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INVESTIGATION AND EMPIRICAL EVALUATION OF INPUTS TO 

OPTIMIZATION-BASED BIOMECHANICAL TRUNK MODELS 

by 

Mark Lee McMulkin 

Jeffrey C. Woldstad and Karl H.E. Kroemer, Co-Chairmen 

Industrial and Systems Engineering 

(ABSTRACT) 

This dissertation investigated the ability of optimization-based 

biomechanical models to predict torso muscular activity. Two optimization 

models were considered: the Minimum Intensity Compression (MIC) model and 

the Sum of the Cubed Intensities (SCI) model. For each model, two sets of 

muscle geometries (moment arms, lines of action, and cross-sectional areas) 

were used as inputs: one was a compilation of several studies and one was 

reported by Han, Ahn, Goel, Takeuchi, and McGowan (1992). For each of the 

four model combinations, either 10 or 18 muscles were used to formulate 

predictions. 

With computer simulations, the four models were used to predict muscle. 

forces under loading conditions including three types of moments, 

flexion/extension, lateral bending, and torsional. The results indicated large 

differences in the predicted forces due to the different models and muscle 

geometries. Changes in force predictions for identical muscles were also found 

when the number of muscles in the formulation increased from 10 to 18. The 

models also predicted varying active and inactive regions of the muscles in 

response to changing moments.



To determine empirically the activity of muscles and test the accuracy of 

optimization-based models and inputs, combinations of the three moments 

were also applied to subjects through loads held in the hands. The subjects 

maintained a static posture during physical exertions while attempting 

flexion/extension, lateral bending, and torsion to counter the external loads. 

Results indicated little improvement in prediction of actual muscle activity by 

including 18 muscles instead of 10. The SCI model with compilation geometry 

provided the best predictions of actual muscle activity judged by overall R? 

values for each muscle and by the number of subjects the model accounted for 

over 50% of the variation. Actual activities of five of the eight muscles monitored 

were well predicted: left and right rectus abdominus, left external oblique, and 

left and right erector spinae. The left and right latissimus dorsi were poorly 

predicted by the models, which was due to the use of the muscle in shoulder 

Stability which was not accounted for in trunk optimization models. 

The experimental method included application of moments to subjects 

through loads held by the hands and by loads attached to a harness mounted at 

the shoulder level. The left and right erector spinae were the only muscles 

which exhibited the same activity for both apparatuses used to apply moments. 

The left and right latissimus dorsi showed the largest increase in activity when 

loads were held with the hands instead of applied via the harness. Differences 

between hand and harness loading were also found for the left and right rectus 

abdominus muscles and left and right external obliques at varying moment 

conditions.



This dissertation dedicated to my mother, Virginia Marie McMulkin, and to the 

memory of my father, Francis William McMulkin.



ACKNOWLEDGEMENTS 

Support and facilities for this research were provided by the Industrial 

Ergonomics Laboratory in Industrial and Systems Engineering. | am extremely 

grateful to my Co-Chairmen, Jeffrey Woldstad and Karl Kroemer for their 

guidance and support through out this dissertation and my entire graduate 

career. | would also like to extend my appreciation to my remaining committee 

members, John Casali, Richard Hughes, and Pat Koelling, for their insight and 

advice in completing this dissertation. 

This work could not have been completed with out the help of Randy 

Waldron, Jeff Snyder, and Will Vest who built and modified the apparatus used 

for the experiment. 

Special thanks are due to Bethany Joseph, whose help, patience, 

understanding, and support were endless. | would like to recognize the valued 

contribution of my fellow graduate students for the help they provided during my 

graduate studies, and the relief they provided from work. In particular, | would 

like to thank Dan Mauney, Keith Tyeryar, Greg Stewart, Brad Schilling, Cortney 

Martin, Megan Jones, Sarah Fahey, Terry Fairbanks, Andy Gellatly, and Jon 

Kies. 

Finally, my family deserves recognition for their constant and unending 

support of my graduate education. My mother, Virginia McMulkin, provided me 

with the strength to complete this long process. My brother, Kevin McMulkin, 

and sister, Kay Gasseling, were major influences through out my entire 

education.



TABLE OF CONTENTS 

Chapter Page 

LIST OF TABLES ..........ccccccccsssssesscssessceecscecsessecsessnssaecseescessecsaeseecaeesaeeeaceseseeeeeeseaeeaseseees ix 

LIST OF FIGURES wu... ccc ccccecsesscssesscssesesssssecnseseceesceeaeesecsueeeseeaneseesaeeneeceesarenseaeeaseaees xii 

T. INTRODUCTION ....... cc cccccccscsssssecscsssssessesecsesesssesessssecsessecasacessesaeceesaesaceseeecessaeeeseeees 1 

1.1 Optimization-based Biomechanical Models .............eccceseceesserecesssssecensetenes 1 

1.2 The Minimum-Intensity-Compression (MIC) Model.............ccsssscsscsescseees 4 

1.3 The Sum of the Cubed Intensities (SCI) Model... ee eesseeeecesecereeeteees 6 

1.4 Research ODJOCHIVES.............ccsccecesssessseescessscesseecseessssecseeessesecsaeceseseenseessseeesees 7 

1.5 Dissertation Organization ..............cccescsesscsseessecssesssesceseseesneesssesecetecseesseesnees 10 

2. FUNCTIONAL ANATOMY OF THE TRUNK. ..........c:cscsssssssscssesscesscsrssscsseersssesseeees 11 

2.1 Skeletal System of the Trunk... ccccssecssccssecescerssssesseessscceseeesessessneeeseees 12 

2.2 Number of Muscles Used in MOdGIING.............:c:ccsscsccssecssecseesseeessesseseesenerenes 14 

2.2.1 Detailed Anatomy of the Erector Spinae........ ee eesseeesceseeeeeeetsees 23 

2.2.2 Detailed Anatomy of the PSoasS MUSCIC.......... ee ceeceteescneeseeeeeeeeteres 26 

2.3 Muscle MOMENt AMMS............cccccecccsssecesecssesscseeeecceeseeesessesseesosssaseceeeeesseesaeestes 26 

2.4 Lines Of MUSCIE ACTION ..0......c ee cecceesscesecsseesseccessecssessecseeseeestesaeceeeseeeseseaeeats 34 

2.5 MUSCIE Area ........ ce cescccssscccsseceesceessscesnaecseseecssesecseseesnaeseceecessueeessaneessaeeeeeesnesesness 38 

2.6 Anatomical Measurements for Non-Upright Postures..............ccscessseeeees 43 

2.7 Joint Contact and Ligament FOrces........ ci cessssssseseeseeeeeeteecseesncsneeeenesseeeens 48 

2.7.1 INtrOdUCTION tO LIGAMENTS... eee ceeeeeeeesceeceneeeesseeeeseeetesseeseeeeeteeeeees 48 

2.7.2 Role of Ligaments in Lifting... ee eecsseeceeecsscseecseescseecaeeeeseeeneeees 49 

2.7.3 Summary: Ligament and Disc Force Contribution .................eeeee 54 

2.8 Summary Of Trunk ANatomy..........ccceeeccssseseesceseeececesetsesecseeecsesseseseneeeeseeseees 54 

3. LOW BACK OPTIMIZATION MODELS ............ccccesccsessesseeeressesssesssesssssesseesseseneeees 61 

3.1 Optimization-based Biomechanical Models ................cccccssssceessecesseeeesseeees 61 

3.1.1 Generalized Optimization Model Formulation..........:.cc.cscsscssssceseeeeeee: 64 

3.1.2 Characteristics of Solving Optimization Models ...............cseeseeeees 66 

3.1.2.1 COMVEXILY ...... ccc eeccsccsseessesssesseecssecssecsssesseseessesssseeessesaeeseeseseassesenes 66 

3.1.2.2 Assumptions for a “Set of Feasible Muscle Forces to be 
CONVO”... ceccccssssssesssessessecseecssecseesseecseesssessseseecaecsessseseseacessecsersneeess 69 

3.1.2.3 Assumptions Used to Justify Convex Objective Functions.....73 

vi



Chapter Page 

3.1.2.4 Practical Implications of Convex PrograMmMing...........sceeee 77 

3.1.3 Implications from Varying Optimization Models.......... cece see ceeeees 77 

3.2 The Minimum-Intensity-Compression (MIC) Model... cs sseeeseseseeeeeeens 83 

3.2.1 Convexity of the MIC Model... ecessecsesesesteseceseesseesaeseeseeessesaes 86 

3.2.2 Example of the MIC Model... ec eeccseecsceceesseseesseeeesseeeesseeeeses 87 

3.3 The Sum of the Cubed Intensities (SCI) Model.......... 0. eeecesceereeeseeees 92 

3.3.1 Convexity of the SCI Model ............ cc cccccssscesssessseesssecsseceseeecseeeeeeessseees 93 

3.3.2 Example of the SCI Model ..............ccscssccssscesssesssceessecsseeeseeesssreesneeesenees 94 

3.4 Validation of the MIC and SCI Models................ccsscsscssscssecesscesecseeseseeesneeees 96 

4. MUSCLE FORCES PREDICTED BY TRUNK OPTIMIZATION MODELS 
UNDER VARYING LOADING CONDITIONG.|..........cccescessesscssrssecsetecssssesseesseens 101 

4.1 IMtPOGUCTION. 000... ee eeccessecssececeeccesscssccssecsnecsaseasecssssntecesesescoescsasessecsaeseanseseteseees 101 

4.2 Modeling Procedure. ...........ccccssssssssscsesscssscssesecssecssecsecseesssceseseeeseeesteesaeseeeaes 104 

4.2.1 INPUTS... cee ceseecsseessesseesscessesstessesssecseecseeceecsesesstessseeecenseecseesseesseeces 104 

4.2.2 Model Outputs oo... cece secssecccsseeesssseesscssscssessneesesseeeseseessusanecsnaeees 107 

4.2.3 Graphing the Active REGION........... ccc cessecesscecssececsseeeesseseesseeeesenees 108 

4.3 RESUS... cece cccssecssscssecessecssssesseecssecssecssecsssessteesnsesseecensecsseceseeeseaeeeessecsaeaeenees 110 

4.3.1 Muscle Force Predictions. ............ccccscccssscesssccessscecssseecssneecssneessseecsseees 110 

4.3.2 COMPFeSSION PLeICtiONS.............ccsccesecssecssecssecseesseessseseneeseseceeecuecseesas 130 

4.4 DISCUSSION .........cccccscssccsessesssssessessnssssteeesseseessesesssesessuesseaueseeceseaesaeesesnaeceeetesees 132 

5. EXPERIMENT TO TEST OPTIMIZATION MODE LG. ..............cccessccsssessseseeeeseeens 137 

5.1 IMtrOCUCTION. 00.0... cesecssscessressccesscesscesssecseessseeessseeseesssesessecsaeseseseesascssssessaneeseses 137 

5.2 Loading Conditions to be TeSted .......... ie ecssesccsessssscssssesssseeseeecnssesseeanses 138 

5.3 SUDjJOCHS ...... ce eecessscssesseceeesssesscsscesseensecseecsasesecseeeseeceuesecseessatesesseesseneaetessnens 140 

5.4 Materials and ApparatuS............ccccccsscccsseesssecesesecssssessscecssneecessuecessseessseeeesnees 141 

5.4.1 External Loads Held by Hands. ......... ec ceesseessesssseeeeseseseesesnecsseces 141 

5.4.1.1 Positioning Subject to Hold Weights ................cccssccsssseeeeseees 147 

5.4.1.2 Estimating Moments Due to AIMS 2.00... eeceseeeeeteeeeeeeeeneeenees 148 

5.4.2 External Loads Applied by Harness and Frame...............cccccceeeees 150 

5.4.3 Posture MOMItOriing ou... ee ceseecsesccseseceeseeeeesseecescssecsseaeeateesseessteaseseeees 156 

5.4.4 Electromyographic Instrumentation... ecesecsseceseeesesseeeesseessseees 159 

vil



Chapter Page 

5.5 Experimental D@SIQN ...........eeseeeesseesceeeeeeeceeeseseseeeeseeeeseeseaeeseessenseseassseseesennees 160 

5.5.1 Independent Variables... eessesssssecesssseeecsseeeeessseecesessssecessnees 160 

5.5.1.1 Actual Muscle Activity Compared to Model Predictions........ 160 

5.5.1.2 Hand Moment Loading versus Harness Moment Loading...161 

5.5.2 Dependent Variables... csccsssecssrcecsssceceesecesseecessereessseserseneeesaes 162 

5.6 Protocol ..........ccccccssecssssssssecsseessecscesesecseeesseseeeteeseeeseceaeeeeneceeeeseesseeesaeseaeteenseerees 162 

B. RESULTS uu... ccccssssssssssscssessesscssesecssecssseesseassaecssesecaessseseeseesteaeceeeaseauessesenessesreas 168 

6.1 Data REGUCtION ......... ccc ccseessessesesseeesseensnsessessnseesaesesssesseeesasecseseseeecssnsessseesans 168 

6.2 Measured Muscle Activity For Loads Held with Hands............ cesses 172 

6.3 Correlation Between Measured and Predicted Activity ...............cceeee 173 

6.3.1 ANOVA of R? for 10-Muscle Models ............cccssesssssscscscsessesesessssenees 183 

6.3.2 ANOVA of R? for Comparing 10- Versus 18-Muscle Models......... 189 

6.4 Hand Versus Harness LOadinng..........cccssscccesscsecsseeceeseceeeceeeceenenecenaeeneeeneeaes 196 

7. DISCUSSION ...... cc cccecccsssescessesesseceesecssestesuessssuessesueceescessessessescensassnessessneseesssessenees 204 

7.1 Impact of Changing Models and Muscle Inputs ...............cscssscssessessreseeees 204 

7.2 Effect of Models and Muscle Inputs on Compression Prediction........... 208 

7.3 Female Subjects and Model Predictions. ..............cccecsecssecssecsseesseeesneeses 209 

7.4 Accuracy Of Model Predictions ............. cc ceecssesseesscsseessecseescseeereeesesseeseees 210 

7.4.1 Ten Muscle Models ..0..........cccccssesscsssessesecsseessessecssessecesseecseesnsesnseseeeaes 212 

7.4.2 Comparing 10- Versus 18-Muscle Models .............:ccscsscesceseeseeeees 215 

7.5 Apparatus Used to Apply Moment .............. cs esscsseessseesseessseeesstecsseeeeneeesaes 216 

7.6 Determining Actual Active and Inactive Regions for Muscles................. 220 

7.7 Possible Experimental Errors .............cccccssscssscssssesseeesssecseesesscesseeessseseseesaes 224 

7.7.1 Posture and Arm MOmMent...........:cccescsscssecssesssssesssssecsesssecseesnsessesseees 224 

7.7.2 Trials to Determine Maximum Voluntary Contraction ................00 225 

8B. CONCLUSIONS. .........cccesscssessessesseseessessessesecsessecseseesseesecsseserenseseeseesecaeesseeseestesessees 227 

B.1 ODJSCHIVES 2... ec ecceseecsseessecssecseeccsecasesesesteesecsseesscessesseecssecssecseecsseeseeeesutsees 227 

8.2 FUtUre RESCALFCH...........ccescssecssesssesesstesssssecsessessecsecceussateneessesaeesesestseneesseesecsnes 232 

9, REFERENCES... cccccsescsscsssesseccssessessessesssseeseesceseesesseeesseasenecseessesesssesscenesaeeanenes 234 

APPENDIX A: Informed Consent ..........ccccscssscssscsecseecseessesssesesesesssecntsessecsaeenesesees 245 

APPENDIX B: Participant Physical Fitness Questionnaire ................ccceeeeeeeee 249 

Vili



LIST OF TABLES 

Table Title Page 

TABLE 2.1 Moment Arms for the Right Side Trunk Muscles at the L3/L4 
Level as Reported by Tracy et al. (1989). Values are in cm........... 28 

TABLE 2.2 Dimensional Moment Arms at the L3/L4 Level Reported by Han 
Qt al. (1992). ValUOS AFe IN CM oii eee cesses sessseccsssseeceseessesesseeess 30 

TABLE 2.3 Right Side Muscle Moment Arms Determined by McGill et al. 
(1988) at the L4/L5 level. Values are in CM.......... ccc eeeeeseeseeteees 30 

TABLE 2.4 Moment Arms at the L3 and L4 Levels Reported by McGill et al. 
(1993). V@lU@S AF@ IN CIM... ec ceesseesseeseeeeseesssesseesseesneeseesesneesersses 31 

TABLE 2.5 Moment Arms at the L3/L4 Level Reported by Chaffin et al. 
(1990). Value@S AFe iN CM... ceecssscssecssecsesesscesceesrsesssesssecseecsnessees 32 

TABLE 2.6 Moment Arms Averaged Across the Left and Right Sides at the 
L5/S1 Level Reported by Németh and Ohlsén (1986). Values 
AL] IM CIN ......cseceesscccesssccecssneecesceeceeseeseesnsecsesaecesseaesecsesaecessseueeesessersecsesanees 33 

TABLE 2.7 Lines of Action Found by Dumas et al. (1988) at LO/L4..... 35 

TABLE 2.8 Lines of Action Found by Han et al. (1992) at LO/L4... eee 36 

TABLE 2.9 Right Side Muscle Cross-Sectional Areas Reported by Tracy et 
al. (1989) at LO/L4 leVel ou... esseessessceseessesesseesseesscsseseeseeenseers 39 

TABLE 2.10 Cross-Sectional Areas Found by Han et al. (1992) at L3/L4 
Cutting PlANG. ou... ee esseescssscssssecseesecssssessesessesessassasesssaeseseaeseasseteaes 40 

TABLE 2.11 Cross-Sectional Area at L4/L5, McGill et al. (1988)... 41 

TABLE 2.12 Cross-Sectional Area (cm?) at L3 and L4 Levels, McGill et al. 
(1993)... ccscccsescsssssesscssesscssesscsesseccessessessessessesssesessecsessecessseeseecseenecseessens 42 

TABLE 2.13 Moment Arms for the Left and Right Sides at the L3/L4 Level 
for Three Levels of Torso Rotation Reported by Tsuang et al. 
(1993). V@lUES AF IN CM... ec eeceescesccesecessceesecesesseeseeeseeecnsesneeensesnees 44 

TABLE 2.14 Cross-Sectional Areas Found by Tsuang et al. (1993) at L3/L4 
Cutting Plane for Three Angles of Trunk TWisSt. ..............c:cseseeseerees 46 

TABLE 2.15 Average Moment Arms (mm) of the Erector Spinae for the 
Lumbar Spine in Kyphosis and Lordosis reported by Tveit et 
Al. (1994)... ccecsccssecssecsessseesssesscsseeseeessecsseessecsseesseeseceseeeseseessessesaneeseseers 47 

TABLE 2.16 Geometric Muscle Inputs for 18 Muscles Reported by Han et 
al. (1992) at L3/L4: Moment Arms, r (cm), Unit Muscle Force 

Components, t, and Physiological Cross-Sectional Areas, A 
(CI?) ceccsccccsesesescscsescscscscssssssssssssssuscessssesesesescsssusussssesesssessususessetesssscssenseees 56



Table Title Page 
  

TABLE 2.17 Geometric Muscle Inputs for 18 muscles at L3/L4: Moment 

Arms, r (cm), Unit Muscle Force Components, t, and 

Physiological Cross-Sectional Areas, A (cm?). These Values 
are a Compilation of Tracy et al. (1989), Dumas et al. (1988), 
Macintosh and Bogduk (1986), Schultz et al. (1983), McGill et 
al. (1988), and Chaffin et al. (1990)... eecsesessesseesesssensseesseeees 57 

TABLE 2.18 Geometric Muscle Inputs for 10 Muscles Reported by Han et 
al. (1992) at L3/L4: Moment Arms, r (cm), Unit Muscle Force 

Components, t, and Physiological Cross-Sectional Areas, A 
(CIN?) .ececescssesessssssccsesscscsssssscecsessssvecsucesssssssevsesecassssssesessacsusesessssecausacasseseeens 59 

TABLE 2.19 Geometric Muscle Inputs for 10 Muscles at L3/L4: Moment 

Arms, r (cm), Unit Muscle Force Components, t, and 
Physiological Cross-Sectional Areas, A (cm). These Values 
are a Compilation of Tracy et al. (1989), Dumas et al. (1988), 
McGill et al. (1988), and Chaffin et al. (1990). oo. cece 60 

TABLE 3.1 Knee Flexion Muscle Characteristics Used by Dul et al. (1984) 
to Evaluate Optimization Models... 0. ccc eecscssecssecseecsescsesceeneees 78 

TABLE 3.2 Thirteen Optimization Models Investigated by Dul et al. (1984).......80 

TABLE 3.3 Order of Recruitment of Three Knee Muscles for Seven Models, 
Dul et al. (1984) ooo eccsecscssecssesessescesseesssesesssasseeseessesesesesnssess 81 

TABLE 3.4 Data Used in the MIC Model Example: Moment Arms r, (cm) 

and Unit Muscle Force Components 1,, and Anatomical Cross- 
Sectional Areas A, (CM?), .....csscesssscscssessssesssessesessssessscsesssssecsssesseseeeescens 88 

TABLE 3.5 Results of Ladin et al. (1989) evaluation of the Schultz et al. 
(1983) model. The first column indicates the number of 
predicted active and inactive conditions out of 48 and the last 
two columns represent actual ACtiVity....... ee cesseeteesseeseeeereeees 100 

TABLE 4.1 Input Combinations Used to Predict Muscle Forces...............cc00 109 

TABLE 5.1 Subject Characteristics .............ccccescsscesscesssecsscessecssseeceeeesscecceeesesenats 141 

TABLE 6.1 R? Values Using Predicted Muscle Force of the Models to 
Predict Percent Muscle Activity for Male Subjects............0..... ee 176 

TABLE 6.2 R? Values Using Predicted Muscle Force of the Models to 
Predict Percent Muscle Activity for Female Subjects. .................... 177 

TABLE 6.3 Number of Times Out of 16 Each Model’s Forces Predicted 
Percent Activity with an R? Greater Than or Equal to 0.5, 
Collapsed Across Torsion MOMENUS.............cccccsscecssesssseessenseeesseeeens 182



Table Title Page 
  

TABLE 6.4 Number of Times Out of 12 Each Model’s Forces Predicted 
Percent Activity with an R? Greater Than or Equal to 0.5, 
Collapsed Across Subjects. ............. ccc eccsssecsssecssrsessseseessssecesseecseneeees 183 

TABLE 6.5 ANOVA Results for R* Values of Actual Activity Predicted by 
Model Forces. ..........ccccccccsssesscecssecssecssecesseesesecsaeceesessaesesesecsaneeceeesaeeeenees 184 

TABLE 6.6 ANOVA Results for Hand Versus Harness Loading...............sc0e0 199 

TABLE 6.7 Significant differences between hand and harness loading at 
each angle and muscle condition using Least Significant 
Difference post-hoc tests. ........cccescecesscsecssessscscesssssssseessescesesssssnssesens 203 

TABLE 7.1 R? Values for muscle force prediction found by four studies, .......... 214 

TABLE 7.2 Predictions of MIC-H Condition Compared to Results of 
Lavender et al. (1992) for RES ou... cceescececseeeeseeseseenssneeesees 223 

xi



LIST OF FIGURES 

Figure Title Page 

Figure 1.1 Cutting plane through L3/L4 dISC ..... ee eeeseeceeseeceeeeestereeeerseneeeeseeeeens 3 

Figure 1.2 Free body diagram of forces about L3/L4 joint ......... eee eeeeeeteeeeees 3 

Figure 2.1 Coordinate system adopted for the low back (Hughes, 1991)........... 13 

Figure 2.2 Estimated restorative moment vs. torso rotation by element at (a) 
ON, and (b) 500 N load in the hands with straight legs, 
adapted from Anderson et al. (1985). ...........ccsesssessessecsesssesseeeserseees 51 

Figure 2.3. Forces at the hands during a lift is shown in part A, and the 
calculated moment at the L4-L5 joint is shown in part B. Part C 
shows the estimated restorative moments due to the discs, 
ligaments, and muscles adapted from McGill and Norman 
(1986)... cesccssessecssesssesssesseesssecssesssesteestcesecesscessessescsaeceeecseeessesseceeassessens 53 

Figure 3.1 Example of convex and nonconvex Se@tsS...........c:cccccssccsseessesseessesseesneenees 66 

Figure 3.2 Examples of convex and concave functions. Adapted from 
Bazaraa, Sherali, and Shetty (1993). ou... eecsteesseenssenseenerene 67 

Figure 3.3 The switching curve of the left longissimus muscle adapted from 
Ladin et al. (1989), the area above the curve indicates loading 
conditions where the muscle is active, while those below the 
curve indicate CONdItIONS Of INACTIVITY... ees eeeeeeeeeceteeteeeteeerees 98 

Figure 4.1 Left rectus abdominus muscle for the 10-muscle geometries and 
15 Z-moment. The shaded areas represent the regions where 
the muscle is active, while the unshaded regions represent 
INACTIVITY. .......cesccscsssseesecsscescssesseseesscosssscstesecscestesestesscssestsesssasssnesseeseesesnees 112 

Figure 4.2 Left internal oblique muscle for the 10-muscle geometries and 0 
Z-moment. The shaded areas represent the regions where the 
muscle is active, while the unshaded regions represent 
IACTIVILY. ...... ce ceeceseesccssscssecssscsescoeecsscessesseeseseseesseeeseeeseeeneecaessausceseeusetensenses 113 

Figure 4.3 Left rectus abdominus muscle for the 10-muscle geometries and 
0 Z-moment. The shaded areas represent the regions where 
the muscle is active, while the unshaded regions represent 
IACTIVILY. ...... se eeececesscssecsseessecseesstscssecssesetscesesesesssesnecauecseesseessnessaessasenseeses 114 

Figure 4.4 Left rectus abdominus muscle for the 18-muscle geometries and 
0 Z-moment. The shaded areas represent the regions where 
the muscle is active, while the unshaded regions represent 
IACTIVILY. 0... ce eecesecccssecssecseseeceseceseenscetscensecsacenscesseeeseecnseeceeeeecnsesseeceneeses 115 

xii



Figure Title Page 

Figure 4.5 Left and right erector spinae muscle forces for 10-muscle inputs 
predicted by angle of rotation of a load which generates a 
resultant 30 Nm M,-M, moment. An angle of 0 degrees 
corresponds to 30 Nm M, andO Nm M.. The four lines on each 
graph represent the SCI and MIC models combined with 
muscle geometries reported by Han et al. (1992) anda 
compilation of other Studies. 0.0.0... ceecessecssecestessseeeeceessseeeeneeens 116 

Figure 4.6 Left and right rectus abdominus muscle forces for 10-muscle 
inputs predicted by angle of rotation of a load which generates 
a resultant 30 Nm M,-M, moment. An angle of 0 degrees 
corresponds to 30 Nm M, andO Nm M_.. The four lines on each 
graph represent the SCI and MIC models combined with 
muscle geometries reported by Han et al. (1992) anda 
Compilation Of Other Studies. 0.0... ces cecsecsssseeessseeeessessnseeesessenssees 117 

Figure 4.7 Left and right internal oblique muscle forces for 10-muscle 
inputs predicted by angle of rotation of a load which generates 
a resultant 30 Nm M,-M, moment. An angle of 0 degrees 
corresponds to 30 Nm M, andO Nm M_. The four lines on each 
graph represent the SCI and MIC models combined with 
muscle geometries reported by Han et al. (1992) anda 
COMpilation Of OtNEr StUGIES. 00... ceecstecssscsrsestscsscesscessseseeecoeeenseess 118 

Figure 4.8 Left and right external oblique muscle forces for 10-muscle 
inputs predicted by angle of rotation of a load which generates 
a resultant 30 Nm M,-M, moment. An angle of 0 degrees 
corresponds to 30 Nm M, andO Nm M,. The four lines on each 
graph represent the SCI and MIC models combined with 
muscle geometries reported by Han et al. (1992) anda 
compilation of other Studies. .......... ee sesssstcceceessesssessnsacaceeceeeseseeteenes 119 

Figure 4.9 Left and right latissimus dorsi muscle forces for 10-muscle 
inputs predicted by angle of rotation of a load which generates 
a resultant 30 Nm M,-M, moment. An angle of 0 degrees 
corresponds to 30 Nm M, andO Nm M,. The four lines on each 
graph represent the SCI and MIC models combined with 
muscle geometries reported by Han et al. (1992) anda 
Compilation Of Other StUGICS. ........ ee ccesscesscessessesenseseesseesseesseessarens 120 

Figure 4.10 Left and right multifidus muscle forces for 18-muscle inputs 
predicted by angle of rotation of a load which generates a 
resultant 30 Nm M,-M, moment. An angle of 0 degrees 
corresponds to 30 Nm M, andO Nm M_.. The four lines on each 
graph represent the SCI and MIC models combined with 
muscle geometries reported by Han et al. (1992) anda 
COMpilation Of Other StUGICS. 00... csscseeeseceecseecseesssscssssssesesssecseeess 121 

xiii



Figure Title Page 

Figure 4.11 Left and right longissimus muscle forces for 18-muscle inputs 
predicted by angle of rotation of a load which generates a 
resultant 30 Nm M,-M, moment. An angle of 0 degrees 
corresponds to 30 Nm M, andOQ Nm M,. The four lines on each 
graph represent the SCI and MIC models combined with 
muscle geometries reported by Han et al. (1992) and a 
compilation of other Studies. 0.0.0.0... cee cssecesscessesssesseeesseesseessseeseeessees 122 

Figure 4.12 Left and right iliocostalis muscle forces for 18-muscle inputs 
predicted by angle of rotation of a load which generates a 
resultant 30 Nm M,-M, moment. An angle of 0 degrees 
corresponds to 30 Nm M, andO Nm M_. The four lines on each 
graph represent the SCI and MIC models combined with 
muscle geometries reported by Han et al. (1992) and a 
compilation of other Studies. ..... ccc sscssseecsescsescseesssesssesseeeeeeses 123 

Figure 4.13 Left and right rectus abdominus muscle forces for 18-muscle 
inputs predicted by angle of rotation of a load which generates 
a resultant 30 Nm M,-M, moment. An angle of 0 degrees 
corresponds to 30 Nm M, andO Nm M.. The four lines on each 
graph represent the SCI and MIC models combined with 
muscle geometries reported by Han et al. (1992) anda 
Compilation of other Studi@S. ............ ccs ssssesecessesssesseessesssesstessseeseees 124 

Figure 4.14 Left and right internal oblique muscle forces for 18-muscle 
inputs predicted by angle of rotation of a load which generates 
a resultant 30 Nm M,-M, moment. An angle of 0 degrees 
corresponds to 30 Nm M, andO Nm M.. The four lines on each 
graph represent the SCI and MIC models combined with 
muscle geometries reported by Han et al. (1992) and a 
compilation Of other StUdICS. ........ ee ccssssecssssnscessseeensssseeseessseeeeessners 125 

Figure 4.15 Left and right external oblique muscle forces for 18-muscle 
inputs predicted by angle of rotation of a load which generates 
a resultant 30 Nm M,-M, moment. An angle of 0 degrees 
corresponds to 30 Nm M, andO Nm M,. The four lines on each 
graph represent the SCI and MIC models combined with 
muscle geometries reported by Han et al. (1992) anda 
compilation of other StUCI@S. ............ ccc cscssessecescesceessssesserssscsseseeeesses 126 

Figure 4.16 Left and right latissimus dorsi muscle forces for 18-muscle 
inputs predicted by angle of rotation of a load which generates - 
a resultant 30 Nm M,-M, moment. An angle of 0 degrees 
corresponds to 30 Nm M, andO Nm M,. The four lines on each 
graph represent the SCI and MIC models combined with 
muscle geometries reported by Han et al. (1992) anda 
compilation Of Other Studies... ccecseeseseeessecssseessecsessensseeeeseees 127 

XiV



Figure Title Page 

Figure 4.17 Left and right psoas muscle forces for 18-muscle inputs 
predicted by angle of rotation of a load which generates a 
resultant 30 Nm M,-M, moment. An angle of 0 degrees 
corresponds to 30 Nm M, andOQ Nm M_,. The four lines on each 
graph represent the SCI and MIC models combined with 
muscle geometries reported by Han et al. (1992) and a 
compilation of other Studie@s. ............ ccc scecssscessesesscesseecsseeeeseeesseeeseeees 128 

Figure 4.18 Left and right quadratus lumborum muscle forces for 18- 
muscle inputs predicted by angle of rotation of a load which 
generates a resultant 30 Nm M,-M, moment. An angle of 0 
degrees corresponds to 30 Nm M, andO Nm M.. The four lines 
on each graph represent the SCI and MIC models combined 
with muscle geometries reported by Han et al. (1992) anda 
compilation of other Studies. 0.0.0.0... cescsesesssscsscsseessesssesssseessesseeneeeeees 129 

