walking. Howevel', during 

stair gaits, the ranges of flexion, as well as the magnitudes of tlH' flexion rates, ar(' 

approximately the same during both the swing and stance phase. Cycle times are 

generally in the range of 1 to 1.6 seconds, with stair gait cycle times in the upper 

portion of this range. 

2.3.3 Muscular Activity 

Muscle activity is generally measured from electromyographical signais (EMG). 

Although these signaIs indicate which muscles are active and when, their proportion

ality to actual muscle tension is not as yet clearly estahlished. Thus, only general 

trends of muscle activity can he recorded corresponding to gait cycle phases. 

For walking gait, the results of two studies ~YIorrison (1970) in Figure 28 and 

Mann and Hagy (1980) in Figure 2.9] are reproduced. From these figures, ct certain 

amount of vaflability is apparent. In both studies, just prior to heel stnke, t.he 

hamstrings are activated to decelerate the lower limb in anticipation of ground contact. 

This activity is continued during hee} strike with, in the case of Mann and lIagy's 

study, the antagonistic activity of the quadriceps. Antagonistic forces are assumed 

in general to be of minor amplitudes and serve a stabilizing purpose. Following heel 

strike, the knee flexes slightly complying to the braking action of the ground. In the 
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case as shown by Morrison, the quadriceps are then reactivated to initially sustain 

the braking action which, in this case, is tending to Rex the knee. This quadriceps 

action is continued to ovcrcome the external flexing moment and re-extend the knee 

agaillst it thus lifting and rocking the upper body forward. Little activity is noted 

from Mann and Hagy during this period. Thereafter, in both studies, the activity 

or the ga:-.trocnemius CHsues to apply a moment about the ankle to counteract the 

increasing moment induced by gravit y as the center of gravit y of the subject moves 

anteriorly t'rom the ground contact point. In the case of Mann and Hagy's study, this 

gastrocllemius activity is initiated slightly earlier relative to the activity noted by 

Morrison. Then, according to both studies, controlled by the quadriceps action, the 

knee is allowed to start flexing again prior to the ons et of the swing phase while the 

oUler leg, near the end of its swing phase, is being decelerated thus inertially pulling 

the body forward. In effect, the body is alternately rocking and falling forward from 

one step to another. 

In stail' gait, similar muscular activity is noted with increased activity of the 

extensors d uring the stance phase [Morrison (1969), Andriacchi et al. (1980) J. Heavier 

demands are placed on the ~xtensors during stance in stair ascent as they are required 

to effectively lift the body about the knee. In stair descent, throughout the stance 

phase, the extensors are controlling the rate of knee flexion and the rate at which 

the body is lowered to the next step. As opposed to walking and stair ascent, during 

which energy is mostly expended, the extensor muscle group is absorbing relatively 

large amounts of energy apd dissipating it in the form of heat during the stance phase 

portion of stair des cent gait. 

2.3.4 Joint Kinematics 

As was mentioned previously, the relative motions between the bony components 

of the knee exhibit highly three-dimensional motion characteristics which are depen

dent both on the articulating surface geometries and the ligamentous structures as 

weIl as the forces acting on the knee corresponding ta a particular activity . 
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Table 2.2: Reported Magnitudes of Degrees of F'rcedom of the Kncc. 

Hoffman Kettelkamp Milner Townsend 

Degree of Freedom et al. et al. et al. et "J. 

(1977 ) (1970 ) (1973) (l9ïï) 

Flexion (deg) 71.5 ± 7.6 67.~ 55.0 61.0 

Level lnt./External (deg) 14.1 ± 3.9 13.0 - 11.5 

Walking Abd) Adduction (deg) 11.7 ± 4.0 10.8 - 1.2 

Flexion (deg) 81.7 ± 7.9 

Stair Int. /External (deg) 12.8 ± 4.2 N.A. N.A. N.A. 

Ascent Abd./ Adduction (deg) 18.5 ± 5.1 

Flexion (deg) 83.3 ± 9.1 

Stair Int. /External (deg) 15.0 ± 4.5 N.A. N.A N.A 

Descent Abd./ Adduction (deg) 14.3 ± 4.4 

The three rotational degrees of freedom betwe'~n the tibia and the femur which 

are illustrated in Figure 2.10 are: flexion/extension, internaljexternal and abduc

tion/adduction rotations. Flexion/extension is the result of rolling and sliding at the 

tibiofemoral articulation. Internai/external long axis ro~ation is the rotation of the 

tibia along its long axis. Abduction/adduction rotation is the transverse or lateral 

swing of the tibia. Reported average magnitudes of these degrees of fr('edom for 

walking and stail' gaits are inc\uded in Table 2.2. 

It is the eombination of many forces whieh contribute to these relative displace

ments thus producing dynamic equilibrium in the knee. Thus to reproduce in-vitro 

the anatomie response of the knee joint during gait activities, i.e. the resulting rela

tive displacements and joint reactions, the muscle forces, the ground reaction and the 

gravitational and inertial forces must be simulated. 
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.. 2.3.5 J oint Reactions 

The described forces tilat act upon the knee during functional activity result in 

thC' total joint 1 caction force which comprises the patellofemoral and tibiofemoral 

rcartions. The output of a simulation run should result in anatomie joint reaction 

[orcC' time-hislorie'i being reproduced as would be measured under in-vivo conditions. 

Presently, the tibiofemoral joint reaction force corresponding to a particular ac

tivity is calculated by investigators based on a simplified mathematical model of the 

knee where mcasured ground reactiùn and limb relative position time-histories are the 

inputs. Oftcn the predictions are verified with electromyographical measurements. 

Although the joint reaction has components in aIl three directions, the compressive 

load in the direction of the tibial long axis is by far the largest component. Reported 

tibial long axis compressive load time- histories by three investigators are reproduced 

in Figure 2.11. As may be noted from the figure, there are discrepancies between 

the depicted results. These differences may be attributed to biological variances with 

regard to the articular surface geometries, the ligamentous structure, the configura

tion of the muscles and the subject's gait habits. They may also be attributed to 

each investigator's particular technique of solving the dynamic equilibrium equations 

of the knee. Because there are many more unknowns than equations, due to the 

large number of muscles which span the knee, optimization techniques are required 

involving the use of objective functions. The choice of the objective functions varies 

somewhat between investigators. 

In spi te of the discrepancies between the results in Figure 2.11, the overall trends 

and shapes predlcted for the joint reaction force are approximately constant with 

generally only the magnitudes of the variables differing substantially. 

Computed tibiofemoral joint reaction time-histories for stair activities may be 

found III the literature [e.g., Morrison (1969)J. 

With regards to the patellofemoral joint reaction corresponding to dynamic activ

ity, a st udy by Reilly and Martens (1972) yields estimates for this force for a variety of 

activities. A highly simplified mathematical model was assumed and an experimental 
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validation was not performed. This are a of study seems to be lacking cven though 

the patellofemoral joint reaction is of great clinical significance. 

2.4 Sumlnary 

The contributions of the muscular activity, the reaction of the ground, the incl'tial 

and gravitational forces result in the relative motions and l'eaction forces betw{'('n 

the tibia, the femur and the patella during a given functional activity. Furthennol'e, 

since the articulaI' surface geometry and the ligamentous stl'Ucture of each knc{' joint 

specimen are unique, due to biological variance, each joint will have a correspond

ingly unique response to a single act:'.'ity. This characteristic of uniqueness must be 

respected for an in-vitro simulator to be physiologically faithful, Le., for it to simu\ate 

in-vivo conditions. 
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Chapter 3 

DESIGN APPROACH 

3.1 Introduction 

In this chapter, the basic approach and the underlying motivations behind the 

design of the key features and loading scheme of the simulator are discussed. 

As was elaborated in the previous ses·tion, because of biological variance, each knee 

joint has a unique dynamic response characteristic under the conditions of functional 

activity. Thus the means of applying the loads that act upon the knee must be such 

that the natural and conjunct passive motions of the knee are unconstrained. In view 

of the t('chnical complexities, it is not feasible in a simulator to apr 'y aIl the inde pen

dent forcf'~ which act upon the knee. In the present study, only the more important 

contributors which are active during normal gait activity in the plane of motion are 

t'Otlsldf'led. The simulator presented herein comprises the capability of generating four 

independent time-varying loads on a knee joint specimen. These include the actions 

of t.he two main lumped muscle groups (the extensor and fiexor groups) in controlling 

the flf'xion angle histories, and the tibial axial force and tlexing/extending moment 

components of the ground reaction force. The dynamic functions to be simulated and 

the loading srheme used are each further discussed in this chapter. 

Also discussed in this chapter are the adjustability and versatility features in

corporated into the simulator's design. These are essential since the simulator must 
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apply the loads in such a manner as to be commt'nsuratt' wit h t}1<:' uniqut>Il(,:-lS of t'élch 

specimen. A final section is resel'ved for specimen prepciration. Th{, procl'dllft, mllst 

be such that the tibiofemoral and the> patellofemoral articulatIons al'<' cOllst'['ved. 

3.2 Four Force Simulation 

The primary function of the knee is te flex or ex tend as the rest of the body inter

acts with the ground surface such that the overall motion (e.g., of gait) is produC<'d. 

This in effect resul t~ in cydical flexion angle and concurren t ground reaction t.i Ille

histories. These patterns are primarily dependent on t.he actIvity being performed 

and are generally repeatable from cycle to cy 1~. Furthermore, the flpxioll angle and 

ground reaction characteristics of gait are readily available ln the literat me'. It \s c\lso 

important to note that these charactenstics are directly measured Ill-VIVO as opposed 

to muscle forces which are inferred. In view of the foregoing, the underlying concept 

of the dynamic simulator is to have the main muscle groups, which contribute to the 

flexion/extension action of the knee, reproduce flexion-angle time-histories on a knef' 

while it is also subjected to the concurrent ground reaction tlme-histories. The flpx

ion/extension action is produced by two displacement vs time controlled actuating 

systems. Each system independently simulates the lumped effects of the extt'nsor 

and flexor muscle groups and acts through steel cables such as to not constrain the 

other degrees of freedom of the knee, viz, abduction/adduction, long aXIs rotatIOn, 

and three dimensional relative translation (Fig. ~ 1). In order that thp lincs of action 

of these lumped forces be as close as possible to the net effect of ail the mdlvidual 

muscles, the lumped estimation Îs derived in the following manner: 

1. the muscle attachment points are estimated to be at the cpntroid of 

the attachment areas as depicted in anatomy texts (section 2.2.3), 

11. the individual muscle lines of action are assumed to hf' straight linf's 

between estimated origin and insertion points, 
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111. the contribution of individual muscles are assumed to be proportional 

to their cross-sectional area, 

IV. the net line of action of a muscle group is the weighted average of the 

individual lines. 

Other flexor and extensor mechanism details are further discussed in the following 

:wction of this chapter. 

As \Vas established in the introduction, the simulated components of the ground 

rcaction include the flexing/extending moment and the tibial axial force. The flex

ing/extending moment component has been selected since it is generally the larger 

contributor to the joint reaction during functional activity. It is this moment that 

the flexor or extensor muscles must counteract in order to lift or push/pull the body 

during functional activity. The forces generated in these muscles in response to this 

moment may be shown to account for 50% to 70% of the joint reaction force during 

level walking. 

The tibial axial force component of the gl'ound reaction has aiso been selected in 

view of its relative significance with respect to its contribution to the joint reaction. 

Generally, during normal functional activity, the leg joints position themselves 50 as to 

minimize the moment components of the ground reaction thus reducing the required 

muscle forces and relieving the joint reactions. More specifically, the ground reaction 

force orients itself to a large extent along the tibial axis since that portion which acts 

perpendicular to the tibia :.It the heel will result in a large moment about the knee 

joint. This force may be shown to account for 20% to 50% of the total joint reaction 

during level walking. 

As to the manner in which the ground reaction loads are applied in the simulator, 

the f'mployed schemes are depicted in Figure 3.2. The tibial axial component of the 

ground reaction is applied to the tibial fixation bucket throut.>h a steel cable and 

pulley system. to another cable which distributes the load evenly to each si de of the 

t.ibia. A set of sheaves attached to the frame is adjusted ta ensure that the line 

of adion of t.he force is parallel to the tibial axis and coincident with the flexion 
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axis of the joint, regardless of the flexion angle. Altholl~h Ilot con:-.tr,tlIled, rl Ih.('1! 

flexion axis is assumed. Deviation of the jomt 's flexlOll axis flOlll the 011(> aS:-'IlIlH'd 

will result III a parasitic f1exingjPxt('nding mOlli('nt !wlIlg ~PlH'rat<'d. F\lI t hl'IIlIOl (" 

parasi tic long axis t wistIng moments will abo be g(>IlNélt ('c! ~l\ ('1\ t Itat t i Illet! !Ul\~ 

axis rotation lelative to the femur is expccted (FIgurf> :~ :~). 1I0w('\'('I, )!,IVI'II plOpt'1 

adjustment, thesc ~tray effects may be miniIlllzed. ('orl'f'spolldlllg to \t'\,{'! walkm,!1;. 

the magnitudes of both these parasitlc moments wereestlIllatl·d to!w I('s~ than;') ~III 

and are therefore assumed to be of negligible effect. Thetle estllnatiOIl!> \\'eft' ohtallJ('d 

by assuming reported tibial long axis rotation magnItudes dUI ing th., !>tallC(> phdse of 

level walking (Chao et al., 1983) and, the locus of the flexIon a '(ps as estllllated from 

Walker et al. (1972) in correspondence to the 5tance flexion amplitu(k 

As to the flexingjextendmg moment component of the ground rf'actioll, a specictlly 

designed linkage system, acted upon by a linear actuator. 15 implementf'd to apply 

a transverse force (anterior jposterior) to an extension of the tihial shaft beneath 

the tibial fixation bucket (refer to Fig. 3.2). The actuating force is applied to a 

long lever arm whose rotational axis is aligned with the average flexion axis of t>ach 

specimen. The lever arm extends distally to connect with the tibial extension through 

a specially deslgned linkage which only permJts the transfer of a transverse foret' on 

the tibia while not cOIlstraining the tibia's three dimenslonal degrees-of-freedoom 

Assuming the flexioll axis of each joint to be constant and coincident with that of 

the lever arm, the transverse tibial force should act with an approximately constant 

moment arm and futhermore, the rotation of th/" lever arm should equal the flexion 

rotation of each specimen. The moment arm of the transverse force is adjustahle and 

in this study, it was adjusted tü 44.7 cm. This moment arm is approximately equal 

to the lower shank length and thus the transverse force application is approximately 

equivalent to a base-of-foot application. As in the actuation of the tibial axial force 

component, a constant knee flexion axis is assumed but devlation of the true axis 

from the one assumed is unconstrained. In the case of the moment actuating system, 

deviation of the flexion axis, as estimated from Walker et al. (1972), will only result in 
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'2% deviation from the sought moment time-histories corresponding to level walking. 

This is because of the relatively large moment arm chosen for the applied transverse 

force. 

Since the desired moment is obtained by applying a transverse force on the tibia, 

ft pata~itic t,taIl'i\,('rse force of equal magnitude and sense will ab) be transmitted to 

the joint. This parasitic force will be evaluated m the next section. 

As can \)(' ~cen m Figure 3.1, the femur is rigtdly fixed to a force plate permitting 

the measurement of the jomt reaction time-histories while the tibia is free to move 

under the actions of the applied forces. However, during functJonal activity, the 

femur also moves substantJally about the hip joint. Therefore, as was discussed in the 

introduction, only the relative accelerations and corresponding mertial forces between 

the shank and thigh are reproduced. The gravitational forces are only approximated 

since the [emur is held fixed in an average upnght position. 

3.3 Selection of the Simulated Dynamic Functions 

For normal level walkmb, the target flexion angle versus time function which has 

been selected in tl11s study 15 reproduced in Figure 3.4 (Mann and Hagy, 1980). The 

cycle time was chosen tl) be 1.25 seconds with stance occupying 64% of the cycle (0.8 

sec). 

The ground reaction time-histories are usually found in the literature in terms of 

the vertical and fore-aft ~omponent time-histories, these directions being with respect 

to the ground's surface, along with their pomt of application under the foot (center 

of pressure). The set of functions assumed in this study is reproduced in Figure 3.5 

(Grundy et al.. 1975). To obtain the corresponding moment and tibial axial com

pOI1('nts of the ground reaction, the time-histories of the given reaction components 

and the location of their point of application under the foot must be cou pied with 

corresponding limb segment position time-histories. The ilexingfextending moment 

due t.o ground reaction is obtained by taking the cross proJuct of the sum of the 

reaction forces in the plane of motion with the position vector joining the point of 
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application of the reaction force to the approximale rolaliondl axis of Il\(' kHt't, Joillt 

The required limb segment orientation time-histories (ankle, kn('(l amI hip) met! III 

the computations are those published by Mann and Hagy (1980). TIl{' 111111> S('p,lIH'1I1 

lengths that are assumed in the calculation were found in anatomy tcxb and tIlt' IIp

per torso orientation, which was also required in the computations, was d~sl!n)('d (01)(' 

vertical throughout the walking gait cycle. The resulting largf't tl11H'-lmtOl H':> of Ilw 

HexingJextending moment and tibial axial force componenb of tll(' glOlIlId n'clc( 1011 

are depicted in Figure 3.6. 