Figure 4.19 Compression force due only to muscle forces for 10-muscle 
inputs predicted by angle of rotation. The four lines on each 
graph represent the SCI and MIC models combined with 
muscle geometries reported by Han et al. (1992) anda 
compilation Of Other Studies. ...............cccesssesssecsscesssecssecesneessneeesseeesenees 131 

Figure 4.20 Mean compression force by model and torsion for muscle 
forces predicted every 20 CeGree. .........cccesessecssecstessseessesesseeseeeeeees 133 

Figure 4.21 Mean compression force by geometry and torsion for muscle 
forces predicted every 20 CeGreeS. ...........ccccssseseeccresseesesseersseesecsseeeens 134 

Figure 5.1 Example of resultant loading conditions from rotating a fixed 
weight a fixed distance around the body every 20 degrees. 
This method of generating loading conditions was used to test 
the predictions of varying models and inputs. ...............:s:ceeessreeeeeeees 140 

Figure 5.2 Load Application Mechanism indicates how an external 
extension moment, left bending moment, and torsion moment 
was applied. Flexion moments were generated by subjects 
lifting loads off the ground; (a) shows the side view of a subject 
standing in the frame, (b) shows the front view of a subject 
StANCING IN the FrAME.......... ces ccsessecseecseecseecccecsecssecseeesseesseeeseecenensneeees 142 

Figure 5.3 Free body diagram of external and internal forces acting on 
body using L3/L4 cutting plane. The moment arms and lines 
action are from Han et al. (1992). (a) Mid-sagittal plane view; 
(b) Frontal plane view; (c) Transverse plane VIeW...............ccceee 145 

Figure 5.4 Chest Harness Worn by Subjects to Allow the Application of 
External LO@S. ..........csccecscsssessessessscsseessessecssecsecesteesecesesenecenssessesssavees 151



Figure Title Page 

Figure 5.5 Load Application Mechanism, (a) shows the side view of a 
subject standing in the frame, (b) indicates how an external 
flexion moment, left bending moment, and torsion moment 
WEFE APPIlO. ............cceseessecssscessseceseecssseeessncecseesesseessssteesssnsessseeeeseeeeaeees 152 

Figure 5.6 Free body diagram of external and internal forces acting on 
body for a L3/L4 cutting plane. The moment arms and lines 
action are from Han et al. (1992). (a) Mid-sagittal plane view; 
(b) Frontal plane view; (c) Transverse plane VieW...............cc.csce 154 

Figure 5.7 Posture monitoring system, (a) side view of a subject with 
upright and deviated postures, (b) top view of a subject with 
upright and deviated POStUIES. ............ececcesscessesssscesssecsseceseessseeeeseeens 158 

Figure 6.1 Raw and filtered data for the left erector spinae muscle from 
Subject 5 during a loading of 30 Nm M,, 0 Nm M,, and 7.5 Nm 
M,. (a) unfiltered data with spikes showing ECG 
contamination. (b) filtered data with ECG impact reduced. (c) 
filtered data further processed by taking the RMS with a 60 ms 
TIME CONSTANL.........cccscccsessccsscssecsecseecscesssseceecseeccsessesssssesesseeeseeesseeeneeenses 170 

Figure 6.2 Power spectra for raw and filtered data for the left erector spinae 
muscle from Subject 5 during a loading of 30 Nm M,, 0 Nm M,, 
and 7.5 Nm M,. (a) Power spectra for raw data, below 30 Hz- 
the power is largely due to ECG contamination. (b) Power 
spectra for filtered data, power above 30 Hz due to muscle........... 171 

Figure 6.3 Normalized muscle activity as a function of load angle and 
torsion moment, Subject 1 (male). An angle of 0 degrees 
corresponds to external 30 Nm M, and 0 Nm M.. (subject 
attempted flexion); an angle of 180 degrees corresponds to 
external -30 Nm M, and 0 Nm M,. (subject attempts extension)....174 

Figure 6.4 Normalized muscle activity as a function of load angle and 
torsion moment, Subject 8 (female). An angle of 0 degrees 
corresponds to external 30 Nm M, and 0 Nm M,. (subject 
attempted flexion); an angle of 180 degrees corresponds to 
external -30 Nm M, and 0 Nm M,. (subject attempts extension)....175 

Figure 6.5 Model predictions and actual percent activity for RRA with 15 
Nm torsion, Subject 5. Model predictions are in N and use left 
y-axis, while actual activity is in percent and uses right y-axis.......178 

Figure 6.6 Model predictions and actual percent activity for REO with 15 
Nm torsion, Subject 5. Model predictions are in N and use lett 
y-axis, while actual activity is in percent and uses right y-axis.......179



Figure Title Page 

Figure 6.7 Model predictions and actual percent activity for RLD with 15 
Nm torsion, Subject 5. Model predictions are in N and use left 
y-axis, while actual activity is in percent and uses right y-axis....... 181 

Figure 6.8 Muscle x Gender interaction for ANOVA of R? for 10-muscle 
Models. Asterisks below muscles indicate significant 
differences between gender using Least Significant Difference 
DOSt-NOC t@St........ cee ccssscscessecseccssecssesesscecnescssecessuesaeesssencceeceseeeeneeesentesss 186 

Figure 6.9 Muscle x Geometry interaction for ANOVA of R? for 10-muscle 
Models. Asterisks below muscles indicate significant 
differences between the geometries using Least Significant 
Difference POSt-hOc tet. ...........ccessscssssseecsstececsneceecsseccesssssesecsssseeeseees 187 

Figure 6.10 Muscle x Model interaction for ANOVA of R? for 10-muscle 
Models. Asterisks below muscles indicate significant 
differences between the models using Least Significant 
Difference POSt-NOC teSt. ..........cccsescsssssscssssesscscescessuseseessesseseeessessseessees 188 

Figure 6.11 Muscle x Torsion interaction for ANOVA of R? for 10-muscle 
Models. Asterisks below muscles indicate significant 
differences between torsion levels using Least Significant 
Difference POSt-NOC te@St. ..........ccscssssecssscssecesseesssessssesseecssececseeessneseneeteass 190 

Figure 6.12 Torsion x Geometry interaction for ANOVA of R? for 10-muscle 
Models. Means marked with same letters are not significantly 
different using Least Significant Difference post-hoc test............... 191 

Figure 6.13 Muscle x Geometry x Model interaction for ANOVA of R? for 10- 
muscle models. Means marked with same letters within each 
muscle are not significantly different using Least Significant 
DifferenCe POSt-NOC teSt. ..........ccecesssssssesssnssecessescescsssssssescessensesscesseeses 192 

Figure 6.14 Muscle x Number of Muscles interaction for ANOVA of R? for 
10- versus 18-muscle models. Asterisks below muscles 
indicate significant differences between number of muscles 
using Least Significant Difference post-hoc tests... 194 

Figure 6.15 Muscle x Geometry x Number of Muscles interaction for 
ANOVA of R? for 10- versus 18-muscle models. Means marked 
with same letters within each muscle are not significantly 
different using Least Significant Difference post-hoc tests............. 195 

Figure 6.16 Muscle x Model x Geometry x Number of Muscles interaction 
for ANOVA of R? for 10- versus 18-muscle models. Asterisks 
below model combinations indicate significant differences 
between number of muscles using Least Significant Difference 
DOSE-NOC tOSts..........cecssscssecssesseessecssesssscsessssssecseneseseseecsnsessascsaseruseseussess 197



Figure Title Page 

Figure 6.17 Muscle x Apparatus interaction for ANOVA of hand versus 
harness loading. Asterisks below muscles indicate significant 
differences between apparatus using Least Significant 
Difference Post-NOc te@St. .........ccccecssscesseecesssecssescesssecesseeeersenseessrenesneee 200 

Figure 6.18 Angle x Muscle x Apparatus interaction for ANOVA of hand 
versus harness loading. Significant differences between 
apparatus are SNOWN in Table 6.7. ou... ccc cccsssccssescstesesssscessseenesseenees 201 

Figure 7.1 SCI-C Model predictions and actual percent activity for RLD with 
15 Nm torsion, Subjects 1 through 6. Model predictions are in 
N and use left ordinate, while actual activity is in percent and 
USES TIQNt OFGINALE. ....... ee eccecssecssecesssecseecssceesseessecesnsecsneeeeeesteseeseeses 211 

xviii



1. INTRODUCTION 

Low back problems are a major health and economic burden in the 

United States. According to Andersson, Pope, Frymoyer, and Snook (1991), 

there are 4.8 million adults in the United States with low back disabilities, and 

28.6 work days per hundred workers are lost each year due to low back 

disabilities. The costs of these low back problems are staggering, totaling $4.6 

billion per year in workers’ compensation costs, and estimated at $26.8 to $56 

billion total cost to industries. 

1.1 Optimization-based Biomechanical Models 

If jobs and tasks likely to cause injuries to the low back region could be 

identified, then these jobs could be redesigned. Optimization-based 

biomechanical low back modeling is one technique aimed at identifying tasks 

and jobs that are likely to be hazardous to perform. For a given task, the 

tensions of the trunk muscles are estimated and used to calculate the resultant 

forces on the spinal column. If the estimated disc compression from completing 

a task is large, then the task may be deemed to be hazardous. The assumption 

in assessing tasks with this approach is that the models used to estimate trunk 

muscular activity are accurate. 

This dissertation is concerned with the evaluation of biomechanical 

models used to estimate the trunk muscle forces and spinal compression. The 

foundation of optimization-based biomechanical models begins by applying 

engineering mechanics to the human body. The body is modeled as a series of 

rigid links. When an external force is applied to one of the links, muscles 
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produce force to counteract the external force and maintain a static posture. 

The compression, shear, and torsional forces on the spinal discs can be 

estimated by summing the external and internal (muscular) forces. 

A planar diagram of a person holding a load is shown in Figure 1.1. A 

plane of reference must be established about which the forces and moments 

are summed. The reference system and its origin can be defined using body 

landmarks and features. Schultz and Andersson (1981) suggested defining a 

cutting plane through the L3/L4 disc, so the forces and moments can be 

determined at this joint. 

The free body diagram of the torso above a L3/L4 cutting plane is shown 

in Figure 1.2. The external load and the weight of the upper torso create a 

compression force and generate a moment about the L3/L4 disc. The muscles 

of the trunk generate force to counteract the moment generated by the external 

load. (Note that the resultant muscle force shown on the diagram is a 

simplification of several muscles with different lines of action.) The combined 

forces of the muscles, external load, and weight of the body sum to equal the 

compression force on the spinal discs (as well as shear force). Reaction forces 

are generated by anatomical structures such as the disc, facets, and ligaments 

to keep the system in static equilibrium. 

The forces of the individual muscles necessary to maintain a static 

posture are unknown. Since the number of muscles in the trunk region is 

generally greater than the number of moment and force equilibrium equations, 

the problem is statically indeterminate. There exists an infinite number of
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Figure 1.2 Free body diagram of forces about L3/L4 joint 
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combinations of muscle tensions to satisfy the moment equilibrium constraints. 

To solve the problem, optimization techniques can be employed to estimate the 

tension of the trunk muscles. Given an objective function and a set of 

constraints, the unknown muscle forces can be determined. 

Biomechanical optimization models of the trunk must be tested and 

validated for their accuracy in predicting muscle activity. Previous modeling 

efforts have concentrated on selecting an objective function subject to 

constraints, then empirically testing the model to check its validity. Two models 

which have been used to predict the trunk muscle tensions are the Minimum- 

Intensity-Compression (MIC) model and the Sum of the Cubed Intensities (SCI) 

model. They will be discussed in the following sections. 

1.2 The Minimum-Iintensity-Compression (MIC) Model 

The MIC model, developed by Bean, Chaffin, and Schultz (1988) as a 

reformulation of the iterative linear programming model of Schultz, Haderspeck, 

Warwick, and Portillo (1983) involves two steps. The first step is to minimize the 

intensity or tension that any one muscle can sustain subject to the moment 

equilibrium constraints. Intensity is defined as force of the muscle divided by 

cross-sectional area. The first step is a linear programming problem formulated 

as follows: 

Minimize | (1.1) 

Subject to)’ [lf |(r,xc,)+M* +M” =0 (1.2) 
f=1



</ (1.3) 

f, 20 (1.4) 

where | is the maximum intensity a muscle can sustain, m is the number of 

muscles, f, is the tension in each muscle and Ilfll is the magnitude of the tension 

(no direction), r, is the moment arm vector with respect to the cutting plane origin 

(thus has the three-dimensional components of x, y, and 2), 7, is the muscle line 

of action with respect to the cutting plane origin (thus has the three-dimensional 

components of x, y, and z), M® are the externally applied moments in three 

dimensions, and M’ are the moments due to joint contact and ligament forces. 

The f, = 0 constraints are included because muscles cannot sustain 

compression. In addition, muscles cannot exert an infinite amount of force, so 

the f, /A, < | constraints limit the muscle tension. 

In the first step, intensity was minimized so that the maximum tension a 

muscle can assume was determined. The first step determines the set of 

feasible muscle forces with the determined intensity which satisfies the moment 

equilibrium constraints. The second step is to minimize the compression force 

on the disc (which is the sum of the muscle forces orthogonal to the cutting 

plane of the disc). The constraints are the moment equilibrium equations and 

the tension constraints. If there is only one optimum set of muscle forces 

determined in the first step, this is the only feasible solution for the second step 

and thus the optimum for the second step. The second step is necessary when 

multiple optimum sets of muscle forces are found in the first step. The second



step then chooses among the multiple optima to minimize the spinal 

compression. The second step is formulated as follows: 

Minimize 

Subject to 

> Wile 
(1.5) 

¥ |il(r.xe,) + ME +MY! =0 (1.6) 
i=1 

f, c fe 1.7 AS! (1.7) 

f>0 (1.8) 

where 7’ is the unit direction orthogonal to the cutting plane of the disc, | is the 

maximum muscle intensity determined in the first step, and all other variables 

are the same as in the first step. 

1.3 The Sum of the Cubed Intensities (SCI) Model 

The SCI model was proposed by Crowninshield and Brand (1981) to 

predict the muscle activity of the lower extremities in locomotion. The SCI 

model can be applied to other body portions including the trunk. The objective 

is to minimize the sum of the cubed muscle intensities subject to the moment 

equilibrium constraints. Therefore, the optimization problem is formulated as 

follows: 

Minimize 

Subject to 

§ (4) 09 
i= 

m 

WF \(r2, )+M* +M? =0 (1.10) 
1



f,=0 (1.11) 
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where the variables are defined as in the MIC model. 

This objective function for this formulation was chosen based on 

muscular endurance capabilities. This model assumes that muscle forces are 

selected based on endurance restrictions. Further, Crowninshield and Brand 

(1981) based muscular endurance on a cubic relationship of the force divided 

by the cross-sectional area. 

1.4 Research Objectives 

This dissertation investigated optimization-based models using three 

new unique approaches. First, the muscle geometric inputs (moment arms, 

lines of action, and cross-sectional areas) were varied. Past investigations 

primarily used one set of muscle geometries. Second, combinations of three 

moments (torsional, flexion/extension, and lateral bending) were used for 

simulations of the models and empirical experimentation to test muscle activity. 

Third, moments were applied to subjects via different apparatuses: loads held in 

the hands and loads attached to a shoulder harness. 

This dissertation had five objectives. 

Objective 1: Summarize the current knowledge of the trunk muscle moment 

arms from the vertebrae, lines of action, and cross-sectional areas. To 

predict the trunk muscle forces, the Minimum Intensity Compression and 

Sum of the Cubed Intensities models require that the moment arms, r,,



the muscle lines of action, t,, and the cross-sectional areas, A,, are 

known. 

Objective 2: Summarize the assumptions for solving optimization models 

applied to the trunk to predict muscle forces. The Minimum Intensity 

Compression and Sum of the Cubed Intensities models are convex so 

that solutions found will be global optimum. Convex models require 

assumptions about the human body. 

Objective 3: Investigate the effect of input parameters on the muscle force 

predictions of the Minimum Intensity Compression (MIC) and Sum of the 

Cubed Intensities (SCI) low back optimization models and test the 

following hypotheses. 

Hypothesis 3.1: Muscles with the same geometries will be predicted 

active or inactive differently by the MIC and SCI models (including equal 

number of muscles) under identical external loading conditions. 

Hypothesis 3.2: The same muscle will be predicted active or inactive 

differently by two sets of muscle geometries reported in the literature 

using the same model, MIC or SCI, with identical loading conditions.



Hypothesis 3.3: Muscles with the same geometries will be predicted 

active or inactive differently by the same model, MIC or SCI, as the 

number of muscles included in the model is changed from 10 to 18 with 

identical loading conditions. 

Objective 4: Compare the predictions of combinations of competing models, 

number of muscles, and muscle geometric data with experimentally 

obtained actual muscle activity to answer the following hypotheses. 

Hypothesis 4.1: One of two models, the MIC or the SCI model, will 

predict muscle forces, as matched with actual muscle activity, 

significantly better. 

Hypothesis 4.2: One of two muscle geometries, reported by Han et al. 

(1992) and reported by a compilation of authors, used in the MIC and 

SCI models will predict muscle forces, as matched with actual muscle 

activity, significantly better. 

Hypothesis 4.3: One of the four combinations of model and geometry 

set, the MIC with Han et al. geometry, the MIC with compilation geometry, 

the SCI with Han et al. geometry, or the SCI with compilation geometry 

will predict muscle forces, as matched with actual muscle activity, 

significantly better than the rest.
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�t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �l�o�w� �b�a�c�k� �o�p�t�i�m�i�z�a�t�i�o�n� �m�o�d�e�l�s�.� �C�h�a�p�t�e�r� �4� �p�r�e�s�e�n�t�s� �t�h�e� 

�i�m�p�l�e�m�e�n�t�a�t�i�o�n� �o�f� �l�o�w� �b�a�c�k� �o�p�t�i�m�i�z�a�t�i�o�n� �m�o�d�e�l�s� �t�o� �p�r�e�d�i�c�t� �m�u�s�c�l�e� �f�o�r�c�e�s� �g�i�v�e�n� 

�v�a�r�y�i�n�g� �i�n�p�u�t� �p�a�r�a�m�e�t�e�r�s�.� �C�h�a�p�t�e�r� �5� �c�o�v�e�r�s� �t�h�e� �e�x�p�e�r�i�m�e�n�t� �u�s�e�d� �t�o� �t�e�s�t� �t�h�e� 

�a�c�c�u�r�a�c�y� �o�f� �t�h�e� �m�o�d�e�l�s� �a�n�d� �i�n�p�u�t� �p�a�r�a�m�e�t�e�r�s�.� �T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t� �a�r�e� 

�r�e�p�o�r�t�e�d� �i�n� �t�h�e� �C�h�a�p�t�e�r� �6�,� �f�o�l�l�o�w�e�d� �b�y� �a� �d�i�s�c�u�s�s�i�o�n� �o�f� �t�h�e� �r�e�s�u�l�t�s� �i�n� �C�h�a�p�t�e�r� �7�,� 

�a�n�d� �f�i�n�a�l�l�y� �t�h�e� �c�o�n�c�l�u�s�i�o�n�s� �o�f� �t�h�i�s� �s�t�u�d�y� �i�n� �C�h�a�p�t�e�r� �8�.� 

�1�0



�2�.� �F�U�N�C�T�I�O�N�A�L� �A�N�A�T�O�M�Y� �O�F� �T�H�E� �T�R�U�N�K� 

�T�o� �i�m�p�l�e�m�e�n�t� �a�n� �o�p�t�i�m�i�z�a�t�i�o�n�-�b�a�s�e�d� �m�o�d�e�l� �t�o� �p�r�e�d�i�c�t� �m�u�s�c�l�e� �f�o�r�c�e�s�,� �a� 

�f�u�n�c�t�i�o�n�a�l� �u�n�d�e�r�s�t�a�n�d�i�n�g� �o�f� �t�h�e� �m�u�s�c�u�l�o�-�s�k�e�l�e�t�a�l� �s�y�s�t�e�m� �o�f� �t�h�e� �t�r�u�n�k� �i�s� �n�e�e�d�e�d�.� 

�I�n� �t�h�e� �f�o�r�m�u�l�a�t�i�o�n� �o�f� �a�n� �o�p�t�i�m�i�z�a�t�i�o�n� �m�o�d�e�l�,� �t�h�e� �m�o�m�e�n�t� �e�q�u�i�l�i�b�r�i�u�m� �e�q�u�a�t�i�o�n�s� 

�a�r�e� �i�n�c�l�u�d�e�d� �a�s� �c�o�n�s�t�r�a�i�n�t�s�:� 

�S�Y� �W�F� �r�x�c�,�)� �+� �M�F� �+�M�Y �� �=�0� �(�2�.�1�)�,� 
�/�=�1� 

�w�h�e�r�e� �m� �i�s� �t�h�e� �n�u�m�b�e�r� �o�f� �m�u�s�c�l�e�s�,� �f�,� �i�s� �t�h�e� �t�e�n�s�i�o�n� �i�n� �e�a�c�h� �m�u�s�c�l�e�,� �r�,� �i�s� �t�h�e� 

�m�o�m�e�n�t� �a�r�m� �v�e�c�t�o�r� �(�t�h�u�s� �h�a�s� �t�h�e� �t�h�r�e�e�-�d�i�m�e�n�s�i�o�n�a�l� �c�o�m�p�o�n�e�n�t�s� �o�f� �x�,� �y�,� �a�n�d� �2�)�,� 

�t�,� �i�s� �t�h�e� �m�u�s�c�l�e� �l�i�n�e� �o�f� �a�c�t�i�o�n� �(�t�h�u�s� �h�a�s� �t�h�e� �t�h�r�e�e�-�d�i�m�e�n�s�i�o�n�a�l� �c�o�m�p�o�n�e�n�t�s� �o�f� �x�,� 

�y�,� �a�n�d� �z�)�,� �M�®� �a�r�e� �t�h�e� �e�x�t�e�r�n�a�l�l�y� �a�p�p�l�i�e�d� �m�o�m�e�n�t�s� �i�n� �t�h�r�e�e�-�d�i�m�e�n�s�i�o�n�s�,� �a�n�d� �M �� 

�a�r�e� �t�h�e� �m�o�m�e�n�t�s� �d�u�e� �t�o� �j�o�i�n�t� �c�o�n�t�a�c�t� �a�n�d� �l�i�g�a�m�e�n�t� �f�o�r�c�e�s�.� �T�h�e� �t�e�n�s�i�o�n�s� �i�n� �e�a�c�h� 

�m�u�s�c�l�e�,� �f�,� �a�r�e� �t�h�e� �u�n�k�n�o�w�n� �q�u�a�n�t�i�t�i�e�s� �d�e�t�e�r�m�i�n�e�d� �i�n� �s�o�l�v�i�n�g� �t�h�e� �p�r�o�b�l�e�m�.� �A�l�l� 

�t�h�e� �o�t�h�e�r� �q�u�a�n�t�i�t�i�e�s� �a�r�e� �a�s�s�u�m�e�d� �t�o� �b�e� �k�n�o�w�n�.� 

�A� �r�e�f�e�r�e�n�c�e� �s�y�s�t�e�m� �i�s� �e�s�t�a�b�l�i�s�h�e�d� �a�b�o�u�t� �w�h�i�c�h� �t�h�e� �f�o�r�c�e�s� �a�n�d� �m�o�m�e�n�t�s� 

�a�r�e� �s�u�m�m�e�d�.� �T�h�e� �r�e�f�e�r�e�n�c�e� �s�y�s�t�e�m� �a�n�d� �i�t�s� �o�r�i�g�i�n� �c�a�n� �b�e� �d�e�f�i�n�e�d� �u�s�i�n�g� �b�o�d�y� 

�l�a�n�d�m�a�r�k�s� �a�n�d� �f�e�a�t�u�r�e�s�.� �T�h�e� �m�u�s�c�l�e� �m�o�m�e�n�t� �a�r�m�s� �a�n�d� �l�i�n�e�s� �o�f� �a�c�t�i�o�n� �a�r�e� 

�d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� �r�e�f�e�r�e�n�c�e� �p�l�a�n�e� �(�o�r� �c�u�t�t�i�n�g� �p�l�a�n�e�)� �n�e�c�e�s�s�i�t�a�t�i�n�g� �a� �c�o�n�s�i�s�t�e�n�t� 

�c�o�o�r�d�i�n�a�t�e� �s�y�s�t�e�m� �b�e� �m�a�i�n�t�a�i�n�e�d�.� �S�c�h�u�l�t�z� �a�n�d� �A�n�d�e�r�s�s�o�n� �(�1�9�8�1�)� �s�u�g�g�e�s�t�e�d� 

�d�e�f�i�n�i�n�g� �a� �c�u�t�t�i�n�g� �p�l�a�n�e� �t�h�r�o�u�g�h� �t�h�e� �L�3�/�L�4� �d�i�s�c�,� �s�o� �t�h�e� �f�o�r�c�e�s� �a�n�d� �m�o�m�e�n�t�s� 

�c�o�u�l�d� �b�e� �d�e�t�e�r�m�i�n�e�d� �a�t� �t�h�i�s� �j�o�i�n�t�.� 

�A�f�t�e�r� �d�e�t�e�r�m�i�n�i�n�g� �a� �c�u�t�t�i�n�g� �p�l�a�n�e�,� �a� �c�o�o�r�d�i�n�a�t�e� �s�y�s�t�e�m� �i�s� �p�l�a�c�e�d� �a�t� �t�h�e� 

�o�r�i�g�i�n�.� �T�h�e� �d�i�r�e�c�t�i�o�n�s� �o�f� �t�h�e� �x�,� �y�,� �a�n�d� �z� �a�x�e�s� �a�r�e� �a�r�b�i�t�r�a�r�y�,� �a�l�t�h�o�u�g�h� �a� �r�i�g�h�t�-� 

�h�a�n�d�e�d� �c�o�o�r�d�i�n�a�t�e� �s�y�s�t�e�m� �s�h�o�u�l�d� �b�e� �s�e�l�e�c�t�e�d�.� �F�o�r� �c�o�n�s�i�s�t�e�n�c�y�,� �t�h�e� �c�o�o�r�d�i�n�a�t�e� 
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�s�y�s�t�e�m� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�1� �i�s� �a�d�o�p�t�e�d�.� �T�h�e� �x�-�a�x�i�s� �r�u�n�s� �l�a�t�e�r�a�l�l�y� �t�h�r�o�u�g�h� �t�h�e� 

�b�o�d�y� �a�n�d� �i�s� �p�o�s�i�t�i�v�e� �t�o� �t�h�e� �r�i�g�h�t� �s�i�d�e�.� �T�h�e� �y�-�a�x�i�s� �r�u�n�s� �a�n�t�e�r�i�o�r�l�y� �a�n�d� �p�o�s�t�e�r�i�o�r�l�y�,� 

�w�i�t�h� �t�h�e� �p�o�s�i�t�i�v�e� �d�i�r�e�c�t�i�o�n� �t�o�w�a�r�d� �t�h�e� �a�n�t�e�r�i�o�r�.� �T�h�e� �z�-�a�x�i�s� �r�u�n�s� �f�o�o�t� �t�o� �h�e�a�d�,� �t�h�e� 

�p�o�s�i�t�i�v�e� �d�i�r�e�c�t�i�o�n� �t�o�w�a�r�d� �t�h�e� �h�e�a�d�.� �T�r�u�n�k� �a�n�a�t�o�m�y� �s�t�u�d�i�e�s� �h�a�v�e� �a�d�o�p�t�e�d� 

�d�i�f�f�e�r�e�n�t� �c�o�o�r�d�i�n�a�t�e� �s�y�s�t�e�m�s� �s�i�n�c�e� �t�h�e� �a�x�i�s� �d�i�r�e�c�t�i�o�n�s� �a�r�e� �a�r�b�i�t�r�a�r�y�.� �A�l�l� �v�a�l�u�e�s� 

�r�e�p�o�r�t�e�d� �i�n� �t�h�i�s� �r�e�v�i�e�w� �c�o�r�r�e�s�p�o�n�d� �t�o� �t�h�e� �c�o�o�r�d�i�n�a�t�e� �s�y�s�t�e�m� �e�s�t�a�b�l�i�s�h�e�d� �b�y� 

�F�i�g�u�r�e� �2�.�1�.� 

�T�h�e� �a�n�a�t�o�m�y� �l�i�t�e�r�a�t�u�r�e� �w�a�s� �r�e�v�i�e�w�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� 

�m�u�s�c�l�e�s� �t�o� �i�n�c�l�u�d�e� �i�n� �t�h�e� �m�o�d�e�l� �(�m� �i�n� �t�h�e� �a�b�o�v�e� �c�o�n�s�t�r�a�i�n�t�s�)�,� �t�h�e� �m�o�m�e�n�t� �a�r�m� 

�v�e�c�t�o�r� �(�r�,�)�,� �l�i�n�e�s� �o�f� �a�c�t�i�o�n� �(�t�,�)�,� �a�r�e�a� �o�f� �e�a�c�h� �m�u�s�c�l�e� �(�A�)�,� �a�n�d� �f�i�n�a�l�l�y� �t�h�e� �r�e�l�a�t�i�v�e� 

�c�o�n�t�r�i�b�u�t�i�o�n� �o�f� �d�i�s�c� �a�n�d� �l�i�g�a�m�e�n�t� �f�o�r�c�e�s�.� �B�e�c�a�u�s�e� �t�h�e� �l�i�n�e� �o�f� �a�c�t�i�o�n�,� �m�o�m�e�n�t� 

�a�r�m�,� �a�n�d� �a�r�e�a� �o�f� �e�a�c�h� �m�u�s�c�l�e� �d�e�p�e�n�d� �o�n� �t�h�e� �c�u�t�t�i�n�g� �p�l�a�n�e�,� �i�t� �i�s� �i�m�p�o�r�t�a�n�t� �t�o� 

�c�o�n�s�i�d�e�r� �t�h�i�s� �w�h�e�n� �r�e�v�i�e�w�i�n�g� �s�t�u�d�i�e�s�.� 

�2�.�1� �S�k�e�l�e�t�a�l� �S�y�s�t�e�m� �o�f� �t�h�e� �T�r�u�n�k� 

�T�w�o� �o�f� �t�h�e� �m�a�j�o�r� �f�u�n�c�t�i�o�n�s� �o�f� �h�u�m�a�n� �b�o�n�e�s� �a�r�e� �t�o� �p�r�o�v�i�d�e� �t�h�e� �f�r�a�m�e�w�o�r�k� 

�o�f� �t�h�e� �b�o�d�y� �a�n�d� �p�r�o�v�i�d�e� �t�h�e� �l�e�v�e�r� �a�r�m�s� �t�o� �w�h�i�c�h� �m�u�s�c�l�e�s� �a�t�t�a�c�h� �(�v�i�a� �t�e�n�d�o�n�s�)� �t�o� 

�c�r�e�a�t�e� �t�o�r�q�u�e� �a�b�o�u�t� �t�h�e� �j�o�i�n�t�s� �(�K�r�o�e�m�e�r�,� �K�r�o�e�m�e�r�,� �a�n�d� �K�r�o�e�m�e�r�-�E�l�b�e�r�t�,� �1�9�9�0�)�.� 

�T�h�e� �o�r�i�g�i�n� �a�n�d� �i�n�s�e�r�t�i�o�n� �p�o�i�n�t�s� �o�f� �t�h�e� �t�e�n�d�o�n�s� �(�f�r�o�m� �t�h�e� �m�u�s�c�l�e�s�)� �o�n� �t�h�e� �b�o�n�e�s� 

�a�r�e� �i�m�p�o�r�t�a�n�t� �a�n�a�t�o�m�i�c�a�l� �c�o�n�s�i�d�e�r�a�t�i�o�n�s� �i�n� �d�e�t�e�r�m�i�n�i�n�g� �m�u�s�c�l�e� �l�i�n�e�s� �o�f� �a�c�t�i�o�n�.� 

�T�h�e� �j�o�i�n�t� �a�l�o�n�g� �t�h�e� �s�p�i�n�a�l� �c�o�l�u�m�n� �s�e�l�e�c�t�e�d� �t�o� �a�p�p�l�y� �t�h�e� �m�o�m�e�n�t� �e�q�u�i�l�i�b�r�i�u�m� 

�e�q�u�a�t�i�o�n�s� �a�f�f�e�c�t�s� �m�u�s�c�l�e� �l�i�n�e�s� �o�f� �a�c�t�i�o�n�,� �m�o�m�e�n�t� �a�r�m�s�,� �a�n�d� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� 

�a�r�e�a�s�.� 
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�M�z�¢� 

�M�x� 

�A�K� 
�.� �:� 

�M�y� �e�p�)� 

�F�i�g�u�r�e� �2�.�1� �C�o�o�r�d�i�n�a�t�e� �s�y�s�t�e�m� �a�d�o�p�t�e�d� �f�o�r� �t�h�e� �l�o�w� �b�a�c�k� �(�H�u�g�h�e�s�,� �1�9�9�1�)�.� 
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�T�h�e� �s�p�i�n�a�l� �c�o�l�u�m�n� �c�o�n�s�i�s�t�s� �o�f� �s�e�v�e�n� �c�e�r�v�i�c�a�l� �v�e�r�t�e�b�r�a�e�,� �t�w�e�l�v�e� �t�h�o�r�a�c�i�c� 

�v�e�r�t�e�b�r�a�e�,� �f�i�v�e� �l�u�m�b�a�r� �v�e�r�t�e�b�r�a�e�,� �a�n�d� �t�h�e� �s�a�c�r�u�m� �a�n�d� �c�o�c�c�y�x�.� �B�e�t�w�e�e�n� �e�a�c�h� �o�f� 

�t�h�e� �v�e�r�t�e�b�r�a�e� �a�r�e� �f�i�b�r�o�c�a�r�t�i�l�a�g�e� �d�i�s�c�s� �w�h�i�c�h� �f�o�r�m� �t�h�e� �j�o�i�n�t�s� �b�e�t�w�e�e�n� �t�h�e� 

�v�e�r�t�e�b�r�a�e�.� �A�l�t�h�o�u�g�h� �t�h�e�r�e� �i�s� �l�i�m�i�t�e�d� �m�o�v�e�m�e�n�t� �i�n� �t�h�e� �j�o�i�n�t�s� �o�f� �t�h�e� �s�p�i�n�a�l� �c�o�l�u�m�n�,� 

�a�n�y� �o�n�e� �o�f� �t�h�e�s�e� �c�o�u�l�d� �b�e� �u�s�e�d� �a�s� �a� �c�e�n�t�e�r� �o�f� �r�o�t�a�t�i�o�n� �a�b�o�u�t� �w�h�i�c�h� �t�h�e� �m�o�m�e�n�t�s� 

�c�r�e�a�t�e�d� �b�y� �t�h�e� �m�u�s�c�l�e�s�,� �e�x�t�e�r�n�a�l� �f�o�r�c�e�s�,� �a�n�d� �c�o�n�t�a�c�t� �a�n�d� �l�i�g�a�m�e�n�t� �f�o�r�c�e�s� �a�r�e� 

�s�u�m�m�e�d�.� �T�h�e� �j�o�i�n�t� �c�h�o�s�e�n� �a�f�f�e�c�t�s� �w�h�i�c�h� �m�u�s�c�l�e�s� �s�h�o�u�l�d� �b�e� �i�n�c�l�u�d�e�d� �i�n� �t�h�e� 

�m�o�d�e�l�,� �t�h�e� �m�o�m�e�n�t� �a�r�m� �l�e�n�g�t�h�s� �o�f� �t�h�e� �m�u�s�c�l�e�s�,� �t�h�e� �l�i�n�e�s� �o�f� �a�c�t�i�o�n�,� �a�n�d� �t�h�e� �a�r�e�a�.� 

�T�h�e� �c�u�t�t�i�n�g� �p�l�a�n�e� �i�s� �g�e�n�e�r�a�l�l�y� �d�e�f�i�n�e�d� �t�o� �p�a�s�s� �t�h�r�o�u�g�h� �t�h�e� �l�u�m�b�a�r� �s�e�c�t�i�o�n� 

�o�f� �t�h�e� �s�p�i�n�e�.� �M�o�r�e� �s�p�e�c�i�f�i�c�a�l�l�y�,� �t�h�e� �c�u�t�t�i�n�g� �p�l�a�n�e� �i�s� �u�s�u�a�l�l�y� �s�e�l�e�c�t�e�d� �t�o� �p�a�s�s� 

�t�h�r�o�u�g�h� �t�h�e� �L�1�/�L�2�,� �L�2�/�L�3�,� �L�3�/�L�4�,� �L�4�/�L�5�,� �o�r� �L�5�/�S�1� �d�i�s�c�s�.� �S�i�n�c�e� �t�h�e� �l�u�m�b�a�r� 

�s�e�c�t�i�o�n� �o�f� �t�h�e� �s�p�i�n�e� �i�s� �c�u�r�v�e�d�,� �c�u�t�t�i�n�g� �p�l�a�n�e�s� �t�h�r�o�u�g�h� �t�h�e�s�e� �d�i�s�c�s� �a�r�e� �n�o�t� 

�p�a�r�a�l�l�e�l�.� �T�h�e� �s�e�l�e�c�t�i�o�n� �o�f� �t�h�e� �c�u�t�t�i�n�g� �p�l�a�n�e� �d�e�t�e�r�m�i�n�e�s� �t�h�e� �c�o�o�r�d�i�n�a�t�e� �s�y�s�t�e�m� �t�o� 

�b�e� �u�s�e�d�.� �N�o�n�-�p�a�r�a�l�l�e�l� �c�u�t�t�i�n�g� �p�l�a�n�e�s� �r�e�s�u�l�t� �i�n� �d�i�f�f�e�r�e�n�t� �c�o�o�r�d�i�n�a�t�e� �s�y�s�t�e�m�s�,� 

�a�l�t�h�o�u�g�h� �t�h�e� �r�e�l�a�t�i�v�e� �d�i�s�t�a�n�c�e�s� �b�e�t�w�e�e�n� �v�e�r�t�e�b�r�a�e�,� �m�u�s�c�l�e�s�,� �a�n�d� �l�i�g�a�m�e�n�t�s� 

�d�o�e�s� �c�h�a�n�g�e�.� 

�T�h�e� �m�u�s�c�l�e�s� �c�o�n�n�e�c�t� �t�o� �t�h�e� �v�e�r�t�e�b�r�a�e�,� �r�i�b�s�,� �a�n�d� �p�e�l�v�i�c� �b�o�n�e�s� �v�i�a� 

�t�e�n�d�o�n�s�.� �T�h�e� �o�r�i�g�i�n� �a�n�d� �i�n�s�e�r�t�i�o�n� �p�o�i�n�t�s� �a�s� �w�e�l�l� �a�s� �t�h�e� �p�a�t�h� �t�r�a�v�e�r�s�e�d� �b�y� �t�h�e� 

�m�u�s�c�l�e�s� �d�e�t�e�r�m�i�n�e�s� �t�h�e� �l�i�n�e� �o�f� �a�c�t�i�o�n� �a�n�d� �m�o�m�e�n�t� �a�r�m� �l�e�n�g�t�h�.� �T�h�e�s�e� �t�w�o� 

�t�o�p�i�c�s� �w�i�l�l� �b�e� �d�i�s�c�u�s�s�e�d� �i�n� �f�o�l�l�o�w�i�n�g� �s�e�c�t�i�o�n�s�.� 

�2�.�2� �N�u�m�b�e�r� �o�f� �M�u�s�c�l�e�s� �U�s�e�d� �i�n� �M�o�d�e�l�i�n�g� 

�T�h�e� �p�u�r�p�o�s�e� �o�f� �t�h�i�s� �s�e�c�t�i�o�n� �i�s� �t�o� �p�r�e�s�e�n�t� �t�h�e� �d�i�f�f�e�r�e�n�t� �m�u�s�c�l�e�s� �a�n�d� �t�h�e�i�r� 

�r�e�p�r�e�s�e�n�t�a�t�i�o�n�s� �u�s�e�d� �i�n� �t�h�e� �f�o�r�m�u�l�a�t�i�o�n� �o�f� �v�a�r�i�o�u�s� �b�i�o�m�e�c�h�a�n�i�c�a�l� �t�r�u�n�k� �m�o�d�e�l�s�.� 

�1�4



�I�t� �i�s� �n�o�t� �i�n�t�e�n�d�e�d� �t�o� �p�r�e�s�e�n�t� �a� �d�e�t�a�i�l�e�d� �r�e�v�i�e�w� �o�f� �t�h�e� �m�u�s�c�l�e� �a�n�a�t�o�m�y� �o�f� �t�h�e� 

�t�r�u�n�k�.� �F�o�r� �a� �t�h�o�r�o�u�g�h� �r�e�v�i�e�w� �o�f� �t�r�u�n�k� �m�u�s�c�l�e� �a�n�a�t�o�m�y�,� �s�o�u�r�c�e�s� �s�u�c�h� �a�s� 

�W�i�l�l�i�a�m�s�,� �W�a�r�w�i�c�k�,� �D�y�s�o�n�,� �a�n�d� �B�a�n�n�i�s�t�e�r� �(�1�9�8�9�)� �o�r� �A�n�d�e�r�s�o�n� �(�1�9�7�8�)� �a�r�e� 

�a�p�p�r�o�p�r�i�a�t�e�.� 

�D�e�t�e�r�m�i�n�i�n�g� �w�h�i�c�h� �m�u�s�c�l�e�s� �t�o� �i�n�c�l�u�d�e� �i�n� �a� �b�i�o�m�e�c�h�a�n�i�c�a�l� �m�o�d�e�l� �o�f� �t�h�e� 

�t�r�u�n�k� �a�r�e�a� �h�a�s� �p�e�r�h�a�p�s� �t�h�e� �l�a�r�g�e�s�t� �i�m�p�a�c�t� �o�n� �t�h�e� �c�o�m�p�l�e�x�i�t�y� �o�f� �t�h�e� �m�o�d�e�l�.� �A�s� 

�t�h�e� �n�u�m�b�e�r� �o�f� �m�u�s�c�l�e�s� �u�s�e�d� �i�n� �a� �m�o�d�e�l� �i�n�c�r�e�a�s�e�s�,� �t�h�e� �a�c�c�u�r�a�c�y� �o�f� �t�h�e� 

�r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �b�o�d�y� �m�a�y� �i�n�c�r�e�a�s�e�.� �H�o�w�e�v�e�r�,� �t�h�e� �d�e�t�a�i�l�s� �o�f� �t�h�e� �m�u�s�c�l�e� 

�a�r�e�a�,� �l�i�n�e� �o�f� �a�c�t�i�o�n�,� �a�n�d� �m�o�m�e�n�t� �a�r�m�s� �a�r�e� �a�l�s�o� �n�e�c�e�s�s�a�r�y�.� �D�e�t�e�r�m�i�n�i�n�g� �t�h�e�s�e� 

�v�a�l�u�e�s� �m�a�y� �n�o�t� �a�l�w�a�y�s� �b�e� �p�o�s�s�i�b�l�e�.� �I�n� �a�d�d�i�t�i�o�n�,� �a� �s�t�a�t�i�c� �b�i�o�m�e�c�h�a�n�i�c�a�l� �m�o�d�e�l� �o�f� 

�t�h�e� �f�o�r�c�e�s� �a�n�d� �m�o�m�e�n�t�s� �a�b�o�u�t� �o�n�e� �o�f� �t�h�e� �v�e�r�t�e�b�r�a�e� �i�s� �o�f�t�e�n� �a�n� �i�n�d�e�t�e�r�m�i�n�a�t�e� 

�s�y�s�t�e�m� �(�t�h�e� �n�u�m�b�e�r� �o�f� �u�n�k�n�o�w�n�s� �i�s� �l�a�r�g�e�r� �t�h�a�n� �t�h�e� �n�u�m�b�e�r� �o�f� �e�q�u�a�t�i�o�n�s�)�.� 

�T�h�e�r�e�f�o�r�e�,� �a�d�d�i�n�g� �m�o�r�e� �m�u�s�c�l�e�s� �s�i�m�p�l�y� �a�d�d�s� �m�o�r�e� �u�n�k�n�o�w�n�s� �t�o� �a�n� �a�l�r�e�a�d�y� 

�s�t�a�t�i�c�a�l�l�y� �i�n�d�e�t�e�r�m�i�n�a�t�e� �p�r�o�b�l�e�m�.� 

�T�h�e� �n�u�m�b�e�r� �o�f� �m�u�s�c�l�e�s� �t�o� �i�n�c�l�u�d�e� �i�n� �a� �b�i�o�m�e�c�h�a�n�i�c�a�l� �m�o�d�e�l� �o�f� �t�h�e� �t�r�u�n�k� 

�i�s� �a� �f�u�n�c�t�i�o�n� �o�f� �s�e�v�e�r�a�l� �f�a�c�t�o�r�s�.� �F�i�r�s�t�,� �t�h�e� �r�e�l�a�t�i�v�e� �c�o�n�t�r�i�b�u�t�i�o�n� �o�f� �e�a�c�h� �m�u�s�c�l�e� 

�s�h�o�u�l�d� �b�e� �c�o�n�s�i�d�e�r�e�d�.� �T�h�i�s� �i�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a� �o�f� �t�h�e� 

�m�u�s�c�l�e� �a�n�d� �t�h�e� �d�i�s�t�a�n�c�e� �f�r�o�m� �t�h�e� �p�o�i�n�t� �o�f� �r�o�t�a�t�i�o�n� �o�n� �t�h�e� �v�e�r�t�e�b�r�a�e�.� �M�u�s�c�l�e�s� 

�w�h�i�c�h� �c�a�n� �c�o�n�t�r�i�b�u�t�e� �n�e�g�l�i�g�i�b�l�e� �m�o�m�e�n�t� �d�u�e� �t�o� �s�i�z�e�,� �o�r�i�e�n�t�a�t�i�o�n�,� �o�r� �l�o�c�a�t�i�o�n� �d�o� 

�n�o�t� �n�e�c�e�s�s�a�r�i�l�y� �n�e�e�d� �t�o� �b�e� �i�n�c�l�u�d�e�d� �i�n� �a� �m�o�d�e�l�.� �S�e�c�o�n�d�,� �t�h�e� �a�r�e�a�,� �l�i�n�e� �o�f� 

�a�c�t�i�o�n�,� �a�n�d� �m�o�m�e�n�t� �a�r�m� �o�f� �i�n�d�i�v�i�d�u�a�l� �m�u�s�c�l�e�s� �m�u�s�t� �b�e� �k�n�o�w�n� �t�o� �b�e� �i�n�c�l�u�d�e�d�.� 

�T�h�i�s� �i�n�f�o�r�m�a�t�i�o�n� �c�a�n� �n�o�t� �a�l�w�a�y�s� �b�e� �o�b�t�a�i�n�e�d� �f�o�r� �m�u�s�c�l�e�s� �t�h�a�t� �m�a�y� �b�e� �d�i�s�t�i�n�c�t� �b�u�t� 

�a�r�e� �l�o�c�a�t�e�d� �i�n� �c�l�o�s�e� �p�r�o�x�i�m�i�t�y� �t�o� �e�a�c�h� �o�t�h�e�r� �i�n� �t�h�e� �t�r�u�n�k�.� �T�h�i�r�d�,� �p�r�a�c�t�i�c�a�l� 

�1�5



�c�o�n�s�i�d�e�r�a�t�i�o�n�s� �s�u�c�h� �a�s� �t�h�e� �a�b�i�l�i�t�y� �t�o� �m�a�t�h�e�m�a�t�i�c�a�l�l�y� �s�t�a�t�e� �a�n�d� �s�o�l�v�e� �t�h�e� �m�o�d�e�l� 

�n�e�e�d� �t�o� �b�e� �t�a�k�e�n� �i�n� �t�o� �a�c�c�o�u�n�t�.� 

�M�c�G�i�l�l� �a�n�d� �N�o�r�m�a�n� �(�1�9�8�6�)� �s�t�u�d�i�e�d� �t�h�e� �r�e�l�a�t�i�v�e� �m�o�m�e�n�t� �g�e�n�e�r�a�t�i�o�n� 

�c�o�n�t�r�i�b�u�t�e�d� �b�y� �t�h�e� �t�r�u�n�k� �m�u�s�c�l�e�s�,� �l�i�g�a�m�e�n�t�s�,� �a�n�d� �d�i�s�c� �a�b�o�u�t� �t�h�e� �L�4�/�L�5� �j�o�i�n�t� �i�n� 

�p�e�r�f�o�r�m�i�n�g� �a� �d�y�n�a�m�i�c� �l�i�f�t�.� �T�h�e� �m�o�d�e�l� �e�s�t�i�m�a�t�e�d� �t�h�e� �f�o�r�c�e�s� �o�f� �4�8� �m�u�s�c�l�e�s� �a�n�d� �7� 

�l�i�g�a�m�e�n�t�s�.� �T�h�e� �f�o�r�c�e� �o�f� �e�a�c�h� �m�u�s�c�l�e� �w�a�s� �e�s�t�i�m�a�t�e�d� �b�y� �t�h�e� �f�o�l�l�o�w�i�n�g� �f�o�r�m�u�l�a�:� 

�F�,�,� �=� �G�[�(�(�E�M�G�/�E�M�G�,�)�(�P�.�)�(�Q�)�(�8�)� �+� �F�,�.�.�]� 

�w�h�e�r�e� 

�F�.�,� �=� �m�u�s�c�l�e� �f�o�r�c�e� �f�o�r� �e�a�c�h� �o�f� �t�h�e� �m� �(�4�8�)� �m�u�s�c�l�e�s�,� 

�G� �=� �e�r�r�o�r� �t�e�r�m� �o�r� �g�a�i�n�,� 

�E�M�G� �=� �E�M�G� �a�m�p�l�i�t�u�d�e� �(�a�r�b�i�t�r�a�r�y� �u�n�i�t�s�)�,� �m�e�a�s�u�r�e�d� �b�y� �1� �o�f� �6� �e�l�e�c�t�r�o�d�e� �l�o�c�a�t�i�o�n�s�,� 

�E�M�G�,�,� �=� �M�V�C� �(�m�a�x�i�m�u�m� �v�o�l�u�n�t�a�r�y� �c�o�n�t�r�a�c�t�i�o�n�)� �E�M�G� �a�m�p�l�i�t�u�d�e� �(�a�r�b�i�t�r�a�r�y� �u�n�i�t�s�)�,� 

�P�,� �=� �m�a�x�i�m�u�m� �i�s�o�m�e�t�r�i�c� �f�o�r�c�e�,� 
�Q� �=� �c�o�e�f�f�i�c�i�e�n�t� �f�o�r� �v�e�l�o�c�i�t�y� �m�o�d�u�l�a�t�i�o�n�,� 

�6� �=� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �a�c�t�i�v�e� �l�e�n�g�t�h� �m�o�d�u�l�a�t�i�o�n�,� 

�F�,�,�.� �=� �f�o�r�c�e� �d�u�e� �t�o� �p�a�s�s�i�v�e� �e�l�a�s�t�i�c�i�t�y�.� 

�T�h�e� �f�o�r�c�e� �c�a�l�c�u�l�a�t�e�d� �b�y� �t�h�i�s� �f�o�r�m�u�l�a� �w�a�s� �m�u�l�t�i�p�l�i�e�d� �b�y� �t�h�e� �m�o�m�e�n�t� �a�r�m� �t�o� �o�b�t�a�i�n� 

�t�h�e� �m�o�m�e�n�t� �c�o�n�t�r�i�b�u�t�i�o�n� �o�f� �e�a�c�h� �m�u�s�c�l�e�.� �M�c�G�i�l�l� �a�n�d� �N�o�r�m�a�n� �(�1�9�8�6�)� �u�s�e�d� �a� 

�d�e�t�a�i�l�e�d� �m�o�d�e�l� �i�n�c�l�u�d�i�n�g� �a� �l�a�r�g�e� �n�u�m�b�e�r� �o�f� �m�u�s�c�l�e�s� �a�n�d� �i�n�c�o�r�p�o�r�a�t�i�n�g� �m�u�s�c�l�e� 

�l�e�n�g�t�h� �a�n�d� �v�e�l�o�c�i�t�y� �c�o�n�s�i�d�e�r�a�t�i�o�n�s�.� �S�e�v�e�r�a�l� �p�r�o�b�l�e�m�s� �w�i�t�h� �t�h�e� �m�o�d�e�l� �e�x�i�s�t�e�d�.� 

�F�i�r�s�t�,� �M�c�G�i�l�l� �a�n�d� �N�o�r�m�a�n� �w�e�r�e� �n�o�t� �s�p�e�c�i�f�i�c� �a�b�o�u�t� �h�o�w� �t�h�e� �m�o�m�e�n�t� �a�r�m�s� �f�r�o�m� �t�h�e� 

�L�4�/�L�5� �d�i�s�c� �t�o� �e�a�c�h� �m�u�s�c�l�e� �a�r�e� �d�e�t�e�r�m�i�n�e�d�.� �F�o�r� �a�c�t�i�v�e� �l�e�n�g�t�h� �m�o�d�u�l�a�t�i�o�n�,� �t�h�e�y� 

�i�n�d�i�c�a�t�e�d� �t�h�a�t� �t�h�e� �m�u�s�c�l�e� �l�e�n�g�t�h� �i�s� �c�a�l�c�u�l�a�t�e�d� �b�y� �a�n� �e�q�u�a�t�i�o�n� �u�s�i�n�g� �a� �s�t�r�a�i�g�h�t� 

�l�i�n�e� �b�e�t�w�e�e�n� �t�h�e� �o�r�i�g�i�n� �a�n�d� �i�n�s�e�r�t�i�o�n�.� �T�h�e� �p�a�t�h� �o�f� �t�h�e� �t�r�u�n�k� �m�u�s�c�l�e�s� �c�a�n� �f�o�l�l�o�w� 

�a� �n�o�n�l�i�n�e�a�r� �p�a�t�h� �a�n�d� �a� �s�t�r�a�i�g�h�t� �l�i�n�e� �m�a�y� �n�o�t� �b�e� �a�n� �a�c�c�u�r�a�t�e� �e�s�t�i�m�a�t�e� �o�f� �t�h�e� 
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�m�o�m�e�n�t� �a�r�m� �d�i�s�t�a�n�c�e� �o�r� �l�e�n�g�t�h� �o�f� �t�h�e� �m�u�s�c�l�e�.� �S�e�c�o�n�d�,� �t�h�e� �e�q�u�a�t�i�o�n� �u�s�e�d� �t�o� 

�c�a�l�c�u�l�a�t�e� �m�u�s�c�l�e� �f�o�r�c�e� �r�e�l�i�e�d� �o�n� �a�n� �E�M�G� �i�n�p�u�t� �f�r�o�m� �o�n�e� �o�f� �s�i�x� �l�o�c�a�t�i�o�n�s� �o�n� �t�h�e� 

�t�r�u�n�k�.� �P�r�e�d�i�c�t�i�n�g� �4�8� �i�n�d�i�v�i�d�u�a�l� �m�u�s�c�l�e�s� �f�r�o�m� �o�n�l�y� �s�i�x� �i�n�p�u�t�s� �w�a�s� �a�d�m�i�t�t�e�d� �b�y� �t�h�e� 

�a�u�t�h�o�r�s� �t�o� �b�e� �a� �p�r�o�b�l�e�m�.� �T�h�i�r�d�,� �t�h�e� �e�q�u�a�t�i�o�n� �t�o� �c�a�l�c�u�l�a�t�e� �m�u�s�c�l�e� �f�o�r�c�e�s� �u�s�e�d� 

�t�h�e� �m�a�x�i�m�u�m� �i�s�o�m�e�t�r�i�c� �f�o�r�c�e� �a�s� �a�n� �i�n�p�u�t�;� �t�h�e� �m�a�x�i�m�u�m� �i�s�o�m�e�t�r�i�c� �f�o�r�c�e� �w�a�s� 

�a�s�s�u�m�e�d� �t�o� �b�e� �t�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a� �o�f� �t�h�e� �m�u�s�c�l�e� �m�u�l�t�i�p�l�i�e�d� �b�y� �t�h�e� 

�m�a�x�i�m�u�m� �m�u�s�c�l�e� �i�n�t�e�n�s�i�t�y�,� �a�s�s�u�m�e�d� �t�o� �b�e� �f�r�o�m� �3�5� �t�o� �5�5� �N�/�c�m�?�.� �T�h�e�r�e� �w�a�s� �n�o� 

�a�g�r�e�e�m�e�n�t� �o�n� �t�h�e� �m�a�x�i�m�u�m� �i�n�t�e�n�s�i�t�y� �a� �m�u�s�c�l�e� �c�a�n� �a�s�s�u�m�e�.� �M�c�G�i�l�l�,� �P�a�t�t� �a�n�d� 

�N�o�r�m�a�n� �(�1�9�8�8�)� �s�t�a�t�e� �t�h�a�t� �i�t� �h�a�s� �b�e�e�n� �r�e�p�o�r�t�e�d� �t�o� �r�a�n�g�e� �f�r�o�m� �3�0� �t�o� �9�0� �N�/�c�m�?�.� 

�F�i�n�a�l�l�y�,� �t�h�e� �p�u�r�p�o�s�e� �o�f� �t�h�i�s� �m�o�d�e�l� �a�n�d� �s�t�u�d�y� �w�a�s� �t�o� �e�v�a�l�u�a�t�e� �t�h�e� �r�e�l�a�t�i�v�e� 

�c�o�n�t�r�i�b�u�t�i�o�n�s� �o�f� �t�h�e� �m�u�s�c�l�e�s�,� �l�i�g�a�m�e�n�t�s�,� �a�n�d� �d�i�s�c� �i�n� �g�e�n�e�r�a�t�i�n�g� �m�o�m�e�n�t� �a�b�o�u�t� 

�t�h�e� �L�4�/�L�5� �d�i�s�c�.� �T�h�i�s� �s�t�u�d�y� �w�a�s� �n�o�t� �a�i�m�e�d� �a�t� �p�r�e�d�i�c�t�i�n�g� �m�u�s�c�l�e� �f�o�r�c�e�s� �a�n�d� �d�i�s�c� 

�c�o�m�p�r�e�s�s�i�o�n� �i�n� �r�e�s�p�o�n�s�e� �t�o� �a�n� �e�x�t�e�r�n�a�l� �l�o�a�d�.� �E�s�t�a�b�l�i�s�h�i�n�g� �4�8� �m�o�m�e�n�t� �a�r�m�s� 

�a�n�d� �l�i�n�e�s� �o�f� �a�c�t�i�o�n� �n�e�e�d�e�d� �f�o�r� �a�n� �o�p�t�i�m�i�z�a�t�i�o�n� �m�o�d�e�l� �i�s� �v�e�r�y� �d�i�f�f�i�c�u�l�t�,� �a�n�d� �M�c�G�i�l�l� 

�a�n�d� �N�o�r�m�a�n� �d�o� �n�o�t� �r�e�p�o�r�t� �t�h�e� �e�x�a�c�t� �v�a�l�u�e�s� �o�r� �m�e�t�h�o�d� �t�h�e�y� �u�s�e�d�.� 

�I�n� �a� �s�t�u�d�y� �t�o� �c�o�m�p�a�r�e� �s�t�a�t�i�c� �v�e�r�s�u�s� �d�y�n�a�m�i�c� �t�o�r�s�i�o�n� �a�b�o�u�t� �t�h�e� �L�4�/�L�5� �d�i�s�c�,� 

�M�c�G�i�l�l� �a�n�d� �H�o�o�d�l�e�s�s� �(�1�9�9�0�)� �a�n�d� �M�c�G�i�l�l� �(�1�9�9�1�)� �u�s�e�d� �5�0� �m�u�s�c�l�e�s� �i�n� �t�h�e�i�r� �m�o�d�e�l�.� 

�T�h�e� �5�0� �i�n�d�i�v�i�d�u�a�l� �m�u�s�c�l�e�s� �e�m�p�l�o�y�e�d� �i�n� �t�h�e� �m�o�d�e�l� �w�e�r�e� �r�e�p�o�r�t�e�d� �b�u�t� �t�h�e� 

�a�s�s�o�c�i�a�t�e�d� �m�o�m�e�n�t� �a�r�m�s� �w�e�r�e� �n�o�t� �l�i�s�t�e�d�.� �T�h�e� �f�o�r�c�e� �o�f� �e�a�c�h� �m�u�s�c�l�e� �w�a�s� 

�c�a�l�c�u�l�a�t�e�d� �a�s� �t�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a� �m�u�l�t�i�p�l�i�e�d� �b�y� �a� �m�a�x�i�m�u�m� �i�n�t�e�n�s�i�t�y�,� 

�a�s�s�u�m�e�d� �t�o� �b�e� �3�5� �t�o� �5�0� �N�/�c�m�?�.� �T�h�e�i�r� �s�t�u�d�y� �i�s� �e�f�f�e�c�t�i�v�e� �i�n� �i�d�e�n�t�i�f�y�i�n�g� �t�h�e� 

�d�i�f�f�e�r�e�n�c�e�s� �i�n� �m�o�m�e�n�t� �d�u�e� �t�o� �s�t�a�t�i�c� �a�n�d� �d�y�n�a�m�i�c� �t�a�s�k�s�.� �H�o�w�e�v�e�r�,� �t�o� �i�m�p�l�e�m�e�n�t� 

�5�0� �i�n�d�i�v�i�d�u�a�l� �m�u�s�c�l�e�s� �i�n�t�o� �a�n� �o�p�t�i�m�i�z�a�t�i�o�n� �m�o�d�e�l�,� �t�h�e� �l�i�n�e�s� �o�f� �a�c�t�i�o�n� �a�n�d� 

�m�o�m�e�n�t� �a�r�m�s� �o�f� �e�a�c�h� �m�u�s�c�l�e� �a�r�e� �n�e�e�d�e�d�.� 
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�L�a�d�i�n�,� �M�u�r�t�h�y�,� �a�n�d� �D�e� �L�u�c�a� �(�1�9�8�9�)� �u�s�e�d� �a�n� �o�p�t�i�m�i�z�a�t�i�o�n� �m�o�d�e�l� 

�d�e�v�e�l�o�p�e�d� �b�y� �S�c�h�u�l�t�z�,� �H�a�d�e�r�s�p�e�c�k�,� �W�a�r�w�i�c�k�,� �a�n�d� �P�o�r�t�i�l�l�o� �(�1�9�8�3�)� �t�o� �p�r�e�d�i�c�t� �t�h�e� 

�f�o�r�c�e�s� �o�f� �2�2� �m�u�s�c�l�e�s� �d�u�r�i�n�g� �s�t�a�t�i�c� �e�x�e�r�t�i�o�n� �t�a�s�k�s�.� �T�h�e� �2�2� �m�u�s�c�l�e�s� �c�o�n�s�i�s�t�e�d� �o�f� 

�t�h�e� �f�o�l�l�o�w�i�n�g� �1�1� �m�u�s�c�l�e�s� �f�o�r� �b�o�t�h� �t�h�e� �l�e�f�t� �a�n�d� �r�i�g�h�t� �s�i�d�e�s�:� �i�l�i�o�c�o�s�t�a�l�i�s�,� �m�u�l�t�i�f�i�d�u�s�,� 

�l�o�n�g�i�s�s�i�m�u�s�,� �q�u�a�d�r�a�t�u�s�,� �p�s�o�a�s�,� �l�a�t�i�s�s�i�m�u�s� �d�o�r�s�i�,� �m�e�d�i�a�l� �p�o�r�t�i�o�n� �o�f� �t�h�e� �e�x�t�e�r�n�a�l� 

�o�b�l�i�q�u�e�,� �l�a�t�e�r�a�l� �p�o�r�t�i�o�n� �o�f� �t�h�e� �e�x�t�e�r�n�a�l� �o�b�l�i�q�u�e�,� �m�e�d�i�a�l� �p�o�r�t�i�o�n� �o�f� �t�h�e� �i�n�t�e�r�n�a�l� 

�o�b�l�i�q�u�e�,� �l�a�t�e�r�a�l� �p�o�r�t�i�o�n� �o�f� �t�h�e� �i�n�t�e�r�n�a�l� �o�b�l�i�q�u�e�,� �a�n�d� �r�e�c�t�u�s� �a�b�d�o�m�i�n�u�s�.� �T�h�e� 

�m�u�s�c�l�e�s� �c�o�u�n�t�e�r�a�c�t�e�d� �e�x�t�e�r�n�a�l� �l�o�a�d�s� �i�n� �t�h�e� �f�l�e�x�i�o�n� �a�n�d� �l�a�t�e�r�a�l� �b�e�n�d�i�n�g� 

�d�i�r�e�c�t�i�o�n�s�.� �L�a�d�i�n� �e�t� �a�l�.� �(�1�9�8�9�)� �c�h�o�s�e� �a� �c�u�t�t�i�n�g� �p�l�a�n�e� �a�t� �t�h�e� �L�3� �l�e�v�e�l�.� �T�h�e� 

�m�o�m�e�n�t� �a�r�m�s� �f�o�r� �e�a�c�h� �o�f� �t�h�e� �m�u�s�c�l�e�s� �a�t� �t�h�e� �L�3� �l�e�v�e�l� �w�e�r�e� �t�a�k�e�n� �f�r�o�m� 

�E�y�c�l�e�s�h�y�m�e�r� �a�n�d� �S�c�h�o�e�m�a�k�e�r� �(�1�9�1�1�)�,� �b�u�t� �n�o�t� �s�p�e�c�i�f�i�c�a�l�l�y� �r�e�p�o�r�t�e�d� �i�n� �t�h�e�i�r� 

�a�r�t�i�c�l�e�.� �|� �a�s�s�u�m�e� �t�h�e�y� �m�e�a�s�u�r�e�d� �t�h�e� �m�o�m�e�n�t� �a�r�m�s� �f�r�o�m� �d�i�a�g�r�a�m�s� �i�n� �t�h�i�s� 