As can be noted from the figure, the moment component of the glollne! re(lcl jOli 

remains a ftexing moment throughout the stance cycle and the maXlllllI1ll Illaglll

tude is approximately 110 Nm. Other investigators ha\'(' publJ~h('d the 'net,' (onfl)(' 

amplitudes and senses which the ftexor or extensor mu"clp group!'> 1l111~( COUI\(('IM 1 

during level walking. However, it must be mentioned that tl1('''<' publi~l\('d ",dllt·" 

of 'net' torques could not be adopted in this study as the targrt J1101Ilf'nts 1)('(,(\11'-,(' 

they include inertial and gravitational forces. They may he used for ïOTllpan..,OIl 

with the computed moments in this study durmg the stance pha!->(' a~sllmjllg Il)('r( jet! 

and gravitational effects are negligible during this phase. Wintei (l!ISO) hrl" (0111-

piled the results of various investigators and the review is reproclu('ed !Tl Ta1>k :~ 1 

According to that study, considerable variability eXIsts with respect () the fIl0llH'IIt 

time-histories which the knee must sustain during walklllg gait both III tf'llll<" of 1IId!!,

nitude and sense. It appears plausible that a given indlvidual gait pattelll llldy 1{''''lIll 

in a moment time-histories about the knee as compu(ed in tlll!'> study. IIo\\,('\('r. III(' 

computed peak magnitude seems to be rather un the hlgh sicle alld ail {'xl 1 <'111(' (""'(' 

The corresponding results by Patllarco et al. (1981) abo S(,C!ll to ill<l!< clte that tIlt' 

moments computed in this study are o\'erestimated To avoid exc(,'-,~I\'(' IOMIlIIg. tll(' 

target moment tIme-hlstory that was adopted in tll1" sI udj fOI sllllul.t( 1011 1'" a" de

picted in Figure 3.6, only the magnitudes are halvcd a~ incli(ated on the figUI(' '1 Il<' 

obtained pattern closely matches the pattern mcasured by PatI iarco ('t al (l9K)) 

Design considerations of the actuating system assume the lalger amphtudps (i t' . 
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Table 3.1: Flex.jExt. Moment Variability (Winter, 1980) 

Peaks of muscle moments - flexion (f), extension (e) 

Knee (N.m) 

Wt. accept Push off 

Elftman (1939) 40(e) 50(e) 

Bresler & 48(e) + 40(f) 15(e) + 37(f) 

Frankel (1950) 16( e) + 75(f) 48(e) + 35(f) 

5(e) + 42(f) 50(e) + 15(f) 

5(e) + 85(f) 17(e) + 85(f) 

Paul (1966) lOO(e) 25(f) 

Morrison (1968) 48(e) + 35(f) 28(e) 

Morrison (1970) 2(f) 7(e) + 2(f) 

l(f) + 5(e) 10(e) + 2(f) 

7(e) 17(e) 

Morrison via 25(f) + 30(e) 25(f) 

Paul (1971) 

(10 subjects) 

Pedotti (1977) 30(f) 65(f) 

40(f) + 40(e) 50(f) + 25(e) 

50(f) + 80(e) 1O(f) 
Johnson & llO(f) 65(e) 

Waugh (1979) 

27 



110 N.m. flexing moment amplitude) in the event that such load magnitudes are 

considered for simulation in future studies. It is understood t hat thf' sÎmulator IS 

entirely programmable. Functions with somewhat diffprent characU>, i!>tics than thos(' 

adopted here may also have been used as the input funet ions. 

The time-hÎ:;tories of the tibial transverse force component of t.h(' ground n'act.ion 

were also computed and are illustrated in Figure 3.7. Aiso mcludt->d III tlH' samt' figure 

for comparison is the applied transverse force to the base of the tibia result,ing from the 

generation of the flex.jext. moment time-histories (see previous section) During h('('l 

contact, the applied force is consistent with the 'normal' force Thereaft('f, however, 

they deviate as the point of contact moves towards the toes. Although it i5 not 

possible to reproduce the normal transverse force as weIl as the moment (omponent 

of the ground readion with the described moment applicator, it was nevertheless 

approached by adjusting the moment arm of the applied transverse force on the 

simulator. In any event, the magmtude of the resulting transverse force which will 

aiso be transmitted to the joint remains negligible. The forO' is only about t /3 of 

body weight maximum, in comparison to the total joint reaction magnitude of 3 ttmes 

body weight as estimated from Morrison (1970) during walking gait. 

3.4 Specimen Fixation and System Versatility 

An underlying cnterion in the design of the simulator in which knef' joint speci

mens are to be loaded, is that the location and orientation of the lines of action of the 

applied forces be adjustable, so as to accommodate each specimen's specifie charac

teristics. The specimen fixation components of the simulator are basically the same 

as implemented in the prototype. The proximal end of the femur and thf' distal t'nd 

of the tibia are both potted with fiberglass resin in metal sleeves. The femoral "leevf' 

attaches to the force plate via a bracket which incorporates sufficient adjustments 

for femoral posltioning. An added feature IS that the femur may also he oriented 

skewed relative to the plane of motion which is also defined by the main plane of the 

simulator's frame. This added adjustment was deemed necessary since the femur is 
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in fact normally skewed with respect to the plane of motion by up to 10°. On the 

tibial sleew" cable atlachment brackets, cach with independent adjustment capabil

ity, wt-'l'C dcsigned to be fixed to each side of the sleeve for attachment of the tibial 

cLxial reaction cables, and to the rear for attachment of the flexor actuating cable. 

The f1exor actuatmg cable may also be adjusted proximally to assure a correct line 

of action. 1\ bracke' was also designed to affix a cylindrical extension of the tibial 

étxi~ which tran:-;mib the tibial transverse force generated by the moment actuating 

rnechanism. The actual point of application of the transmitted tibial transverse force 

used to generate the required moment may also be independently adjusted as needed. 

The extensor muscle cable attaches directly to the patella but its Hne of action may 

be adjusted proximally as required. Hence, the lines of action of the four simulated 

forces may be vaned and adjusted. Not only do es this allow for specimen variation 

but also permits the lines of action of the applied forces to become experimental 

variables. 

Versatility must also be incorporated into other aspects of the simulator design. 

The aduating system must be entirely programmable so as to allow for variable target 

function simulation. Although single target functions were described in the previous 

section, the actuating system must be capable and programmable to simulate walking 

gait patterns with differing characteristics as well as other activities. The actuating 

systems were designed specifically to also accommodate the simulation of stail' ascent 

and desc<>nt. A description of functional activity programming is presented in Chapter 

6. 

3.5 Specimen Preparation 

This final section is a description of the specimen preparation procedure. Since the 

musculature is artificially leproduced in the simulator, aU muscle tissues are removed, 

along \Vith the skin and subcutaneous fat. The preparation is such that the passive soft 

tissues of the joint, the ligaments and cartilage, and the patella with its tendon and 

capsulaI' attachments remain intact. Care is also taken not to damage the tibiofibular 
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joint since the Iaterai collateral ligament is partially attachcd to the H1mlar capsule. 

The femur and tibiajfibula components arc eut to length as per fix(ülon dt>sign and 

then potted in thcir respective sleeves or fixation buckets as WdS cl('~( rilwd in t.llt' 

previous section. A patellar cap is screwcd intù the paU'lIa so thàt t IH' <''\I<'I1S01' cdblp 

may be attached. The reader should refer back to Figure :U fol' clalilicdtion. Thu" 

the tibiofemoral, the patellofemoraL as weil as the tiblofibulc\r jOlllts cl!'(' I(,ft intc\ct. 

As in the intact specimen, the extensor loads are taken up by the pat.ella and 

the load thereon distributed to the [emur (patellofemoral leaction) and the tibia via 

the patellar tendon. The fiexor mechanism, however, is totally artificial. No actnal 

attachments are made to the joint bone components. 

3.6 Summary 

The simulator is a four acluator design. Two actuators mmuc the effects of 

each of the flexor and extensor lumped muscle groups to flex or extend the knee, 

according to given flexion angle time-histories, while the base of the tibia is subjeded 

to the two main components of the ground reaction in the plane of motion. The two 

main components of the ground reaction are the ftex.jext. moment and the tibial 

axial force. The application of these two load time-histories are accomplished by 

two independent actuating systems. Ali forces are applied either through steel cables 

or special mechanisms such that their Hnes of action can be adjusted according to 

specifie specimen configurations and such that passive and conjunct joint motions are 

not constrained. 

The scope of the present simulator evaluation is Iimited tu normal level walking 

of which the target functions were presented. The design of the simulator also takes 

into consideration the simulation of more stringent activities, namely stair ascent and 

des cent , and hence programmability, as well as other necessary versatility features, 

are incorporated into the design. 

The specimen preparation is su ch that the tibiofemoral and patellofemoral artic

ulations are retained in their intact states and thus the overall knee joint response, in 
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Lcrms of joint reaction forces, pressure distributions and relative displacements, may 

be assumed to approach that of the intact in-vivo specimen under the aforementioned 

dynarnic loads. 
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Chapter 4 

SIMULATOR ACTUATION 

SYSTEM: DESIGN AND 

PERFORMANCE 

4.1 Introduction 

In chapter 3, the criteria for the design of the simulator's actuation system were 

formulated. In this chapter, the implemented actuation sy<:tem components and their 

relevant characteristics are presented. 

It is recalled that the flexor and extensor actuators control the positions of each of 

the flexor and extensor load cables such as to reproduce the flexion angle tlme-hlstory 

of the knee joint. The actuators of choice are stepping motors. Stepping muLors pos

sess accurate positional characteristics (i.e., one step resolution) even when couplecl 

with just an open-loop controller, and are capable of speedjtorque relatiollshlp~ com

parable to standard D.C. motors. Hence two industrial stepping motors, with suit..able 

stepping motor drivers and speed reducers, were selectcd to actuate the two muscle 

load cables. A special two-axis open-loop controller was designed and fabricated to 

independently control each of the motors, such that given flexion angle time-histories 

may be accurately reproduced. The muscle actuation system components are further 
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c1iscus~ed in the following section. 

The tibial axial force and flex.jext. moment actuators must each reproduce given 

lORd timt'-histories. Electro-hydraulic actuation systems possess good dynamic re

sponse tharacteristics and high load generation capacity comparati 'lely to other ac

tuatJon !-Iystem types. Two electro-hydraulic actuators were salvaged from the pro

t.ot.ype !-lilllulat.or, in ",hich they were used as muscle force actuators. Coupled with 

a programmable voltage source in a closed-loop load pressure control system, these 

actuators were implemented and their control systems suitably configured to apply 

given load time-histories. It was also necessary to modify the hydraulic power supply 

unit as well as other more minor components to accomplish the given task in viewof 

the problems which limited the capacity and range of the hydraulic actuation system 

in the prototype. 

4.2 Muscle Actuation System: Design and Per

formance 

A stepping motor actuation system includes a stepping motor which upon re~ep

lioT} of a suitable D.C. voltage waveform from a stepping motor driver will advance 

ta its next incremental rotor position (one step). This process is activated by a pulse 

and direction signal sent to the driver. Hence, the generation of a pulse stream of 

variable frequency with corresponding direction al reference signaIs will result in the 

IIcar continuous and precise repositioning of the motor output shaft with respect to 

timt'. A programmable controller serves to generate the required pulse stream and 

directional reference signaIs. As the rated torque is available at relati vely high rotor 

speeds the output shaft must be coupled to the load through a speed reducer. 

4.2.1 Stepping Motor/Driver/Speed Reducer Combination 

The stepping motorjdriverjspeed reducer combination must be such that the re

quired torque of the motor at a given motor speed be less than the rated torque of 
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the motor as specified by the manufacturer. lnitially tht' Joad torque rt'qlllrt'n1t'Ilt~ of 

the load were estimated from the target functions presented in Chapter 3. The load 

torque of either the flexor or extensor actuator is the nel moment about the knee due 

to either the extensor or flexor muscle force (Fig. 4.1) and is given by the following 

equation: 

where 

TL = Mo - la - m· 9 . [. sin e. 

TL: net load torque, either flexing or extending 

Mo: moment due to the ground reaction 

1: moment of inertia of the lower limb (:::::: 0.17 kg· m2) 

0:: angular acceleration of the lower limb 

m: lumped mass of the lower limb (:::::: 4.3 kg) 

g: gravitational acceleration constant (9.81 m/s2) 

1: lumped mass pendulum length (:::::: 0.2 m) 

(): flexion angle. 

(4.1 ) 

According to this equation and Figure 4.1, a positive torque corresponds to an 

extension torque and a negative torque corresponds to a flexion torque. Antagonis

tic effects are neglected in this estimation and hence when a net flexion torque is 

calculated, a Bull extending torque is assumed or vice-versa. 

A speed reducer is interspaced between the Ioa':':' and the motor. According to the 

gear ratio (l'), the load torque is geared down and the speeds geared up to bring them 

to within specified stepping motor capacities. The motor torque (TM) requirements 

are then estimated according to equation 4.2 taking into account the inertia of the 

rotor (lM) and the forward and reverse efficiency of the speed reducer (Il/.r)' 

(4.2) 

where 
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b: torque arm of the muscle load cable about the output 

shaft of the speed reducer 

a: torque arm of the muscle load cable about the knee joint. 

The flexor and extensor torque arms are assumed equal 

(~ 5 cm, [Szklar, 1985; p. 130)) 

r: gear ratio of the speed reducer 

Jlf.r: forward or reverse efficiency of the reducer 

TL: load torque according to eqn. 4.1 

lM: mot or rotor Înertia 

a: angular acceleration of the lower limb. 

ACter a lengthy iterative procedure, the commercially available combinat ions that 

were selccted based on their rated torque/speed capacities are as fo11o\\'s: 

Flexor actuation: MH112-F J4201 stepping mot or with a series windings config

uration, 1.8° full step mode/ DRD-004 driver (both by Superior Electric) with 

a 721 (Boston Gear) worm geaI' speed reducer 

Extensor actuation: same motor and driver as flexor aduation but with a 724 

worm gear speed reducer which has a higher torque capacity. 

The pertinent specifications as pel' eqn. 4.2 for both flexor and extensor si des are: 

b = 5 cm (hence output shaH rotation of speed reducer is 

approximately equ; 1 to knee flexion rotation) 

r = 25 

Il f = 0.85 (Boston Gear specifications) 

Jlr = ~, estimated based on average braking speed, 
.4 

lead angle and gear ratio [Merritt (1971)] 

hl = 805 kg· cm2 (Superior Electric specifications) 

The estimated motor torque/speeds requirements corresponding to level walking 

for both the extcnsor and Bexor actuating motors are depicted in figures 4.2 and 4.3. 
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Superimposed on these graphs are the rated capacities of the' st('pping ll1otor/dri\'(·1' 

combinations. ln view of the depicted St fety margins betwecIl the reqllired t.orquP!'i 

and rated torques, these actuation systems may be safely assumed to inducc on the' 

muscle load cables the given displacemeIlts-vs-time fundions while sllst.aining t Il(' 

loads COfl'l'sponding to a level walking simulation. 

In the selection of the muscle actuation system, the requirements of !:>tair ascent 

and descent simulation were also considered. Although an eqllivalent dptailt>d anal

ysis was performed, based on the reported flexion angle anu ground n'actioll load 

time-histories for both stair gait patterns by Andriacchi et al. (1980), only salient 

points of interest are included ln this report. For both stan gaits, although the le

quired motor torques were found to be of the same magnitudes as those determined 

for level walking, the speeds at which these must he developed were somewhat higher. 

Stair ascent: 

max. stall torque: 

max. speed: 

max. power: 

Stair descent: 

max. stall torque: 

max. speed: 

max. power: 

- extensor ~ 2.4 N m 

- fiexor ~ negligi ble 

~ 5200 stepsjsec for both motors with negligible 

torque requirements 

- extensor ~ 3.8 Nm @ 2785 stepjsec 

- fiexor ~ relatively little power requirements 

- extensor ~ 2.2 Nm 

- fiexor ~ negligihle 

:::::: 5600 steps/sec for both motors 

- extensor:::::: 2.4 N m @ 4775 stepsjsec 

- flexor ~ 2.15 Nm @ 477.5 stepsjsec 

The torque safety margins were determined to be greater than two for al! three 

gaits. Although these stepping motof / driver cornbinations are completely bi-directional 
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in that rated torques in either direction are available to drive or brake the load (thus 

either expending or absorbing energy), their capacity to absorb energy is subject to 

another constraint beyond their rated torque/speed specifications. Encrgyabsorbed 

in thp windings when the motor is either braking the load and/or decelerating its own 

rotor ilH'l't ia IS dlssipated III a coiled resistor in the driver units. This resistor is rated 

up ta a Ô.')O watts !lf'ak dissipative capacity \Vith a ,50 watts average capacity. This 

constrall1t i::. of :"pecial interest in stair descent simulation. An estimated 60 watts of 

<'IH'rgy was det ('J'mince! to be absorbed by the extensor motor on average during stair 

descent. Ilowever, since the peak capacity rating is substantial (650 watts), this will 

lilll.it ollly the number of stair gait cycles that can be simulated concurrently during 

a single> l'lin. A certain cool off period must be allowed between l'uns. It is interesting 

to note that the poor efficiency of worm gear speed reducers when backdriven by 

the load, is a beneficial factor in this situation. In effect, the large braking torques 

which the muscle forees must generate about the knee during stair descent are largely 

absorbed in the reducer itself with little actual braking torque required at the input 

shaft. This energy absorption constraint was found to be of no consequence in the 

simulation of walking or stair aseent as energy is mostly expended in these. 