�r�e�f�e�r�e�n�c�e�.� �L�a�d�i�n� �e�t�.� �a�l�.� �(�1�9�8�9�)� �p�r�o�p�o�s�e�d� �a�  ��s�w�i�t�c�h�i�n�g� �c�u�r�v�e�'� �c�o�n�c�e�p�t� �f�o�r� �e�a�c�h� 

�m�u�s�c�l�e�.� �A� �m�u�s�c�l�e� �w�a�s� �c�o�n�s�i�d�e�r�e�d� �e�i�t�h�e�r� �a�c�t�i�v�e� �o�r� �i�n�a�c�t�i�v�e� �d�u�r�i�n�g� �a�n� �e�x�t�e�r�n�a�l� 

�l�o�a�d�.� �T�h�e� �s�w�i�t�c�h�i�n�g� �c�u�r�v�e� �d�i�v�i�d�e�d� �t�h�e� �p�o�s�s�i�b�l�e� �e�x�t�e�r�n�a�l� �l�o�a�d�i�n�g� �m�o�m�e�n�t� 

�c�o�n�d�i�t�i�o�n�s� �(�c�o�m�b�i�n�a�t�i�o�n�s� �o�f� �f�l�e�x�i�o�n�/�e�x�t�e�n�s�i�o�n� �a�n�d� �l�a�t�e�r�a�l� �b�e�n�d�i�n�g�)� �i�n�t�o� �r�e�g�i�o�n�s� 

�i�n� �w�h�i�c�h� �t�h�e� �m�u�s�c�l�e� �w�a�s� �p�r�e�d�i�c�t�e�d� �t�o� �b�e� �a�c�t�i�v�e� �o�r� �i�n�a�c�t�i�v�e�.� �T�h�r�o�u�g�h� 

�e�x�p�e�r�i�m�e�n�t�s� �t�o� �v�e�r�i�f�y� �p�r�o�p�o�s�e�d� �s�w�i�t�c�h�i�n�g� �c�u�r�v�e�s�,� �L�a�d�i�n� �e�t� �a�l�.� �(�1�9�8�9�)� �a�s�s�e�r�t� �t�h�a�t� 

�t�h�e� �1�1� �p�a�i�r�s� �o�f� �m�u�s�c�l�e�s� �c�a�n� �b�e� �f�u�n�c�t�i�o�n�a�l�l�y� �g�r�o�u�p�e�d� �i�n�t�o� �a� �r�e�d�u�c�e�d� �s�e�t� �o�f� �5� �p�a�i�r�s� 

�1�)� �E�r�e�c�t�o�r� �s�p�i�n�a�e�:� �c�o�n�s�i�s�t�i�n�g� �o�f� �t�h�e� �l�o�n�g�i�s�s�i�m�u�s�,� �m�u�l�t�i�f�i�d�u�s�,� �l�a�t�i�s�s�i�m�u�s� 

�d�o�r�s�i�,� �a�n�d� �i�l�i�o�c�o�s�t�a�l�i�s�;� 

�2�)� �P�a�r�a�s�p�i�n�a�l�:� �c�o�n�s�i�s�t�i�n�g� �o�f� �t�h�e� �p�s�o�a�s� �a�n�d� �q�u�a�d�r�a�t�u�s�;� 

�3�)� �M�e�d�i�a�l� �a�b�d�o�m�i�n�a�l�:� �c�o�n�s�i�s�t�i�n�g� �o�f� �t�h�e� �m�e�d�i�a�l� �p�o�r�t�i�o�n�s� �o�f� �t�h�e� �e�x�t�e�r�n�a�l� 

�a�n�d� �i�n�t�e�r�n�a�l� �o�b�l�i�q�u�e�s�;� 
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�4�)� �L�a�t�e�r�a�l� �a�b�d�o�m�i�n�a�l�;� �c�o�n�s�i�s�t�i�n�g� �o�f� �t�h�e� �l�a�t�e�r�a�l� �p�o�r�t�i�o�n�s� �o�f� �t�h�e� �e�x�t�e�r�n�a�l� �a�n�d� 

�i�n�t�e�r�n�a�l� �o�b�l�i�q�u�e�s�;� 

�5�)� �R�e�c�t�u�s� �a�b�d�o�m�i�n�u�s�.� 

�T�h�e� �c�o�n�c�e�p�t� �o�f� �f�u�n�c�t�i�o�n�a�l�l�y� �g�r�o�u�p�i�n�g� �m�u�s�c�l�e�s� �h�a�d� �b�e�e�n� �u�s�e�d� �e�a�r�l�i�e�r� �b�y� 

�M�a�t�o�n� �a�n�d� �B�o�u�i�s�s�e�t� �(�1�9�7�7�)� �a�n�d� �B�o�u�i�s�s�e�t�,� �L�e�s�t�i�e�n�n�e�,� �a�n�d� �M�a�t�o�n� �(�1�9�7�7�)� �f�o�r� �t�h�e� 

�f�l�e�x�o�r� �m�u�s�c�l�e�s� �o�f� �t�h�e� �e�l�b�o�w�.� �M�a�t�o�n� �a�n�d� �B�o�u�i�s�s�e�t� �(�1�9�7�7�)� �m�e�a�s�u�r�e�d� �t�h�e� �E�M�G� 

�a�c�t�i�v�i�t�y� �o�f� �f�o�u�r� �e�l�b�o�w� �f�l�e�x�o�r� �m�u�s�c�l�e�s� �d�u�r�i�n�g� �s�i�x� �i�s�o�m�e�t�r�i�c� �f�o�r�c�e� �l�e�v�e�l�s�.� �T�h�e�y� 

�d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �t�h�e� �f�o�u�r� �m�u�s�c�l�e�s� �b�e�c�a�m�e� �a�c�t�i�v�e� �a�t� �t�h�e� �s�a�m�e� �l�o�a�d�i�n�g� �c�o�n�d�i�t�i�o�n�s� 

�a�n�d� �t�h�e�i�r� �r�e�l�a�t�i�v�e� �a�c�t�i�v�i�t�y� �v�a�r�i�e�d� �b�y� �a� �c�o�n�s�t�a�n�t� �c�o�e�f�f�i�c�i�e�n�t�.� �B�e�c�a�u�s�e� �o�f� �t�h�e�s�e� 

�r�e�s�u�l�t�s�,� �M�a�t�o�n� �a�n�d� �B�o�u�i�s�s�e�t� �(�1�9�7�7�)� �s�t�a�t�e�d� �t�h�a�t� �u�s�i�n�g� �t�h�e� �b�i�c�e�p�s� �b�r�a�c�h�i�i� �a�s� �t�h�e� 

 ��m�u�s�c�l�e� �e�q�u�i�v�a�l�e�n�t�"� �o�f� �a�l�l� �f�o�u�r� �m�u�s�c�l�e�s� �w�a�s� �j�u�s�t�i�f�i�e�d�.� �B�o�u�i�s�s�e�t� �e�t� �a�l�.� �(�1�9�7�7�)� 

�m�e�a�s�u�r�e�d� �t�h�e� �E�M�G� �a�c�t�i�v�i�t�y� �o�f� �t�h�r�e�e� �e�l�b�o�w� �f�l�e�x�o�r�s� �d�u�r�i�n�g� �m�o�v�e�m�e�n�t� �t�a�s�k�s�.� �T�h�e�i�r� 

�r�e�s�u�l�t�s� �s�h�o�w�e�d� �a� �c�o�n�s�t�a�n�t� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �t�h�e� �e�x�c�i�t�a�t�i�o�n� �l�e�v�e�l�s� �o�f� �t�h�e� �t�h�r�e�e� 

�f�l�e�x�o�r�s�,� �a�n�d� �t�h�e� �a�c�t�i�v�i�t�y� �o�f� �t�h�e� �b�i�c�e�p�s� �m�u�s�c�l�e� �b�e�g�a�n� �a�n�d� �e�n�d�e�d� �a�t� �n�e�a�r�l�y� �t�h�e� 

�s�a�m�e� �t�i�m�e� �a�s� �t�h�e� �o�t�h�e�r� �m�u�s�c�l�e�s�.� �T�h�e� �f�l�e�x�o�r� �m�u�s�c�l�e�s� �o�f� �t�h�e� �e�l�b�o�w� �c�a�n� �b�e� 

�g�r�o�u�p�e�d� �i�n�t�o� �a� �m�u�s�c�l�e� �e�q�u�i�v�a�l�e�n�t� �b�e�c�a�u�s�e� �o�f� �t�h�e� �a�c�t�i�v�i�t�y� �r�e�l�a�t�i�o�n�s�h�i�p�s� �a�n�d� 

�t�i�m�i�n�g� �o�f� �o�n�s�e�t� �a�n�d� �c�e�s�s�a�t�i�o�n�.� �B�o�z�e�c�,� �M�a�t�o�n�,� �a�n�d� �C�n�o�c�k�a�e�r�t� �(�1�9�8�0�)� �a�n�d� 

�B�o�u�i�s�s�e�t� �(�1�9�7�3�)� �f�o�u�n�d� �s�i�m�i�l�a�r� �r�e�s�u�l�t�s� �f�o�r� �t�h�e� �e�l�b�o�w� �e�x�t�e�n�s�o�r� �m�u�s�c�l�e�s�.� �A�n� 

�e�q�u�i�v�a�l�e�n�t� �m�u�s�c�l�e� �g�r�o�u�p� �f�o�r� �t�h�e� �e�l�b�o�w� �e�x�t�e�n�s�o�r�s� �c�a�n� �b�e� �a�s�s�u�m�e�d� �b�e�c�a�u�s�e� �o�f� 

�t�h�e� �c�o�n�s�t�a�n�t� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �e�x�c�i�t�a�t�i�o�n�s� �o�f� �t�h�e� �d�i�f�f�e�r�e�n�t� �m�u�s�c�l�e�s�.� �T�h�e� 

�c�o�n�c�e�p�t� �o�f� �a�n� �e�q�u�i�v�a�l�e�n�t� �m�u�s�c�l�e� �s�y�s�t�e�m� �i�m�p�l�i�e�s� �t�h�a�t� �t�h�e� �g�r�o�u�p� �o�f� �m�u�s�c�l�e�s� �i�s� 

�u�n�d�e�r� �s�o�m�e� �c�o�m�m�o�n� �n�e�u�r�a�l� �c�o�n�t�r�o�l� �m�e�c�h�a�n�i�s�m�.� 

�T�h�e� �w�o�r�k� �o�f� �M�a�t�o�n� �a�n�d� �B�o�u�i�s�s�e�t� �(�1�9�7�7�)� �a�n�d� �B�o�u�i�s�s�e�t� �e�t� �a�l�.� �(�1�9�7�7�)� 

�c�o�n�c�e�n�t�r�a�t�e�d� �o�n� �t�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �l�o�a�d�i�n�g� �o�f� �t�h�e� �e�l�b�o�w� �a�n�d� �n�o�t� �t�h�r�e�e�-� 
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�d�i�m�e�n�s�i�o�n�a�l� �l�o�a�d�i�n�g� �a�s� �i�n� �t�h�e� �t�r�u�n�k�.� �M�a�t�o�n� �a�n�d� �B�o�u�i�s�s�e�t� �(�1�9�7�7�)� �a�n�d� �B�o�u�i�s�s�e�t� 

�e�t� �a�l�.� �(�1�9�7�7�)� �c�o�n�s�i�d�e�r�e�d� �w�h�e�t�h�e�r� �m�u�l�t�i�p�l�e� �m�u�s�c�l�e�s� �a�c�t�e�d� �s�i�m�u�l�t�a�n�e�o�u�s�l�y� �t�o� �f�l�e�x� 

�t�h�e� �e�l�b�o�w�,� �b�u�t� �n�o�n�e� �o�f� �t�h�e� �m�u�s�c�l�e�s� �w�e�r�e� �c�o�n�s�i�d�e�r�e�d� �t�o� �p�r�o�d�u�c�e�d� �a� �t�h�r�e�e�-� 

�d�i�m�e�n�s�i�o�n�a�l� �f�o�r�c�e� �a�n�d� �m�o�m�e�n�t�.� �T�h�e� �m�u�s�c�l�e�s� �o�f� �t�h�e� �t�r�u�n�k�,� �w�h�i�c�h� �c�r�e�a�t�e� �f�o�r�c�e�s� 

�a�n�d� �m�o�m�e�n�t�s� �i�n� �t�h�r�e�e�-�d�i�m�e�n�s�i�o�n�s�,� �m�i�g�h�t� �n�o�t� �b�e� �g�r�o�u�p�e�d� �t�o�g�e�t�h�e�r� �b�e�c�a�u�s�e� �t�h�e�y� 

�d�o� �n�o�t� �a�c�t� �i�n� �s�i�m�i�l�a�r� �u�n�i�t� �d�i�r�e�c�t�i�o�n�s�.� �H�o�w�e�v�e�r�,� �e�v�e�n� �t�h�o�u�g�h� �t�h�e� �c�o�m�p�o�n�e�n�t�s� �o�f� �a� 

�m�u�s�c�l�e� �a�c�t� �i�n� �d�i�f�f�e�r�e�n�t� �u�n�i�t� �d�i�r�e�c�t�i�o�n�s�,� �t�h�e� �c�o�m�p�o�n�e�n�t�s� �m�a�y� �a�c�t� �t�o�g�e�t�h�e�r� �t�o� �f�o�r�m� 

�a�n� �e�q�u�i�v�a�l�e�n�t� �m�u�s�c�l�e� �g�r�o�u�p�.� �F�o�r� �e�x�a�m�p�l�e�,� �t�h�e� �f�a�s�c�i�c�l�e�s� �o�f� �t�h�e� �e�r�e�c�t�o�r� �s�p�i�n�a�e� 

�a�c�t� �i�n� �d�i�f�f�e�r�e�n�t� �u�n�i�t� �d�i�r�e�c�t�i�o�n�s� �(�M�a�c�i�n�t�o�s�h� �a�n�d� �N�o�r�m�a�n�,� �1�9�9�1�)�,� �b�u�t� �t�h�e�y� �m�a�y� �a�c�t� 

�t�o�g�e�t�h�e�r� �t�o� �f�o�r�m� �a�n� �e�q�u�i�v�a�l�e�n�t� �m�u�s�c�l�e� �g�r�o�u�p�.� 

�S�c�h�u�l�t�z� �a�n�d� �A�n�d�e�r�s�s�o�n� �(�1�9�8�1�)� �p�r�e�s�e�n�t�e�d� �t�w�o� �t�e�c�h�n�i�q�u�e�s� �t�o� �d�e�t�e�r�m�i�n�e� 

�t�h�e� �m�u�s�c�l�e� �f�o�r�c�e�s� �i�n� �r�e�s�p�o�n�s�e� �t�o� �e�x�t�e�r�n�a�l�l�y� �g�e�n�e�r�a�t�e�d� �m�o�m�e�n�t�s�.� �T�h�e�y� �i�n�c�l�u�d�e�d� 

�1�0� �m�u�s�c�l�e�s� �i�n� �t�h�e�i�r� �m�o�d�e�l�,� �5� �o�n� �e�a�c�h� �s�i�d�e� �o�f� �t�h�e� �t�r�u�n�k�:� �l�a�t�i�s�s�i�m�u�s� �d�o�r�s�i�,� �e�r�e�c�t�o�r� 

�s�p�i�n�a�e�,� �e�x�t�e�r�n�a�l� �o�b�l�i�q�u�e�,� �i�n�t�e�r�n�a�l� �o�b�l�i�q�u�e�,� �a�n�d� �r�e�c�t�u�s� �a�b�d�o�m�i�n�u�s�.� �B�e�c�a�u�s�e� �t�h�i�s� 

�s�y�s�t�e�m� �w�a�s� �s�t�a�t�i�c�a�l�l�y� �i�n�d�e�t�e�r�m�i�n�a�t�e�,� �o�n�e� �m�e�t�h�o�d� �t�o� �f�i�n�d�i�n�g� �a� �s�o�l�u�t�i�o�n� �w�a�s� �t�o� 

�a�s�s�u�m�e� �e�n�o�u�g�h� �o�f� �t�h�e� �m�u�s�c�l�e�s� �w�e�r�e� �i�n�a�c�t�i�v�e� �u�n�t�i�l� �a� �d�e�t�e�r�m�i�n�a�t�e� �p�r�o�b�l�e�m� 

�r�e�s�u�l�t�e�d�.� �T�h�e� �s�e�c�o�n�d� �m�e�t�h�o�d� �w�a�s� �t�o� �a�p�p�l�y� �o�p�t�i�m�i�z�a�t�i�o�n� �t�e�c�h�n�i�q�u�e�s�.� �W�h�e�n� 

�a�p�p�l�y�i�n�g� �l�i�n�e�a�r� �o�p�t�i�m�i�z�a�t�i�o�n� �t�e�c�h�n�i�q�u�e�s�,� �t�h�e� �n�u�m�b�e�r� �o�f� �n�o�n�-�z�e�r�o� �m�u�s�c�l�e� �f�o�r�c�e�s� 

�a�r�e� �e�q�u�a�l� �t�o� �a�t� �m�o�s�t� �t�h�e� �n�u�m�b�e�r� �o�f� �c�o�n�s�t�r�a�i�n�t� �e�q�u�a�t�i�o�n�s�.� �L�i�m�i�t�i�n�g� �n�o�n�-�z�e�r�o� 

�f�o�r�c�e�s� �p�r�e�s�e�n�t�s� �a� �d�i�f�f�i�c�u�l�t�y� �e�v�e�n� �w�h�e�n� �t�h�e� �n�u�m�b�e�r� �o�f� �m�u�s�c�l�e�s� �w�a�s� �t�e�n� �a�s� �i�n� �t�h�e� 

�s�t�u�d�y� �r�e�p�o�r�t�e�d� �b�y� �S�c�h�u�l�t�z� �a�n�d� �A�n�d�e�r�s�s�o�n� �(�1�9�9�1�)�.� 

�A�n� �i�t�e�r�a�t�i�v�e� �m�o�d�e�l� �t�o� �p�r�e�d�i�c�t� �t�r�u�n�k� �m�u�s�c�l�e� �f�o�r�c�e�s�,� �d�e�v�e�l�o�p�e�d� �b�y� �S�c�h�u�l�t�z� �e�t� 

�a�l�.� �(�1�9�8�3�)�,� �m�i�n�i�m�i�z�e�d� �t�h�e� �m�a�x�i�m�u�m� �r�e�q�u�i�r�e�d� �m�u�s�c�l�e� �i�n�t�e�n�s�i�t�y�.� �T�h�e� �m�o�d�e�l� 

�b�e�g�a�n� �w�i�t�h� �a� �m�a�x�i�m�u�m� �m�u�s�c�l�e� �i�n�t�e�n�s�i�t�y� �o�f� �1�0� �k�P�a� �(�1� �N�/�c�m�?�)�.� �A� �s�o�l�u�t�i�o�n� �o�f� 
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�m�u�s�c�l�e� �f�o�r�c�e�s� �i�n� �r�e�s�p�o�n�s�e� �t�o� �s�o�m�e� �e�x�t�e�r�n�a�l� �l�o�a�d� �w�a�s� �s�o�u�g�h�t� �t�o� �m�i�n�i�m�i�z�e� �s�p�i�n�a�l� 

�c�o�m�p�r�e�s�s�i�o�n�.� �I�f� �n�o� �s�o�l�u�t�i�o�n� �w�a�s� �p�o�s�s�i�b�l�e�,� �t�h�e� �i�n�t�e�n�s�i�t�y� �w�a�s� �i�n�c�r�e�a�s�e�d� �b�y� �1�0� �k�P�a� 

�u�n�t�i�l� �a� �f�e�a�s�i�b�l�e� �s�o�l�u�t�i�o�n� �w�a�s� �f�o�u�n�d�.� �S�c�h�u�l�t�z� �e�t� �a�l�.� �(�1�9�8�3�)� �u�s�e�d� �t�h�r�e�e� �s�e�t�s� �o�f� 

�m�u�s�c�l�e�s� �a�t� �t�h�e� �L�3� �c�u�t�t�i�n�g� �p�l�a�n�e�:� �t�h�e� �f�i�r�s�t� �c�o�n�t�a�i�n�e�d� �2�2� �m�u�s�c�l�e�s�,� �t�h�e� �s�e�c�o�n�d� �1�4�,� 

�a�n�d� �t�h�e� �t�h�i�r�d� �1�0�.� �T�h�e� �2�2�-�m�u�s�c�l�e� �m�o�d�e�l� �c�o�n�s�i�s�t�e�d� �o�f� �1�1� �b�i�l�a�t�e�r�a�l� �p�a�i�r�s� �(�l�e�f�t� �a�n�d� 

�r�i�g�h�t� �s�i�d�e�)� �s�p�a�n�n�i�n�g� �t�h�e� �l�u�m�b�a�r� �r�e�g�i�o�n�:� �t�h�e� �r�e�c�t�u�s� �a�b�d�o�m�i�n�u�s� �m�u�s�c�l�e�s�,� �t�h�e� 

�l�a�t�e�r�a�l� �a�n�d� �m�e�d�i�a�l� �e�x�t�e�r�n�a�l� �o�b�l�i�q�u�e� �a�b�d�o�m�i�n�a�l� �m�u�s�c�l�e�s�,� �t�h�e� �l�a�t�e�r�a�l� �a�n�d� �m�e�d�i�a�l� 

�i�n�t�e�r�n�a�l� �o�b�l�i�q�u�e� �a�b�d�o�m�i�n�a�l� �m�u�s�c�l�e�s�,� �t�h�e� �p�s�o�a�s�,� �t�h�e� �q�u�a�d�r�a�t�u�s� �l�u�m�b�o�r�u�m�,� �t�h�e� 

�l�a�t�i�s�s�i�m�u�s� �d�o�r�s�i�,� �a�n�d� �t�h�e� �m�u�l�t�i�f�i�d�u�s�,� �l�o�n�g�i�s�s�i�m�u�s�,� �a�n�d� �i�l�i�o�c�o�s�t�a�l�i�s� �g�r�o�u�p�s� �o�f� �t�h�e� 

�e�r�e�c�t�o�r� �s�p�i�n�a�e�.� �F�o�r� �t�h�e� �1�4�-�m�u�s�c�l�e� �m�o�d�e�l�,� �t�h�e� �p�s�o�a�s� �a�n�d� �q�u�a�d�r�a�t�u�s� �m�u�s�c�l�e� 

�w�e�r�e� �d�e�l�e�t�e�d� �a�n�d� �t�h�e� �t�h�r�e�e� �g�r�o�u�p�s� �o�f� �e�r�e�c�t�o�r� �s�p�i�n�a�e� �m�u�s�c�l�e�s� �(�t�h�e� �m�u�l�t�i�f�i�d�u�s�,� 

�l�o�n�g�i�s�s�i�m�u�s�,� �a�n�d� �i�l�i�o�c�o�s�t�a�l�i�s� �g�r�o�u�p�s�)� �w�e�r�e� �g�r�o�u�p�e�d� �i�n�t�o� �a� �s�i�n�g�l�e� �e�q�u�i�v�a�l�e�n�t� 

�m�u�s�c�l�e�.� �F�o�r� �t�h�e� �1�0�-�m�u�s�c�l�e� �m�o�d�e�l�,� �t�h�e� �1�4�-�m�u�s�c�l�e� �m�o�d�e�l� �w�a�s� �f�u�r�t�h�e�r� �r�e�d�u�c�e�d�.� 

�T�h�e� �l�a�t�e�r�a�l� �a�n�d� �m�e�d�i�a�l� �e�x�t�e�r�n�a�l� �o�b�l�i�q�u�e� �a�b�d�o�m�i�n�a�l� �m�u�s�c�l�e�s� �w�e�r�e� �c�o�m�b�i�n�e�d� �i�n�t�o� 

�a� �s�i�n�g�l�e� �e�x�t�e�r�n�a�l� �o�b�l�i�q�u�e� �a�b�d�o�m�i�n�a�l� �m�u�s�c�l�e� �e�q�u�i�v�a�l�e�n�t�.� �T�h�e� �l�a�t�e�r�a�l� �a�n�d� �m�e�d�i�a�l� 

�i�n�t�e�r�n�a�l� �o�b�l�i�q�u�e� �a�b�d�o�m�i�n�a�l� �m�u�s�c�l�e�s� �w�e�r�e� �c�o�m�b�i�n�e�d� �i�n�t�o� �a� �s�i�n�g�l�e� �i�n�t�e�r�n�a�l� 

�o�b�l�i�q�u�e� �a�b�d�o�m�i�n�a�l� �m�u�s�c�l�e� �e�q�u�i�v�a�l�e�n�t�.� �T�h�e� �a�u�t�h�o�r�s� �s�t�a�t�e�d� �t�h�a�t� �t�h�e� �m�u�s�c�l�e� �f�o�r�c�e� 

�p�r�e�d�i�c�t�i�o�n�s� �a�n�d� �d�i�s�c� �c�o�m�p�r�e�s�s�i�o�n� �o�f� �t�h�e� �1�4�-� �a�n�d� �1�0�-�m�u�s�c�l�e� �m�o�d�e�l�s� �w�e�r�e� 

�c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �2�2�-�m�u�s�c�l�e� �m�o�d�e�l�s�.� �T�h�e� �c�o�m�b�i�n�e�d� �e�r�e�c�t�o�r� �s�p�i�n�a�e� �m�u�s�c�l�e� 

�w�a�s� �r�o�u�g�h�l�y� �t�h�e� �s�u�m� �o�f� �t�h�e� �t�h�r�e�e� �i�n�d�i�v�i�d�u�a�l� �m�u�s�c�l�e�s� �i�n� �t�h�e� �2�2�-�m�u�s�c�l�e� �m�o�d�e�l�.� 

�S�i�m�i�l�a�r�l�y�,� �i�n� �t�h�e� �1�0�-�m�u�s�c�l�e� �m�o�d�e�l�,� �t�h�e� �c�o�m�b�i�n�e�d� �e�x�t�e�r�n�a�l� �a�n�d� �i�n�t�e�r�n�a�l� �o�b�l�i�q�u�e� 

�a�b�d�o�m�i�n�a�l� �m�u�s�c�l�e�s�,� �w�e�r�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� �t�h�e� �s�u�m� �o�f� �t�h�e� �d�i�s�t�r�i�b�u�t�e�d� �f�o�r�c�e�s� �i�n� �t�h�e� 

�1�4�-� �a�n�d� �2�2�-�m�u�s�c�l�e� �m�o�d�e�l�s�.� 

�2�1



�S�e�v�e�r�a�l� �o�t�h�e�r� �s�t�u�d�i�e�s� �w�i�t�h� �v�a�r�y�i�n�g� �o�b�j�e�c�t�i�v�e�s� �e�m�p�l�o�y�e�d� �o�p�t�i�m�i�z�a�t�i�o�n�-� 

�b�a�s�e�d� �b�i�o�m�e�c�h�a�n�i�c�a�l� �m�o�d�e�l�s� �t�o� �e�s�t�i�m�a�t�e� �t�h�e� �m�u�s�c�l�e� �f�o�r�c�e�s� �i�n� �t�h�e� �t�r�u�n�k�.� 

�H�u�g�h�e�s� �(�1�9�9�1�)�,� �J�o�h�n�s�o�n� �(�1�9�9�2�)�,� �S�c�h�u�l�t�z�,� �A�n�d�e�r�s�s�o�n�,� �O�r�t�e�n�g�r�e�n�,� �H�a�d�e�r�s�p�e�c�k�,� 

�a�n�d� �N�a�c�h�e�m�s�o�n� �(�1�9�8�2�)� �s�e�l�e�c�t�e�d� �a� �s�e�t� �o�f� �1�0� �m�u�s�c�l�e�s� �(�5� �f�r�o�m� �e�a�c�h� �s�i�d�e�)� �t�o� 

�r�e�p�r�e�s�e�n�t� �t�h�e� �m�u�s�c�u�l�a�r� �a�n�a�t�o�m�y� �o�f� �t�h�e� �t�r�u�n�k�:� �r�e�c�t�u�s� �a�b�d�o�m�i�n�u�s�,� �i�n�t�e�r�n�a�l� 

�o�b�l�i�q�u�e�,� �e�x�t�e�r�n�a�l� �o�b�l�i�q�u�e�,� �l�a�t�i�s�s�i�m�u�s� �d�o�r�s�i�,� �a�n�d� �e�r�e�c�t�o�r� �s�p�i�n�a�e�.� �O�t�h�e�r� �s�t�u�d�i�e�s� 

�h�a�v�e� �c�h�o�s�e�n� �f�r�o�m� �1�4� �t�o� �1�7�1� �m�u�s�c�l�e�s� �t�o� �m�o�d�e�l� �t�h�e� �t�r�u�n�k� �m�u�s�c�u�l�a�t�u�r�e� �(�S�c�h�u�l�t�z�,� 

�C�r�o�m�w�e�l�l�,� �W�a�r�w�i�c�k�,� �a�n�d� �A�n�d�e�r�s�s�o�n�,� �1�9�8�7�;� �S�c�h�u�l�t�z�,� �H�a�d�e�r�s�p�e�c�k�-�G�r�i�b�,� �S�i�n�k�o�r�a�,� 

�a�n�d� �W�a�r�w�i�c�k�,� �1�9�8�5�;� �T�a�k�a�s�h�i�m�a�,� �S�i�n�g�h�,� �H�a�d�e�r�s�p�e�c�k�,� �a�n�d� �S�c�h�u�l�t�z�,� �1�9�7�9�;� 

�Y�e�t�t�r�a�m�,� �B�a�i�,� �a�n�d� �J�a�c�k�m�a�n�,� �1�9�8�9�;� �Z�e�t�t�e�r�b�e�r�g�,� �A�n�d�e�r�s�s�o�n�,� �a�n�d� �S�c�h�u�l�t�z�,� �1�9�8�7�)�.� 

�T�h�e� �l�e�v�e�l� �o�f� �d�e�t�a�i�l� �s�e�l�e�c�t�e�d� �w�a�s� �d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� �o�b�j�e�c�t�i�v�e� �o�f� �t�h�e� �s�t�u�d�y�,� �t�h�e� 

�m�a�t�h�e�m�a�t�i�c�a�l� �m�o�d�e�l�i�n�g� �o�f� �t�h�e� �t�r�u�n�k�,� �a�n�d� �t�h�e� �a�b�i�l�i�t�y� �t�o� �s�o�l�v�e� �a�n�d� �v�e�r�i�f�y� �m�u�s�c�l�e� 

�f�o�r�c�e� �p�r�e�d�i�c�t�i�o�n�s�.� �Z�e�t�t�e�r�b�e�r�g� �e�t� �a�l�.� �(�1�9�8�7�)� �e�m�p�l�o�y�e�d� �2�2� �m�u�s�c�l�e�s� �i�n� �t�h�e�i�r� 

�o�p�t�i�m�i�z�a�t�i�o�n� �m�o�d�e�l� �t�o� �p�r�e�d�i�c�t� �m�u�s�c�l�e� �f�o�r�c�e�s�.� �H�o�w�e�v�e�r�,� �i�n� �v�e�r�i�f�y�i�n�g� �t�h�e� 

�p�r�e�d�i�c�t�i�o�n�s�,� �t�h�e�y� �s�e�l�e�c�t�e�d� �a� �s�u�b�s�e�t� �o�f� �1�0� �m�u�s�c�l�e�s� �o�n� �w�h�i�c�h� �t�o� �c�o�l�l�e�c�t� �E�M�G� �d�a�t�a�.� 

�Y�e�t�t�r�a�m� �e�t� �a�l�.� �(�1�9�8�0�)� �i�n�c�l�u�d�e�d� �1�7�1� �m�u�s�c�l�e�s�,� �b�u�t� �w�e�r�e� �c�o�n�c�e�r�n�e�d� �w�i�t�h� �a�n�a�l�y�z�i�n�g� 

�m�u�l�t�i�p�l�e� �s�e�g�m�e�n�t�s� �o�f� �t�h�e� �b�a�c�k�,� �t�h�e� �f�o�r�c�e�s� �f�o�r� �1�7� �v�e�r�t�e�b�r�a�e� �(�T�1� �t�o� �C�5�)�.� �F�o�r� 

�e�x�a�m�p�l�e�,� �Y�e�t�t�r�a�m� �e�t� �a�l�.� �(�1�9�8�0�)� �i�n�c�l�u�d�e�d� �4�0� �f�a�s�c�i�c�l�e�s� �(�2�0� �e�a�c�h� �o�n� �t�h�e� �l�e�f�t� �a�n�d� 

�r�i�g�h�t� �s�i�d�e�s�)� �o�f� �t�h�e� �m�u�l�t�i�f�i�d�u�s� �m�u�s�c�l�e�.� �O�n�l�y� �a� �p�o�r�t�i�o�n� �o�f� �t�h�e� �4�0� �m�u�l�t�i�f�i�d�u�s� �f�a�s�c�i�c�l�e�s� 

�c�r�o�s�s�e�d� �e�a�c�h� �o�f� �t�h�e� �v�e�r�t�e�b�r�a�e�.� 

�T�h�e� �t�r�u�n�k� �o�f� �t�h�e� �b�o�d�y� �h�a�s� �a� �c�o�m�p�l�e�x� �m�u�s�c�u�l�o�-�s�k�e�l�e�t�a�l� �s�t�r�u�c�t�u�r�e�.� �A�n� 

�e�x�a�c�t� �m�o�d�e�l� �o�f� �t�h�e� �l�u�m�b�a�r� �r�e�g�i�o�n� �w�o�u�l�d� �i�n�c�l�u�d�e� �e�v�e�r�y� �m�u�s�c�l�e�.� �H�o�w�e�v�e�r�,� �t�o� 

�i�m�p�l�e�m�e�n�t� �a�n� �o�p�t�i�m�i�z�a�t�i�o�n� �m�o�d�e�l� �t�o� �p�r�e�d�i�c�t� �t�h�e� �m�u�s�c�l�e� �f�o�r�c�e�s�,� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� 

�a�r�e�a�s�,� �l�i�n�e�s� �o�f� �a�c�t�i�o�n�s�,� �a�n�d� �m�o�m�e�n�t� �a�r�m�s� �f�o�r� �e�a�c�h� �i�n�d�i�v�i�d�u�a�l� �m�u�s�c�l�e� �m�u�s�t� �b�e� 

�2�2



�k�n�o�w�n�.� �C�u�r�r�e�n�t�l�y�,� �t�h�e� �k�n�o�w�l�e�d�g�e� �o�f� �t�h�e�s�e� �v�a�r�i�a�b�l�e�s� �s�i�m�p�l�y� �d�o�e�s� �n�o�t� �e�x�i�s�t� �f�o�r� �a� 

�m�o�d�e�l� �i�n�c�l�u�d�i�n�g� �i�n�d�i�v�i�d�u�a�l� �f�a�s�c�i�c�l�e�s� �o�f� �e�a�c�h� �m�u�s�c�l�e�.� �T�h�e�r�e�f�o�r�e�,� �a� �m�o�d�e�l� 

�i�n�c�l�u�d�i�n�g� �a� �r�e�d�u�c�e�d� �n�u�m�b�e�r� �o�f� �m�u�s�c�l�e�s� �a�n�d� �k�n�o�w�n� �g�e�o�m�e�t�r�i�e�s� �i�s� �u�s�e�d�.� 

�2�.�2�.�1� �D�e�t�a�i�l�e�d� �A�n�a�t�o�m�y� �o�f� �t�h�e� �E�r� �r� �S�p�i�n� 

�T�h�e� �a�n�a�t�o�m�y� �o�f� �t�h�e� �e�r�e�c�t�o�r� �s�p�i�n�a�e� �m�u�s�c�l�e� �a�n�d� �i�t�s� �c�o�m�p�o�n�e�n�t�s� �h�a�v�e� 

�b�e�e�n� �s�t�u�d�i�e�d� �i�n� �d�e�t�a�i�l� �b�y� �B�o�g�d�u�k�,� �M�a�c�i�n�t�o�s�h�,� �a�n�d� �c�o�l�l�e�a�g�u�e�s� �(�B�o�g�d�u�k�,� �1�9�8�0�;� 

�B�o�g�d�u�k�,� �M�a�c�i�n�t�o�s�h�,� �a�n�d� �P�e�a�r�c�y�,� �1�9�9�2�;� �M�a�c�i�n�t�o�s�h� �a�n�d� �B�o�g�d�u�k�,� �1�9�8�6�,� �1�9�8�7�,� 

�1�9�9�1�;� �M�a�c�i�n�t�o�s�h�,� �B�o�g�d�u�k�,� �a�n�d� �P�e�a�r�c�y�,� �1�9�9�3�;� �M�a�c�i�n�t�o�s�h�,� �V�a�l�e�n�c�i�a�,� �B�o�g�d�u�k�,� �a�n�d� 

�M�u�n�r�o�,� �1�9�8�6�)�.� 

�B�o�g�d�u�k� �(�1�9�8�0�)� �d�i�s�s�e�c�t�e�d� �f�o�u�r� �c�a�d�a�v�e�r�s� �w�h�i�l�e� �M�a�c�i�n�t�o�s�h� �a�n�d� �B�o�g�d�u�k� 

�(�1�9�8�7�)� �d�i�s�s�e�c�t�e�d� �e�i�g�h�t� �c�a�d�a�v�e�r�s� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �d�e�t�a�i�l�e�d� �a�n�a�t�o�m�y� �o�f� �t�h�e� 

�e�r�e�c�t�o�r� �s�p�i�n�a�e� �m�u�s�c�l�e�.� �T�h�e�s�e� �a�u�t�h�o�r�s� �d�e�f�i�n�e�d� �t�h�e� �e�r�e�c�t�o�r� �s�p�i�n�a�e� �t�o� �c�o�n�s�i�s�t� �o�f� 

�t�h�e� �i�l�i�o�c�o�s�t�a�l�i�s� �a�n�d� �l�o�n�g�i�s�s�i�m�u�s� �m�u�s�c�l�e�s�.� �T�h�e�y� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e� �e�r�e�c�t�o�r� 

�s�p�i�n�a�e� �b�e� �c�o�n�s�i�d�e�r�e�d� �t�o� �h�a�v�e� �f�o�u�r� �c�o�m�p�o�n�e�n�t�s�:� �t�w�o� �c�o�l�u�m�n�s� �o�f� �m�u�s�c�l�e�s� �(�t�h�e� 

�i�l�i�o�c�o�s�t�a�l�i�s� �a�n�d� �l�o�n�g�i�s�s�i�m�u�s�)� �e�a�c�h� �w�i�t�h� �t�h�o�r�a�c�i�c� �a�n�d� �l�u�m�b�a�r� �p�a�r�t�s�.� �T�h�e�y� �r�e�f�e�r�r�e�d� 

�t�o� �t�h�e� �f�o�u�r� �c�o�m�p�o�n�e�n�t�s� �a�s� �f�o�l�l�o�w�s�:� �l�o�n�g�i�s�s�i�m�u�s� �t�h�o�r�a�c�i�s� �p�a�r�s� �t�h�o�r�a�c�i�s�,� 

�i�l�i�o�c�o�s�t�a�l�i�s� �l�u�m�b�o�r�u�m� �p�a�r�s�.� �t�h�o�r�a�c�i�s�,� �l�o�n�g�i�s�s�i�m�u�s� �t�h�o�r�a�c�i�s� �p�a�r�s� �l�u�m�b�o�r�u�m�,� �a�n�d� 

�i�l�i�o�c�o�s�t�a�l�i�s� �l�u�m�b�o�r�u�m� �p�a�r�s� �l�u�m�b�o�r�u�m�.� �E�s�s�e�n�t�i�a�l�l�y�,� �t�h�e� �l�o�n�g�i�s�s�i�m�u�s� �t�h�o�r�a�c�i�s� �p�a�r�s� 

�t�h�o�r�a�c�i�s� �a�n�d� �i�l�i�o�c�o�s�t�a�l�i�s� �l�u�m�b�o�r�u�m� �p�a�r�s� �t�h�o�r�a�c�i�s� �a�r�i�s�e� �f�r�o�m� �t�h�e� �t�r�a�n�s�v�e�r�s�e� 

�p�r�o�c�e�s�s�e�s� �a�n�d� �r�i�b�s� �o�f� �t�h�e� �t�h�o�r�a�c�i�c� �r�e�g�i�o�n� �o�f� �t�h�e� �t�r�u�n�k�.� �T�h�e�y� �j�o�i�n� �a� �c�o�m�m�o�n� 

�t�e�n�d�o�n� �w�h�i�c�h� �p�a�s�s�e�s� �p�o�s�t�e�r�i�o�r�l�y� �t�o� �t�h�e� �e�r�e�c�t�o�r� �s�p�i�n�a�e� �m�u�s�c�l�e� �i�n� �t�h�e� �l�u�m�b�a�r� 

�r�e�g�i�o�n�.� �A�l�t�h�o�u�g�h� �t�h�e� �m�u�s�c�l�e� �b�e�l�l�i�e�s� �o�r�i�g�i�n�a�t�e� �i�n� �t�h�e� �t�h�o�r�a�c�i�c� �r�e�g�i�o�n�,� �t�h�e� �t�e�n�d�o�n� 

�s�t�i�l�l� �c�r�e�a�t�e�s� �f�o�r�c�e� �a�t� �a� �c�u�t�t�i�n�g� �p�l�a�n�e� �t�h�r�o�u�g�h� �t�h�e� �L�3�/�L�4� �d�i�s�c�,� �y�e�t� �w�o�u�l�d� �h�a�v�e� �a� 

�2�3



�l�a�r�g�e�r� �m�o�m�e�n�t� �a�r�m� �a�n�d� �t�h�u�s� �r�e�q�u�i�r�e� �l�e�s�s� �f�o�r�c�e� �t�o� �r�e�s�i�s�t� �a�n� �e�x�t�e�r�n�a�l� �l�o�a�d�.� �T�h�e� 

�l�o�n�g�i�s�s�i�m�u�s� �t�h�o�r�a�c�i�s� �p�a�r�s� �l�u�m�b�o�r�u�m� �a�n�d� �i�l�i�o�c�o�s�t�a�l�i�s� �l�u�m�b�o�r�u�m� �p�a�r�s� �l�u�m�b�o�r�u�m� 

�a�r�i�s�e� �f�r�o�m� �t�h�e� �t�r�a�n�s�v�e�r�s�e� �p�r�o�c�e�s�s�e�s� �o�f� �t�h�e� �l�u�m�b�a�r� �v�e�r�t�e�b�r�a�e�.� �T�h�e�y� �f�o�r�m� �t�h�e� �s�o�f�t� 

�m�u�s�c�l�e� �t�i�s�s�u�e� �g�e�n�e�r�a�l�l�y� �c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� �t�h�e� �e�r�e�c�t�o�r� �s�p�i�n�a�e� �i�n� �t�h�e� �l�u�m�b�a�r� 

�r�e�g�i�o�n�.� �T�h�e� �r�e�s�u�l�t�s� �p�r�o�v�i�d�e�d� �b�y� �B�o�g�d�u�k� �(�1�9�8�0�)� �a�n�d� �M�a�c�i�n�t�o�s�h� �a�n�d� �B�o�g�d�u�k� 

�(�1�9�8�7�)� �w�e�r�e� �g�e�n�e�r�a�l�l�y� �q�u�a�l�i�t�a�t�i�v�e� �d�e�s�c�r�i�p�t�i�o�n�s� �o�f� �t�h�e� �e�r�e�c�t�o�r� �s�p�i�n�a�e�.� �G�r�a�p�h�i�c�a�l� 

�l�i�n�e�s� �o�f� �a�c�t�i�o�n� �o�f� �t�h�e� �e�r�e�c�t�o�r� �s�p�i�n�a�e� �c�o�m�p�o�n�e�n�t�s� �i�n� �t�h�e� �f�r�o�n�t�a�l� �p�l�a�n�e� �w�e�r�e� 

�p�r�o�v�i�d�e�d�.� �A�s�s�u�m�i�n�g� �t�h�e�r�e� �i�s� �n�o� �a�n�g�u�l�a�r� �r�o�t�a�t�i�o�n� �o�f� �t�h�e� �m�u�s�c�l�e�s� �i�n� �t�h�e� �s�a�g�i�t�t�a�l� 

�p�l�a�n�e�,� �t�h�e� �l�i�n�e�s� �o�f� �a�c�t�i�o�n� �c�o�u�l�d� �b�e� �m�e�a�s�u�r�e�d� �f�r�o�m� �t�h�e� �g�r�a�p�h�s�.� �Q�u�a�n�t�i�t�a�t�i�v�e� 

�m�o�m�e�n�t� �a�r�m�s� �v�a�l�u�e�s� �f�o�r� �t�h�e� �e�r�e�c�t�o�r� �s�p�i�n�a�e� �c�o�m�p�o�n�e�n�t�s� �w�e�r�e� �n�o�t� �p�r�o�v�i�d�e�d� �b�y� 

�M�a�c�i�n�t�o�s�h� �a�n�d� �B�o�g�d�u�k� �(�1�9�8�7�)�.� 

�A� �m�o�d�e�l� �w�h�i�c�h� �i�n�c�o�r�p�o�r�a�t�e�d� �a�n� �i�n�c�r�e�a�s�e�d� �m�o�m�e�n�t� �a�r�m� �f�o�r� �t�h�e� �t�h�o�r�a�c�i�c� 

�e�r�e�c�t�o�r� �s�p�i�n�a�e� �d�u�e� �t�o� �t�h�e� �c�o�m�m�o�n� �t�e�n�d�o�n� �p�a�s�s�i�n�g� �p�o�s�t�e�r�i�o�r� �t�o� �t�h�e� �l�u�m�b�a�r� 

�e�r�e�c�t�o�r� �s�p�i�n�a�e� �s�o�f�t� �t�i�s�s�u�e� �w�a�s� �i�n�v�e�s�t�i�g�a�t�e�d� �b�y� �M�c�G�i�l�l� �a�n�d� �N�o�r�m�a�n� �(�1�9�8�7�)�.� 

�T�h�r�o�u�g�h� �c�o�m�p�u�t�e�d� �t�o�m�o�g�r�a�g�h�y� �s�c�a�n�s� �o�f� �l�i�v�i�n�g� �s�u�b�j�e�c�t�s�,� �M�c�G�i�l�l� �a�n�d� �N�o�r�m�a�n� 

�(�1�9�8�7�)� �e�s�t�i�m�a�t�e�d� �t�h�e� �m�o�m�e�n�t� �a�r�m� �o�f� �t�h�e� �l�o�n�g�i�s�s�i�m�u�s� �t�h�o�r�a�c�i�s� �p�a�r�s� �t�h�o�r�a�c�i�s� �a�n�d� 

�i�l�i�o�c�o�s�t�a�l�i�s� �l�u�m�b�o�r�u�m� �p�a�r�s� �t�h�o�r�a�c�i�s� �t�e�n�d�o�n� �t�o� �b�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� �9� �c�m�.� �T�h�e�y� 

�u�s�e�d� �a� �b�i�o�m�e�c�h�a�n�i�c�a�l� �m�o�d�e�l� �w�h�i�c�h� �a�l�l�o�c�a�t�e�d� �f�o�r�c�e� �t�o� �t�h�e� �l�u�m�b�a�r� �e�r�e�c�t�o�r� �s�p�i�n�a�e� 

�a�t� �a� �g�i�v�e�n� �m�a�x�i�m�u�m� �i�n�t�e�n�s�i�t�y� �(�3�0� �t�o� �9�0� �N�/�c�m�?�)�.� �A�n�y� �r�e�m�a�i�n�i�n�g� �e�x�t�e�r�n�a�l� �l�o�a�d� �t�h�a�t� 

�w�a�s� �n�o�t� �c�o�u�n�t�e�r�a�c�t�e�d� �b�y� �t�h�e� �l�u�m�b�a�r� �e�r�e�c�t�o�r� �s�p�i�n�a�e� �w�a�s� �t�h�e�n� �a�l�l�o�c�a�t�e�d� �t�o� �t�h�e� 

�t�h�o�r�a�c�i�c� �e�r�e�c�t�o�r� �s�p�i�n�a�e� �v�i�a� �a� �c�o�m�m�o�n� �t�e�n�d�o�n� �a�t� �a� �m�o�m�e�n�t� �a�r�m� �r�a�n�g�i�n�g� �f�r�o�m� �7� 

�t�o� �1�0� �c�m�.� �M�c�G�i�l�l� �a�n�d� �N�o�r�m�a�n� �(�1�9�8�7�)� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� �t�h�i�s� �l�o�a�d� �s�h�a�r�i�n�g� �d�o�e�s� 

�r�e�d�u�c�e� �t�h�e� �e�s�t�i�m�a�t�e� �o�f� �s�p�i�n�a�l� �c�o�m�p�r�e�s�s�i�o�n� �d�u�e� �t�o� �t�h�e� �g�e�n�e�r�a�l� �m�o�m�e�n�t� �a�r�m� 

�i�n�c�r�e�a�s�e�.� �A� �d�i�s�a�d�v�a�n�t�a�g�e� �o�f� �t�h�e� �m�o�d�e�l� �e�m�p�l�o�y�e�d� �b�y� �M�c�G�i�l�l� �a�n�d� �N�o�r�m�a�n� �(�1�9�8�7�)� 

�2�4



�w�a�s� �t�h�a�t� �m�u�s�c�l�e� �a�n�d� �t�e�n�d�o�n� �f�o�r�c�e�s� �a�c�t�i�n�g� �a�t� �t�h�e� �s�a�m�e� �c�u�t�t�i�n�g� �p�l�a�n�e� �w�e�r�e� �n�o�t� 

�p�r�e�d�i�c�t�e�d� �s�i�m�u�l�t�a�n�e�o�u�s�l�y�,� �b�u�t� �i�n� �a� �s�e�r�i�a�l� �f�a�s�h�i�o�n�.� �S�p�e�c�i�f�i�c� �t�h�r�e�e�-�d�i�m�e�n�s�i�o�n�a�l� 

�m�o�m�e�n�t� �a�r�m�s� �a�n�d� �l�i�n�e�s� �o�f� �a�c�t�i�o�n� �w�e�r�e� �n�o�t� �p�r�o�v�i�d�e�d� �b�y� �M�c�G�i�l�l� �a�n�d� �N�o�r�m�a�n� 

�(�1�9�8�7�)�,� �i�n�s�t�e�a�d� �a� �t�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �v�i�e�w� �w�a�s� �g�i�v�e�n�.� 

�T�h�e� �a�t�t�a�c�h�m�e�n�t�s� �o�f� �e�a�c�h� �f�a�s�c�i�c�l�e� �o�f� �t�h�e� �t�h�o�r�a�c�i�c� �a�n�d� �l�u�m�b�a�r� �e�r�e�c�t�o�r� 

�s�p�i�n�a�e� �w�e�r�e� �r�e�p�o�r�t�e�d� �b�y� �M�a�c�i�n�t�o�s�h� �a�n�d� �B�o�g�d�u�k� �(�1�9�9�1�)�.� �T�h�e� �i�n�f�o�r�m�a�t�i�o�n� 

�p�r�o�v�i�d�e�d� �w�a�s� �q�u�i�t�e� �d�e�t�a�i�l�e�d�,� �b�u�t� �d�i�f�f�i�c�u�l�t� �t�o� �i�n�c�o�r�p�o�r�a�t�e� �i�n�t�o� �a� �b�i�o�m�e�c�h�a�n�i�c�a�l� 

�m�o�d�e�l�.� �F�i�r�s�t�,� �t�h�e� �l�i�n�e� �o�f� �a�c�t�i�o�n� �o�f� �e�a�c�h� �f�a�s�c�i�c�l�e� �w�a�s� �g�i�v�e�n� �b�y� �M�a�c�i�n�t�o�s�h� �a�n�d� 

�B�o�g�d�u�k� �(�1�9�9�1�)� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �v�e�r�t�e�b�r�a�e� �t�o� �w�h�i�c�h� �i�t� �a�t�t�a�c�h�e�d�.� �H�o�w�e�v�e�r�,� �t�h�e� 

�l�i�n�e� �o�f� �a�c�t�i�o�n� �o�f� �e�a�c�h� �f�a�s�c�i�c�l�e� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �a� �g�i�v�e�n� �v�e�r�t�e�b�r�a�e� �c�u�t�t�i�n�g� �p�l�a�n�e� 

�w�a�s� �n�o�t� �p�r�o�v�i�d�e�d�.� �S�e�c�o�n�d�,� �i�n�c�l�u�d�i�n�g� �e�a�c�h� �f�a�s�c�i�c�l�e� �o�f� �t�h�e� �e�r�e�c�t�o�r� �s�p�i�n�a�e� �i�n�t�o� �a� 

�m�o�d�e�l� �p�r�o�v�i�d�e�s� �g�r�e�a�t� �d�e�t�a�i�l� �o�f� �t�h�e� �e�r�e�c�t�o�r� �s�p�i�n�a�e�,� �y�e�t� �l�e�a�v�e�s� �t�h�e� �o�t�h�e�r� �m�u�s�c�l�e�s� 

�m�o�r�e� �g�r�o�s�s�l�y� �r�e�p�r�e�s�e�n�t�e�d�.� �I�t� �a�p�p�e�a�r�s� �t�h�a�t� �t�h�e� �e�r�e�c�t�o�r� �s�p�i�n�a�e� �h�a�s� �b�e�e�n� �m�o�r�e� 

�c�l�o�s�e�l�y� �s�t�u�d�i�e�d� �t�h�a�n� �o�t�h�e�r� �m�u�s�c�l�e�s�.� 

�T�h�e� �a�n�a�t�o�m�y� �o�f� �t�h�e� �m�u�l�t�i�f�i�d�u�s� �m�u�s�c�l�e� �h�a�s� �b�e�e�n� �d�e�t�a�i�l�e�d� �b�y� �M�a�c�i�n�t�o�s�h� �e�t� 

�a�l�.� �(�1�9�8�6�)� �a�n�d� �M�a�c�i�n�t�o�s�h� �a�n�d� �B�o�g�d�u�k� �(�1�9�8�6�)�.� �F�r�o�m� �c�a�d�a�v�e�r� �d�i�s�s�e�c�t�i�o�n�s�,� 

�M�a�c�i�n�t�o�s�h� �e�t� �a�l�.� �(�1�9�8�6�)� �q�u�a�l�i�t�a�t�i�v�e�l�y� �d�e�s�c�r�i�b�e�d� �t�h�e� �m�u�l�t�i�f�i�d�u�s� �a�s� �c�o�n�s�i�s�t�i�n�g� �o�f� 

�f�i�v�e� �b�a�n�d�s�,� �o�n�e� �e�a�c�h� �e�m�a�n�a�t�i�n�g� �f�r�o�m� �t�h�e� �f�i�v�e� �l�u�m�b�a�r� �v�e�r�t�e�b�r�a�e� �s�p�i�n�o�u�s� 

�p�r�o�c�e�s�s�e�s�.� �U�s�i�n�g� �r�a�d�i�o�g�r�a�p�h�s� �o�f� �2�1� �l�i�v�i�n�g� �s�u�b�j�e�c�t�s�,� �M�a�c�i�n�t�o�s�h� �a�n�d� �B�o�g�d�u�k� 

�(�1�9�8�6�)� �q�u�a�n�t�i�t�a�t�i�v�e�l�y� �r�e�p�o�r�t� �t�h�e� �l�i�n�e� �o�f� �a�c�t�i�o�n� �o�f� �e�a�c�h� �c�o�m�p�o�n�e�n�t� �o�f� �t�h�e� 

�m�u�l�t�i�f�i�d�u�s� �m�u�s�c�l�e�.� �T�h�e� �l�i�n�e�s� �o�f� �a�c�t�i�o�n� �o�f� �e�a�c�h� �c�o�m�p�o�n�e�n�t� �a�r�e� �r�e�p�o�r�t�e�d� �w�i�t�h� 

�r�e�s�p�e�c�t� �t�o� �e�a�c�h� �v�e�r�t�e�b�r�a�e�.� �A�l�t�h�o�u�g�h� �t�h�e� �l�i�n�e�s� �o�f� �a�c�t�i�o�n� �a�r�e� �g�i�v�e�n� �i�n� �d�e�t�a�i�l�,� 

�a�s�s�o�c�i�a�t�e�d� �m�o�m�e�n�t� �a�r�m�s� �a�n�d� �a�r�e�a�s� �a�r�e� �n�o�t� �p�r�o�v�i�d�e�d�.� �T�h�e� �d�i�f�f�i�c�u�l�t�y� �o�f� �i�n�c�l�u�d�i�n�g� 
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�d�e�t�a�i�l�e�d� �d�e�s�c�r�i�p�t�i�o�n�s� �o�f� �a� �f�e�w� �m�u�s�c�l�e�s� �w�i�t�h�o�u�t� �c�o�m�p�l�e�t�e� �i�n�f�o�r�m�a�t�i�o�n� �o�r� �w�i�t�h�o�u�t� 

�d�e�t�a�i�l�e�d� �i�n�f�o�r�m�a�t�i�o�n� �o�n� �a�l�l� �t�r�u�n�k� �m�u�s�c�l�e�s� �s�t�i�l�l� �r�e�m�a�i�n�s�.� 

�B�o�g�d�u�k� �e�t� �a�l�.� �(�1�9�9�2�a�)� �d�e�v�e�l�o�p�e�d� �a� �d�e�t�a�i�l�e�d� �m�o�d�e�l� �o�f� �t�h�e� �l�u�m�b�a�r� �t�r�u�n�k� �t�o� 

�i�n�c�l�u�d�e� �t�h�e� �m�u�l�t�i�f�i�d�u�s� �a�n�d� �e�r�e�c�t�o�r� �s�p�i�n�a�e� �m�u�s�c�l�e�s�.� �T�h�e�y� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�d�i�v�i�d�u�a�l� 

�f�a�s�c�i�c�l�e�s� �o�f� �t�h�e� �m�u�l�t�i�f�i�d�u�s� �a�n�d� �e�r�e�c�t�o�r� �s�p�i�n�a�e� �m�u�s�c�l�e�s�.� �H�o�w�e�v�e�r�,� �t�h�e� �m�o�d�e�l� �w�a�s� 

�l�i�m�i�t�e�d� �t�o� �t�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �s�a�g�i�t�t�a�l� �p�l�a�n�e� �m�o�t�i�o�n�.� �L�a�t�e�r�a�l� �i�n�f�o�r�m�a�t�i�o�n� �s�u�c�h� �a�s� 

�m�o�m�e�n�t� �a�r�m�s� �a�n�d� �d�i�r�e�c�t�i�o�n� �i�n� �t�h�e� �f�r�o�n�t�a�l� �p�l�a�n�e� �w�e�r�e� �n�o�t� �i�n�c�l�u�d�e�d�.� 

�2�.�2�.�2� �D�e�t�a�i�l�e�d� �A�n�a�t�o�m�y� �o�f� �t�h�e� �P�s�o�a�s� �M�u�s�c�l�e� 

�A� �q�u�a�l�i�t�a�t�i�v�e� �a�n�d� �q�u�a�n�t�i�t�a�t�i�v�e� �d�e�p�i�c�t�i�o�n� �o�f� �t�h�e� �p�s�o�a�s� �m�u�s�c�l�e� �w�a�s� 

�p�r�o�v�i�d�e�d� �b�y� �B�o�g�d�u�k�,� �P�e�a�r�c�y�,� �a�n�d� �H�a�d�f�i�e�l�d� �(�1�9�9�2�b�)�.� �F�r�o�m� �t�h�e� �d�i�s�s�e�c�t�i�o�n� �o�f� 

�t�h�r�e�e� �c�a�d�a�v�e�r�s�,� �B�o�g�d�u�k� �e�t� �a�l�.� �(�1�9�9�2�b�)� �r�e�p�o�r�t�e�d� �t�h�e� �p�s�o�a�s� �c�o�n�s�i�s�t�s� �o�f� �1�0� 

�f�a�s�c�i�c�l�e�s�.� �F�i�v�e� �o�f� �t�h�e�s�e� �a�r�i�s�e� �f�r�o�m� �t�h�e� �T�1�2�/�L�1� �t�o� �L�4�/�L�5� �d�i�s�c�s� �a�n�d� �f�i�v�e� �a�r�i�s�e� �f�r�o�m� 

�t�h�e� �L�1� �t�o� �L�5� �t�r�a�n�s�v�e�r�s�e� �p�r�o�c�e�s�s�e�s�.� �T�h�e� �f�a�s�c�i�c�l�e�s� �j�o�i�n� �t�o� �f�o�r�m� �a� �c�o�m�m�o�n� �p�s�o�a�s� 

�t�e�n�d�o�n�.� �U�s�i�n�g� �r�a�d�i�o�g�r�a�p�h�i�c� �s�c�a�n�s� �o�f� �l�i�v�i�n�g� �s�u�b�j�e�c�t�s�,� �m�o�m�e�n�t� �a�r�m�s� �a�n�d� �l�i�n�e�s� �o�f� 

�a�c�t�i�o�n� �f�o�r� �e�a�c�h� �f�a�s�c�i�c�l�e� �w�e�r�e� �g�i�v�e�n� �f�o�r� �t�h�e� �s�a�g�i�t�t�a�l� �p�l�a�n�e� �a�s�s�u�m�i�n�g�,� �a�n�y� �l�u�m�b�a�r� 

�d�i�s�c� �a�s� �t�h�e� �r�e�f�e�r�e�n�c�e� �f�r�a�m�e�.� �W�i�t�h�o�u�t� �f�u�r�t�h�e�r� �t�h�r�e�e�-�d�i�m�e�n�s�i�o�n�a�l� �i�n�f�o�r�m�a�t�i�o�n� �a�n�d� 

�e�q�u�i�v�a�l�e�n�t� �i�n�f�o�r�m�a�t�i�o�n� �f�o�r� �t�h�e� �r�e�m�a�i�n�i�n�g� �t�o�r�s�o� �m�u�s�c�l�e�s�,� �i�t� �i�s� �d�i�f�f�i�c�u�l�t� �t�o� �i�n�p�u�t� �t�h�i�s� 

�i�n�f�o�r�m�a�t�i�o�n� �i�n�t�o� �a� �b�i�o�m�e�c�h�a�n�i�c�a�l� �m�o�d�e�l�.� 

�2�.�3� �M�u�s�c�l�e� �M�o�m�e�n�t� �A�r�m�s� 

�T�o� �i�m�p�l�e�m�e�n�t� �a�n� �o�p�t�i�m�i�z�a�t�i�o�n� �m�o�d�e�l�,� �t�h�e� �m�o�m�e�n�t� �a�r�m�s� �f�r�o�m� �t�h�e� �m�u�s�c�l�e�s� 

�t�o� �t�h�e� �a�s�s�u�m�e�d� �o�r�i�g�i�n� �a�r�e� �n�e�e�d�e�d�.� �A� �c�u�t�t�i�n�g� �p�l�a�n�e� �e�s�t�a�b�l�i�s�h�e�s� �a� �r�e�f�e�r�e�n�c�e� 
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�c�o�o�r�d�i�n�a�t�e� �s�y�s�t�e�m�.� �G�i�v�e�n� �a� �r�e�f�e�r�e�n�c�e� �c�o�o�r�d�i�n�a�t�e� �s�y�s�t�e�m�,� �v�a�l�u�e�s� �f�o�r� �t�h�e� 

�m�o�m�e�n�t� �a�r�m�s� �a�r�e� �s�t�a�t�e�d� �i�n� �t�e�r�m�s� �o�f� �x�,� �y�,� �a�n�d� �z� �l�e�n�g�t�h�s�.� 

�T�r�a�c�y�,� �G�i�b�s�o�n�,� �S�z�y�p�r�y�t�,� �R�u�t�h�e�r�f�o�r�d�,� �a�n�d� �C�o�r�l�e�t�t� �(�1�9�8�9�)� �m�e�a�s�u�r�e�d� �t�h�e� 

�c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a� �a�n�d� �p�o�s�i�t�i�o�n� �o�f� �t�h�e� �l�u�m�b�a�r� �m�u�s�c�l�e�s� �u�s�i�n�g� �m�a�g�n�e�t�i�c� 

�r�e�s�o�n�a�n�c�i�n�g� �i�m�a�g�i�n�g� �(�M�R�I�)�.� �T�w�e�n�t�y�-�s�i�x� �m�a�l�e�s� �w�e�r�e� �i�n�c�l�u�d�e�d� �i�n� �t�h�e�i�r� �s�t�u�d�y� 

�w�h�i�c�h� �w�e�r�e� �u�n�d�e�r� �i�n�v�e�s�t�i�g�a�t�i�o�n� �f�o�r� �i�n�t�e�r�v�e�r�t�e�b�r�a�l� �d�i�s�c� �d�e�g�e�n�e�r�a�t�i�o�n� �o�r� 

�p�r�o�t�r�u�s�i�o�n�.� �T�h�i�s� �r�e�s�t�r�i�c�t�i�o�n� �m�i�g�h�t� �h�a�v�e� �c�a�u�s�e�d� �s�o�m�e� �r�e�d�u�c�t�i�o�n� �i�n� �m�u�s�c�l�e� �s�i�z�e�,� 

�b�u�t� �n�o� �s�u�b�j�e�c�t�s� �h�a�d� �b�e�e�n� �i�m�m�o�b�i�l�i�z�e�d�,� �l�e�a�d�i�n�g� �t�o� �a� �g�r�o�s�s� �c�h�a�n�g�e�.� �T�r�a�n�s�v�e�r�s�e� 

�M�R�I�'�s� �w�e�r�e� �t�a�k�e�n� �a�t� �e�a�c�h� �l�u�m�b�a�r� �d�i�s�c� �l�e�v�e�l�.� �T�h�e� �m�o�m�e�n�t�s� �a�r�m�s� �f�o�r� �e�a�c�h� �o�f� �t�h�e� 