4.2.2 Stepping Motor Controller 

Industnal stepping motor controllers are designed to position loads VIa pro

grammed constant velocity or acceleration segmented profiles and thus in a 'non

('ontinuous' fashion. Furthermore, the time scales of the profile segments and the 

resolution of the velocity or acceleration parameters are relatively coarse. Such con

trollers are not suitable for the application at hand. A precise as well as a nearly 

continuously variable reference pulse stream frequency, under program control, is 

required not only to simulate given continuous functions, but also to }::revent the 

generatlOn of large antagonistic forces on the knee specimen by both the flexor and 

extensor actuators (refer to Figure 3.1 for clarification). Taking advantage of gait like 

function characteristics, a suitable 2-axis controller was designed and implemented 
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to independently control the motions of both the extensor and flexor steppillg llIotor 

actuators. 

The controller basically consists of a microprocessor WlllCh is programmed tü S('

quentially issue reference pulse and direction signaIs to each of dl(' 1I10tor drivers al. 

specified time intervals (time duration between each pulse). The COIlS('Cllt Ive t.1I1\e du

rations between pulses and the associated directions for a complete cyd(' ar(' stolpd III 

the controtler's memory banks (onè for each motor). The I1lICfOprocpt-sor (ontinuollsly 

cycles through the memory banks downloading each tlllW duratlOn drul dl1<'ctioll bit 

ta two sets of dedicated hardware. Each set automatically sets tlH' dm'ction, and 

issues the pulse to each of the drivers once the specified time dUiations have been 

counted down. The smal1est base unit or resolution of the time duratlOl1S, which is 

switch selectable, is 2.727 I1sec (30/11 I1sec). The control algorithm c.\'cl(' tillH' of 

the microprocessor is such that each driver may effectively he itisued up to 10 000 

steps/sec independently. A maximum of 8192 pulses for each axis is al\owed per gait 

cycle based on the size of the memory banks. The maximum time duration for ct givel1 

pulse is slightly under 90 msec (i.e. (215 
- 1) x 30jlll1sec) assummg the ~ma.lIt'st 

base unit and the 15 bit length of each time duration. The mformation for each pllise 

is 16 bits long of which the last bit is the associated direction bit. With respect ta tht' 

application, the foregoing specifications are interpreted as follows. Less than half of 

the maximum number of pulses was estimated ta be required for walking or stair galts. 

The maximum allowed time duration )f 90 msec corresponds to about Il stepsjsec 

or approximately a minimum speed of less tha.n 1 degree of knee flexion per second. 

The maXImum speed for any of the gaits was estimated to be less than 6000 ~teps/sec 

which is safely less than the specified maXImum 10 000 stepsjsec permissible by the 

controller. 

As to the procedure by which each time duration is determined, each knee joint 

is calibrated statically in terms of motor rotation vs flexion angle. Once the knee 

joint is positioned in the simulator and the muscle lines of force fixed, the number of 

pulses required to position each of the stepping motofs corresponding to given flexion 

38 



angles are recorded. Sorne cable pre-tension is necessary to ensure correct mechanism 

functioning and therefore the motor shafts are positioned such that about 22 N of 

antagonistic muscle force is present at each position. The procedure is repeatcd until 

the full flexion range is scanned. Intermediate points are interpolated by assuming a 

cu bic spline function between measured points and thus estahlishing the relationship 

between each motor's step position and flexion angle. This information is then coupled 

with the target flexion angle time-histories to obtain the required consecutive time 

durations and step directions which are then downloaded to the controller's memory 

banks. Details regarding the interpolation functions and the time-duration/step

direction determinations, will be further discussed in Chapter 6. 

4.2.3 Muscle Actuation System Performance Characteris

tics 

A series of flexion angle vs time functions were simulated to establish the perfor

mance characteristics of the muscle actuation system. Initially the system 's accuracy 

and output torque capacity were verified. Upon completion of given function sim

ulation runs, the rotors returned to their initial positions ta wJthin plus or miml~ 

one step (1.8°) demonstrating the system's accuracy. The available motor output 

torques were verified only at low speeds and found ta agrcc with rated specifications. 

The operating constraints which are specific to stepping motors had ta be consid

ered. Stepplllg maton, resonate at very la\\' speeds resultlllg in unpredlctable rotor 

rotations. The ana~ysi!:> of this characteristic is ~xtremely complex and usually the 

speed range during V .. hlCh thls problem ma)' arise is determined experimentally un

der operating conditlOll5. In this study, this range was determined ta he between 

100 and 250 steps pel second. To avoid the resonance prohlem, the !>tE'p posltlOn 

time-histories of each motor were adjusted locally whcrE'ver speeds lo\\'er than 2.50 

steps/sec wcre cncountered. Another important characteristic to be reckoned \\ith is 

that the IOtational dllection of the rotor cannat he' changcd mstantaneously. !\lore 

expllcit ly, to reverse the polarity of the windings, the IOtor must first come to rest 
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and remain idle for about 20 ta 30 msec depending on the inertial and stail load 

torques. This problem is resolved by increasing the time durations by up t.o 30 1lI"('C 

before any pulse is issued in a new direction. This artificially introduces a dwell t iult' 

in the flexion angle time-history whenever a directional change oecurs. Bot h t }l<'~(' 

characteristics or constraints do not significantly affect the overall flCXlO1I mot iOIl. 

The more important problem that hindered the performance of the mu:qc!e aet IIcI

tion system is the elasticity in the muscle load cables and in the connec! ing soft t 1~~1I(,~ 

on the extensor side which were initially unaccounted for III t}1f' eOTl1mand fund iOIl 

generation. During walking gait simulation runs, although the out put shafts of t Il<' 

motors followed input profiles with precision, the aet ual measured flexioll angl(' 1'('

sponse deviated about the target function significantly especially durinp; st aIH·('. 'l'Il<' 

calibration procedure by which the input profiles are generated is a statie 011<' in which 

only the gravit y effeds are included. Howevcr, according to eqn 4.1, 1II addition tu 

the torques generated by the muscle actuator themselves, tll<' flex.fcxt. mOllwllt of 

the ground reaction as weIl as the inertial torques due to the angulat accp!<>rill ion of 

the lower limb will aiso affect the flexion angle time-history dependi ng on t h(' ('la~t ic

ity of the load cable and connecting soft tissues. Eaeh knee was calibrated ~tat ically 

to establish the relationship between flexion deflectioI1 and applied mOIll<'lIb dlJOlIt 

the knee at various flexion angle. A llllear relation (correlation factor R'2 = !)!)) \\'d'" 

determined (see Table 4.1). ThiS relationship was found to be ncgliglbly af!'('( kd 1,.\ 

the flexion angle and hence was assumed constant As the deviatioIl~ hOIll tlte ta!",!!,!'t 

input funetions were found to be relative!y small dUrlllg UI(' S\\'lIlg phdM> \\ h(,11 i\l('l

tia! forces are prevalent, the motor input prof.:es \\we onl)' adjusted tn l1ullif.\' t II<' 

deflections due to the applied moment component of the groulld react\OlI. 
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Table 4.1: Elasticity in Extensor Mechanisrn 

Specimen # 1 .25°/Nm * (used .200 /Nm) 

Specimen # 2 .200 /Nm 

* This factor was arbitrarily redueed by 20% sinee it was judged that a more con

servative factor would be appropriate for a first attempt in view of the stiffening 

effect of dynamic loads on viscoelastic passive soft tissues. 

4.3 Ground Reaction Actuation System: Design 

and Performance 

The electro-hydraulic actuation system (2 actuators) irnplemented in this study to 

simulate the ground reaction components is partly depicted in Figure 4.4 and consists 

in the following: 

- two flow-control servovalves (MOOG A076-231 SERVOVALVE), which in 

response to an input current, proportionally d1~nlace a spool providing 

openings for both pressure and return lines to and from the actuators. 

- two actuators (MOOG A085-1-BM-2 ACTUATOR), which are acted upon 

by the fluid How to displace the load. Each actuator is symmetric and 

double acting (bl directional). 

- each actuator is equipped with an adjllstable metering orifice (AMO) which 

serves as a variable bypass restriction to mechanically adjust the dynarnic 

response of each actuator. ft attenuates load pressure excursions by open

ing sorne of the valve flow to the return line depending on its setting and 

load pressure. 

- each actuator is also equipped with a differential pressure transducer which 

measures the pressure across the pistons. 
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- a 2-axis servoamplifierjsignal-conditioning card which amplif1{'~ the prt's

sure transducer signaIs, subtracts thern from the reference input signais and 

proportionally to the difference, issues the correct in' act.ions or ctllTent.s 

to the servovalves such that a two axis closed-Ioop load pre"sure system i8 

obtained. 

- a constant pressure power unit which supplies the pressurized fluid t.o t.he 

system and consists mainly of a motor, a purnp, a constant. pressure rellcf 

valve, a bladder accumulator (N2), heat exchangers and a resevoÎr. 

The system just described is basically the same system which served in the pro

totype simulator design. However problems were encountered in the prototype whieh 

limited the system's capacity to perform gait like funetions. In view of the more strin

gent functions which are considered in this study, the pump, the supply pressure, the 

accumulator charge rL'essure, and tram(1 l!1lponents had to be either changed 

or modified. This will be further discuss\ 

Each of the actuators was configured 

next section. 

det upon the knee joint through t.wo 

separate and different linkages or couplings, thus forming the two entirelv different 

systems which are the tibial axial force and moment actuation systems. Initially 

the load fiow versus load pressure time-histories were estimated according to gait 

simulation requirements. Then the gains (s~rvoamplifier and sIgnal conclltIOI1lng;) and 

the AMO openings were set such as to obtain ê. suitable response. Each system 

was then calibrated to establish their overall gains (load force versus input voltage). 

Futhermore, each system was modelled for the purpose of theoretlcal analysis as weIJ 

as to give insight into their dynamic responses. 

4.3.1 Hydraulic System Modifications 

Szklar (1985), reported in his thesis on the prototype simulator that a 'dehi

latating' problem limited the hydraulic systems capacity. Due to valve resonance or 

'squeal', which is the self sustained excitation of an oilline at its natural frequency 

42 



( with valve interaction and results in a standing pressure wave pattern in the con

cerned liue, the AMO's were opened until the pressure waves were effectively damped 

01lt. I10Wf>Vf>r, the AMO settings that were necessary to produce this effect were such 

that large proportions of the availahle flow were bypassed back to the return Hnes 

cUld t.hU5 1 ccll/ced the net power available to the load. Only gait frequencies of up 

to .5 Hz and having a 40° flexion l'ange could then be simulated. Not only did t.his 

problcm limit the system capacity but it also tied up the AMO whose adjustment 

coulù be used 1,0 improve the actuator responses by effectively introducing apparent 

load ViSCOllS damping. 

This problem was also initially encountered in this study. The frequency of oscil

lation of the squeal was measured to he around 1000 Hz. The first natural frequency 

of an oil line length is given by the following equation: 

c 
iN = (4.1) 

where 

c: speed of sound in oil ~ 1400 mis 

1: length of line 

(4.3) 

According to this equation, an oil line of about 35 cm would have a natural 

fl'equency of 1000 Hz. An oil line of approximately this length was located. It was 

the rigid tube which connects one side of the actuator manifold to one port of the 

differential pressure transducer. This li ne was unnecessarily long and hence its length 

was redllced to a minimum decreasing it by about 30%. It was hoped that this action 

would in effect increase the natural frequency of this line beyond the bandwidth of 

the' servovalve, decreasing the likelihood that its natural frequency would be self

s\lstaÎncd by the dynamic closed-Ioop interaction between the valve and the pressure 

transducer. U pon performance testing, within the requirements of this study, the 

problem was never again encountered. Hence the AMO adjustment was free to adjust 

t.he normal response of the system while not overly reducing the net amount of fluid 

power available to the load. 
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In view of the stringent activities considered in this study, accmate dynamic con

trol of the hydraulic actuators was necessary. It can be shawn thal the highC'f tht' 

operating supply pressure the better the speed of response of hydraulic systems. III 

the prototype, the operating pressure was set at 8.0 MPa (1150 psi). It was d('U'r

mined that a pressure setting of 17.3 MPa (2500 psi) would be more sUltabl(' in t.his 

study. The vane pump which was used in the prototype simulator wa~ on1)' compa!

ible with low operating pressures and high flow rates. Even at th(' Tlloderat ('I~' lo\\' 

operating pressure of 8.0 MPa, this vane pump was beyond Its desigll pomt gi\'in~ 

ri se ta poor pump efficiency. A gear pump (TKP-4/26-6.2 - Del, Sundstrand) r,lt('d 

up to 20.7 MPa with a flow rate compatible with the given pump motor spp('d wa:, 

implemented in this study. Given the speed of the pump moto! (1150 RP~1) and 

its 2238 watts (3 HP), the pump flow was ca\culatcd to he .101 l/<:.cc al III<' 17;~ 

MPa operating pressure having taken into consideration the cornbincd pumpjmotOl 

efficiency of 0.80. Neglecting alllosses including AMO losses, the average flow ratcH'; 

pertaining to walking gait and bath stair gaits were estimated and arC' as follows: 

Q walk, avg = .037 ljsec 

Q stail' ascent, avg = .065 Ijscc 

Q stair descent, avg = .065 l/sec 

Bence, the pump ma)' be assumed ta supply enough flow on average to simlllal (' 

aIl three gaits. 

The flow rates given above are on an average basis. During gait simulation, how

ever, instantaneous flow rates are expected to exceed the pump flow rat e~. Accll

mulators are d.~signed to attenuate pump flow variations gi\'Ing best f(~~ult" W}l('fl 

precharged to operating pressure as was done in the st udy of Szkldl (19~.1) HO\\'f'\·('j. 

by reducing the precharging pressure, accumulator:, may al~o h(' USf'Ù tü store Vrll iO\l~ 

amounts of pressurized hydraulic fluid and may thus ~uppl) the' load wlJ('1J the pUlIlp 

flow is deficient. The accumulator is replenished by tll<' pUlllp dUI ing thoc.,(· pal t" 

of the operating cycle when load flo\\' requirements are reùuced. The aCClIllllllatol 

was precharged to haH the operating pressure in thi~ study. Tbu.., wll('T1 tll(' ,,),,1('f!l 
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is activated, half the total volume (3.8 litres) of the accumulator will be filled with 

fluid at the opcrating pressure. The actual operating pressure will of course fluctuate 

about a me an smce the accumulator oil volume fluctuates during an operating cycle 

depending on ftow requirements. The measured pressure fluctuations during walk

ing gait siTllulcttlOll1> and a discussion of their effects will be given in section 4.3.5. 

They were round to be minimal and did not seem to significantly affect the system's 

performallce dunng walking gait simulation. 

4.3.2 Tibial Axial Force Actuation System 

The hydraulic actuator in this system acts through a system of steel câbles on 

the tibial pot. The reader is referred back to Figure 3.2 for clarification. Through 

a system of pulleys, the load is ev~nly distributed to each side of the tibial pot and 

dil'ected along the tibial axis through the approximate flexion axis of the knee joint 

specimen. The load time-histories which this system must duplicate are, for walking 

gait, as per Figure 3.6. The maximum load magnitude which the actuator must apply 

is in the or der of one body weight which corresponds to less than 10% of the supply 

pressure (7.1 x 10-4 m2 piston area). Furthermore, as tibial motion along its long axis 

is negligible, the load flow requirements are also negligible. For stair galt simulation, 

relatively small load pressures combined with negligible flow requirements were also 

estimated. As the available hydraulic power greatly exceeds the load fequirements in 

this instance, only the control aspects of the system remain to be exarnined. 

Initially, the step response of the system was measured and adjusted until satisfac

tory performance during normal operating conditions was established. The available 

adjustments are the servoamplifier gain which amplifies the differenœ between the 

reference input signal and the feedback signal, the feedback gain which amplifies the 

load pressure tr? .tsducer signal, the AMO restriction setting which determines the 

amount of bypass fiow from the valve away from the load at a given load pressure, 

and finally, the reference input signal gain which amplifies the input signal before 

subtl'action with the feedback signal such that full scale loads may be achieved with 
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the available range of input signais. After much iterat ion, the servoamplifiel' gain 

was set at 42.76 ma/V, the feedback gain at 0.18ï mY/No the input signal gain at 

0.04254 V/V and a suitable AMO restriction setting detcrmineo. The actual bypass 

ftow through the AMO restriction as a function of load pressure WdS not {'xplIcitly 

determincd in this study. The step response ta a :L5 volt step input with the ab()v(~ 

settings was measured and is reproduced in Figure ·Li As ('an \)(' Sl'('Tl in the' figure, 

less than 5 msec are required before the output reaches 90% of its steady stat.e output 

at which point sorne oscillations of relatively small amplitude are noted. The oscil

lations quickly die out and thereafter the out,put smoothly rises ta its steady state 

output. Although the overa11 response time is seemingly long al. about 1.50 rnsec, the 

ri se time and overa11 damping are satisfactory. The response to different If'vels of input 

was also measured and although the system's steady state gain below 2 volts input 

was somewhat reduced, an m,oerall constant gain of 85 N/V was assumed throughout 

the required range of output force. It should be noted that the time delay between 

the input step and the onset of response was not measured. 

Modelling: The servovalves ernployed in this study are flow control scrvovalves 

The control flow Qv (output) is both dependent on input current and load pressure 

drop according ta the characteristic square-root relationship for sharp edge orifices. 

where 

Qv = 1(v' i· j(Ps - Pd 

Kv: valve sizing contant 

l: input current 

Ps : supply pressure 

PL: load pressure 

(4.4) 

The bypass fiow Qo through the AMO restriction is given by the following equa

tian. 

Qo = /(0' /Pt 
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whcre Ko: orifice setting. 

The net How to the load (Q d is the difference between the valve control fiow (Qv ) 

and the bypass ftow (Qo). These relationships are illustrated in Figure 4.5. 

Bence, for a given input level, the control fiow decreases as the load pressure 

incrcascs in a highly nonlinear fashion. This relationship was linearized assuming 

a givcll set point such that a complete linear mathematical model of the actuation 

system could be forrnulated. The valve's dynamic characteristics are refiected in its 

fir~t order approximation assuming low operating frequencies. The block diagram 

corresponding to this closed-Ioop control system is depicted in Figure 4.6 for which: 

Ee: command reference signal [V] 

KA: servo amplifier gain [mA/V] 

K v: no-Ioad ftow gain of servovalve [l/sec/mA] 

T: valve time constant 

A: actuator piston area [m2] 

1(2: pressure sensltivity gain [II sec/Pa] 

(i.e. 10ss due to load pressure drop) 

~: : force feedback gain, includes transducer gain and 

signal conditioning gain. 

f(T: combined elasticity of hydraulic fiuid in piston and steel 

cable [N/m] 

Ks: piston damping constant [N lm/sec] 

1\ 1: in put signal gain [V/V] 

s: Laplace operator 

Fa: actuating force [N) 

N umerical computations of the model parameters are included in Appendix A. 

This model is the same mo,iel which Szklar determined in his thesis for his force 

servo (Szklar, 1985; p. 54) except that a piston damping force has been included 

here. Szklar experimentally determined later in his thesis that to induce a given 

amount of piston ram speed, a piston force was proportionally required to overcome 
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kinetic friction (Szklar, 1985; p. 71). The constant of proport lOuai i t~· ,t~~IIIlH'd III 

this study was estimated from his findings. The load flow It'dl1CtlOlI dut' 10 !loth 

the valve characteristies and losses through the A~10 re!>t rit tion i~ rf'llt'ct('(1 in t ht' 

pressure sensitivlty gain J{2. This parameter was dt,termlllt'd by applyll1g tht' Final 

Value Thcorem to the system transfer function thus obtal!ling cl tlworet irai t.'Xp(,(>~SIOI\ 

(Equation -1.6) for the stcady state gain of the system. which Wd~ <>xp('rill\t'ntally 

measured to be 8.5 N IV: 

FA (K1·J(A·J(v·A) 
Ec - ([(2 + KA . Kv . ùP) 

( l.H) 

This linear mathernatical model was then loaded into the control system analysis 

software package MATLABTM (Math Works) along with the Ilumi'rical values for 

the measured gains and model parametcr values. According to tr.is modt'l, the slC'p 

response, and the frequency response (each to a 2 .. 5 V input amplitude). III terms of 

both the amplitude and phase lag, were computed and are graphed III Figures 4.K 

and 4.9 respectively. Comparing Figures 4.7 and 4.8, the transients of the computt'd 

step response do not correspond with the measured response translents although 

the settling time of 150 ms does match. Many factors could partially explam the 

discrepancy bet ween the theoretical and experimental !'èsponses su eh as statie ram 

friction, the linearization process and assumed model parameter valu('s. It is felt. 

however, that los ses in the valve's seeondary stage were occurring resulting tn off

design performance and that valve servicing is required. Although partial InIsfunctiOlI 

is suspected here, the system still provided satisfa( tOry performanu> during '>lI11ulatloll 

fun conditions. 

Aceording to Figure ·1.9, the theoretical bandwidth of the system I!-> approxlmately 

10 Hz. Assuming the mode! to be valid, süch a [rcqueney bandwidth should be suf

fiCient in the simulation of normal funetional dctivlties sltlee the frt'c!1WllClf'S whlch 

charaeterize them are relatively low. The measured statle galIl of the system can 

therefore be assumed constant in the computation of the requued rcfprcnre command 

signaIs corresponding to the sought time varying loads. Furthermore, "ince the oper-
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ating frequencies and system bandwidth are much lower than the valve's bandwidth, 

estimated at about 180 Hz (MOOC R 4076 SERVOVALVE CATALOG 762568), the 

valve'.,; firsl arder representation in the system's model is appropriate. The phase lag 

as dppictPd in Figure ·1.9 is negligible within the system's bandwidth. 

4.3.3 Flex./Ext. Moment Actuation System 

lu tbit> system, the linear hydraulIc actuator used must apply a force ta a lever 

arm whICll i!> rigidly coupled ta an extension of the tibial shaft (refer ta Figure 3.2 

fol' clarification). The coupbng to the tibial extension is such that only a transverse 

force may be transferred to the tibia sinee ail other relative motions between the tibial 

extension and the lever arm are unconstrained. Therefore, assuming sufficient force 

is generated to overcome the linkage's inertial, gravitational and frictional forces, 

the applied actuation force will result in a net transverse force on the tibia and a 

corresponding moment about the knee. The linkage's main rotary axis is aligned 

with the approximated rotational axis of the knee and hence, the distance or moment 

arm between the resulting tibial transverse force and the rotational axis of the knee 

is approximately constant. It is recalled from section 3.2 that the moment arm of the 

applied transverse force IS adjustable and that, in this study, it was fixed to 44.7 cm. 

The rclationship between the applied actuator foree and the flex.jext. moment about 

the knee is according to the following equation and figure 4.10 : - Taking moments 

about the central rotary axis and neglecting frictional los ses -

where 

Fa . r . cos 4> = 1 . il + m . 9 . 1 . sine () - Op) + MG 

Fa: actuator force 

4>: angle between actuator force and linkage's radial axis from 

the perpendicular position 

r: radial distance between the point of application of actuator 

force on linkage and central axis. 
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.~---------------------------------

1: mass moment of inertia of linkage system about. central axis. 

g: acceleration due to gravity. 

m: mass of linkage 

l: distance between central axis and the center gravit y of the 

linkage 

Op: see Figure 4.10 

0: flexion angle 

a: angular acceleration of lower limb 

Mc: flex.Jext. moment 

In view of the construction, the flexion angle acceleratioIl is also the rotaliollal 

acceleration of the linkage. The angle 4> is of important consideration sinee it il> abo 

a function of the flexion angle and is given by the following C:'quation: 

A, -1 b-r·cos(O-Op) {} {} 
'1' = tan . - + 

a + r . sm(O - Op) p 
( 1.1-') 

where a, b, r and Op are as defined in Fig. 4.10, 

a = 7.2 cm, 

b = 5.19 cm, 

r = 2.86 cm. 

Op = 0.3316 rad. 

This geometric configuration allows up to 120u of knee flexion taking iutn (()Il"id 

eration the maximum 5.08 cm range of motion of the linear act ual or Furt IWflllO) ('. 

the design is such that the required act uator load flow and pr('ssu)e rl'- {H') \\',dkilli!, 

and stair galt simulatIons does Ilot exceed the hydraulrc pOW<'I' supply IInlt and '-('1-

vovalveJactuator capacities. The actuator load flow (QLl I~ a funrtlOll of both tlll' 

flexion rate and the angle 4> according to equation 4.9. 

Q L = r . 0 . co~ 4> 
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where Ô is the flexion rate [rad/sec] and r, <p are as per Figure 4.10. 

According to the above equation and equation 4.8, and assuming the flexion angle 

and applIed moment time-histories as per Figures 3.4 and 3.6 respectively, the load 

flow rate versm load pressure time-histories were estimated for walking gait simu

lation In this estimation flow losses (i.e. AMO losses) and frictional effeets were 

neglected. These results are depicted in Figure 4.11 \Vith the theoretical capacity of 

the servovalve/ actuator superimposed and assuming the operating supply pressure 

of 17.3 MPa Stair ascent and descent requirements were also estimated Although 

approximately the same ranges in load pressures were estimated. up to 50% higher 

flow rates were noted. Hence. assuming it feasible to nearly c1o~e the AMO restriction 

alld neglecting other possible losses, the actuation system described her(' should be 

capable of applying the sought moment time-histories given an appropriate control 

schen1<' 

In a similar fashlOn to the tibial axial force actuation system, the actuator force 

is controlled by a closed-loop control system. As was done for the tibial axial control 

system, the step response \Vas adjusted by setting the amplifier and loae! pressure 

feee!iJaek gaill as weil as by adjusting the Ai\10 restriction opening in arder to obtain 

a suitable response. The final settmgs that were adoptee! in this stue!y are 52.4 ma/V 

fOI the dmplifier gain ane! .1.5 mV /V for the feee!back gain. The AMO restriction \Vas 

also ~('( such that during a walking gait simulation l'un, the total flo\ ... · requirement 

would Ilot exeeed the capacity of the power Uflit wlllch would haye rcsulted in a 

!loticeable drop in the suppl,)' pressure. The step input was applied to the linkage 

cou pIed to d mechanicdl knee joint (described in Appendix B) flexed at 30~ Although 

!lO adi\(' mot JOIl was concurrently applied by the muscle actuators. their passi\'e 

fleXIble restrdiIlt to kne(' flexlOll was present as would be cluring a SImulation run 

The Ilwasured stcp reSponse ( .. 5 volt step input) of the act uatar fOlce control system 

is shown in FIgure ·1.13. The response is fast ",ith negliglblc oversh00t and small high 

frequency oscillatlOIls which quickly clamp out. The settllIlg time is less than 10 msee. 

The linearity of respOIlSC, with respect to varying input lew>ls was verified (± .5CX) 
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and an overall system steady state gain of 1346 N IV may be assllmed. 

Modelling: The method of modelling the servovalve characteristlcs is similar to tlH' 

method llsed for the tibial axial forcr' actllation sy~t('m. In tilts ~ituation, how('\'er, 

the piston force is applied to a rigid linkage which is itself rip;idly conpkd to tl\(' tibia. 

Motion of the tIbia, and hence the load application linkage, is pa:-.sivt'Iy l't'st rall1ed by 

the muscle cables. In view of the non-negligible deflection in tht' flexion anglf' dm' to 

an applied moment, as was reported in Section 4.2.3, the inertial and gravit y effeds 

of the linkage and tibia and the rotary elastic restraints posed by the muscle cables 

were included in the model. The block diagram of the linearized model is shown in 

Figure 4.12 for which: 

KI' KA, [{"f, T, A, 1<2, 6,PIA, s, }"'a: as listed for Figure 4.6. 

J{ H: stiffness of the hydraulic volume of oil [N lm] 

- 1: rotary second moment of inertia of the load, that is the tibia and linkage 

mechanism, about the center of rotation [kg/m2
] 

- Af: equivalent gravit y constant of also the total load as in 1 [N / m] 

- a: effective moment arm of the actuating force about the center of rotation 

(m] 

Ko: rotational spring, constant equivalent to the contribution of the muscle 

load cable in opposing load flexion rotation. 

- C: rotational damping coefficient equi"alent to the damping effect de

scribed in the text reflected to the load (i.e. C = CFa). 

- s is the Laplace operator 

- Fa is the actuation force 

A rotary damping coefficient is also included in the model Initially ail damping 

effects were neglected. But. during the system's fllnctional tests, in which flexion 

angle time-histories were concurrently applied, it was noted that in order to ohtam 

g. v'cr moment time-histories, the actuator force time-histories had to be augmented 
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by amounts approximately proportional to the flexion angle rates. Inclusion of the 

estimated constant of proportionality CF (500 N.sec/rad when the leg is flexing and 

400 N .sec/rad when the leg is extending) in the generation of the actuator force time

histories gave satisfactory results and, therefore, this contribution was included in 

the mode!. The piston damping force, as was reported in the previous section for the 

tibial axial force actuation system, can be considered to be includèd in this rotary 

damping coefIicient in addition to the frictional contributions of the various rotational 

components of the actuation linkage itself. 

The dynamic equations, by whlch the model characteristics were evolved, are 

included in Appendix B. Also included in the Appendix are the model parameter 

values whlch were estimated for the Si'me operating conditions that prevailed during 

the measurement of the system's step response. f{2 was determined by applying th<> 

Final Value Theorem to the system 's transfer function and as')uming the system 's 

measured static gain. The resulting steady state gain expression may be shown to be 

equal to the steady state gain expression of the tibial axial force actuation system as 

given by Eqn. 4.6. 

Computations of the corresponding theoretical step response to a 0 .. 5 volt input 

and the frequency response in terms of the steady state amplitude response and phase 

lag (0.5 volt ampht ude input), were obtained in the same manner as the tibial axial 

force aduation system (i.e., using MATLABTM) and are shown in Figures 4.14 and 

4.15 respectively. 

The computed step response, according to the assumed model, shows a rapid rise 

time, as in th~ measured step response, but the transient oscillations, after the 1 ise. 

are of larger amplItudes and last about 200 msee. In the measured response, the tran

sients clamp out within a few mililsecondb. Although these discrepancies may, to an 

extent, be attnbuted ta the model assumptions, the inereased damping characteris

tics of the measured response are more hkely attributable to the unaceounted fr;ction 

charactenstic::. of the actuator and linkage components Tills poor theoretical traIl

sicllt respoIlsP stems from the pre:"ence of a lo\\' undamped natural frequency due to 

53 

, 



the high rotary inertia of the coupled tibia and lever afm. An'ording tu t.h" compult>d 

amplitude and phase lag frequency response, the presence of this low resonant n(ttural 

fl'equency is further illustl'ated in the computed frequency rpsponse characteristics. 

In the region of :S.ï Hz (36 rad/sec), which cau be shown to l)f' tht> theor('ticaJ ll<ltur(t1 

fl'equency of the load (i.e .. of the lever arm & tibia & elastic rt'~t raints), the dmplit udf' 

response is reduced and the phase lag initially increases from Hf'g,hg,ible amO\lnts, tlH'1\ 

decreases into regions of lead angle. It then reverses again and returns to l1egligiblc> 

amounts. This interesting characteristJc of the phase angle frequency response is due 

to the complex closed-loop response characteristlcs of the system componcnts in the 

presence of a low resonant frequency. Accordingly, the theoretical bandwidth of the 

system is limited by this natural frequency. The frictional effects which were omitted 

in the modelling of the system may be assumed to slightly better the system responst' 

as they partially increase the effective damping factor associated with the system's 

low l'esonant frequency. In view of the foregoing, the system's ability to reproduce 

those components of the functions to he simulated with frequencie3 greater than .1) 

Hz may he assumed to he lirnited. Nevertheless, the measured overall system gain of 

1346 N /V, which was obtained statically, is assumed applicable throughout for a first 

estimate. 

4.3.4 Ground Reaction Actuation System Performance Char

acterÎst ics 

The tibial axial force actuation system performed satisfactonly during walking gait 

simulation runs as will be shown in Chapter 7. Few problems were expected since 

the combined flow and load pressure requirements were relatively \ow and operating 

frequencies much lower than the system's theoretical cut-off frequency (bandwidth). 

U nder such conditions, lineal' sy5tem response can be assumed. 

However. the moment application system requires substantlally more power with 

the servovalve operating in regions where non-\inear effects are no longer negligible. 