�r�i�g�h�t� �s�i�d�e� �m�u�s�c�l�e�s� �a�t� �t�h�e� �L�3�/�L�4� �l�e�v�e�l� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �2�.�1�.� �T�h�e� �v�a�l�u�e�s� �a�n�d� 

�d�i�r�e�c�t�i�o�n�s� �c�o�r�r�e�s�p�o�n�d� �t�o� �t�h�e� �c�o�o�r�d�i�n�a�t�e� �s�y�s�t�e�m� �p�r�e�v�i�o�u�s�l�y� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�1�.� 

�T�r�a�c�y� �e�t� �a�l�.� �(�1�9�8�9�)� �o�n�l�y� �m�e�a�s�u�r�e�d� �t�h�e� �r�i�g�h�t� �s�i�d�e� �m�u�s�c�l�e�s�.� �T�h�e� �l�e�f�t� �s�i�d�e� �m�u�s�c�l�e�s� 

�a�r�e� �a�s�s�u�m�e�d� �t�o� �b�e� �s�y�m�m�e�t�r�i�c�a�l� �f�o�r� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� �i�n�t�o� �a� �m�o�d�e�l�.� �T�h�e� �m�o�m�e�n�t� 

�a�r�m�s� �f�o�r� �t�h�e� �m�u�s�c�l�e�s� �a�r�e� �a� �t�h�r�e�e�-�d�i�m�e�n�s�i�o�n�a�l� �v�e�c�t�o�r� �w�i�t�h� �r�,�,� �r�,�,� �a�n�d� �r�,�,� 

�c�o�m�p�o�n�e�n�t�s�;� �r�,� �i�s� �e�q�u�a�l� �t�o� �z�e�r�o� �f�o�r� �e�a�c�h� �m�u�s�c�l�e� �b�e�c�a�u�s�e� �t�h�e� �l�e�n�g�t�h�s� �a�r�e� �f�o�r� �a� 

�c�u�t�t�i�n�g� �p�l�a�n�e� �w�h�i�c�h�,� �b�y� �d�e�f�i�n�i�t�i�o�n� �i�s� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� �z�-�a�x�i�s�.� 

�T�h�e� �o�n�l�y� �c�u�t�t�i�n�g� �p�l�a�n�e� �a�t� �w�h�i�c�h� �T�r�a�c�y� �e�t� �a�l�.� �w�e�r�e� �a�b�l�e� �t�o� �d�i�s�c�e�r�n� �t�h�e� 

�o�b�l�i�q�u�e� �m�u�s�c�l�e�s� �i�n�d�i�v�i�d�u�a�l�l�y� �w�a�s� �t�h�e� �L�3�/�L�4� �l�e�v�e�l�.� �I�f� �a�n�o�t�h�e�r� �c�u�t�t�i�n�g� �p�l�a�n�e� �i�s� 

�u�s�e�d�,� �a�l�t�e�r�n�a�t�i�v�e� �s�t�u�d�i�e�s� �w�o�u�l�d� �n�e�e�d� �t�o� �b�e� �c�o�n�s�u�l�t�e�d�.� �T�h�e� �t�e�c�h�n�i�q�u�e� �e�m�p�l�o�y�e�d� 

�b�y� �T�r�a�c�y� �e�t� �a�l�.� �w�a�s� �p�e�r�f�o�r�m�e�d� �o�n� �r�e�l�a�t�i�v�e�l�y� �h�e�a�l�t�h�y� �a�n�d� �a�c�t�i�v�e� �a�d�u�l�t�s�,� �w�h�i�c�h� �w�a�s� 

�a�n� �a�d�v�a�n�t�a�g�e� �o�v�e�r� �t�h�e� �u�s�e� �o�f� �c�a�d�a�v�e�r�s�.� �T�w�o� �m�a�i�n� �d�i�s�a�d�v�a�n�t�a�g�e�s� �t�o� �t�h�e� �s�t�u�d�y� 

�w�e�r�e� �t�h�a�t� �n�o� �f�e�m�a�l�e� �s�u�b�j�e�c�t�s� �w�e�r�e� �i�n�c�l�u�d�e�d�,� �a�n�d� �a�l�t�h�o�u�g�h� �m�o�m�e�n�t� �a�r�m� �v�a�l�u�e�s� 

�f�o�r� �s�e�v�e�r�a�l� �m�u�s�c�l�e�s� �w�e�r�e� �r�e�p�o�r�t�e�d�,� �t�h�e� �s�a�m�p�l�e� �s�i�z�e� �f�o�r� �s�o�m�e� �m�u�s�c�l�e�s� �w�e�r�e� 

�s�m�a�l�l�.� 
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�T�A�B�L�E� �2�.�1� �M�o�m�e�n�t� �A�r�m�s� �f�o�r� �t�h�e� �R�i�g�h�t� �S�i�d�e� �T�r�u�n�k� �M�u�s�c�l�e�s� �a�t� �t�h�e� �L�3�/�L�4� �L�e�v�e�l� 
�a�s� �R�e�p�o�r�t�e�d� �b�y� �T�r�a�c�y� �e�t� �a�l�.� �(�1�9�8�9�)�.� �V�a�l�u�e�s� �a�r�e� �i�n� �c�m� 
� � 

� � 

�M�u�s�c�l�e� �N� �f�,� �t�y� �g�Q� 

�R�.� �E�r�e�c�t�o�r� �S�p�i�n�a�e� �2�6� �3�.�8�2� �-�5�.�7�6� �0� 
�m�e�d�i�a�l� �(�m�u�l�t�i�f�i�d�u�s�)� �2�1� �1�.�7�9� �-�6�.�1�0� �O� 
�i�n�t�e�r�m�e�d�i�a�t�e� �(�l�o�n�g�i�s�s�i�m�u�s�)� �2�1� �3�.�8�9� �-�6�.�0�5� �0� 
�l�a�t�e�r�a�l� �(�i�l�i�o�c�o�s�t�a�l�i�s�)� �2�1� �5�.�8�6� �-�5�.�4�3� �0� 

�R�.� �R�e�c�t�u�s� �A�b�d�o�m�i�n�u�s� �2�5� �3�.�3�8� �7�.�9�5� �0� 
�R�.� �O�b�l�i�q�u�e�s� �(�o�v�e�r�a�l�l�)� �1�3� �1�2�.�2�1� �1�.�7�2� �0� 

�R�.� �I�n�t�e�r�n�a�l� �O�b�l�i�q�u�e� �3� �1�1�.�3�9� �0�.�9�6� �0� 
�R�.� �E�x�t�e�r�n�a�l� �O�b�l�i�q�u�e� �3� �1�2�.�6�2� �1�.�0�9� �0� 

�R�.� �L�a�t�i�s�s�i�m�u�s� �D�o�r�s�i� �1� �7�.�1�9� �-�5�.�4�2� �0� 
�R�.� �Q�u�a�d�r�a�t�u�s� �L�u�m�b�o�r�u�m� �2�6� �7�.�4�9� �-�3�.�4�8� �0� 
�R�.� �P�s�o�a�s� �2�6� �4�.�2�9� �-�0�.�5�9� �0� 
� � 

�S�i�n�c�e� �e�a�c�h� �M�R�I� �t�a�k�e�n� �b�y� �T�r�a�c�y� �e�t� �a�l�.� �(�1�9�8�9�)� �w�a�s� �a� �t�r�a�n�s�v�e�r�s�e� �s�c�a�n�,� �t�h�e�y� 

�w�e�r�e� �n�o�t� �p�a�r�a�l�l�e�l� �t�o� �t�h�e� �i�n�t�e�r�v�e�r�t�e�b�r�a�l� �d�i�s�c�s� �(�d�u�e� �t�o� �l�u�m�b�a�r� �l�o�r�d�o�s�i�s�)�.� �T�h�e� �a�n�g�l�e�s� 

�o�f� �e�a�c�h� �l�u�m�b�a�r� �d�i�s�c� �r�e�l�a�t�i�v�e� �t�o� �t�r�a�n�s�v�e�r�s�e� �p�l�a�n�e� �o�f� �t�h�e� �b�o�d�y� �w�e�r�e� �a�l�s�o� 

�m�e�a�s�u�r�e�d� �b�y� �T�r�a�c�y� �e�t� �a�l�.� �T�h�e� �a�n�g�l�e�s� �f�o�r� �t�h�e� �L�1�/�L�2�,� �L�2�/�L�3�,� �L�3�/�L�4�,� �L�4�/�L�5�,� �L�5�/�S�1� 

�d�i�s�c�s� �w�e�r�e� �f�o�u�n�d� �t�o� �b�e� �8�.�3�,� �4�.�1�,� �-�1�.�3�,� �-�1�2�.�1�,� �a�n�d� �-�3�1�.�4� �d�e�g�r�e�e�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�T�h�e�r�e�f�o�r�e�,� �t�h�e� �L�3�/�L�4� �d�i�s�c� �i�s� �m�o�s�t� �c�l�o�s�e�l�y� �p�a�r�a�l�l�e�l� �t�o� �t�h�e� �t�r�a�n�s�v�e�r�s�e� �p�l�a�n�e� �o�f� �t�h�e� 

�b�o�d�y�.� �T�h�e� �t�r�a�n�s�v�e�r�s�e� �p�l�a�n�e� �u�s�e�d� �b�y� �T�r�a�c�y� �e�t� �a�l�.� �t�o� �m�e�a�s�u�r�e� �t�h�e� �d�i�s�c� �a�n�g�l�e�s� �i�s� 

�n�o�t� �t�h�e� �s�a�m�e� �a�s� �t�h�e� �c�u�t�t�i�n�g� �p�l�a�n�e� �d�e�f�i�n�e�d� �i�n� �F�i�g�u�r�e� �2�.�1�.� �T�h�e� �L�3�/�L�4� �d�i�s�c� �h�a�s� 

�a�n�g�l�e� �o�f� �0� �d�e�g�r�e�e�s� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �x�-�y� �p�l�a�n�e� �i�n� �F�i�g�u�r�e� �2�.�1�.� �T�h�e� �t�r�a�n�s�v�e�r�s�e� 

�p�l�a�n�e� �u�s�e�d� �b�y� �T�r�a�c�y� �e�t� �a�l�.� �w�a�s� �t�i�l�t�e�d� �-�1�.�3� �d�e�g�r�e�e�s� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �c�u�t�t�i�n�g� 

�p�l�a�n�e� �d�e�f�i�n�e�d� �i�n� �t�h�e� �c�u�r�r�e�n�t� �p�a�p�e�r�.� 

�H�a�n�,� �A�h�n�,� �G�o�e�l�,� �T�a�k�e�u�c�h�i�,� �a�n�d� �M�c�G�o�w�a�n� �(�1�9�9�2�)� �m�e�a�s�u�r�e�d� �t�h�e� �m�o�m�e�n�t� 

�a�r�m�s� �o�f� �2�0� �m�u�s�c�l�e�s� �(�1�0� �f�o�r� �t�h�e� �l�e�f�t� �s�i�d�e� �a�n�d� �1�0� �f�o�r� �t�h�e� �r�i�g�h�t�)� �u�s�i�n�g� �c�o�m�p�u�t�e�d� 

�2�8



�a�x�i�a�l� �t�o�m�o�g�r�a�p�h�y� �(�C�T� �s�c�a�n�s�)�.� �T�e�n� �J�a�p�a�n�e�s�e� �p�a�t�i�e�n�t�s�,� �s�i�x� �m�a�l�e� �a�n�d� �f�o�u�r� �f�e�m�a�l�e�,� 

�s�u�f�f�e�r�i�n�g� �f�r�o�m� �l�o�w�-�b�a�c�k�,� �p�a�i�n�-�r�e�l�a�t�e�d� �s�p�i�n�a�l� �d�i�s�o�r�d�e�r�s� �p�a�r�t�i�c�i�p�a�t�e�d� �i�n� �t�h�e� �s�t�u�d�y�.� 

�T�h�e� �c�e�n�t�r�o�i�d� �l�o�c�a�t�i�o�n�s� �(�o�r� �m�o�m�e�n�t� �a�r�m�s�)� �a�t� �a�l�l� �d�i�s�c� �l�e�v�e�l�s� �f�r�o�m� �T�1�2�/�L�1� �t�o� �L�5�/�S�1� 

�w�e�r�e� �m�e�a�s�u�r�e�d�.� �T�h�e� �c�e�n�t�r�o�i�d� �l�o�c�a�t�i�o�n�s� �f�o�r� �t�h�e� �m�u�s�c�l�e�s� �i�n� �t�h�i�s� �s�t�u�d�y� �w�e�r�e� 

�r�e�p�o�r�t�e�d� �i�n� �n�o�n�-�d�i�m�e�n�s�i�o�n�a�l�i�z�e�d� �t�e�r�m�s�.� �F�o�r� �e�x�a�m�p�l�e�,� �t�h�e� �c�e�n�t�r�o�i�d� �l�o�c�a�t�i�o�n� �o�f� 

�t�h�e� �l�e�f�t� �r�e�c�t�u�s� �a�b�d�o�m�i�n�u�s� �i�n� �t�h�e� �x�-�d�i�r�e�c�t�i�o�n� �w�a�s� �r�e�p�o�r�t�e�d� �a�s� �-�0�.�1�3�4�0�,� �w�h�i�c�h� 

�e�q�u�a�l�e�d� �r�,� �d�i�v�i�d�e�d� �b�y� �t�h�e� �t�r�u�n�k� �w�i�d�t�h� �a�t� �t�h�i�s� �l�e�v�e�l�.� �T�a�b�l�e� �2�.�2� �l�i�s�t�s� �t�h�e� �m�e�a�n� 

�m�o�m�e�n�t� �a�r�m�s� �f�o�r� �t�h�e� �t�e�n� �m�u�s�c�l�e�s� �i�n�v�e�s�t�i�g�a�t�e�d� �b�y� �H�a�n� �e�t� �a�l�.� �(�1�9�9�2�)� �a�t� �t�h�e� �L�3�/�L�4� 

�l�e�v�e�l�.� �T�h�e� �n�o�n�-�d�i�m�e�n�s�i�o�n�a�l�i�z�e�d� �v�a�l�u�e�s� �w�e�r�e� �d�i�m�e�n�s�i�o�n�e�d� �(�i�n� �c�m�)� �b�y� 

�m�u�l�t�i�p�l�y�i�n�g� �b�y� �t�h�e� �m�e�a�n� �t�r�u�n�k� �w�i�d�t�h� �a�n�d� �d�e�p�t�h� �r�e�p�o�r�t�e�d� �o�n� �t�h�e� �t�e�n� �s�u�b�j�e�c�t�s�.� 

�H�a�n� �e�t� �a�l�.� �(�1�9�9�2�)� �m�e�a�s�u�r�e�d� �t�h�e� �m�o�m�e�n�t� �a�r�m�s� �f�o�r� �b�o�t�h� �t�h�e� �r�i�g�h�t� �a�n�d� �l�e�f�t� �s�i�d�e� 

�m�u�s�c�l�e�s� �w�h�i�c�h� �a�c�c�o�u�n�t�s� �f�o�r� �t�h�e� �s�l�i�g�h�t� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �v�a�l�u�e�s� �r�e�p�o�r�t�e�d�.� 

�A�t� �t�h�e� �L�4�/�L�5� �c�u�t�t�i�n�g� �p�l�a�n�e� �l�e�v�e�l�,� �M�c�G�i�l�l�,� �P�a�t�t�,� �a�n�d� �N�o�r�m�a�n� �(�1�9�8�8�)� 

�m�e�a�s�u�r�e�d� �t�h�e� �m�o�m�e�n�t� �a�r�m�s� �o�f� �e�i�g�h�t� �m�u�s�c�l�e�s�.� �T�h�e�y� �d�e�t�e�r�m�i�n�e�d� �t�h�e� �m�o�m�e�n�t� 

�a�r�m� �v�a�l�u�e�s� �u�s�i�n�g� �t�r�a�n�s�v�e�r�s�e� �C�T� �s�c�a�n�s� �o�f� �1�3� �a�c�t�i�v�e� �m�e�n� �w�h�o� �r�e�c�e�i�v�e�d� �t�r�e�a�t�m�e�n�t� 

�f�o�r� �c�o�m�p�l�a�i�n�t�s� �o�f� �l�o�w� �b�a�c�k� �p�a�i�n�.� �T�a�b�l�e� �2�.�3� �l�i�s�t�s� �t�h�e� �e�i�g�h�t� �m�u�s�c�l�e�s� �a�n�d� �t�h�e� 

�c�o�r�r�e�s�p�o�n�d�i�n�g� �m�o�m�e�n�t� �a�r�m�s� �r�e�p�o�r�t�e�d� �b�y� �M�c�G�i�l�l� �e�t� �a�l�.� �O�n�l�y� �d�a�t�a� �o�n� �t�h�e� �r�i�g�h�t� 

�s�i�d�e� �m�u�s�c�l�e�s� �a�r�e� �r�e�p�o�r�t�e�d� �a�n�d� �s�y�m�m�e�t�r�y� �f�o�r� �t�h�e� �l�e�f�t� �s�i�d�e� �w�a�s� �a�s�s�u�m�e�d�.� 

�M�c�G�i�l�l�,� �S�a�n�t�a�g�u�i�d�a�,� �a�n�d� �S�t�e�v�e�n�s� �(�1�9�9�3�)� �m�e�a�s�u�r�e�d� �t�h�e� �m�o�m�e�n�t� �a�r�m�s� �o�f� 

�s�e�v�e�r�a�l� �m�u�s�c�l�e�s� �f�r�o�m� �t�h�e� �T�5� �t�o� �L�5� �l�e�v�e�l�s�.� �T�h�e�y� �d�e�t�e�r�m�i�n�e�d� �m�o�m�e�n�t� �a�r�m�s� �u�s�i�n�g� 

�M�R�I� �o�n� �1�5� �a�c�t�i�v�e� �y�o�u�n�g� �m�e�n� �w�i�t�h� �n�o� �h�i�s�t�o�r�y� �o�f� �b�a�c�k� �d�i�s�e�a�s�e� �o�r� �i�n�j�u�r�y�.� �T�a�b�l�e� �2�.�4� 

�l�i�s�t�s� �t�h�e� �m�u�s�c�l�e�s� �s�t�u�d�i�e�d� �a�n�d� �t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �m�o�m�e�n�t� �a�r�m�s� �a�t� �t�h�e� �L�3� �a�n�d� �L�4� 

�l�e�v�e�l�s�.� �M�o�m�e�n�t� �a�r�m�s� �c�o�r�r�e�c�t�e�d� �f�o�r� �f�i�b�e�r� �o�r�i�e�n�t�a�t�i�o�n� �w�e�r�e� �r�e�p�o�r�t�e�d� �f�o�r� �m�u�s�c�l�e�s� 
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�T�A�B�L�E� �2�.�2� �D�i�m�e�n�s�i�o�n�a�l� �M�o�m�e�n�t� �A�r�m�s� �a�t� �t�h�e� �L�3�/�L�4� �L�e�v�e�l� �R�e�p�o�r�t�e�d� �b�y� �H�a�n� �e�t� 
�a�l�.� �(�1�9�9�2�)�.� �V�a�l�u�e�s� �a�r�e� �i�n� �c�m� 

� � 

� � 

�L�e�f�t� �R�i�g�h�t� 

�M�u�s�c�l�e� �R� �L� �K� �L�f� 

�M�u�l�t�i�f�i�d�u�s� �-�1�.�6�4�0� �-�5�.�3�3�4� �1�.�6�1�5� �-�5�.�4�7�0� 
�l�i�o�c�o�s�t�a�l�i�s� �-�5�.�7�0�7� �-�4�.�8�9�3� �5�.�5�0�9� �-�4�.�8�2�0� 
�L�o�n�g�i�s�s�i�m�u�s� �-�3�.�4�9�7� �-�5�.�3�6�4� �3�.�5�1�6� �-�5�.�3�1�1� 
�R�e�c�t�u�s� �A�b�d�o�m�i�n�u�s� �-�3�.�6�4�3� �7�.�2�1�1� �3�.�6�7�6� �7�.�0�7�4� 
�I�n�t�e�r�n�a�l� �O�b�l�i�q�u�e� �-�1�0�.�5�6�9� �2�.�6�7�1� �1�0�.�7�1�8� �2�.�4�1�4� 
�E�x�t�e�r�n�a�l� �O�b�l�i�q�u�e� �-�1�1�.�5�7�2� �1�.�7�4�5� �1�1�.�7�3�2� �1�.�6�6�7� 
�L�a�t�i�s�s�i�m�u�s� �D�o�r�s�i� �-�8�.�3�8�8� �-�4�.�3�4�6� �8�.�0�4�6� �-�4�.�5�8�3� 
�Q�u�a�d�r�a�t�u�s� �L�u�m�b�o�r�u�m� �-�6�.�6�9�1� �-�2�.�9�5�8� �6�.�6�7�0� �-�3�.�0�6�4� 
�P�s�o�a�s� �-�3�.�8�2�8� �-�0�.�5�2�9� �3�.�9�2�9� �-�0�.�7�1�3� 
�T�r�a�n�s�v�e�r�s�u�s� �-�9�.�7�8�8� �3�.�1�3�0� �9�.�8�6�5� �2�.�9�9�1� 

� � 

�T�A�B�L�E� �2�.�3� �R�i�g�h�t� �S�i�d�e� �M�u�s�c�l�e� �M�o�m�e�n�t� �A�r�m�s� �D�e�t�e�r�m�i�n�e�d� �b�y� �M�c�G�i�l�l� �e�t� �a�l�.� 
�(�1�9�8�8�)� �a�t� �t�h�e� �L�4�/�L�5� �l�e�v�e�l�.� �V�a�l�u�e�s� �a�r�e� �i�n� �c�m� 
� � 

� � 

�M�u�s�c�l�e� �L�,� �L�,� 

�R�.� �E�r�e�c�t�o�r� �S�p�i�n�a�e� �3�.�2�6� �-�5�.�9�0� 
�R�.� �E�r�e�c�t�o�r� �M�a�s�s� �C�o�m�m�o�n� �T�e�n�d�o�n� �1�.�9�8� �-�8�.�4�9� 
�R�.� �R�e�c�t�u�s� �A�b�d�o�m�i�n�u�s� �4�.�3�5� �1�0�.�2�8� 
�R�.� �I�n�t�e�r�n�a�l� �O�b�l�i�q�u�e� �(�a�n�t�e�r�i�o�r�)� �1�0�.�7�7� �6�.�9�2� 
�R�.� �I�n�t�e�r�n�a�l� �O�b�l�i�q�u�e� �(�p�o�s�t�e�r�i�o�r�)� �1�2�.�5�2� �3�.�8�5� 
�R�.� �E�x�t�e�r�n�a�l� �O�b�l�i�q�u�e� �(�a�n�t�e�r�i�o�r�)� �1�2�.�8�6� �5�.�9�4� 
�R�.� �E�x�t�e�r�n�a�l� �O�b�l�i�q�u�e� �(�p�o�s�t�e�r�i�o�r�)� �1�3�.�9�5� �2�.�0�8� 
�R�.� �P�s�o�a�s� �4�.�8�8� �0�.�5�8� 

� � 

�3�0



�T�A�B�L�E� �2�.�4� �M�o�m�e�n�t� �A�r�m�s� �a�t� �t�h�e� �L�3� �a�n�d� �L�4� �L�e�v�e�l�s� �R�e�p�o�r�t�e�d� �b�y� �M�c�G�i�l�l� �e�t� �a�l�.� 
�(�1�9�9�3�)�.� �V�a�l�u�e�s� �a�r�e� �i�n� �c�m� 
� � 

� � 

�L�3� �L�4� �C�o�r�r�e�c�t�e�d� �L�3�/�L�4� 

�M�u�s�c�l�e� �n� �L�h� �q� �L�h� �K� �G�Q� 

�L�.� �E�r�e�c�t�o�r� �S�p�i�n�a�e� �-�3�.�8� �-�6�.�1� �3�.�3� �-�6�.�1� 
�R�.� �E�r�e�c�t�o�r� �S�p�i�n�a�e� �4�.�0� �-�6�.�1� �3�.�4� �-�6�.�1� 
�L�.� �M�u�l�t�i�f�i�d�u�s� �-�1�.�4� �-�5�.�3� 
�R�.� �M�u�l�t�i�f�i�d�u�s� �1�.�1�  ��5�.�5� 
�L�.� �L�o�n�g�i�s�s�i�m�u�s� �T�h�o�r�a�c�i�s� �-�1�.�9� �-�6�.�1� 
�R�.� �L�o�n�g�i�s�s�i�m�u�s� �T�h�o�r�a�c�i�s� �2�.�2� �-�6�.�1� 
�L�.� �l�l�i�o�c�o�s�t�a�l�i�s� �L�u�m�b�o�r�u�m� �-�4�.�8� �-�5�.�5� 
�R�.� �l�l�i�o�c�o�s�t�a�l�i�s� �L�u�m�b�o�r�u�m� �5�.�2� �-�5�.�7� 
�L�.� �R�e�c�t�u�s� �A�b�d�o�m�i�n�u�s� �-�3�.�8� �8�.�0� �-�3�.�6� �7�.�3� 
�R�.� �R�e�c�t�u�s� �A�b�d�o�m�i�n�u�s� �4�.�2� �7�.�9� �3�.�8� �7�.�3� 
�L�.� �I�n�t�e�r�n�a�l� �O�b�l�i�q�u�e� �-�1�1�.�2� �2�.�6� �-�1�0�.�3� �4�.�1� �-�8�.�9� �2�.�0� 
�R�.� �I�n�t�e�r�n�a�l� �O�b�l�i�q�u�e� �1�1�.�6� �2�.�5� �1�0�.�9� �4�.�1� �8�.�9� �2�.�0� 
�L�.� �E�x�t�e�r�n�a�l� �O�b�l�i�q�u�e� �-�1�2�.�5� �1�.�9� �-�1�2�.�0� �3�.�2� �-�1�1�.�0� �1�.�7� 
�R�.� �E�x�t�e�r�n�a�l� �O�b�l�i�q�u�e� �1�3�.�0� �2�.�0� �1�2�.�5� �3�.�5� �1�1�.�0� �1�.�7� 
�L�.� �L�a�t�i�s�s�i�m�u�s� �D�o�r�s�i� �-�1�0�.�4� �-�4�.�3� 
�R�.� �L�a�t�i�s�s�i�m�u�s� �D�o�r�s�i� �1�0�.�2� �-�4�.�5� 
�L�.� �P�s�o�a�s� �-�4�.�2� �-�0�.�6� �-�4�8� �0�.�2� 
�R�.� �P�s�o�a�s� �4�.�4� �-�0�.�7� �5�.�0� �0�.�1� 
�L�.� �Q�u�a�d�.� �L�u�m�b�o�r�u�m� �-�7�.�3� �-�3�.�4� �-�7�.�8� �-�3�.�1� �5�.�9� �-�2�.�9� 
�R�.� �Q�u�a�d�.� �L�u�m�b�o�r�u�m� �7�.�6� �-�3�.�7� �8�.�1� �-�3�.�6� �5�.�9� �-�2�.�9� 
�L�.� �T�r�a�n�s�v�e�r�s�u�s� �-�1�0�.�7� �2�.�3� �-�1�0�.�1� �3�.�0� 
�R�.� �T�r�a�n�s�v�e�r�s�u�s� �1�1�.�2� �2�.�2� �1�0�.�8� �2�.�8� 

� � 

�t�h�a�t� �c�h�a�n�g�e�d� �b�y� �1�0�%�.� �D�a�t�a� �o�n� �b�o�t�h� �t�h�e� �r�i�g�h�t� �s�i�d�e� �a�n�d� �l�e�f�t� �s�i�d�e� �m�u�s�c�l�e�s� �w�e�r�e� 

�r�e�p�o�r�t�e�d�.� 

�C�h�o�l�e�w�i�c�k�i� �a�n�d� �M�c�G�i�l�l� �(�1�9�9�6�)� �i�m�p�l�e�m�e�n�t�e�d� �a� �m�o�d�e�l� �i�n�c�l�u�d�i�n�g� �4�5� �p�a�i�r�s� �o�f� 

�m�u�s�c�l�e�s�.� �T�h�e� �4�5� �m�u�s�c�l�e�s� �w�e�r�e� �c�o�m�p�r�i�s�e�d� �o�f� �s�e�v�e�r�a�l� �f�a�s�c�i�c�l�e�s�.� �F�o�r� �e�x�a�m�p�l�e�,� 

�1�2� �f�a�s�c�i�c�l�e�s� �o�f� �t�h�e� �m�u�l�t�i�f�i�d�u�s� �a�s� �w�e�l�l� �a�s� �5� �f�a�s�c�i�c�l�e�s� �o�f� �t�h�e� �p�s�o�a�s� �w�e�r�e� �i�n�c�l�u�d�e�d�.� 

�M�o�m�e�n�t� �a�r�m�s� �o�f� �t�h�e� �4�5� �p�a�i�r�s� �o�f� �m�u�s�c�l�e� �w�e�r�e� �n�o�t� �r�e�p�o�r�t�e�d�,� �b�u�t� �t�h�e� �t�h�r�e�e�-� 

�3�1



�d�i�m�e�n�s�i�o�n�a�l� �c�o�o�r�d�i�n�a�t�e�s� �o�f� �t�h�e� �o�r�i�g�i�n� �a�n�d� �i�n�s�e�r�t�i�o�n� �o�f� �e�a�c�h� �m�u�s�c�l�e� �w�e�r�e� 

�r�e�p�o�r�t�e�d�.� �T�h�e� �m�o�m�e�n�t� �a�r�m�s� �c�o�u�l�d� �b�e� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �t�h�e� �c�o�o�r�d�i�n�a�t�e�s�.� �D�u�e� �t�o� 

�t�h�e� �a�m�o�u�n�t� �o�f� �d�a�t�a� �r�e�p�o�r�t�e�d�,� �t�h�e� �o�r�i�g�i�n�a�l� �s�o�u�r�c�e� �s�h�o�u�l�d� �b�e� �c�o�n�s�u�l�t�e�d�.� 

�C�h�a�f�f�i�n�,� �R�e�d�f�e�r�n�,� �E�r�i�g�,� �a�n�d� �G�o�l�d�s�t�e�i�n� �(�1�9�9�0�)� �m�e�a�s�u�r�e�d� �t�h�e� �m�o�m�e�n�t� �a�r�m�s� 

�o�f� �1�4� �m�u�s�c�l�e�s� �(�7� �f�o�r� �t�h�e� �l�e�f�t� �s�i�d�e� �a�n�d� �7� �f�o�r� �t�h�e� �r�i�g�h�t�)� �u�s�i�n�g� �C�T� �s�c�a�n�s�.� �A� �g�r�o�u�p� �o�f� 

�9�6� �h�e�a�l�t�h�y�,� �p�h�y�s�i�c�a�l�l�y� �a�c�t�i�v�e� �w�o�m�e�n� �b�e�t�w�e�e�n� �4�0� �a�n�d� �6�3� �y�e�a�r�s� �p�a�r�t�i�c�i�p�a�t�e�d� �i�n� 

�t�h�e� �s�t�u�d�y�.� �T�h�e� �m�o�m�e�n�t� �a�r�m�s� �a�t� �t�h�e� �L�2�/�L�3�,� �L�3�/�L�4�,� �a�n�d� �L�4�/�L�5� �d�i�s�c� �l�e�v�e�l�s� �w�e�r�e� 

�m�e�a�s�u�r�e�d�.� �T�a�b�l�e� �2�.�5� �l�i�s�t�s� �t�h�e� �m�e�a�n� �m�o�m�e�n�t� �a�r�m�s� �f�o�r� �t�h�e� �s�e�v�e�n� �m�u�s�c�l�e�s� 

�i�n�v�e�s�t�i�g�a�t�e�d� �b�y� �C�h�a�f�f�i�n� �e�t� �a�l�.� �a�t� �t�h�e� �L�3�/�L�4� �l�e�v�e�l�.� �T�h�e�y� �m�e�a�s�u�r�e�d� �t�h�e� �m�o�m�e�n�t� 

�a�r�m�s� �f�o�r� �b�o�t�h� �t�h�e� �r�i�g�h�t� �a�n�d� �l�e�f�t� �s�i�d�e� �m�u�s�c�l�e�s� �w�h�i�c�h� �a�c�c�o�u�n�t�e�d� �f�o�r� �t�h�e� �s�l�i�g�h�t� 

�d�i�f�f�e�r�e�n�c�e�s� �i�n� �t�h�e� �v�a�l�u�e�s� �r�e�p�o�r�t�e�d�.� 

�T�A�B�L�E� �2�.�5� �M�o�m�e�n�t� �A�r�m�s� �a�t� �t�h�e� �L�3�/�L�4� �L�e�v�e�l� �R�e�p�o�r�t�e�d� �b�y� �C�h�a�f�f�i�n� �e�t� �a�l�.� �(�1�9�9�0�)�.� 
�V�a�l�u�e�s� �a�r�e� �i�n�c�m� 
� � 