The effects of the system 's low resonant frequency can only worsen the situation. As 
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expected, application of egn. 4.7, with the inclusion of the rotary damping force to 

caleulate thf> rcqUlred reference signal time-histories and assuming the static system 

gain as f'stablished in the prevîous section, resulted in off-target operation during 

walking gait t>imulation runs. During the stance phase, when the system must supply 

large fmces, tht' moments generated were 20% to 40% lower than prescribed. During 

the swing phase, when no net moment is to be applied to the tibia and the system 

must only track the tibia without interfering with it, interference moments of up to 

30 Nm \Vere measured. This also resulted in significantly off-target flexion angle time

histories since the generation of the stepping motor command functions assumes the 

prescribed flex.jext. moment time-lustories. The situation is further aggravated by 

the fact that the effective moment arm of the actuating force, and hence the net result

ing moment to the knee with a given actuating force, is also a function of the flexion 

angle (Eqn. 4.7 and 4.8). To improve the performance, the command function From 

which the reference signaIs are generated were adjusted locally at given increments 

in time by an amount proportion al to the difference between the sought moment and 

the measured moment still assuming the previously established system gain This 

pro cess was repeated in an iterative fashion for each specimen until the levelling off of 

improvements while not exceeding the life span of the thawed specimens. Six to seven 

iterative runs \Vere performed taking each about 4.) minutes to complete. Thereafter, 

as will be shown in Chapter 7, the measured moments were on average within 20% of 

the prescribed moments and the interference moments during swing were on average 

less thdn :3 Nm. This cvrrective procedure also resulted in marked improvements in 

the flexion angle time-histories. Discrepancies in the reproduction of the flex.jext. 

moment time-histories can be attributed to the presence of the system's low natural 

frequency, sporadic fnctional effects, inaccuracies in the stepping motor command 

functions, play in the actuation system components, and inaccuracies in the system's 

assumed geometric parameters. The fluctuations in the system pressure due to the 

accumulator characteristics were measured to be between 16.9 MPa and 17.3 MPa 

dUflng walking gait simulation. The effect of the system pressure fluctuation on both 
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hydraulic system responses \Vas therefore assumed negligible. 

4.4 Summary 

Each muscle cable is acted upon by stepping motors to pl'Ovide giv~n flexion angle 

time-histories while sustaining the corresponding muscle t(~nsions. In the ('ommand 

function generation, a measured statie calibration function is assumed for each spec

imen and motor in which only the effects of gravit y are included. Th(' command 

functions are corrected tü nullify the elastic deflections in the cab les and wnnecting 

tissues due to the flex.jext. moments which are applied during a simulation run. 

The ground reaction aetuation systems are electro-hydrauhc based The hydraulie 

power supply unit, previously used for the muscle actuatlon system of the prototype 

simulator, was modified according to estlmated ftow and load pressure requirenwllts. 

The line squeal problem, whieh hindered the system's capacity in the prototype, \Vas 

also resolved. The tibial axial force component is directly controlled in a closed-loop 

control system according to a statie calibration with satisfactory dynamic perfor

mance. In the case of the flex.Jext. moment, only the actuating force is controlled 

in a closed-loop control system. The actuating force acts on the tibia through an 

intermediate lever arm linkage system resulting in an applied moment on the knee 

specimen. Due to second order dynamic effects (i.e. due to the linkage's low natural 

frequeney and high load pressure and flow requirements) significant off-target per

formance \Vas initially measured. Corrective action \Vas implemented, resulting in a 

substantial performance upgrading. 
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Chapter 5 

INSTRUMENTATION AND 

FACILITY DESIGN 

5.1 Introduction 

In this chapter, the instrumentation used to measure the simulator's performance 

is described. A force plate measures both the axial and anteriorjposterior force com

ponents of the joint reaction. The flexion angle is measured by a potentiometer 

incorporated into the ilex.fext. moment actuation linkage. The moment is measured 

by a load cell incorporated into the coupling interspaced between the moment actu

ating lever arm and the distal extension distally. These three items will be described 

in further detail. The differential pressure tram,ducer components of the hydraulic 

actuatmg systems are standard items and will not be described here. These pressure 

t rclllsducers were used in establishing the hydraulic aduation system step responses 

and, in the case of the tibial axial force actuation system, also served tü measure the 

applied tibial axial force time-histories during simulation runs. 
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5.2 Force Plate 

The force plate used in this study is exactly the same olle which :wr\'t'd in t IH' 

prototype design without any modifications. The femur is momll('d nnder tilt' platt' 

which is to'tally supported by four load cells. The geomctnr disposition and ttlt' 

Wheatstone-bridge connections are such that the femoral axial and étnt<>riorjpostcrior 

(AjP) force components of the total joint rcaction can be measured. Df>sign dptails 

may be found in Szklar (1985), p. 74-78. 

The calibrations that were performed in this study yielded 18.19 NjmV dlld HLl:l 

NjmY semitivities (± 2%) to axial and AjP loads respectively, after amplification. 

The transducer outputs were verified to be relatively insensitive (± 2%) ta tht'" momt"'nt 

arm length of the AIP loads. 

It is understood that the loads measured with this instrument compnlle the sum 

of the forces transmitted to the femur by bath the tibia and the patella. ft must be 

mentioned that in numerous gai t studies (Figure 2.11), the 'joint reactlOn' reported 

is frequently only the tibiofemoral portion of the total joint reaction alon,!?; the t.il)Jal 

aXIS. 

During the stance phase of level walking, the tibial axis is nearly ahgned wlth tht'" 

femoral axis and the patellofemoral joint reaction may be assumed to be negligihlp 

sinee the patellar tendon and extensor line of force are also nearl) al1gned wi! Il t}w 

femoral axis. Hence. for the purposes of comparison, the total femoral aXIal JOint 

reaction may be assumed to be approxlmately equal to the tibiofemoral axial joint 

reaction during the stance phase of lerel walking . 

5.3 J4'lexion Angle Potentiometer 

The flexion angle is measured by actually measuflng the rotation of the main 

lever arm of the moment actuating linkage. A one-turn preCision potf'ntlOlTlf'tf'r (± 

1 % linearity) is f1gidly linked to the main rotary shaft of the arm which is aligned 

with the approximated constant flexion axis of fach knee jOint. Th~ design of the 
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a.ctualing linkage sy-;tern i'5 such that it is effcctivc\y equivalent to a six-degrees

of-freedom gOlllometer with only the main rotation about the assumed fixed rotary 

axis being mOllitor(>d. Secondary flexion of the tibia relative to the arm, which is 

lllJ('onstrained in the ~imulator, is f>mall hecau5c the locus of instanéweous centers of 

flexion are wlllJ!led ta a relatlvcly smaH and statlOnary area (\Valker, 1972). Referring 

hack 10 Figllrc.., :J 2 ant! 110. il may he shown that if the knef> joint \Vere in fact a 

joillt wlth cl flxl'r! rotaly axis exactly aligned \Vith the artuatlJlg systcm's lever arm, 

ils rotatlOll woult! l)(' exactly glven by the arm's rotation. A 6 D.O.F. goniometer 

wa~ attacheu 10 the tibia of each specimen used in this study and the true flexion 

angles were cornpared to the potentiometer readings with the diffeJ'ences increasing 

frorn very smaH amounts at full extension to about ±4° at 75° fie <ion. In view of 

their clOSè correspondence. the flexion angle, as measured by the potentiometer, is 

assllmed in this study as the actual flexion angle to be controlled in the simulator by 

the muscle aduators. The calibration factor of this transducer is 77.68 [degjV] given 

a 5V power supply. 

5.4 Flex./Ext. Moment Load Cell 

The applied Rex.Jext. moment IS obtained by measuring the tibial shearing force 

trdnsIlut ted to the tibial f'xtension by the moment actuating system and by multi

plying t llls force with the distance between the constant pomt of applIcation and the 

assumed location of the fi'~'<ion axis. Using the same reasoning ail in the previous 

~t'('t iOIl. the ae tuai moment arm length of tbis force would be constant only if the 

ktH't' Jomt werf' m [aet a pm joint wlth a fixed axis of flexion exa,:tly aligned wlth 

t he axis of rotatlOIl of the actuatlllg system's lever arm. The mechanical couplmg 

lll'twf'('u the tibial extension and the distal end of the moment actuel.ting lever arm is 

such that only a force transverse to the tibial extension III the plane of motion may 

he transIllItted without constraining the other degrees of freedom or dictating the 

knet.'s natural flexlOn axis. Relative translations and rotations are permitted by the 

llnplt'llH'ntatlOn of lincar and radial bearing assemblies. 
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The load ccll is integrated 1I1to the design of t hls couplÎng. TIlt' t d>ic\l slwaring 

force is transnutted through a central column to ct t!tin rilrtIlal' pldtt' Pt'I'{)('Il(p,'lIlal 

to its line of action and held al ils boundarit·~ r('sulting in platt' bt'nding d(·t\t·('tion~ 

Four res1stor !otrain géluges are mOllllted on the plcttt"~ t'xpll~('d "mf<l(,(' (tOlllll\ll -.ic!t·) 

and wired iuto a four-active-arrn Wheatstone blldge cirnllt for maximum ... t·ll:-'Itivlty 

and temperature compensation. The bridge 15 powen'd wilh a .5 volt sllppl)' Ilnit <lllrt 

its output signal IS amplified with a sUltable differentlal voltag(' .unplifier spI for a 

gain of about .50 V IV. The complete transducer system was calibrat('d yÎt'lding c\JI 

overall sensitivity of 19 1:3 ~/mV (± :3% lIneaflty) equallj for tensilt' or compJ'<'s:-.iv(· 

loads. The sare l'ange of the transducer was estimated at about iOO N in t.emnon dlld 

:325 N in COl:. ,ression to avoid buckling failure. 
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Chapter 6 

SIMULATOR HARDWARE 

INTERFACE AND OPERATION 

6.1 Introduction 

The simulator is interfaced with two microcornputer systems operating in real 

time. One system oversees and synchronizes the run- time operation of the actuating 

systems while the other is dedicated to logging the applied input functions and the 

concurrent joint reaction time-histori~s. Each system and how they are organized 

with respect to the simulator will be further described in the second section. The 

third section IS a descriptIOn of the procedures and various software prograrns used 

10 g<'IWI ait' the ll1put command functions. 

l'he next ~('ctJon is a descrIption of the operating routine. The routine is down

Iuclded to the malI1 controller to generate. in real time, the sequential output of the 

p,rouud reactlon command signaIs, while overseeing the functioning of the stepping 

llIotor controller. The final section contains a description of the selected data acqui

'lIt IOH chctlmel configuration and a discussion of its run-time routine. 

îl 
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6.2 Hardware Interface 

:\ complete schematlc of tIlf' \'éuiou:, SInllll,ttor control and d,tta acquIsition rom

ponents, along wlth the informatlOll flow dIrectIons, I~ preselltt,d in Figur(> G.l. :\t rUII 

time. a micro,omputer (1B)'1-:\.T compatible) equippf'd wllh ail cHlùlog int(>rfàu' card 

(LAB)'l:\STEHT)'I. Scientlfic Solutions) ami a parallel <OIllIllUl1i(ùIIO!l porI (Inll'l-

825.j) o\'er<;ces the systcm's functlOning III rcal tlme. The ùlldlog 1I1lt'lfd(,(' .... \'~lplll 

compnse:, two l:! bit digital ta analog converters (DAC) c\nt! '1Pf'd'S to "'SUt' tlll' <O1ll

mand reference ~lgllab ta the t wo-axls servoamplifier j ">Igllal cOlldi t lorwr. Tht' (ldralll'i 

port serves ta commUIllcate with the stepP1l1g motor controll(>r Inltlally tht' tIeXO\ 

and extensor command functlOns ar(> downloaded to the <;It'pplllg moto! (,Olllrolll'r 

memory banks. The main operating 10ut1IH' is th(>[1 10dd('d lIlto tIlt' m,tin (,olltlOl

ling computer and. upon receptlOn of a start sIgnal issued through 1 be k(>y board. the 

stepping motor controller is activated ta begio cyclmg through Its memory banks 

issuing the prescribed pulse streams and step directions to each of tll(> two stppping 

motor drivers. The prescribed reference command voltage levels are concllrn'olly 

clocked out by the main controlhng computer ta the hydrauhc sy..,tem's two dxi~ sl'r

voamphfierjslgllal conditlOoer. Gait actuation cycles are repc::Lted indefinlt(>ly 11l1tJ! 

interrupted by the operator 

The operatlllg routine and the manner in which event timlllg and synchronizatlOH 

IS achievcd 1:' discussed in Section 6.4. It is understood that the reference cornmand 

voltage ta the hydraulic actuation system is not varied in a contiouolls manoer pN 

se. However. the rate at which the reference signais are dockt'd out ln an IIlcrelllclItal 

step fashion IS such that near continuous output force vanation.., art' obtaHlf'd. l'lit' 

operating routllle allows 11.3 msec before each sIgnal is changed Thl<; tmw lTlcrerrlt'nt 

is of the same arder as the nse tlmes of each hydrauhr acluùtlllg 'iystPlll and thus 

rippling of the output fOlces lS mimrmzed 

The resultlIlg applied input functions to whiLh thf' knee jOlIlt '1peClIIH'Il~ arp !>ub

jected ta, as weil as the joint reactlOo forces, are momtorf'd by the il1strUIlH'lItatlon 

system described in the prevlOus chapter and logged for future analysis by a dedirated 
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data acquisition system. A second microcomputer (IBM-AT compatible) equipped 

with a data acquisition card (ACPC-12-16™, Strawberry Tree) was used to perform 

this duty. This data acqUIsition card compriscd 16 x 12 bit andlog to digital channel~ 

whieh can b(' configured for various input voltage ranges (± 50 mV, ± 2.50 m\', etc 

" .). Furtherrnorc, each ADe has a cut-off frequenc)' of 10 KHz and thu~ partJaIl~ 

filter~ electncal noise The system is entircly programmable and sufficient ehannel~ 

are availabl(' !'>ueh that it can also be used to record othcr knee JOInt charaetellstics at 

run time. How the system was configured for the purpose of this study is described 

in Section 6 .. 5. 

6.3 Command Function Generation 

6.3.1 Stepping Motor Command Functions 

The gCIleratlOn of these funet ions requires extreme caut ion since both muscle 

aet uator~ are eontlOlleJ in an open-Ioop faslllon. The respOIlSC of the muscle act uatiolJ 

system depend~ largely on an accurate cahbratlOn and the corresponding wmputation 

of each Îndividual pulse tinJ(' coordmatf' 

Initiallj eaeh motor's shaft rotation is calibrated with respect to kne(' flexion anp.k 

as d('~crib('J In Section 4.2'2 A special computer program do\, nloaded 1I1to the main 

controlhng computer ser\'es to command the stepplllg motor con i rol\er to posltiolJ 

('aeh of t he moto] \. shaft ~ to dlser('t e pOSI t ions as chosen bj t he op erat or III a stC'p

by-stcJl fashion The step po~itlOn of cach shaft is dlsplayed on tbe comput el mOllltor 

and mallually rccorded along with the corresponding flc\.lOn angk a" mea<;ured by 

the fle:-.ioll angle potentlOn1f'ter (Sf'ctlOll .5.3) Once the flexloIl lange i~ scanned. the 

complete cabbratloll fUl1ctlOIl~ are cOTl'itructed by u~lI1g cublc spllllc fUIIctlOIls bet\\'('('Jl 

tll(' di~crete datd pOlllts Thi~ proCt~dul(, is accompli shed through the u~(' of a SUIt able 

soft wall' package ((TBE-FHEET~l routllle, l'tllbo Pd'ical \'umeriûtl Toolho:-.) The 

informatlOIl IS ston'c1 111 a file fur future' af'ce~s 

Th(' largl't IIlput fUlletions 10 which the cahbratlOll ddta wdl be applied must be 
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of a form such that the requircd time cooHlinat<> of t'al h diSlT('tf' I1lotnr :-.haft !>o:->llioll 

can be precise!y defined. A periodic cubic splllle rcplt'sentcl.tioll of t 11(, larp;t't 11('\1011 

angle timc-ll1~tory was constructed becausc the II\tcrnwdldtc :\1 cl ordt'l' polyllollual 

functions generatC'd betWf'CIl given ddta pOlIlts ('an })(' ('X cl. ct !)' ~o!\('d fOI tht' tinw «()

ordinates cOlle~pondlllg to each lIleremental motor ..,haft ...,t('P po..."tion. This "IH'r!c\1 

periocbc cub" ~pllll(, I)lo('t'dure constrains tht' 1H><.,JtIOll. \,('!onl} ,Ille! ,1( ('('!('I ,li 1011 10 

}w continuous from the end point of tht> cydc back to the 111I1Io.! pOllll Tilt' c\l)!;o

rithm of this procedure lTla}' be found in Sphne-AlgorithnH'1l I.\lr l\om,t !tlkt lOI! glc\t t(,1 

Kun'en \Incl Flachen (l!)ï:3) The target flexIOn anglC' tmw-illstory "hOWll II! Flp;lIrl' 

3..1 was initlally digitlzed (::::: 50 points) and the delta dowll\ocu\ed to tIlt' dt'scnlwc! 

periodic cubic spllIlc routine. lf pon inspection. howt>vC'r. Il was df'lermill('d tllat th(' 

resultmg funetlOns olsplayed reglons of extremely lllgh a(,Cf'lelations whllh wOllld rp· 

suIt in instantaneotls muscle forces bejond t!Jc capacltj of the ctctudting ~yst(,lll~ or 

even that of a 'normal' in-vIvo musculature. Locahzf'd il regtllarit ws proho.hly ~t('m

ming from the dlgitizing process were present. To rt'~ol ve tlllS prohll'rn. IISlllg t1w 

same data pOlIlts, the tdrget functlOns were approxIITIated hya least squale 10th or

der Fourier series fit (FOCRIER.LSQT~l routine, Turbo Pas(al :"iurnencal Toolhox) 

Previolls IllvestIgatlolls (Jackson, 19,9) have demonstrdted that FOUrier ~('rt('S or ('Vt'Il 

polynonllnal functions W1th an order greater than five are sufliC\ent to r('present gal!, 

like functlOns. A ,>sunllng this senes representation then. t he coord\[\ate~ of dbou t ;WO 

points were computed and the descn bed pef\odlc spline procedure apphed to t hem 

with satisfactory results. Thereafter, a specially deslgned computer prograrn was lIspd 

to combine the calibration lllterpolatlOn functions with the H('XIOII dIlgle mtt'rpolatloll 

funetlons in order to producc the requlred stepplllg motor cOfllmalld functloll" 

These command functlom must, however. he lorrected ~u( h thdl the deflectloll~ 

III the motor cahle~ and connect1l1g tissues due to the dpplled flex /ext. rnomcllt 

time-histories are nullified (SectIOn 1.2.3.). The target rnomenb, d.S shown in FIgure 

3.6, remain in the sense of a flex1l1g moment dunng the stance phase and are nuU 

during the SWIIlg phase. Renee only the stance phase portion of the extensor motor 
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coIIlrnand functloll lLecded to be corrected. The moment time-histories were digitized 

and for simdar rf'abOIlS to the flexion angle time-hi5tories, the given data pomts were 

fitted with a lOth order polynomial rcgression curve (POLY.LSQTM routine, Turbo 

Pct~Cctl ~lIlll('ncal Toolbox). A polynomial fit was adopted instead of a Fourier series 

"lllCl' !)('[lodJ< ilv doc" not appl) in this situation. According to this polynomial fit, the 

deflf'ct lOTI:' were talculatpd al each time coordinate of the smoothed target function 

(hlI IIlg slann' by applylllg the constant calibration factor between angular deflection 

and applied moment as measured ln Section 4.2.3. The new corrected flexion an

gle time-lllStory of the stance portion was çomputed by subtracting the deflections 

fi om t\w ::.moothed target flexion angles. In keeping with the previous pr0cedure, 

cublc splim> [unetions \Vere computed between these new target data points (CUBE

FH El·:'P,l, TUI ho Pascal ~umerical Toolbox) without the constraints of periodicity. 

Tite> prodllccd corrected ~tance phase portion of the extensor's command function was 

tlwn appended to the alrcady established swing phase portion. The region between 

SWlllg and stclIlce requlred sltght modification upon inspection to ensure continuity. 

As disc\ls~ed in Section -1.2.3, the time durations corresponding to steps in a new 

direction were increased by up to 30 msec, and the time durations corresponding to 

rotor spceds of les~ than 250 stepsjsec were suitably corrected. These modifications 

\\,('rc IInpleBlen ted such that the gross motIOn was negiigi bly ~ ~ted and the total 

cycle tlInt'~ of each motor command function were equal. The cycle time of the target 

f1f'XIOll angle tIme .. lllstory was initially 1.2 sec and once the corrections apphed, the 

r(,~lIlt lllg cycle tlIne lIlcrease~l to 1 25 sec for specimen 1 and 1.26 sec for specimen 2. 

The computer routine whlch serves to download the command functions to the 

"tt'pplIlg motor controller requires the information to be ~tored in an AS CI file in the 

follO\\'lIlg form: 

Total # of steps (flexor) 

~t 0 or 1 (0 for extending action and 1 for flexing action) 

.6.tn 
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Total # steps (extensor) 

~t 0 or 1 (0 fol' flexing action and l fol' cxtending action) 

.3.ln 

The integer time duration::. (L\t) must be in the base time unit which is switch s<,lected 

in the contl'Oller. The base unit selected for this study is the smallest one i\vailable 

(30/11 Fisee) resulting in maximum l'esolution. 

6.3.2 Ground Reaction Command Function Generation 

The tal'get functions of the tibial axial force and the Hexing/extending moment 

components of the ground reaction from which the respective command funetions 

were generatcd are shown in Figure 3.6. 

The target functlOns were computed, as described in Section 3.3, such that dis

crete data points could be evaluated as required. The tibial axial actuating forces 

were directly obtained from the target tibial axial reaction time-histories. As to the 

Hexingjextending moment actuating forces, they were computed by combl11ing the 

target moment time-histories with the load requirements of the moment application 

link?ge according to the following equation: 

_ (J. Q' + C· 0 + m . 9 ·Z· sin(O - Op) + Ma) 
Fa - ~------------~----~--~~----~ 

(r . cos cp) 
(6.1 ) 

where 

Fa: actuating force 

l'vIa: t<!.rget moment 

I, a, (), Op, m, g, 1, <p, r, are described as in equation 4.7. 

C: overa.ll system kinetic friction constant. 

fJ: flexion rate, or first time derivative of the flexion angle. 
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'lills IS 1)d~lcally the same equation as was presented in Section 4.3.4. (equation 

4.ï) with the inclu~ion of the kmetic frictional force described in that section. The 

gcometric term Ô is computed according to equation 4.8. The flexion angle, and its 

fiIst two time derivatlves were obtained from the flexion angle functions (previous 

",('cliulI). Computat Ions were performed through the use of the Symphony TM data 

lIld.llipulation ~oft ware program 

As wa~ mentioned in SectIOn 6.2, during a simulation, the reference command 

signais are varied in the discrete time domain every 11.5 msec by the main control

ling computer. The operating routine, which controls the main controlling computer, 

requin~ that each of the ground reaction command functions be stored in their re

spective files on a computer diskette in the following ASel form corresponding to a 

complete gait cycle'. 

Force [N] at 11.5 (i.e. each force level, floating point decimal, IS computed 

corresponding to the end of each 11.5 msec time increment) 

Force at T* 

(filename: AX.PRN and SF.PRN for the tibial axial force and flex/extend moment 

respt>ctively) 

At run tlme. transform..tion of these tables to corresponding voltage level tables is 

performed by l he operating routme. The last entry to each file, which is computed 

at the end of the last 11.5 msec time increment, will be correspondingly issued to the 

actuatmg system at that JI1stant in time and he Id unchanged through to the end of 

t hl' first time lllcrement. Since the total cycle time will not in general divide itself 

exactl)' \Ilto II.5 msec increments, the last entries will correspond to a time T* which 

will be less thdn 11.5 msec mmus the total cycle time. In other words, the resolution 

at the very end and beginnmg of a cycle will in general be slightly coarser than the 

fcmalllder of the cycle. 
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As was mentioned in Section 4.3.-1., the command functions \Vert' corr<'c!('<1 III 

é!.n iterative manner after each simulation l'lill until sati:,factory performanc(' \\',\~ 

obtained. The average measured moments correspondIllg 1,0 cadI Il.r) IllM'C tinH' 

window were compared to the prescribed moments corresponding 1,0 t.ht' bE'ginning 

of each 1!..5 l1l::,ec lIH..:rement and thE' correspondlllg act uating foret' en tries corl'<'c!.ed 

according to the following equation: 

~F = (AIGmeas - AfGtarg) 

a (r . COS lb) 
(6."2 ) 

6.4 Operating Routine 

The operating routllle, of which a listing is included in the Appendix C, is written 

in the C programming language. This language was chosen as it compiles into effic)('nt 

machine code wlth execution speeds approaching that of assembler code while still 

providing the user with the programming ease associated with hlgher l(,vt'llangllag('~. 

Before describing the operating routine, certain aspects of the analog interfaet· ('Md 

fitted to the main controlling computer will first be discussed a~ thcy bpar relevaIH'(' 

to the understanding of the operating routine. The interface card w~ configured 

in this study to be memory mapped with respect to the host computer. The fad 

that it is accessed as a memory location, as opposed to an 1/0 port, results in faster 

access time thereby increasing the 'throughput' time of the operatlllg routine. A.., 

to the digital to analog converters, their 12 bit digital mputs must be presentrd 1,0 

them in two's compleJ11ent code. They were swltch configured in tlll:' .,tlIdy for ± ID 

Volt output range. This range selection was done ll1 conjunction Wltl! th(' sctting of 

the input signal amplifier gains (/{t) on the servoamplifierlslgnal-condltlOning tard 

(see Sections 4.:3.3. and 4.3.4). According ta these settings and the st,ttlC gains of 

the hydraulic actuating systems, It may be shown that more thdo half of the total 

ranges available are required for the simulatIon of walklllg galt and that the dIgital 

resolution of the tibIal axial and moment actuatlllg forces are 4 N and 6.5 N per 

bit change respectively. The analog interface card is abo equipped with ci 5 x 16 
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bit counter/timer chip (AMD 9513) and a 1 MHz source dock. As will be further 

described, two of these counter/timers were used in this study; one to perform system 

timing and the other to serve as a memory mapped switch to interrupt the simulation 

l'un. 

The operating routine may be summarized as follows. Initially, both ground 

reaction command function files are read in to the computer's memory. Each en

try is t.hcn transformed into its corresponding 12 bit digital voltage equivalent as

suming the rehpective static gains of each system as listed in Sections 4.3.3. and 

·1.3.4. Next, the counter/timer chip is configured as follows (the reader is referred 

to Am9513A/ Am9513 System Timing Controller, Techr~cal Manual, 1985). One 

counter/timer is configured to count the source dock pulses (1 MHz dock). It counts 

up time to 6.5.535 Jlsec in a cyclic fashion in 1 J.lsec increments. This timer serves to 

keep track of the passage of tIme such that each reference signal entry will be clocked 

out every 11..5 msec as will be shown later. The other counter/timer required in the 

control scheme is configured to count, once, a source edge issued to i t on an external 

line which is hard wired to a switch with a 5 volt port. As will also be shown later, 

this timer serves to interrupt the control algorithm and terminate the simulation run. 

Having prepared the command function tables and configured the timer, the operator 

is prompted to sWItch on the motor windings. The motor windings are switched on 

directly from the computer's keyboard interface. 

It is rccalled from Section 6.2 that the stepping motor controller was loaded prior 

to a simulation run wit!· the stepping motor command functions. Thereafter, it is 

controUed by the operating routine and main controlling computer through a parallel 

interface port. Various functional commands such as turn on or off the motor windings 

clnd start or stop the programmed stepping motor functions may be issued to the 

"tepping motor controller. One line on the parallel interface port serves as a status 

line indicating to the operating routine each time the stepping mot or controller has 

completed a gait cycle with another one about to begin. 

Returning to the description of the operating routine, having switched on the 
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mot or windings the operator is then prompted to start the simulation l'un t hrough ,\Il 

indicated keyboard entry. Once the process is initialized, the tinwrs and the stcppiIlg 

motor controller are activated to star" their programmed functions. Thercafter, the 

operating routine enters its control algorithm which consists in: 

- reading the first timer's register 

- comparing the new reading with the last reading which corresponded with 

an 11.5 msec time increment 

- outputing the respective command voltage levels conditional with an 1l.5 

msec time elaspse 

- verifying if the second timer has received a process interrupt signal. 

The algorithm is repeated until aIl ground reaction command signal entries have been 

issued corresponding with a complete gait cycle simulation. 

At this point, the operating routine waits for the stepping motor controller to 

complete its ongoing cycle, leaving the end portion, aftcr the last 11.5 mser time 

increment, to be completed. Upon cycle completion, as indicated to the operating 

routine through the stepping motor controller status bit, the first timer is re-111tialized 

and activated and the control algorithm re-entered to produce another cycle. Cycles 

are repeated indefinitely until the second timer indicates a process mterrupt rcquest. 

The interrupt routine consists in issuing null reference signais to the hydraulic sys

tems and a command to the stepping motor controller to terminate its programnwd 

function at the end of the ongoing cycle. Once the last cycle is finished, the operator 

is prompted to turn off the motor windings and the program IS termmated. 

The control algonthm cycle time was timed at 75 I1ser for the host computer (10 

MHz) used in this study indicating the timing resolution of the system. 
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Tahl(' 6.1: Data Acquisition Channel Configuration and Resolution 

( 'hallltl'l ~ll'a~ured Instrumentation Estimated Selected Resolution 

pal'dIlwtcr Gain (see Chp.5) max/min Range 

rh'xion angle 66.589 deg/V + 1.582 V (0°) +5V 0.16 deg 

to +2.637 V 

(ï00) 

~ Flex./ext. Moment 19.13 N/mV o mV (0 N.m) ± 250 mV 2.33 N 

(ransverse force (moment arm of ta + 65rnV 

44.67 cm) (55 Nrn) (1.04 Nm) 

:! Tibial Axial 5.347 N/mV o mV (0 N) ± 250 mV .653 N 

Force ta + 131 mV 

(700 N) 

Axial Joint 18.19 N/mV OmV(ON) ± 250 mV 2.22 N 

Reaction ta 105 rnV 

(2000 N) 

.1 A/P Joint 19.13 N/mV o mV (0 N) ± 250 mV 2.:13 N 

Reaction ta + 37 rnV 

(700 N) 

6.5 Data Acquisition 

The data acqui.3ition system that was described in Section 6.2 is software config

med and controlled in real-lime by a supplied software package (Analog Connection 

PC, Strawberry Tree TM). 

Tht" voltage ranges that were selected in this study, corresponding with the various 

parameters that were measured, are listed in Table 6.1. Aiso inc>lded in the table 

Mf' the corresponding digital l'esolutions. 

At l'un tllne, the operator is prompted to select the channels to be scanned, the ap

proximale scanning frequcncy, the total number of readings to 'Je performed, and the 
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disk file name where the readings wtli be loggcd. Onet' t he simulaI Ion run I~ IIlldt'r",c\y. 

the data acquisition routine is started by tht' operator t hro\l)!;h t lH' hast comrHüt'r'" 

kcyboard. Once the total number of readings are obtailled, t ht' IlwaSUlt'Il\('nls dit' 

then logged ta the assigned disk fil<>. 

The exact. tlme C'oordinalp of each voltage entry 15 obtélllH'd by (alibrat illg th(· 

system for ils exact ~canning frequency corresponding 10 thC' s('I('c\C'd ~yst('111 conlÎgu

ration. This lVas performed by switching one of tllP input channf'l~ 10 ct sip;nal which 

varied according lo a known time base. 

AlI meaStucrnents that \Vere obtained 111 this study \Vere obtallled al the data 

acquisition's maximum scalluÎng frequency and total number of readings. This corre

sponds to 2000 readings for each channel al a rate of 370 Hz. Thus the tinw coordinatE' 

between each readmg for aH channels was 2.ï msec and the f{'sults of ovcr ·1 ('onsec

utive cycles \Vere obtamed. Even though the ADCs have a 10 KHz frequrllcy cutoff 

(Section 62),10\\' frequency electrical noise \Vas found to be present on the mV range 

signais Ilpon inspection of the resulting traces. 

To resolve this problem, each six consecutive leadings were averaged and th(' 

results assigned the mlddle time coordmate of the six readmgs. ldeally, the avcragilJg 

of an even nurnber of readings Laken over a 60 Hz nOIse period &hould have been 

implemented to rid the signais of their 60 Hz noise content. The filtering of the 

noise's higher harmonies is achieved by increasing the ('vcn numbpr of readlllgs t dken 

over the noise penod. However, in this sItuation. the scanning frequency of chOlce, an 

even multiple of the assumed 60 Hz nOIse frequenc:., was not available anci rould only 

be approximated. The implemented scheme corresponds \\'Ith tllP dlgitd.1 filtcring 

scheme of a 61. ï Hz noise signal. Although approximate, <;atlsfactory rf'~uits were 

nevertheless obtained. AIl data ma11lpulation to obtalll filtered rcading<; and Hnal 

results. as presented in Chapter 7, were performed through the lise of a mass data 

manipulation software package (Symphony TM). 
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6.6 Summary 

'[ Ill' ~lInlllcltul Îs mtf'rfaced with a mlcrocomputer to serve, at fun time, as a pro

grc\!ll!llctblp \011 a).!;e !>ourc('. !>('q\lencIllg thf' reff'rC!1CC (ommand signals to the ground 

l(',t( t Ion d( t I1ctlllll.!; "ystern!>, wlllle synchronÎzmg the functlOOing of the stppping motor 

(011110\1('( wlll( Il l!> prf'-progl dll1nwd to control the displacc!l1PllL t lille-histories of thf' 

II1U!>( 1(' load cable!>. Ou th(' output !>Îde. the sÎmulator i" II1terfaced with a dcdicated 

data dcqui!>itlOU sy!>tem to scan and record the instrument readmgs (orresponding to 

a !>imul,ttlol1 rUll. 

TI\(' !>tc'pplllg motol' commaud [unctions were obtained by combining calibration 

f\lUttlOlls with the des!rcd flexion angle time-histories taking into a,:count the com-

1)('(l!>,t!101l !'('quln,d to nullJfy the angular deflectiolls due to the apph{·d moment time

histol ies. The ground reactlOn command functions were obtained from the target 

ground reactlOn time-hlstories and. in the case of the flex./ext. moment, by also taking 

int.o consideration the dynamic functional requirements of the actuating mechanism 

by superposition. 