� � 

�L�e�f�t� �R�i�g�h�t� 

�M�u�s�c�l�e� �f� �h�y� �f�r� �h� 

�E�r�e�c�t�o�r� �S�p�i�n�a�e� �-�3�.�4� �-�5�.�3� �3�.�4� �-�5�.�2� 
�R�e�c�t�u�s� �A�b�d�o�m�i�n�u�s� �-�4�.�3� �7�.�2� �4�.�3� �7�.�0� 
�I�n�t�e�r�n�a�l� �O�b�l�i�q�u�e� �-�1�1�.�4� �2�.�0� �1�1�.�3� �2�.�1� 
�E�x�t�e�r�n�a�l� �O�b�l�i�q�u�e� �-�1�2�.�2� �2�.�0� �1�2�.�0� �2�.�3� 
�L�a�t�i�s�s�i�m�u�s� �D�o�r�s�i� �-�1�0�.�7� �-�3�.�0� �1�0�.�6� �-�3�.�0� 
�Q�u�a�d�r�a�t�u�s� �L�u�m�b�o�r�u�m� �-�6�.�5� �-�3�.�3� �6�.�5� �-�3�.�2� 
�P�s�o�a�s� �-�3�.�8� �-�0�.�8� �3�.�7� �-�0�.�8� 
� � 
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�U�s�i�n�g� �C�T� �s�c�a�n�s�,� �N�é�m�e�t�h� �a�n�d� �O�h�l�s�é�n� �(�1�9�8�6�)� �m�e�a�s�u�r�e�d� �t�h�e� �m�o�m�e�n�t� �a�r�m�s� 

�o�f� �f�o�u�r� �t�r�u�n�k� �m�u�s�c�l�e�s� �a�t� �t�h�e� �L�5�/�S�1� �d�i�s�c� �l�e�v�e�l�.� �E�l�e�v�e�n� �m�a�l�e� �a�n�d� �t�e�n� �f�e�m�a�l�e� 

�p�a�t�i�e�n�t�s� �p�a�r�t�i�c�i�p�a�t�e�d� �i�n� �t�h�e� �s�t�u�d�y�.� �M�o�m�e�n�t� �a�r�m�s� �w�e�r�e� �m�e�a�s�u�r�e�d� �f�o�r� �b�o�t�h� �t�h�e� �l�e�f�t� 

�a�n�d� �r�i�g�h�t� �s�i�d�e� �m�u�s�c�l�e�s� �a�n�d� �t�h�e�n� �r�e�p�o�r�t�e�d� �i�n� �t�e�r�m�s� �o�f� �a�n� �a�v�e�r�a�g�e� �o�f� �b�o�t�h�,� �T�a�b�l�e� 

�2�.�6�.� 

�R�e�i�d�,� �L�i�v�i�n�g�s�t�o�n�,� �a�n�d� �P�e�a�r�s�a�l�l� �(�1�9�9�4�)� �d�e�t�e�r�m�i�n�e�d� �g�e�o�m�e�t�r�i�c� �d�a�t�a� �o�f� �t�h�e� 

�p�s�o�a�s� �m�u�s�c�l�e� �u�s�i�n�g� �m�a�g�n�e�t�i�c� �r�e�s�o�n�a�n�c�e� �i�m�a�g�i�n�g� �o�n� �1�5� �a�c�t�i�v�e� �m�a�l�e�s� �w�i�t�h� �n�o� 

�h�i�s�t�o�r�y� �o�f� �b�a�c�k� �p�a�i�n�.� �T�h�e�y� �m�e�a�s�u�r�e�d� �t�h�e� �m�o�m�e�n�t� �a�r�m�s� �a�n�d� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� 

�a�r�e�a�s� �o�f� �t�h�e� �l�e�f�t� �a�n�d� �r�i�g�h�t� �p�s�o�a�s� �m�u�s�c�l�e�s� �a�t� �n�i�n�e� �v�e�r�t�e�b�r�a�l� �a�n�d�/�o�r� �i�n�t�e�r�v�e�r�t�e�b�r�a�l� 

�T�A�B�L�E� �2�.�6� �M�o�m�e�n�t� �A�r�m�s� �A�v�e�r�a�g�e�d� �A�c�r�o�s�s� �t�h�e� �L�e�f�t� �a�n�d� �R�i�g�h�t� �S�i�d�e�s� �a�t� �t�h�e� 
�L�5�/�S�1� �L�e�v�e�l� �R�e�p�o�r�t�e�d� �b�y� �N�é�m�e�t�h� �a�n�d� �O�h�l�s�é�n� �(�1�9�8�6�)�.� �V�a�l�u�e�s� �a�r�e� 

� � 

� � 

�i�n�c�o�m� 

�L�e�f�t� �R�i�g�h�t� 

�M�a�l�e�s� 
�E�r�e�c�t�o�r� �S�p�i�n�a�e� �-�2�.�3� �-�7�.�1� �2�.�3� �-�7�.�1� 
�R�e�c�t�u�s� �A�b�d�o�m�i�n�u�s� �-�4�.�8� �1�0�.�9� �4�.�8� �1�0�.�9� 
�O�b�l�i�q�u�e� �A�b�d�o�m�i�n�a�l� � �-�1�3�.�4� �6�.�4� �1�3�.�4� �6�.�4� 
�P�s�o�a�s� �-�5�.�7� �1�.�3� �5�.�7� �1�.�3� 

�F�e�m�a�l�e�s� 
�E�r�e�c�t�o�r� �S�p�i�n�a�e� �-�2�.�5� �-�6�.�5� �2�.�5� �-�6�.�5� 
�R�e�c�t�u�s� �A�b�d�o�m�i�n�u�s� �-�4�.�0� �8�.�0� �4�.�0� �8�.�0� 
�O�b�l�i�q�u�e� �A�b�d�o�m�i�n�a�l� � �-�1�1�.�4� �5�.�2� �1�1�.�4� �5�.�2� 
�P�s�o�a�s� �-�5�.�0� �0�.�8� �5�.�0� �0�.�8� 

� � 
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�l�e�v�e�l�s�:� �L�2�,� �L�2�/�L�3�,� �L�3�,� �L�3�/�L�4�,� �L�4�,� �L�4�/�L�5�,� �L�5�,� �L�5�/�S�1�,� �a�n�d� �S�1�.� �A�t� �t�h�e� �L�3�/�L�4� �d�i�s�c� 

�l�e�v�e�l�,� �r�,� �w�a�s� �-�4�.�2� �a�n�d� �4�.�4� �c�m� �r�e�s�p�e�c�t�i�v�e�l�y� �f�o�r� �t�h�e� �l�e�f�t� �a�n�d� �r�i�g�h�t� �s�i�d�e�s�;� �r�,� �w�a�s� �-�0�.�4� 

�a�n�d� �-�0�.�4� �c�m� �r�e�s�p�e�c�t�i�v�e�l�y� �f�o�r� �t�h�e� �l�e�f�t� �a�n�d� �r�i�g�h�t� �s�i�d�e�s�.� 

�T�h�e� �m�o�m�e�n�t� �a�r�m�s� �o�f� �r�e�c�t�u�s� �a�b�d�o�m�i�n�u�s� �a�n�d� �e�r�e�c�t�o�r� �s�p�i�n�a�e� �w�e�r�e� 

�d�e�t�e�r�m�i�n�e�d� �b�y� �R�e�i�d� �a�n�d� �C�o�s�t�i�g�a�n� �(�1�9�8�5�)� �i�n� �t�e�r�m�s� �o�f� �p�e�r�c�e�n�t�a�g�e� �o�f� �t�h�e� �t�r�u�n�k� 

�d�e�p�t�h� �a�n�d� �w�i�d�t�h�.� �H�o�w�e�v�e�r�,� �r�e�g�r�e�s�s�i�o�n� �a�n�a�l�y�s�e�s� �p�e�r�f�o�r�m�e�d� �b�y� �C�h�a�f�f�i�n� �e�t� �a�l�.� 

�(�1�9�9�0�)� �a�n�d� �H�a�n� �e�t� �a�l�.� �(�1�9�9�2�)� �t�o� �p�r�e�d�i�c�t� �m�u�s�c�l�e� �m�o�m�e�n�t� �a�r�m�s� �f�r�o�m� �p�a�r�a�m�e�t�e�r�s� 

�s�u�c�h� �a�s� �t�r�u�n�k� �d�e�p�t�h� �o�r� �w�i�d�t�h� �e�x�h�i�b�i�t�e�d� �l�o�w� �R�?� �v�a�l�u�e�s�.� �T�h�e�s�e� �s�t�u�d�i�e�s� �i�n�d�i�c�a�t�e�d� 

�t�h�a�t� �p�r�e�d�i�c�t�i�n�g� �m�u�s�c�l�e� �m�o�m�e�n�t�s� �a�r�m�s� �f�r�o�m� �a�n�t�h�r�o�p�o�m�e�t�r�i�c� �i�n�p�u�t�s� �w�a�s� �r�e�l�a�t�i�v�e�l�y� 

�u�n�s�u�c�c�e�s�s�f�u�l� �a�n�d� �u�n�r�e�l�i�a�b�l�e�.� �R�a�b�,� �C�h�a�o�,� �a�n�d� �S�t�a�u�f�f�e�r� �(�1�9�7�7�)� �p�r�o�v�i�d�e�d� �m�o�m�e�n�t� 

�a�r�m�s� �f�o�r� �s�e�v�e�n� �t�r�u�n�k� �m�u�s�c�l�e�s� �i�n� �g�r�a�p�h�i�c�a�l� �r�e�p�r�e�s�e�n�t�a�t�i�o�n�s�.� �D�u�e� �t�o� �d�i�f�f�i�c�u�l�t�i�e�s� �i�n� 

�r�e�a�d�i�n�g� �t�h�e� �g�r�a�p�h�s�,� �t�h�e�s�e� �m�o�m�e�n�t� �a�r�m�s� �a�r�e� �n�o�t� �c�o�n�s�i�d�e�r�e�d� �a�c�c�u�r�a�t�e� �e�n�o�u�g�h� �t�o� 

�b�e� �u�s�e�d� �a�s� �i�n�p�u�t�s� �i�n�t�o� �a� �b�i�o�m�e�c�h�a�n�i�c�a�l� �m�o�d�e�l�.� 

�2�.�4� �L�i�n�e�s� �o�f� �M�u�s�c�l�e� �A�c�t�i�o�n� 

�T�h�e� �l�i�n�e�s� �o�f� �a�c�t�i�o�n� �f�o�r� �t�e�n� �t�r�u�n�k� �m�u�s�c�l�e�s� �w�e�r�e� �m�e�a�s�u�r�e�d� �b�y� �D�u�m�a�s�,� 

�P�o�u�l�i�n�,� �R�o�y�,� �G�a�g�n�o�n�,� �a�n�d� �J�o�v�a�n�o�v�i�c� �(�1�9�8�8�)� �o�n� �o�n�e� �c�a�d�a�v�e�r�.� �E�x�t�e�r�n�a�l� �o�b�l�i�q�u�e�,� 

�i�n�t�e�r�n�a�l� �o�b�l�i�q�u�e�,� �a�n�d� �t�r�a�n�s�v�e�r�s�e� �a�b�d�o�m�i�n�u�s� �m�u�s�c�l�e�s� �w�e�r�e� �r�e�p�r�e�s�e�n�t�e�d� �b�y� 

�c�u�r�v�i�l�i�n�e�a�r� �m�o�d�e�l�s� �w�h�i�l�e� �l�a�t�i�s�s�i�m�u�s� �d�o�r�s�i�,� �r�e�c�t�u�s� �a�b�d�o�m�i�n�u�s�,� �t�r�a�n�s�v�e�r�s�u�s� 

�a�b�d�o�m�i�n�u�s�,� �q�u�a�d�r�a�t�u�s� �l�u�m�b�o�r�u�m�,� �i�l�i�o�p�s�o�a�s�,� �a�n�d� �e�r�e�c�t�o�r� �s�p�i�n�a�e� �(�i�l�i�o�c�o�s�t�a�l�i�s� �a�n�d� 

�l�o�n�g�i�s�s�i�m�u�s�)� �m�u�s�c�l�e�s� �w�e�r�e� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �l�i�n�e�a�r� �m�o�d�e�l�s�.� �M�u�l�t�i�p�l�e� �v�e�c�t�o�r�s� 

�w�e�r�e� �a�l�s�o� �u�s�e�d� �t�o� �r�e�p�r�e�s�e�n�t� �t�h�e� �m�a�i�n� �o�r�i�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �f�i�b�e�r�s� �f�o�r� �t�h�e� �t�e�n� 

�m�u�s�c�l�e�s�.� �T�h�e� �l�i�n�e�s� �o�f� �a�c�t�i�o�n� �f�o�r� �t�h�e� �t�e�n� �m�u�s�c�l�e�s� �(�a�n� �a�v�e�r�a�g�e� �o�f� �t�h�e� �v�e�c�t�o�r�s� 

�r�e�p�r�e�s�e�n�t�i�n�g� �e�a�c�h� �m�u�s�c�l�e�)� �a�t� �t�h�e� �L�3�/�L�4� �d�i�s�c� �l�e�v�e�l� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �2�.�7�.� 
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�T�A�B�L�E� �2�.�7� �L�i�n�e�s� �o�f� �A�c�t�i�o�n� �F�o�u�n�d� �b�y� �D�u�m�a�s� �e�t� �a�l�.� �(�1�9�8�8�)� �a�t� �L�3�/�L�4� 
� � 

� � 

� � 

�L�i�n�e� �o�f� �A�c�t�i�o�n� 

�i�,� �y�u� �x� 

�R�.� �E�r�e�c�t�o�r� �S�p�i�n�a�e� 
�R�.� �L�o�n�g�i�s�s�i�m�u�s�:� �o�r�i�g�i�n� �t�o� 

�c�o�s�t�a� �X�I�I� �-�0�.�1�3�4� �0�.�0�0�5� �-�0�.�9�9�1� 
�c�o�s�t�a� �V�I�I�I� �-�0�.�1�0�3� �0�.�0�1�6� �-�0�.�9�9�5� 
�c�o�s�t�a� �V�I� �-�0�.�0�6�3� �-�0�.�0�0�4� �-�0�.�9�9�8� 

�R�.� �l�l�i�o�c�o�s�t�a�l�i�s�:� �o�r�i�g�i�n� �t�o� 
�c�o�s�t�a� �X�I�l� �-�0�.�2�8�1� �-�0�.�0�5�2� �-�0�.�9�5�8� 
�c�o�s�t�a� �I�X� �-�0�.�2�2�2� �0�.�0�1�6� �-�0�.�9�7�5� 
�c�o�s�t�a� �V�I�I� �-�0�.�1�3�7� �-�0�.�0�0�4� �-�0�.�9�9�1� 

�R�.� �R�e�c�t�u�s� �A�b�d�o�m�i�n�u�s� �-�0�.�0�2�8� �0�.�0�1�6� �-�0�.�9�9�9�5� 
�R�.� �I�n�t�e�r�n�a�l� �O�b�l�i�q�u�e�:� �t�o� �c�r�e�s�t� �o�f� �i�l�l�i�u�m� �f�r�o�m� 

�c�o�s�t�a� �X� �0�.�1�3�4� �-�0�.�5�7�4� �-�0�.�8�0�8� 
�c�o�s�t�a� �X�l� �-�0�.�2�8�4� �-�0�.�4�6�6� �-�0�.�8�3�7� 

�R�.� �E�x�t�e�r�n�a�l� �O�b�l�i�q�u�e�:� �t�o� �c�r�e�s�t� �o�f� �i�l�l�i�u�m� �f�r�o�m� 
�c�o�s�t�a� �I�X� �-�0�.�4�7�7� �0�.�1�6�0� �-�0�.�8�6�4� 
�c�o�s�t�a� �X� �-�0�.�3�7�6� �0�.�3�2�2� �-�0�.�8�7�0� 
�c�o�s�t�a� �X�I� �-�0�.�0�3�8� �0�.�3�6�0� �-�0�.�9�3�2� 
�c�o�s�t�a� �X�I�l�l� �0�.�0�2�8� �0�.�2�2�7� �-�0�.�9�7�4� 

�R�.� �L�a�t�i�s�s�i�m�u�s� �D�o�r�s�i� �-�0�.�3�4�0� �-�0�.�2�8�4� �-�0�.�8�9�7� 
�R�.� �Q�u�a�d�r�a�t�u�s� �L�u�m�b�o�r�u�m� �0�.�1�2�5� �0�.�1�3�4� �-�0�.�9�8�3� �(�7� �o�t�h�e�r�s� �l�i�s�t�e�d�)� 
�R�.� �P�s�o�a�s� �(�i�l�i�o�p�s�o�a�s�)� �0�.�1�6�6� �0�.�3�5�7� �-�0�.�9�1�9� �(�6� �o�t�h�e�r�s� �l�i�s�t�e�d�)� 
� � 

�D�u�m�a�s� �e�t� �a�l�.� �m�e�a�s�u�r�e�d� �t�h�e� �r�i�g�h�t� �s�i�d�e� �m�u�s�c�l�e�s� �o�n�l�y� �a�n�d� �a�s�s�u�m�e�d� �s�y�m�m�e�t�r�y� �f�o�r� 

�t�h�e� �l�e�f�t� �s�i�d�e� �m�u�s�c�l�e�s�.� 

�H�a�n� �e�t� �a�l�.� �(�1�9�9�2�)� �a�l�s�o� �d�e�t�e�r�m�i�n�e�d� �t�h�e� �l�i�n�e�s� �o�f� �a�c�t�i�o�n� �f�o�r� �2�0� �m�u�s�c�l�e�s� �(�1�0� 

�l�e�f�t� �a�n�d� �1�0� �r�i�g�h�t�)� �i�n� �t�e�n� �J�a�p�a�n�e�s�e� �p�a�t�i�e�n�t�s� �w�i�t�h� �b�a�c�k� �d�i�s�o�r�d�e�r�s� �a�t� �a�l�l� �l�e�v�e�l�s� �f�r�o�m� 

�T�1�2�/�L�1� �t�o� �L�5�/�S�1�.� �T�a�b�l�e� �2�.�8� �l�i�s�t�s� �t�h�e� �m�u�s�c�l�e�s� �a�n�d� �b�o�t�h� �l�e�f�t� �a�n�d� �r�i�g�h�t� �l�i�n�e�s� �o�f� 

�a�c�t�i�o�n� �a�t� �t�h�e� �L�3�/�L�4� �d�i�s�c� �f�o�u�n�d� �b�y� �H�a�n� �e�t� �a�l�.� �(�T�h�e� �l�i�n�e�s� �o�f� �a�c�t�i�o�n� �f�o�r� �b�o�t�h� �t�h�e� �l�e�f�t� 

�a�n�d� �r�i�g�h�t� �s�i�d�e�s� �o�f� �t�h�e� �b�o�d�y� �w�e�r�e� �m�e�a�s�u�r�e�d�.�)� 
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�T�A�B�L�E� �2�.�8� �L�i�n�e�s� �o�f� �A�c�t�i�o�n� �F�o�u�n�d� �b�y� �H�a�n� �e�t� �a�l�.� �(�1�9�9�2�)� �a�t� �L�3�/�L�4� 
� � 

� � � � 

� � 

�L�e�f�t� �R�i�g�h�t� 

�M�u�s�c�l�e� �%� �%� �t� �%� �%� �%� 

�M�u�l�t�i�f�i�d�u�s� �-�0�.�1�2�4�8� �-�0�.�0�3�7�7� �-�0�.�9�8�5�1� �0�.�1�0�6�5� �-�0�.�0�2�7�5� �-�0�.�9�9�0�6� 
�L�o�n�g�i�s�s�i�m�u�s� �-�°�0�.�1�5�0�8� �0�.�1�0�0�8� �-�0�.�9�6�9�6� �0�.�1�8�3�4� �0�.�1�8�4�1� �-�0�.�9�5�6�8� 
�l�l�i�o�c�o�s�t�a�l�i�s� �-�0�.�0�0�3�1� �0�.�2�0�5�4� �-�0�.�9�5�5�5� �-�0�.�0�5�0�6� �0�.�2�0�6�4� �-�0�.�9�5�0�8� 
�R�e�c�t�u�s� �A�b�d�o�m�i�n�u�s� �0�.�0�1�2�5� �-�0�.�1�1�8�2� �-�0�.�9�7�8�9� �0�.�0�0�0�9� �-�0�.�1�1�9�1� �-�0�.�9�8�5�2� 
�I�n�t�e�r�n�a�l� �O�b�l�i�q�u�e� �-�0�.�1�3�8�4�0� �-�0�.�5�5�3�8� �-�0�.�8�2�0�1� �0�.�1�3�4�0� �-�0�.�5�5�3�8� �-�0�.�8�2�0�1� 
�E�x�t�e�r�n�a�l� �O�b�l�i�q�u�e� �0�.�3�7�6�0� �0�.�3�4�0�6� �-�0�.�8�6�1�7� �-�0�.�3�7�6�0� �0�.�3�4�0�6� �-�0�.�8�6�1�7� 
�L�a�t�i�s�s�i�m�u�s� �D�o�r�s�i� �0�.�3�6�1�0� �0�.�0�1�2�5� �-�0�.�7�0�6�1� �-�0�.�4�1�7�9� �-�0�.�1�6�1�9� �-�0�.�7�8�3�2� 
�P�s�o�a�s� �-�0�.�1�4�0�0� �0�.�1�0�9�8� �-�0�.�9�7�5�8� �0�.�1�3�3�3� �0�.�1�2�6�2� �-�0�.�9�7�2�9� 
�Q�u�a�d�.� �L�u�m�b�o�r�u�m� �-�0�.�2�5�7�6� �0�.�1�2�7�4� �-�0�.�9�3�8�7� �0�.�2�8�7�9� �0�.�0�9�3�6� �-�0�.�9�3�7�8� 
� � 

�C�h�o�l�e�w�i�c�k�i� �a�n�d� �M�c�G�i�l�l� �(�1�9�9�6�)� �i�m�p�l�e�m�e�n�t�e�d� �a� �m�o�d�e�l� �i�n�c�l�u�d�i�n�g� �4�5� �p�a�i�r�s� �o�f� 

�m�u�s�c�l�e�s�.� �T�h�e� �4�5� �m�u�s�c�l�e�s� �w�e�r�e� �c�o�m�p�r�i�s�e�d� �o�f� �s�e�v�e�r�a�l� �f�a�s�c�i�c�l�e�s�.� �F�o�r� �e�x�a�m�p�l�e�,� 

�1�2� �f�a�s�c�i�c�l�e�s� �o�f� �t�h�e� �m�u�l�t�i�f�i�d�u�s� �a�s� �w�e�l�l� �a�s� �5� �f�a�s�c�i�c�l�e�s� �o�f� �t�h�e� �p�s�o�a�s� �w�e�r�e� �i�n�c�l�u�d�e�d�.� 

�L�i�n�e�s� �o�f� �a�c�t�i�o�n� �o�f� �t�h�e� �4�5� �p�a�i�r�s� �o�f� �m�u�s�c�l�e� �w�e�r�e� �n�o�t� �r�e�p�o�r�t�e�d�,� �b�u�t� �t�h�e� �t�h�r�e�e�-� 

�d�i�m�e�n�s�i�o�n�a�l� �c�o�o�r�d�i�n�a�t�e�s� �o�f� �t�h�e� �o�r�i�g�i�n� �a�n�d� �i�n�s�e�r�t�i�o�n� �o�f� �e�a�c�h� �m�u�s�c�l�e� �w�e�r�e� 

�r�e�p�o�r�t�e�d�.� �T�h�e� �l�i�n�e� �o�f� �a�c�t�i�o�n� �c�o�u�l�d� �b�e� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �t�h�e� �c�o�o�r�d�i�n�a�t�e�s�.� �D�u�e� �t�o� 

�t�h�e� �a�m�o�u�n�t� �o�f� �d�a�t�a� �r�e�p�o�r�t�e�d�,� �t�h�e� �o�r�i�g�i�n�a�l� �s�o�u�r�c�e� �s�h�o�u�l�d� �b�e� �c�o�n�s�u�l�t�e�d�.� 

�A� �d�i�f�f�i�c�u�l�t�y� �i�n� �m�o�d�e�l�i�n�g� �t�h�e� �t�r�u�n�k� �m�u�s�c�l�e�s� �i�s� �r�e�d�u�c�i�n�g� �t�h�e� �l�a�r�g�e� �f�a�n� �l�i�k�e� 

�m�u�s�c�l�e�s�,� �s�u�c�h� �a�s� �t�h�e� �o�b�l�i�q�u�e�s� �w�i�t�h� �l�a�r�g�e� �a�t�t�a�c�h�m�e�n�t� �s�i�t�e�s�,� �i�n�t�o� �a� �s�i�n�g�l�e� �l�i�n�e� �o�f� 

�a�c�t�i�o�n� �v�e�c�t�o�r�.� �S�c�h�u�l�t�z� �e�t� �a�l�.� �(�1�9�8�3�)� �d�i�v�i�d�e�d� �t�h�e� �i�n�t�e�r�n�a�l� �a�n�d� �e�x�t�e�r�n�a�l� �o�b�l�i�q�u�e� 

�m�u�s�c�l�e�s� �i�n�t�o� �l�a�t�e�r�a�l� �a�n�d� �m�e�d�i�a�l� �p�o�r�t�i�o�n�s� �w�i�t�h� �s�e�p�a�r�a�t�e� �l�i�n�e�s� �o�f� �a�c�t�i�o�n�.� �H�o�w�e�v�e�r�,� 

�t�h�e� �l�i�n�e�s� �o�f� �a�c�t�i�o�n� �u�s�e�d� �b�y� �S�c�h�u�l�t�z� �e�t� �a�l�.� �(�1�9�8�3�)� �w�e�r�e� �s�t�a�t�e�d� �o�n�l�y� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� 

�t�e�r�m�s�:� �f�o�r� �t�h�e� �m�e�d�i�a�l� �p�o�r�t�i�o�n� �o�f� �t�h�e� �i�n�t�e�r�n�a�l� �a�n�d� �e�x�t�e�r�n�a�l� �o�b�l�i�q�u�e� �t�h�e� �l�i�n�e� �o�f� 
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�a�c�t�i�o�n� �i�s� �i�n� �a� �p�l�a�n�e� �3�0�°� �t�o� �t�h�e� �s�a�g�i�t�t�a�l� �p�l�a�n�e�,� �a�n�d� �f�o�r� �t�h�e� �l�a�t�e�r�a�l� �p�o�r�t�i�o�n� �o�f� �t�h�e� 

�i�n�t�e�r�n�a�l� �a�n�d� �e�x�t�e�r�n�a�l� �o�b�l�i�q�u�e� �t�h�e� �l�i�n�e� �o�f� �a�c�t�i�o�n� �i�s� �i�n� �t�h�e� �s�a�g�i�t�t�a�l� �p�l�a�n�e�.� �A�l�t�h�o�u�g�h� 

�S�c�h�u�l�t�z� �e�t� �a�l�.� �(�1�9�8�3�)� �d�i�v�i�d�e�d� �t�h�e� �o�b�l�i�q�u�e�s� �i�n�t�o� �t�w�o� �p�o�r�t�i�o�n�s�,� �t�h�e� �l�i�n�e�s� �o�f� �a�c�t�i�o�n� 

�w�e�r�e� �n�o�t� �a�s� �d�e�t�a�i�l�e�d� �a�s� �t�h�o�s�e� �g�i�v�e�n� �b�y� �D�u�m�a�s� �e�t� �a�l�.� �(�1�9�8�8�)� �o�r� �H�a�n� �e�t� �a�l�.� �(�1�9�9�2�)�.� 

�V�a�n� �d�e�r� �H�e�l�m� �a�n�d� �V�e�e�n�b�a�a�s� �(�1�9�9�1�)� �s�u�m�m�a�r�i�z�e�d� �t�h�e� �a�s�s�u�m�p�t�i�o�n�s� �o�f� 

�u�s�i�n�g� �a� �S�i�n�g�l�e� �l�i�n�e� �o�f� �a�c�t�i�o�n� �t�o� �r�e�p�r�e�s�e�n�t� �a� �m�u�s�c�l�e� �a�s� �f�o�l�l�o�w�s�:�  ��T�h�e� �f�i�r�s�t� 

�a�s�s�u�m�p�t�i�o�n� �i�s� �t�h�a�t� �t�h�e� �f�o�r�c�e� �v�e�c�t�o�r� �d�e�r�i�v�e�d� �f�r�o�m� �t�h�e� �m�u�s�c�l�e� �l�i�n�e� �o�f� �a�c�t�i�o�n� �a�t� �a� 

�c�e�r�t�a�i�n� �c�r�o�s�s�-�s�e�c�t�i�o�n� �o�f� �t�h�e� �m�u�s�c�l�e� �i�s� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �o�f� �t�h�e� �f�o�r�c�e�s� �t�r�a�n�s�m�i�t�t�e�d� �b�y� 

�t�h�e� �m�u�s�c�l�e� �a�t� �t�h�a�t� �p�a�r�t�i�c�u�l�a�r� �c�r�o�s�s�-�s�e�c�t�i�o�n� �(�A�n�d�r�e�w�s� �a�n�d� �H�a�y�,� �1�9�8�3�)�.� �A� �s�e�c�o�n�d� 

�a�s�s�u�m�p�t�i�o�n� �i�s� �t�h�a�t� �t�h�e�r�e� �a�r�e� �n�o� �m�o�m�e�n�t�s� �e�x�e�r�t�e�d� �b�y� �t�h�e� �m�u�s�c�l�e� �a�r�o�u�n�d� �t�h�e� 

�m�u�s�c�l�e� �l�i�n�e� �o�f� �a�c�t�i�o�n�.� �I�n� �a�d�d�i�t�i�o�n�,� �i�t� �i�s� �a�s�s�u�m�e�d� �t�h�a�t� �n�o� �s�h�e�a�r� �f�o�r�c�e�s� �e�x�i�s�t� �i�n� �t�h�e� 

�p�a�r�t�i�c�u�l�a�r� �c�r�o�s�s�-�s�e�c�t�i�o�n�. �� �V�a�n� �d�e�r� �H�e�l�m� �a�n�d� �V�e�e�n�b�a�a�s� �(�1�9�9�1�)� �d�i�s�c�u�s�s�e�d� 

�r�e�p�r�e�s�e�n�t�i�n�g� �s�h�o�u�l�d�e�r� �m�u�s�c�l�e�s� �w�i�t�h� �l�a�r�g�e� �a�t�t�a�c�h�m�e�n�t� �s�i�t�e�s�.� �T�h�e�y� �d�e�s�c�r�i�b�e�d� �t�h�e� 

�m�e�c�h�a�n�i�c�a�l� �e�f�f�e�c�t�s� �o�f� �a� �m�u�s�c�l�e� �w�h�e�n� �i�t� �i�s� �d�i�v�i�d�e�d� �i�n�t�o� �a� �l�a�r�g�e� �n�u�m�b�e�r� �(�2�0�0�)� �a�n�d� 

�a� �r�e�d�u�c�e�d� �n�u�m�b�e�r� �(�6�)� �o�f� �m�u�s�c�l�e� �l�i�n�e�s� �o�f� �a�c�t�i�o�n�.� �T�h�e�y� �d�e�s�c�r�i�b�e� �a� �p�r�o�c�e�d�u�r�e� �t�o� 

�r�e�d�u�c�e� �t�h�e� �n�u�m�b�e�r� �o�f� �l�i�n�e�s� �o�f� �a�c�t�i�o�n� �f�r�o�m� �2�0�0� �a�n�d� �a�l�s�o� �e�v�a�l�u�a�t�e� �t�h�e� �f�o�r�c�e� �a�n�d� 

�m�o�m�e�n�t� �e�r�r�o�r� �i�n� �t�h�e� �r�e�d�u�c�t�i�o�n�.� �T�h�e�y� �s�t�r�e�s�s� �t�h�a�t� �a�n� �i�m�p�o�r�t�a�n�t� �f�e�a�t�u�r�e� �o�f� �t�h�e�i�r� 

�m�e�t�h�o�d� �i�s� �t�h�a�t� �f�o�r�c�e� �v�e�c�t�o�r�s� �a�r�e� �p�o�s�i�t�i�o�n�e�d� �a�f�t�e�r� �t�h�e� �c�o�m�p�l�e�t�e� �m�e�a�s�u�r�e�m�e�n�t� �o�f� 

�t�h�e� �a�t�t�a�c�h�m�e�n�t�s� �s�i�t�e� �o�f� �m�u�s�c�l�e� �b�u�n�d�l�e�s� �i�s� �m�a�d�e�.� 

�V�a�n� �d�e�r� �H�e�l�m� �a�n�d� �V�e�e�n�b�a�a�s� �(�1�9�9�1�)� �l�i�s�t�e�d� �s�o�m�e� �o�f� �t�h�e� �d�i�f�f�i�c�u�l�t�i�e�s� �i�n� 