Ouring a simulation run, the main controlling computer is contrt)lled in real time 

by a specially devised operating routine which operates in the discrete time domain. 

The cycle time of the control algorithm is 7.) j1sec. 

The data acquisition system is driven by a supplied software package. The limita

tion of t.he data acquisition system corresponds to a complete instrumentation scan 

lwillg repeated every 2.7 msec for a total of 2000 scans. The system was configured 

fol' t.hls maximum operating capacity to obtain the measurements required in this 

st ut!). 

73 



Chapter 7 

SIMULATION RUN: RESULTS 

AND DISCUSSION 

7.1 Results 

Two fresh-frozen speCImens, one right and one left, were thawed and subjectpd to 

a level walking simulation as described in the previous chapters. Upon preparatIOn, 

both joints appeared normal with tbe first specimen slightly bigger than tht> sPcolld 

An average body weight (b.w.) of G8 kg was assumed. 

The applied functions as well as the resulting joint reactions Wf'r(' r('(orded Ov(>l 

approximately four consecutIve cycles. Apart from Dllnutc sporadlc va.riatIOns, re

peata.bihty was verified between cycles as weil as betwcen simulation runs. 

As \Vas mentlOned in SeclIOn 4.:3.4, simulation runs W('l"{' n'pf'atl'd lllo(hfylllg {'ach 

time tbe moment applicator's command functJOn untd satIsfactory target fUllction 

reproduction was obtained or Improvements became margillai In cffcct. the l'Il1iting 

factor was the lire span of the thawed specimens. SIX to seven runs (~ -1 hrs total) 

were required before the results as presented here were achievpd. Althollgh continuing 

with the procedure wOllld have resulted in belter function leproductions, the life span 

of a thawed specimen is limited. 

Corresponding to a single cycle of a final 'satisfactory' run, the measured time-

74 



IIl,lOlle,> of tlw flexlOll allglr-. and the flexing/extendillg moment and the tibial axial 

/'01'('(' cOlJlpOn('llt~ of tlH' grollno ('(>actIOI!. arf> of>pld('(l III Figures ï.l, ï.2 and ï.;3 

(("P(>( t ('.ply Tht' cOI'H'spondlIlg target Illput fUIlctions MC !>upeflinposed for corn par-

1'>011 J'he ~tallcP portion I!> flOIll 0 to .82 seconds \VI! Il the sWing phase occupyl11g the 

1('lIldllllll).!; pOl \ 1011 

ln gellt'l',d. t II(' flexIOn angle fUllctions adllcved corresponded wf'll wit h the targf't 

fllllction For :o.j)f'(,)Il1e1l 1. the angle was generally greater than the target angle with 

il llletXIlllIllll dlffel'PIlCP of .1 deg occuring al the peaks of the fltdn(e and S\Vlng phases. 

\\'Itll '1)(>( IIlH'1l 2 . ..,llghtl)' }wtter 1'I'5t11ts wC'rf> obtained excf'pt that Ju!:>t lwfore the first 

p(>ak in the ..,\ allce phase. the lcg rnorIlcntarily re-extended ~ltghtly unltke the normal 

f)(>,{lOrJ dllglf' chell élrten!>t 1< curv{' 

The meabured flex /extend. moment time-histones dernonstrate relatively sat

H;factory fUl\ction reproduction. Although during the stance phase the maximum 

d<,viations were +12%/-22% for specimen 1 and +lï%/-30% for specimen 2, the ap

plied moments were on average within ± ,) Nm of the target moments. And during the 

swing phas<" the portIon during which the moment actuating mechanism must track 

th(' motion of the tibia while not transmitting any force 1.0 i1. interference moments 

Wl>re less t han ·1 N m. 

For the tibial aXial force, satisfactory overall performance was obtained, During 

the stance pha:;,e, sorne lag IS illltJally noted between the measured and target force 

time-histories in hoth specimens. The maximum error noted thereafter was + 10%, 

rwal' th(' end of stance. AnJ for a brief period towards the end of the swing portion, 

the actl ~t.dg system interfered slight!y with the tibia (10% b.w.). 

The corresponding axial compressive and anterior/posterior (A/P) components of 

t he total knee joint rtaction force along the femoral axis were aiso measured and the 

l't'sults elre d(>picted in Figures 7.4 and 7.5 respectIvely. Although very similar reaction 

force charactenstics are noted during the swing portion for both specimens, more 

Important variation.., between specimens were measured during the stance portion 

and especially for the axial component. During the stance phase for specimen 1, two 
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consecutive peaks of decreasing magnitudes (2.7 h.\\. and 2 h." ) wert' l1H'd~\II(·d 

While for specimen 2, three defined consecutive peak:, of incrt>a.sing map;n i t Il dt·.., (:.! :.!. 

2.7 and 2.95 b.\\'.) were measured during the !oanlP p('nod During tll<' SWlII.c; pOl t IUII, 

the axial joint reaction for both specimeI.s rernaJrled approxilllatdy COlIstc\llt l)('t\\'I'('11 

.25 and .5 b w A:, ta the C'OrrespondlIlg allterior/pastenor (A/P) com!>ollt'l1( of t IH' 

joint feaction force, similar overall chardctenstlc", w{'rt' ob..,('[\('<\ fOl !loth ~IW( 1IlWII" 

The force rernained antenor fo:- sppcimcll L o~("llJatll1g l)('t\\'('('11 li 1 alld lI;1 1) \\ 

during the stance phase, then rema\l1('d approxllnately colI"tant d\l1111g t1l1' ~\\ lIlg 

phase at about 0 25 b.\\'. For ~pC(ïmen 2, the maXlInUI1l~ and JI1l1llflllll!l" O( ( Il ri (·cI 

in phase with those of specimen 1, but wlth Sllg l .tly Illcn·a..,pd alllplltlld(·~. 'l'II<' l\\() 

minimum magnitudes in the stance pha~e <kcreas(>ù ~llffiei{,l1( 1)' rp~ult 1lIg; ill cl l !J,lIlg(' 

in sense gi\'Jng rise to a posterior rcactlOII force of up to 02.1 b.w In latt· ~tall((', tl\(' 

maximum magBltude of the AIP forct' recordcd was 0 t) b.\\' anteri0r1y 

7.2 Discussion 

In generating the stepping motor command functiom, the talgpt {]{·x.I<·xt IllO

ment time-hlstories were assumed to determllw the compensatory cahk dl..,pla( l'lllt'llt" 

(Sections 4.2.3. and 6 3.1) Bence, if the applied moment tlllH'-lllStori('''' c!(.\ j,IIP rlOl1l 

those mtended, the flexion angle functions wIll be affecled in propOl tioll III v]('\\ 

of the relatively significant ela.stlcity of the combined exten!oor LabIe alld (01111('( 1 IIIg 

soft tissues, the inaccuracies in t he fleXIOn angle funct 101l reprod uel IOll art', t () il 1.11 ,l'/, 

extent. aUributablc to the inaccuraeics !Il the Il'0I1)(,llt fu Il ct 10/1 reprodll( t 1011 Ot II<'I 

flexion angle l'<>productiolllnaccuracies ma) 1)(' attnbut<,d to the IW'llial dfc( «.. \\ hi( 11 

are not accounted for in the commalld functlOll ge/lerattoIl, lIlac< ura< ie .... i Il t I\!' ,,1 il t -

ically obtaincd calibration functJons due to dVllarnic eff(·( t~, rnlllllt(· clliil\).!;(·~ III tIlt' 

equiLbllulll points due to the' presence of loads which dl'(' Ilot pr('~l'/lt dUl'Illg (,tlJ!lrd

tian, and the hysteresls in the muscle cable:, and connC'ctlIlg tl"SlJ('~ on the ('Xt(,IJ~()1 

side. 

The problems which hinder accurate rnonwnt function rcplOdllctioll W('f(' aln'ady 
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(l!~~ u,,~(·d III Sp( tlon 4.:J 1. Theordirdlly. the Itpratl\'f' procedure ddapted in this 

st uJy muId ha\'(' been continued further untillwar exact function reprod UC! bility was 

obtained. Howev('r. the time avallable to continue the procedure was limited as men

tlOIH'd 111 the' previous section. Thus, tlH' acknowledged off-target performance of the 

[flO !I will (H t lI,t! IlIg :,y:"tem and the inaccuracie:, in the flexion dngle command function 

lIlI t'I',H 1 Il1UltlpltCiltlvely tü adversely affect bath the flexIOn anglt' and moment func-

11011 leprodll( tI011'>. It 1'" r('called that the momcllt-arm of the mOIllent actllating force 

1:' a fUllctlon of the flexIon angle (Eqn. 4.8) and. as noted In the prevlOus paragraph. 

1 he f1exioll dllgl/> It'l('lf 1" afff'cted by th(' applied moment. 

With r('~pect to the tlbial aXIal force component of the ground l'eaction. the lllac

curacif''l in functlon rf'production are assumt'd to stem main!y frum the partial mis

fUllctioll of tilt' ..,enoval 'le. This was suspt'cte'd to he the cause of the dlscrepanCies 

bptwcen the t lJ('ol('tlcal and measured step rt'sponse as disru~sf'd III SectIOn 4.:1.2. A 

.,omewhat slllggi~h lesponse with a 1.50 msec settling tlme and a reduced proportional 

rl'sponse to signais under 2 volts. both contnbuted to the off-target performance given 

cHI assumed con~t,allt galIl 

The jOlllt reaction time-histories are not controlled functions but are a result of the 

applied IlIuscle dnd ground reactlOn forces to the knee JOIllt specimens, each possess

ing unique stru( tural characteristics. Hence. discrepancies between the joint reaction 

force tlme-lllstol'les of each specimen are expected. The dlfferences in characteris

tic!:> bdwecn each knee speCimen may also be attributed to the measured deviations 

bet \\'('('11 the controlled input functions of each joint. For instance, similarities in 

tl\(' charactcri~tic shapes of the measured moments and compressive joint reaction 

lime-histories of each speCImen are noted during the stance phase. 

ln order to compare the joint reaction time-histories measured in the present study 

with t hose avallable 1ll the literature, the corresponding ground reaction time-histories 

must also he comrared. As was mentioned III SectIOn 3.3, considerable variability in 

the joint moment histories exists depending on individual gait habits. Hence, vari

ability in the joint reaction may also be expected to prevail. Comparison of joint 
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reaction force time-histories is fUlther comp\icated by li\(' fact that othl'I' ill\·P:..tl.f!,ù

tors generally publish the tibiofemoral joint cornpr('s~i\'(' fol'(,(, lil1}('-hi~tori(>:-; aloll~ 

the tibial axis, whereas !fi this study, the total JOlIlt compressive forct> is nwa.surf'd 

along the Femoral axis. This mea~tlred cornprf'ssl\'c fOl're JIIdudf''> the pctlt'Iloft'Illorai 

contributlon~ as \VeU. However, as was shown \Il Section .~ :L hotll IM\',\Illt'tt'r .. ,HI' 

approximalely equivalcnt dunng stance when the [('g I~ Iwar full ('Xt(·II~I()11. Tctk

ing into account these reservatlons. It IS interestiug to note the ~imdariti{,~ \)('tW('('1I 

the joint reaction time-histories l11easured in this study and t.he jOlIlt rt'action forn' 

time-histories reproduced III Figure 2.11. The maximum arnplitudt' just !Jt'low:J h.w. 

during the stance phase. and the force generally bC'\ow 0 ~,b., ... · during the swill,l.!; 

phase. correspond with the reslllts of Morrison (l9ïO). 
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Chapter 8 

SUMMARY AND 

CONCL UDING REMARKS 

8.1 Introduction 

In this chapter. the study is concluded by reviewing the simulator's overall design. 

The fcatures and performance of the facility are summarized in the next section to es

tablish w hether t.he orIginal design criteria have been satisfied. In a following section, 

eXétmples of possible biomechanical investigations which may be undertaken with the 

present simulator are examined. Finally, recommendations on future development 

work that woulcl improve the simulator's performance are given. 

8.2 Design Evaluation 

'l'hr aim of this study was to design, develop and test a system capable of reproduc

ing on a knee joint specimen the various force histories which occur during normal 

ambulatory activities. The facility was envisaged to permit the study of knee joint 

mechanics corresponding to dynamic functional conditions. 

Ta simulate the required dynamic conditions, four actuators have been adopted 

in the simulator. Two actuators each apply the extensor and flexor muscle forces 
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such as to control the flexlOll angle timt'-historirs of the JOint. lïl(' 1('lIlallllll~ 1"'0 

actuators are used to appl)' tilt' tW() millIl rompon('nb of Ilw grol1lld 1('actlOlI III II\(' 

plane of motion. The st'\ected components of dl(' grolllld n'éHtloll dit' II\(' Id)I.1I .n:i,d 

force and the fiexingj e::tending moment. The acl lIat Ion S( IWIl\(, 1)('111111 ~ 1 lit' cOlllrol 

of the main fOI ces which affect the knef' Joint III t hl' pieU\(' of ln ,t iOIl (Ol'!t'''IH)!I(I!II)!, 

to functional activit,y. 

For a valid simulation, the manner in which these force" are transl11ltted toI lit' 

joint is of primary concern. Each joint has a unique geometry, and soft ti~~I«, (onligu

ration, and thus each possesses a unique motion response 10 ail appli('d [orc('. 'l'lwrl'

fore, the load application must be such that the joint f(~spons(' IS unconstl ttlfl(>d. The 

muscle forces are applied through flexible steel cable~ allowlng UIICOII!'>t laÎned tr,UlS

verse motions. The ground reaction loads are applied throllgh a ::-.t('{'l c,lhl('jplIlky 

arrangement, !Il the case of the tibial axial force. and through a ~pe( lalllllkclg(' t>)'!>tP Il1, 

in the case of the moment lOmponent. ln each case, the design!> are ~lIch that they 

do not interfere wlth the natural three-dimensional motions of thf' JOlllt IllcIIl}wrs ln 

addition, the extensor cable is attached to the patella and thus the patelloff'llloral 

articulation is left intact as is the ttbiofemoral articulation. lts contllbutlon to the 

o\"erall joint mechanics remains physiologlcal. 

In addition. special deSign features have been incorporated to take into conSider

ation the variabilIty of biological specimens and the wide range of pOSSlblf' functional 

activities which may be of interest to simulate in future studics. Ail IIII!.'!> of forc(':, 

and specimen fixation componcnts are entirely ?djustable 'illch that 'il)('cin}('n~ may 

be loaded uniforml)'. ThIS is further ensured by individually c.alibratlllg t'ét,h spec· 

imen for the muscle cable displacements corresponding to a flexion rotation taking 

jnto account the elasticity in the flexorjextensor mechani~ms clS reqllired rhesc are 

applied to obtain the actuator command functions in accordance with the targf't dy

namic input functions. These procedures are possible throllgh the implemf'ntatlOll 

of an entirely programmable system. Through the use of microcomputers f'quipped 

with hardware interface cards and driven by either specially written (Ompllter pro-
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gtam~ or other comrnercially available software packages, the user has the capability 

10 !ll<'cl.~ur(' ccLCh ~peclln{'n 's charaderistics, as requirt'd. to generate and modify the 

cOllllllaJld fUlleLlOns ~eCE'ssarily for this purpose, the simu\ator has been equipped 

wil il instrumentation to measure the applied functions in order tü verify and improve 

.,~..,t(·lII p('J!oIIllallce. The ~ystem\' programmability also allows for a wide range 

of pO"'~lbl(' rUlletlollal activitlf'S to be '>IITIulated. AlI hardware equiprnent (i.e., ac

tll,tI Ol~. lJl('challlca\ components, ... ) have been selected, or designed, to take into 

(lCCOUIÜ the Illechanical requirements associated with level walking and stair ascent 

and d('~('ent sImulations; thus encümpassing a wide range of possible activities (viz. 

inclined walking, deep knee bends, ... ). 

The final criterion to be satisfied once the aforementioned was .net was that the 

system be capable of reproducing the chosen dynamic functions. Satisfactory function 

reproduction was rneasured for twü specimens in the example of a level walking gait 

simulation. 

Photographs of the simulator are included (Fig. 8.1). 

8.3 Scope of Investigations 

N umerous studies on both the tibiofemoral and patellofemoral articulations are 

possible with the dynamic knee simulator presented in this study. For instance, the 

kincmatic"l of the joint or the relative displacements between the joint bone mem

Lwrs may be measured. 8uc~ measurements can be done with six degrees-of-freedom 

/!,olliometers. It may be of interest to correlate these measurements to the articular 

surface geometry and the ligamentous structure. A far reaching study could involve, 

for instance, the comparison of knee joint displacements, as measured in an intact 

joint, with those measured in the same joint, but of which the cruciate ligaments 

were scquentially scvered. This would help determine the relative importance of the 

cruciate ligamf'nts III the mechanics of the knee joint. Furthermore such kinematic 

studies could he enhanced by the measurement of the tension in the ligarnems and 

soft tissue structures through the use of buckle transducers. Such an overall picture 
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could yield valuable data for the design of prosthetic devices. 

The simulator may also be used direct ly i Il the design of prost heses. The biolll('

chanical consequences of various prothesis desIgn fcatures may bt> cOll\"t'lliently ('val

uated by measuring the joint characteristics of interest befo('(' and after implantation 

and design modification. Furthermore, the effcds of implant misalignlllPnt can bt' 

eval uated. 

Innovative surgical procedures may <tiso be initially t>valuated in- vitro. aVOlding 

any risk to a patient. For instance, ligament reconstructIOn techniques (viz .. relocation 

of ligament attachment points) may first be pt>rformed on a joint specimt>Il and tilt' 

procedure evaluated based on preiiminary tests using the simulator. 

Ali the aforementioned analyses may be perfornwd for a variety of gaiL actlvitÎf's f,or 

a more thorough investigation. Although the snTIulator was only te:::;\'('d for walking 

gait simulation, a wide range of activities may be simulated as was nH'ntiolled in 

the preceding section. The simulator IS also presently equipped with d dedicatrd 

data acquisition system able to record the time-histories of up to sixteen channels. 

Since the system is software driven, it may be reconfigured in a simple manner to 

record multiple transducer signais to measure the selected joint characteristics dming 

a simulation run. 

8.4 Future Considerations 

The performance of the simulator could be improved if the accuracy of the flex

ing/extending moment function reproduction was increased. It is recalled that dis

crepancies in the moment actuating force command functlon intera( tively resulted 

in off-target flexion angle time-histories and correspondmg I[lcreased deviations in 

the obtained moment. The procedure by whidl the command H.nctlOlls were ('or

rected iteratively between consecutive simulatIOn runs, resulted in improved function 

reproduction but could not be continued sufficiently due to the Itn1Jted life span of 

the thdwed specimens. An easily adopted solution to incrC'ase the accuracy of the 

moment function reprod uction in walking gait simulations would be to start the cor-
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rective procedure assuming first the final command functions already determined in 

this study. 

Another solution would be to control the applied moment in a closed-Ioop fashion 

by incorporating the moment transducer signal as a feedback signal. It is noted 

howevcl' th<1t the implementation of a closed-loop control system in this situation 

would !w cornplex. A IOhust adaptive controller would have to be considered sinee 

un one hand, d low natural frequency is present in the system (recall section 4.3.3.), 

and th<1t on t1w otber, the obtall1ed moment for a given act uating force is a function 

of the flexion angle. The robustness of the suggested system would ensure system 

stability and ltS ability to 'adapt' would enable it to automatically compensate for 

flexion angle effects as weIl as other effects. For an example of such a control system 

as applied to an electro-hydraulic system, the reader is referl'ed to Hori et al. (1988). 

The flexion angle could also be controlled in a closed-Ioop manner by using the 

flexion angle potentiometer as a feedback transducer. This would, in addition to 

increasing the accuracy of the flexion angle reproduction, result in improving the 

moment functlOn reproduction. AIso, aU specimen calibration procedures would be

come unnecessary. However, the design and implementation of su ch a system would 

be highly complicated. Proper synchronization of both muscle cable di5placements 

could only be ensured by simultaneously monitoring the cable loads, and utilizing a 

control algorithm that would minimize antagonistic muscle forces, while still ensur

ing that t h(" sought flexion angle time-histories are obtained. The dwell time and 

\ow ~pl~cd resonance chaI'é~ :teristics of stepping motor systems might complicate the 

schcme Îllrther. 

Certain modifications (ouid aiso be made to increase the physiological accuracy 

of the simulation. For instance, the muscle and ground reaction force array could be 

illcrcased to simulate out-of-plane forces which are also present during ambulatory 

activity. 
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Figure 1.1: Sirnulated Forces 
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Appendix A 

Tibial Axial Force Actuation 

Modelling 

Following are the dynamic equilibrium equations and parameter estimations used 

to model the tibial axial force actuation system. 

a) Dynamic Equilibrium Equations: 

Only the equations corresponding to the plant dynamics are given here. The servo

amplifier/signal conditioner and valve characteristics were described in the text. 

r- ------- -- - - - - - -- -----, 
1 1 

FAX 1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 1 

L - - - - - -~ '~~N~'-~;~ - - - - - - - J 

Corresponding to the above figure: 
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QNL: no load flow commg out of valve 

Q L: net act uation flow 

Xr, .\'r· ram displacement/velocity 

KT: combined elastlcity constant of cable 

(/\c) and hydrauhc fluid (1\' H) 

FAX: tibial axial force 

I\s: piston dampmg force constant 

I\2: flow 105s factor 

A: piston are a 

Fl\: actuator force received tü overcome kinetic fflction 

The plant may be represented as füllows: 

KT 
XR K 
_~ H Kc FAX (N) 

...-

-{ FK (N) 
.-

where KT = J;:+~); KH and Kc are the sprirg constant equivalents of the 

hydraulic volume and steel cable respectively and QL = K2 · (FA.X;FK); (FAX + Fl\) 

is the total force developed by the actuator. 

Corresponding equilibrium equations: 

2. Xr KT = FAx 
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b) E,tlluatlOo of ~lodel Parameters: 

1\"'[ _1_ V IV (:-eference signal amplification) n .. ) 1 
!\" A' 42.76 mA/V (servo amplification) 

I\v: 6.i1 x 10-6 m2/(sec . A) 

('>f'rvovalve no-Ioad flow gain :Q) 17.3 !vIPa supply pressure) 

T: 00019 sec (servovalve first order time constant, MO OCR catalog 762578) 

A 7 1 X 10-4 m 2 (actuator piston area) 

K 2 . 6.32 x 10- 11 m3 /(sec . Pa) (servovalve pressure sensitivity gain measured as 

described in section 4.3.2) 

KT: 5.l38 X 105 N/m (combined spring constant of steel cable (Kc) and hydraulic 

fltlI d (1( H )) 

This parameter was determined as follows 

KT = KH' Kc 
(KH + Kc) 

where the hydraulic stiffness is determined by 

in which 

B: bulk modulus 

= 1.379 X 103 MPa 

A: actuator piston are a 

= 7.1 x 10-4 m2 

VT : total fluid volume of actuator 

= 5.08 X 10-5 m 3 (MOOGR data sheet No. 850-1078) 

the:-efore KH = 5,46 X 101 N/m and Kc, the cable spring constant, Îs given by 

Kc = 2.529 X 101/effective length of cable in cm (N/m) (Szklar, 1985, p. 129) in 

which 1 = 15 + ~ + 1.5 = 48.75 cm according to the following schematic 
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~-----I~ 

-=---4 t---lii--O-----+4 JI 5 cm 

1. 15 cm .'=--I~ -6-0 cm ~ 
therefore Kc = 5.187 X 105 N/m and KT = 5.138 X 105 N/m 

~: 0.187 x 10-3 V /N (feedback transducer gain including signal-conditlOner gain) 

This parameter was obtained by assuming a calibrated pressure transducer gain 

of 0.947 m V /MPa and measuring the signal-conditioner gain (140 V/V). 

Ks: 4762 N sec/m (actuator damping force constant) 

This parameter. was e3timated from Szklar (1985), p.71, by combining the actuator 

velocity calibration factor of 0.084 cm/sec/m V and the force servo gain of 4 

N/mV (Szklar, 1985; p.69) to determine the ram force required to generate a 

ram speed of 1 rn/sec. 
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Appendix B 

Flexing/Extending Moment 

Actuation Modelling 

Following are the dynamic equilibrium equations and parameter estimations used to 

model the flexingjextending moment actuation system. 

a) Dynamic Equilibrium Equations: 

As for the tibial axial modelling (Appendix A), only the plant dynamics are given 

here. 

1 
1 

:~+ 

1 
1 
1 
1 
1 

KZ 
A 

L __________ ~ ____________ _ 

~ PLANT' PORTION 

corresponding to this figure: 
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- l, lU, Ka, Fa, S, C, and a are described III section 4 3.:3, Figure .1. 12. 

The linearized plant about the set point (30° flexion angle) may be represented a..'l 

follows: 

Ke 

• •• 
S,S,9 

~ 

corresponding equilibrium equations: 

2. Fa' a - lvf . () - C ·0 - KeO = 1 . 6 

3. Q N L _ K 2 • Fa = X 
A A2 r 

where (J is the flexion angle and Ô & 6 are its first and second time derivativ~. 
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J\" (Jl)O '\lll/I'\(! (lt'fkclpr\ rotar\' ~pllng constallt from llllhclt' :,t('(') (,dLl!') 

III I.di)<' 1 1. lill! lOI I)l<' IIl('Chcllliccl! klle(:' jOlllt Tht' featllres of this tl'..,t joiIlt may 

))(' IOlllld III '1/kl'tJ. l 'lSi: p ~!1 

" l,~ \lll/idd (11J1<'dI'lLCd gld\ït~ 1l1011Wllt of (Omblned nwchanical te.,..,t j()lll! ülld 

11I{'(lIdlll(,t! dllll) 

hllt'dil/ed gra\'lty monwnt of tpst jOlflt .\fl = [(;~ (m IJ' l[ '>1Il 0)]. l'\dlll

(Itl'd ,ü spt point of :30v flexion angle (0) where 

1111 lumpcd mass of test JOlllt, 1.:3 kg (Szklar. 198.). p. 1'30) 

I[ lcngth of lumped mass pcndulul1l. 0 2 m (Szklar. 1 !)S.5: p. 1:1O) 

lIrlCdll/('(! gra\ lt} moment of mechc1l1ical arm U2 = [.i (m2 ' g , 12 ",1Il (0 -- f) l] 
dO l' 

,11..,0 ('\dlllated al "et pOInt. \\ helc 

1712: lumpt'd mass of alm. estlmatcd at 1.6.j k~ 

12, lellgt h of lumped mass pendululll. 0 ,3S III 

01" off"et allgle hdwccn tibia and arl1l (.,;cc figUlC LlO). 8 1_1" 

1:?6 



Il: 0 02S·~ III (llIonwnt .-tllll of actuatlllg !U!'«' uol Il1t'( hdlll\,tI .11111 ,tt l!l I!"\I()" '>t't' 

<'qllct!lOn 1 ~) 

(': 12 S ':\l11j( radj"'l'!') (rlppro\lmélte roléll~ damplllg (odlit It'Ilt ) 

l'Ill'" P,llélllwtC'1' wa" oht.-tllled h.\ 1l111ltlplymg tll<' l1H'cl"lllt'd dt tlldt lllg !tJlt t' It',!llIlt'd 

1l1011wnt arl1l of the actlldtlllg force (/ :':o\(' thdt <Ill .\\t'Idl!,(' (', . l" IIt'\I"~ dlld 

] ')-1 



Appendix C 

Operating Routine Source Listing 

1* 
1* 

tri 
control of hydraulica,atep. motor controllers with awitch tri 

1* monl.toring to terminate procesB at end of a cycle tri 
1* 
linclude <math.h> 
linclude <etdio.h> 
#include <etdlib.h> 
#include <time.h> 
#include <conio.h> 
extern unsl.gned char readl(int); 
extern unsl.gned char wwrite(int,int); 
main ( ) 
{ 

FILE '" l.nfile; 
char p; 
unsigned char far *tcp,far *tdp,far *1sb_adl,far *msb_ad!; 
uneigned char far *1sb ad2,far *msb_ad2; 
float acti[3)[135]; 1* actuators *1 
unsl.gned int act[3][135); 
unsigned l.nt cycnt,n,nl,t,tl,dt; 
float awo, pulee, w, r; 
unsigned char fc,f3,k,tf3,tfc,tt,aw,msb,lsb; 
int kk=l; 
cycnt=O; 
tcp--l073741824+9; 
tdp·-1073741824+8; 
lsb_adl=-1073741824; 
msb_adl=-1073741824+1; 
lsb_ad2=-1073741824+2; 
msb_ad2=-1073741824+3; 
1* 
1* eet analog outputs 
1* 
infile=fopen("b:ax.prn","rt"); 
for (k=1;k<109;k++) 
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{fscanf(infile," %f \n",&act1(1](k] );} 
fclose(infile) ; 
for (k=1;k<109;k++) 
{if(acti(l](k]<O) {act(1](k]=-act1(1](k]*2048j85.0jlO; 

act ( 1] (k] = ( -act ( 1] ( k] ) + 1; } 
else act(l] (k]=acti[1J[k]*2048j85.0/10; } 

1nfile=fopen("b:sf.prn","rt"); 
for (k=1;k<109;k++) 

{fscanf(infLle," %f \n",&acti(2](k]);} 
fe 10se ( infile) ; 
for (k=1;k<109;k++) 
{if(acti(2] [k]<O) {act[2] (kJ=-acti(2] (k] *2048j1..!46/10; 

act [2] (k]=(-act(2] (k] ) +1;} 
else act(2] [k]=acti[2] (k]*2048/1346/10; } 

/* 
/* configure timers: #1 switch,#3 hydraulies 
/* 

/* reset timer 
/* dummy load to clear te 
/* point to mode register 
/* 1 rnhz source 

/* point ta 10ad register 

/* clear 

/* 10ad #3 

state 
of #3 

of #3 

wwrite(9,Oxff) ; 
wwrite(9,95) ; 
wwrite (9, Ox03) ; 
wwrite(8,Ox28) ; 
wwrite (8, OxOb) ; 
wwrite(9,OxOb) ; 
wwrite (8, OxOO) ; 
wwrite (8, OxOO) ; 
wwrite (9, Ox44) ; 
wwrJ.te (9, Ox01) ; 
wwr i te (8, Ox02 ) ; 
wwrite(8,OxOl) ; 
wwr i te ( 9, Ox09 ) ; 
wwrite(8,Ox03) ; 
WWrl.te (8, OxOO) ; 

/* point to mode of tirner #1 
/* set output on rising 

/* point to load of #1 

wwrite(9,Oxe1); /* clear out #1 low 
fe= ( inp (Ox282 ) &32) ; 
/* 
/* go,start,begin 
/* 
printf(ltRUN ? Enter 1 for yes, 2 for no: \n"); 
gets (p) ; 
awo=atof (p); 
if(awo==2.0) {goto end2;} 

edge of arc 1 

*/ 
*/ 
*/ 
*/ 
*/ 
*j 
*/ 

*/ 
*/ 

*/ 
*/ 
*/ 

*/ 

*/ 

*/ 
*/ 
*/ 

printf ("JUST ONE CYCLE ? Enter 1 for yes, 2 for contineous 
cycling: \n"); 
gets (p); 
pulse:aatof (p) ; 
printf("WINDINGS ON? Enter 1 for off, 2 for on: \n"); 
gets (p) ; 
awo=atof (p); 
if (awo==2 .0) {printf ("winding8 are on \n"); 

aw-(inp(Ox280)AOx10); 
outp(Ox280,aw) ; 
aw-(inp(Ox280)AOx 20); 
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outp(Ox280,aw); } 
pr intf ("RUN ? Enter 1 for yes, 2 for no: \n"); 
gets (p); 
r=atof(p); 
l.f (r==2. 0) {goto end2;} 
wwrl.te(9,Ox61); /* load & arm #1 */ 
outp(Ox283,Ox03); /* run stepper controller */ 
start: *tcp=Ox44; /* load & arm timer #3: process started * / 

t=O; 
t1=O; 
k=l; 

*tcp=O>;24 ; 

if(pulse==1.0) outp(Ox283,Ox02); 
while (k<109) 

{ "'tcp=Oxa4 
"'tcp=Ox13 
lsb="'tdp 
msb="'tdp 

t=lsb+(msb«8) ; 
if(t1>t) dt=65535-t1+t; 

else {dt=t-t1;} 
if (dt>=l1 500) 

{*msb_ad1=actf1) [k)/256 
*lsb_ad1=act[l) [k)%256 
"'msb_ad2=act[2] [k)/256 
"'lsb_ad2=act[2] [kl\256 
t1=t; 

/'" msb 
/* lsb 
/* msb 
/'" lsb 

actuator #1 

actuator #2 

*/ 
*/ 
*/ 
*/ 

k=k+1; } 
tt=«*tcp)&2); 

if(tt==2) { "'mab_ad1=O 
*lsb ad1=O 

/'" kill aIl if switched */ 

-
*msb ad2=O 
* lsb ad2=O -

outp(Ox283,Ox02); 
goto end;} } 

cycnt++; 
if (pulse==l. 0) goto end; 
"'tcp=Oxc4 ; /* 
while«tfc=(inp(Ox282)&32»==fc) { } 
fc=tfc; 

disarm #3 * / 
/'" wait for cycle toggle */ 

goto start; /'" start cycle aga in */ 
end: if(awo==1.0) goto end2; 

printf("TURN WINDINGS OFF ?:1 for yes.\n"); 
gets (P); 
w=atof (p); 
if(wl-l.O) goto end2; 

aw=(inp(Ox280)AOx10)i 
outp( Ox280, aw); 
aw=(inp(Ox280)AOx 20)i 
outp( Ox280, aw); 

end2:printf("end #cycles-\u \n",cycnt); 
wwrite(9,OxcS) ; 
} 
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