�r�e�p�r�e�s�e�n�t�i�n�g� �m�u�s�c�l�e�s� �w�i�t�h� �l�a�r�g�e� �a�t�t�a�c�h�m�e�n�t� �s�i�t�e�s� �w�i�t�h� �a� �s�i�n�g�l�e� �l�i�n�e� �o�f� �a�c�t�i�o�n�.� 

�H�o�w�e�v�e�r�,� �a� �c�o�m�p�l�e�t�e� �d�e�s�c�r�i�p�t�i�o�n� �o�f� �t�h�e� �t�r�u�n�k� �m�u�s�c�l�e� �a�t�t�a�c�h�m�e�n�t� �s�i�t�e�s� �r�e�q�u�i�r�e�d� 

�f�o�r� �t�h�e�i�r� �p�r�o�c�e�d�u�r�e� �h�a�s� �n�o�t� �b�e�e�n� �r�e�c�o�r�d�e�d� �f�o�r� �t�h�e� �t�r�u�n�k� �m�u�s�c�l�e�s� �s�u�c�h� �a�s� �t�h�e� 
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�o�b�l�i�q�u�e�s�.� �L�i�n�e� �o�f� �a�c�t�i�o�n� �d�a�t�a� �r�e�p�o�r�t�e�d� �b�y� �D�u�m�a�s� �e�t� �a�l�.� �(�1�9�8�8�)� �a�n�d� �H�a�n� �e�t� �a�l�.� 

�(�1�9�9�2�)� �m�a�y� �b�e� �u�s�e�d� �w�i�t�h� �t�h�e� �a�s�s�u�m�p�t�i�o�n� �o�f� �u�s�i�n�g� �s�i�n�g�l�e� �l�i�n�e�s� �o�f� �a�c�t�i�o�n� �t�o� 

�r�e�p�r�e�s�e�n�t� �a� �m�u�s�c�l�e�.� 

�2�.�5� �M�u�s�c�l�e� �A�r�e�a� 

�T�e�n�s�i�o�n� �(�o�r� �i�n�t�e�n�s�i�t�y�)� �o�f� �a� �m�u�s�c�l�e� �i�s� �t�h�e� �f�o�r�c�e� �p�e�r� �u�n�i�t� �a�r�e�a�.� �T�h�e� �e�x�a�c�t� 

�v�a�l�u�e� �o�f� �t�h�e� �m�a�x�i�m�u�m� �c�a�p�a�b�l�e� �m�u�s�c�l�e� �i�n�t�e�n�s�i�t�y� �i�s� �n�o�t� �w�e�l�l� �e�s�t�a�b�l�i�s�h�e�d�,� �b�u�t� �i�s� 

�a�s�s�u�m�e�d� �t�o� �b�e� �t�h�e� �s�a�m�e� �f�o�r� �a�l�l� �t�r�u�n�k� �m�u�s�c�l�e�s�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �r�e�l�a�t�i�v�e� �a�m�o�u�n�t� �o�f� 

�f�o�r�c�e� �t�h�a�t� �c�a�n� �b�e� �g�e�n�e�r�a�t�e�d� �b�y� �e�a�c�h� �m�u�s�c�l�e� �i�s� �l�a�r�g�e�l�y� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �c�r�o�s�s�-� 

�s�e�c�t�i�o�n�a�l� �a�r�e�a� �o�f� �t�h�a�t� �m�u�s�c�l�e�.� �F�o�r�c�e� �a�l�o�n�e� �d�o�e�s� �n�o�t� �d�e�t�e�r�m�i�n�e� �t�h�e� �r�e�l�a�t�i�v�e� 

�c�o�n�t�r�i�b�u�t�i�o�n�s� �o�f� �t�h�e� �m�u�s�c�l�e�s� �i�n� �r�e�s�i�s�t�i�n�g� �a�n� �e�x�t�e�r�n�a�l�l�y� �a�p�p�l�i�e�d� �m�o�m�e�n�t�.� �T�h�e� 

�m�o�m�e�n�t� �a�r�m�s� �o�f� �a� �m�u�s�c�l�e� �p�l�a�y� �a� �l�a�r�g�e� �r�o�l�e� �i�n� �d�e�t�e�r�m�i�n�i�n�g� �m�o�m�e�n�t� �g�e�n�e�r�a�t�i�o�n� 

�a�s� �w�e�l�l�.� 

�T�r�a�c�y� �e�t� �a�l�.� �(�1�9�8�9�)� �m�e�a�s�u�r�e�d� �t�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a� �o�f� �t�h�e� �l�u�m�b�a�r� 

�m�u�s�c�l�e�s� �a�t� �e�a�c�h� �l�u�m�b�a�r� �d�i�s�c� �l�e�v�e�l� �u�s�i�n�g� �m�a�g�n�e�t�i�c� �r�e�s�o�n�a�n�c�i�n�g� �i�m�a�g�i�n�g� �(�M�R�I�)�.� 

�T�w�e�n�t�y�-�s�i�x� �m�a�l�e�s� �w�e�r�e� �i�n�c�l�u�d�e�d� �i�n� �t�h�e�i�r� �s�t�u�d�y� �w�h�i�c�h� �w�e�r�e� �u�n�d�e�r� �i�n�v�e�s�t�i�g�a�t�i�o�n� 

�f�o�r� �i�n�t�e�r�v�e�r�t�e�b�r�a�l� �d�i�s�c� �d�e�g�e�n�e�r�a�t�i�o�n� �o�r� �p�r�o�t�r�u�s�i�o�n�.� �T�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a�s� �a�t� 

�t�h�e� �L�3�/�L�4� �d�i�s�c� �l�e�v�e�l� �f�o�r� �e�a�c�h� �o�f� �t�h�e� �m�u�s�c�l�e�s� �m�e�a�s�u�r�e�d� �b�y� �T�r�a�c�y� �e�t� �a�l�.� �a�r�e� �l�i�s�t�e�d� 

�i�n� �T�a�b�l�e� �2�.�9�.� �T�r�a�c�y� �e�t� �a�l�.� �a�c�t�u�a�l�l�y� �o�n�l�y� �m�e�a�s�u�r�e�d� �t�h�e� �r�i�g�h�t� �s�i�d�e� �m�u�s�c�l�e�s�.� �T�h�e� �l�e�f�t� 

�s�i�d�e� �m�u�s�c�l�e�s� �a�r�e� �a�s�s�u�m�e�d� �t�o� �b�e� �s�y�m�m�e�t�r�i�c�a�l� �f�o�r� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� �i�n�t�o� �a� �m�o�d�e�l�.� 

�T�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a�s� �r�e�p�o�r�t�e�d� �w�e�r�e� �n�o�t� �m�o�d�i�f�i�e�d� �f�o�r� �f�i�b�e�r� �o�r�i�e�n�t�a�t�i�o�n� �.� 

�b�e�c�a�u�s�e� �t�h�e� �t�r�a�n�s�v�e�r�s�e� �M�R�I� �t�a�k�e�n� �b�y� �T�r�a�c�y� �e�t� �a�l�.� �w�e�r�e� �n�o�t� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� 

�f�i�b�e�r� �o�r�i�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �m�u�s�c�l�e�s�.� �T�o� �o�b�t�a�i�n� �t�h�e� �e�f�f�e�c�t�i�v�e� �m�u�s�c�l�e� �a�r�e�a�,� �t�h�e� �z�-� 
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�T�A�B�L�E� �2�.�9� �R�i�g�h�t� �S�i�d�e� �M�u�s�c�l�e� �C�r�o�s�s�-�S�e�c�t�i�o�n�a�l� �A�r�e�a�s� �R�e�p�o�r�t�e�d� �b�y� �T�r�a�c�y� �e�t� �a�l�.� 
�(�1�9�8�9�)� �a�t� �L�3�/�L�4� �l�e�v�e�l� 
� � 

� � 

�M�u�s�c�l�e� �N� �A�r� �m�?� 

�R�.� �E�r�e�c�t�o�r� �s�p�i�n�a�e� �2�6� �2�6�.�0� 
�R�.� �R�e�c�t�u�s� �A�b�d�o�m�i�n�u�s� �2�5� �6�.�6� 
�R�.� �O�b�l�i�q�u�e�s� �(�o�v�e�r�a�l�l�)� �1�3� �3�5�.�1� 
�R�.� �L�a�t�i�s�s�i�m�u�s� �d�o�r�s�i� �1� �4�.�3� 
�R�.� �Q�u�a�d�r�a�t�u�s� �l�u�m�b�o�r�u�m� �2�6� �7�.�1� 
�R�.� �P�s�o�a�s� �2�6� �1�4�.�8� 

� � 

�c�o�m�p�o�n�e�n�t� �o�f� �t�h�e� �u�n�i�t� �f�o�r�c�e� �v�e�c�t�o�r� �(�f�r�o�m� �D�u�m�a�s� �e�t� �a�l�.�,� �1�9�8�8� �f�o�r� �e�x�a�m�p�l�e�)� �w�a�s� 

�m�u�l�t�i�p�l�i�e�d� �b�y� �t�h�e� �t�r�a�n�s�v�e�r�s�e� �a�r�e�a� �a�s� �i�n� �M�c�G�i�l�l� �e�t� �a�l�.� �(�1�9�8�8�)�.� 

�H�a�n� �e�t� �a�l�.� �(�1�9�9�2�)� �d�e�t�e�r�m�i�n�e�d� �t�h�e� �m�u�s�c�l�e� �a�r�e�a�s� �f�o�r� �1�0� �m�u�s�c�l�e�s� �i�n� �1�0� 

�J�a�p�a�n�e�s�e� �p�a�t�i�e�n�t�s� �w�i�t�h� �b�a�c�k� �d�i�s�o�r�d�e�r�s�.� �T�a�b�l�e� �2�.�1�0� �l�i�s�t�s� �t�h�e� �e�f�f�e�c�t�i�v�e� �m�u�s�c�l�e� 

�a�r�e�a�s� �(�o�r� �p�h�y�s�i�o�l�o�g�i�c�a�l� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a�)� �f�o�r� �t�h�e� �l�e�f�t� �a�n�d� �r�i�g�h�t� �s�i�d�e�s� 

�m�e�a�s�u�r�e�d� �b�y� �H�a�n� �e�t� �a�l�.� �(�1�9�9�2�)�.� �T�h�e� �g�r�o�s�s� �a�r�e�a� �o�f� �t�h�e� �m�u�s�c�l�e� �w�a�s� �m�e�a�s�u�r�e�d� �i�n� 

�t�h�e� �t�r�a�n�s�v�e�r�s�e� �C�T� �s�c�a�n�,� �a�n�d� �t�h�e�n� �c�o�n�v�e�r�t�e�d� �t�o� �t�h�e� �e�f�f�e�c�t�i�v�e� �a�r�e�a� �b�y� �a�c�c�o�u�n�t�i�n�g� 

�f�o�r� �t�h�e� �a�n�g�l�e� �o�f� �t�h�e� �m�u�s�c�l�e� �l�i�n�e� �o�f� �a�c�t�i�o�n� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�r�a�n�s�v�e�r�s�e� �c�u�t�.� 

�S�t�o�k�e�s� �a�n�d� �G�a�r�d�n�e�r�-�M�o�r�s�e� �(�1�9�9�5�)� �s�t�u�d�i�e�d� �t�h�e� �l�u�m�b�a�r� �s�p�i�n�e� �u�s�i�n�g� 

�p�h�y�s�i�o�l�o�g�i�c�a�l� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a�s� �f�o�r� �t�h�e� �m�u�l�t�i�f�i�d�u�s�,� �i�l�i�o�c�o�s�t�a�l�i�s�,� �l�o�n�g�i�s�s�i�m�u�s�,� 

�a�n�d� �p�s�o�a�s� �m�u�s�c�l�e�s� �f�r�o�m� �B�o�g�d�u�k� �e�t� �a�l�.� �(�1�9�9�2�a�)� �a�n�d� �B�o�g�d�u�k� �e�t� �a�l�.� �(�1�9�9�2�b�)�.� �T�h�e� 

�c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a�s� �w�e�r�e� �g�i�v�e�n� �f�o�r� �e�a�c�h� �f�a�s�c�i�c�l�e� �o�f� �t�h�e� �m�u�s�c�l�e�s�.� �T�h�e� �t�o�t�a�l� 

�a�r�e�a� �f�o�r� �t�h�e� �m�u�l�t�i�f�i�d�u�s�,� �i�l�i�o�c�o�s�t�a�l�i�s�,� �l�o�n�g�i�s�s�i�m�u�s�,� �a�n�d� �p�s�o�a�s� �m�u�s�c�l�e�s� �a�t� �t�h�e� �L�3�/�L�4� 

�l�e�v�e�l� �u�s�e�d� �b�y� �S�t�o�k�e�s� �a�n�d� �G�a�r�d�n�e�r�-�M�o�r�s�e� �w�a�s� �d�i�f�f�i�c�u�l�t� �t�o� �d�e�t�e�r�m�i�n�e�.� �T�h�e� 
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�T�A�B�L�E� �2�.�1�0� �C�r�o�s�s�-�S�e�c�t�i�o�n�a�l� �A�r�e�a�s� �F�o�u�n�d� �b�y� �H�a�n� �e�t� �a�l�.� �(�1�9�9�2�)� �a�t� �L�3�/�L�4� �C�u�t�t�i�n�g� 
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� � 

� � 

�P�l�a�n�e�.� 

�E�f�f�e�c�t�i�v�e� �C�r�o�s�s�-� �i�o�n�a�l� �A�r� �m�?� 

�M�u�s�c�l�e� �L�e�f�t� �R�i�g�h�t� 

�M�u�l�t�i�f�i�d�u�s� �5�.�0�6� �5�.�3�1� 
�l�l�i�o�c�o�s�t�a�l�i�s� �7�.�3�9� �6�.�8�9� 
�L�o�n�g�i�s�s�i�m�u�s� �6�.�1�3� �6�.�0�5� 
�R�e�c�t�u�s� �A�b�d�o�m�i�n�u�s� �4�.�6�2� �4�.�7�3� 
�I�n�t�e�r�n�a�l� �O�b�l�i�q�u�e� �4�.�9�2� �4�.�8�0� 
�E�x�t�e�r�n�a�l� �O�b�l�i�q�u�e� �5�.�5�6� �5�.�4�8� 
�L�a�t�i�s�s�i�m�u�s� �D�o�r�s�i� �0�.�9�0� �1�.�0�0� 
�Q�u�a�d�r�a�t�u�s� �L�u�m�b�o�r�u�m� �3�.�9�0� �3�.�6�3� 
�P�s�o�a�s� �8�.�7�9� �8�.�8�0� 
�T�r�a�n�s�v�e�r�s�u�s� �1�.�5�4� �1�.�6�2� 

� � 

�m�u�s�c�l�e�s� �w�e�r�e� �b�r�o�k�e�n� �d�o�w�n� �i�n�t�o� �l�u�m�b�a�r� �a�n�d� �t�h�o�r�a�c�i�c� �c�o�m�p�o�n�e�n�t�s�.� �T�h�e� �l�u�m�b�a�r� 

�c�o�m�p�o�n�e�n�t�s� �h�a�v�e� �m�u�s�c�l�e� �f�i�b�e�r�s� �i�n� �t�h�e� �L�3�/�L�4� �c�u�t�t�i�n�g� �p�l�a�n�e�,� �b�u�t� �m�a�n�y� �o�f� �t�h�e� 

�t�h�o�r�a�c�i�c� �f�a�s�c�i�c�l�e�s� �a�t�t�a�c�h� �t�o� �a� �c�o�m�m�o�n� �t�e�n�d�o�n� �a�t� �t�h�i�s� �c�u�t�t�i�n�g� �p�l�a�n�e�.� �T�h�e� 

�d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� �t�h�o�r�a�c�i�c� �a�n�d� �l�u�m�b�a�r� �p�o�r�t�i�o�n�s� �o�f� �t�h�e� �e�r�e�c�t�o�r� �s�p�i�n�a�e� �m�u�s�c�l�e� �w�a�s� 

�d�i�s�c�u�s�s�e�d� �p�r�e�v�i�o�u�s�l�y� �i�n� �S�e�c�t�i�o�n� �2�.�2�.�1�.� 

�A�t� �t�h�e� �L�4�/�L�5� �c�u�t�t�i�n�g� �p�l�a�n�e� �l�e�v�e�l�,� �M�c�G�i�l�l�,� �P�a�t�t�,� �a�n�d� �N�o�r�m�a�n� �(�1�9�8�8�)� 

�m�e�a�s�u�r�e�d� �t�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a� �o�f� �e�i�g�h�t� �m�u�s�c�l�e�s�.� �T�h�e�y� �d�e�t�e�r�m�i�n�e�d� �t�h�e� 

�a�r�e�a�s� �u�s�i�n�g� �t�r�a�n�s�v�e�r�s�e� �C�T� �s�c�a�n�s� �o�n� �1�3� �a�c�t�i�v�e� �m�e�n� �w�h�o� �r�e�c�e�i�v�e�d� �t�r�e�a�t�m�e�n�t� �f�o�r� 

�c�o�m�p�l�a�i�n�t�s� �o�f� �l�o�w� �b�a�c�k� �p�a�i�n�.� �T�a�b�l�e� �2�.�1�1� �l�i�s�t�s� �t�h�e� �e�i�g�h�t� �m�u�s�c�l�e�s� �a�n�d� �t�h�e� 

�c�o�r�r�e�s�p�o�n�d�i�n�g� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a�s� �c�o�r�r�e�c�t�e�d� �f�o�r� �f�i�b�e�r� �o�r�i�e�n�t�a�t�i�o�n� �r�e�p�o�r�t�e�d� �b�y� 

�M�c�G�i�l�l� �e�t� �a�l�.� �D�a�t�a� �o�n� �b�o�t�h� �t�h�e� �r�i�g�h�t� �s�i�d�e� �a�n�d� �l�e�f�t� �s�i�d�e� �m�u�s�c�l�e�s� �w�e�r�e� �r�e�p�o�r�t�e�d�.� 
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�T�A�B�L�E� �2�.�1�1� �C�r�o�s�s�-�S�e�c�t�i�o�n�a�l� �A�r�e�a� �a�t� �L�4�/�L�5�,� �M�c�G�i�l�l� �e�t� �a�l�.� �(�1�9�8�8�)� 
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�E�f�f�e�c�t�i�v�e� �C�r�o�s�s�-� �i�o�n�a�l� �A�r� �m�?� 

�M�u�s�c�l�e� �L�e�f�t� �R�i�g�h�t� 

�E�r�e�c�t�o�r� �S�p�i�n�a�e�(�u�n�c�o�r�r�e�c�t�e�d�)� �2�3�.�4� �2�1�.�7� 
�S�a�c�r�o�s�p�i�n�a�l�i�s� �1�6�.�5� �1�5�.�3� 

�M�u�l�t�i�f�i�d�u�s� �4�.�3� �4�.�0� 
�R�e�c�t�u�s� �A�b�d�o�m�i�n�u�s� �7�.�5� �8�.�3� 
�I�n�t�e�r�n�a�l� �O�b�l�i�q�u�e� �8�.�5� �7�.�7� 
�E�x�t�e�r�n�a�l� �O�b�l�i�q�u�e� �1�0�.�0� �8�.�8� 
�P�s�o�a�s� �1�8�.�0� �1�7�.�2� 
�Q�u�a�d�r�a�t�u�s� �L�u�m�b�o�r�u�m� �6�.�3� �5�.�9� 
�T�r�a�n�s�v�e�r�s�e� �A�b�d�o�m�i�n�u�s� �1�.�5� �1�.�5� 
� � 

�M�c�G�i�l�l�,� �S�a�n�t�a�g�u�i�d�a�,� �a�n�d� �S�t�e�v�e�n�s� �(�1�9�9�3�)� �m�e�a�s�u�r�e�d� �t�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� 

�a�r�e�a� �o�f� �s�e�v�e�r�a�l� �m�u�s�c�l�e�s� �f�r�o�m� �t�h�e� �T�5� �t�o� �L�5� �l�e�v�e�l�s�.� �T�h�e�y� �d�e�t�e�r�m�i�n�e�d� �t�h�e� �a�r�e�a�s� 

�u�s�i�n�g� �M�R�I� �o�n� �1�5� �a�c�t�i�v�e� �y�o�u�n�g� �m�e�n� �w�i�t�h� �n�o� �h�i�s�t�o�r�y� �o�f� �b�a�c�k� �d�i�s�e�a�s�e� �o�r� �i�n�j�u�r�y�.� 

�T�a�b�l�e� �2�.�1�2� �l�i�s�t�s� �t�h�e� �m�u�s�c�l�e�s� �s�t�u�d�i�e�d� �a�n�d� �t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �r�a�w� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� 

�a�r�e�a�s� �a�t� �t�h�e� �L�3� �a�n�d� �L�4� �l�e�v�e�l�s�.� �C�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a� �c�o�r�r�e�c�t�e�d� �f�o�r� �f�i�b�e�r� 

�o�r�i�e�n�t�a�t�i�o�n� �w�e�r�e� �r�e�p�o�r�t�e�d� �f�o�r� �m�u�s�c�l�e�s� �w�h�o�s�e� �a�r�e�a� �c�h�a�n�g�e�d� �b�y� �1�0�%�.� �D�a�t�a� �o�n� 

�b�o�t�h� �t�h�e� �r�i�g�h�t� �s�i�d�e� �a�n�d� �l�e�f�t� �s�i�d�e� �m�u�s�c�l�e�s� �w�e�r�e� �r�e�p�o�r�t�e�d�.� 

�C�h�o�l�e�w�i�c�k�i� �a�n�d� �M�c�G�i�l�l� �(�1�9�9�6�)� �r�e�p�o�r�t�e�d� �t�h�e� �p�h�y�s�i�o�l�o�g�i�c�a�l� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� 

�a�r�e�a�s� �f�o�r� �4�5� �p�a�i�r�s� �o�f� �m�u�s�c�l�e�s�.� �T�h�e� �4�5� �m�u�s�c�l�e�s� �w�e�r�e� �c�o�m�p�r�i�s�e�d� �o�f� �s�e�v�e�r�a�l� 

�f�a�s�c�i�c�l�e�s�.� �F�o�r� �e�x�a�m�p�l�e�,� �1�2� �f�a�s�c�i�c�l�e�s� �o�f� �t�h�e� �m�u�l�t�i�f�i�d�u�s� �a�s� �w�e�l�l� �a�s� �5� �f�a�s�c�i�c�l�e�s� �o�f� �t�h�e� 

�p�s�o�a�s� �w�e�r�e� �i�n�c�l�u�d�e�d�.� �D�u�e� �t�o� �t�h�e� �a�m�o�u�n�t� �o�f� �d�a�t�a� �r�e�p�o�r�t�e�d�,� �t�h�e� �o�r�i�g�i�n�a�l� �s�o�u�r�c�e� 

�s�h�o�u�l�d� �b�e� �c�o�n�s�u�l�t�e�d�.� 
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�T�A�B�L�E� �2�.�1�2� �C�r�o�s�s�-�S�e�c�t�i�o�n�a�l� �A�r�e�a� �(�c�m�?�)� �a�t� �L�3� �a�n�d� �L�4� �L�e�v�e�l�s�,� �M�c�G�i�l�l� �e�t� �a�l�.� 
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�(�1�9�9�3�)� 

�L�3� �L�4� �C�o�r�r�e�c�t�e�d� 
�A�r�e�a� �L�3�/�L�4� 

�M�u�s�c�l�e� �L�e�f�t� �R�i�g�h�t� �L�e�f�t� �R�i�g�h�t� 

�E�r�e�c�t�o�r� �S�p�i�n�a�e� �2�9�.�3�3� �2�8�.�3�1� �2�2�.�3�4� �2�1�.�5�1� 
�L�o�n�g�i�s�s�i�m�u�s� �t�h�o�r�a�c�i�s� �7�.�8�2� �7�.�4�7� 
�l�l�i�o�c�o�s�t�a�l�i�s� �l�u�m�b�o�r�u�m� �1�3�.�9�5� �1�3�.�6�8� 

�M�u�l�t�i�f�i�d�u�s� �4�.�7�2� �4�.�4�7� 
�R�e�c�t�u�s� �A�b�d�o�m�i�n�u�s� �6�.�9�3� �6�.�7�0� �7�.�4�6� �7�.�5�0� 
�I�n�t�e�r�n�a�l� �O�b�l�i�q�u�e� �1�4�.�2�4� �1�5�.�1�5� �9�.�0�0� �9�.�0�3� �1�1�.�5�4� 
�E�x�t�e�r�n�a�l� �O�b�l�i�q�u�e� �1�3�.�3�5� �1�2�.�7�6� �9�.�9�2� �9�.�1�5� �1�1�.�2�1� 
�L�a�t�i�s�s�i�m�u�s� �D�o�r�s�i� �2�.�5�6� �2�.�3�2� 
�P�s�o�a�s� �1�5�.�9�3� �1�5�.�9�4� �1�8�.�2�0� �1�9�.�6�1� 
�Q�u�a�d�r�a�t�u�s� �L�u�m�b�o�r�u�m� �7�.�4�6� �7�.�0�1� �6�.�2�5� �7�.�2�5� �5�.�8�2� 
�T�r�a�n�s�v�e�r�s�e� �A�b�d�o�m�i�n�u�s� �3�.�7�6� �3�.�5�6� �2�.�2�4� �2�.�3�7� 
� � 

�R�e�i�d� �a�n�d� �C�o�s�t�i�g�a�n� �(�1�9�8�5�)� �d�e�t�e�r�m�i�n�e�d� �t�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a� �o�f� �t�h�e� 

�r�e�c�t�u�s� �a�b�d�o�m�i�n�u�s� �a�n�d� �e�r�e�c�t�o�r� �s�p�i�n�a�e� �m�u�s�c�l�e�s� �f�o�r� �2�8� �s�u�b�j�e�c�t�s� �u�s�i�n�g� �C�T� �s�c�a�n�s�.� 

�V�a�l�u�e�s� �o�f� �1�6�.�0�2� �a�n�d� �1�5�.�7�3� �c�m�?� �w�e�r�e� �r�e�p�o�r�t�e�d� �f�o�r� �t�h�e� �l�e�f�t� �a�n�d� �r�i�g�h�t� �e�r�e�c�t�o�r� 

�s�p�i�n�a�e� �m�u�s�c�l�e�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �t�o�t�a�l� �a�r�e�a� �f�o�r� �r�e�c�t�u�s� �a�b�d�o�m�i�n�u�s� �m�u�s�c�l�e� �w�a�s� 

�g�i�v�e�n� �a�s� �1�0�.�5� �c�m ��,� �o�r� �5�.�2�5� �c�m�?� �f�o�r� �t�h�e� �l�e�f�t� �a�n�d� �r�i�g�h�t� �s�i�d�e�s� �e�a�c�h� �a�s�s�u�m�i�n�g� 

�s�y�m�m�e�t�r�y�.� �T�h�e�s�e� �a�r�e�a�s� �w�e�r�e� �n�o�t� �c�o�r�r�e�c�t�e�d� �f�o�r� �f�i�b�e�r� �o�r�i�e�n�t�a�t�i�o�n�.� 

�R�e�i�d�,� �L�i�v�i�n�g�s�t�o�n�,� �a�n�d� �P�e�a�r�s�a�l�l� �(�1�9�9�4�)� �d�e�t�e�r�m�i�n�e�d� �g�e�o�m�e�t�r�i�c� �d�a�t�a� �o�f� �t�h�e� 

�p�s�o�a�s� �m�u�s�c�l�e� �u�s�i�n�g� �m�a�g�n�e�t�i�c� �r�e�s�o�n�a�n�c�e� �i�m�a�g�i�n�g� �o�n� �1�5� �a�c�t�i�v�e� �m�a�l�e�s� �w�i�t�h� �n�o� 

�h�i�s�t�o�r�y� �o�f� �b�a�c�k� �p�a�i�n�.� �T�h�e�y� �m�e�a�s�u�r�e�d� �t�h�e� �m�o�m�e�n�t� �a�r�m�s� �a�n�d� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� 

�a�r�e�a�s� �o�f� �t�h�e� �l�e�f�t� �a�n�d� �r�i�g�h�t� �p�s�o�a�s� �m�u�s�c�l�e�s� �a�t� �n�i�n�e� �v�e�r�t�e�b�r�a�l� �a�n�d�/�o�r� �i�n�t�e�r�v�e�r�t�e�b�r�a�l� 

�l�e�v�e�l�s�:� �L�2�,� �L�2�/�L�3�,� �L�8�,� �L�3�/�L�4�,� �L�4�,� �L�4�/�L�5�,� �L�5�,� �L�5�/�S�1�,� �a�n�d� �S�1�.� �A�t� �t�h�e� �L�3�/�L�4� �d�i�s�c� 
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�l�e�v�e�l�,� �t�h�e� �p�s�o�a�s� �a�r�e�a� �w�a�s� �r�e�p�o�r�t�e�d� �a�s� �1�2�.�3� �a�n�d� �1�4�.�0� �c�m�?� �f�o�r� �t�h�e� �l�e�f�t� �a�n�d� �r�i�g�h�t� 

�s�i�d�e�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�2�.�6� �A�n�a�t�o�m�i�c�a�l� �M�e�a�s�u�r�e�m�e�n�t�s� �f�o�r� �N�o�n�-�U�p�r�i�g�h�t� �P�o�s�t�u�r�e�s� 

�T�h�e� �m�u�s�c�l�e�s� �m�o�m�e�n�t� �a�r�m�s�,� �l�i�n�e�s� �o�f� �a�c�t�i�o�n�,� �a�n�d� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a�s� �t�o� 

�t�h�i�s� �p�o�i�n�t� �h�a�v�e� �o�n�l�y� �b�e�e�n� �c�o�n�s�i�d�e�r�e�d� �f�o�r� �s�u�p�i�n�e� �o�r� �u�p�r�i�g�h�t� �p�o�s�t�u�r�e�s�.� �W�h�e�n� �t�h�e� 

�t�r�u�n�k� �i�s� �d�e�v�i�a�t�e�d� �f�r�o�m� �t�h�e� �n�e�u�t�r�a�l� �p�o�s�t�u�r�e� �s�u�c�h� �a�s� �t�w�i�s�t�i�n�g� �o�r� �f�l�e�x�i�o�n�,� �t�h�e� 

�m�o�m�e�n�t� �a�r�m�s�,� �l�i�n�e�s� �o�f� �a�c�t�i�o�n�,� �a�n�d� �a�r�e�a�s� �m�a�y� �c�h�a�n�g�e�.� 

�T�s�u�a�n�g�,� �N�o�v�a�k�,� �S�c�h�i�p�p�l�e�i�n�,� �H�a�f�e�z�i�,� �T�r�a�f�i�m�o�w�,� �a�n�d� �A�n�d�e�r�s�s�o�n� �(�1�9�9�3�)� 

�d�e�t�e�r�m�i�n�e�d� �t�h�e� �m�u�s�c�l�e� �m�o�m�e�n�t� �a�r�m�s�,� �l�i�n�e�s� �o�f� �a�c�t�i�o�n�,� �a�n�d� �a�r�e�a�s� �f�o�r� �1�0� �m�u�s�c�l�e�s� 

�(�5� �o�f� �e�a�c�h� �s�i�d�e�)� �f�o�r� �t�h�e� �t�o�r�s�o� �i�n� �a� �n�e�u�t�r�a�l� �p�o�s�t�u�r�e� �a�n�d� �t�h�e�n� �t�w�i�s�t�e�d� �2�5� �a�n�d� �5�0� 

�d�e�g�r�e�e�s�.� �T�h�e� �s�u�b�j�e�c�t�s� �w�e�r�e� �a�s�k�e�d� �t�o� �l�i�e� �s�u�p�i�n�e� �f�o�r� �t�h�e� �n�o�n�-�t�w�i�s�t�i�n�g� �c�o�n�d�i�t�i�o�n�.� 

�T�w�i�s�t�i�n�g� �w�a�s� �a�c�c�o�m�p�l�i�s�h�e�d� �b�y� �p�a�s�s�i�v�e�l�y� �r�o�t�a�t�i�n�g� �t�h�e� �s�h�o�u�l�d�e�r�s� �o�f� �t�h�e� �s�u�b�j�e�c�t�s� 

�a�n�d� �p�l�a�c�i�n�g� �w�e�d�g�e�s� �u�n�d�e�r� �t�h�e�i�r� �s�h�o�u�l�d�e�r�s� �s�o� �t�h�a�t� �2�5� �a�n�d� �5�0� �d�e�g�r�e�e� �t�w�i�s�t� 

�c�o�n�d�i�t�i�o�n�s� �w�e�r�e� �a�c�h�i�e�v�e�d�.� �T�h�e� �a�m�o�u�n�t� �o�f� �t�w�i�s�t� �w�a�s� �m�e�a�s�u�r�e�d� �a�t� �t�h�e� �s�h�o�u�l�d�e�r� 

�l�e�v�e�l� �s�o� �t�h�e� �r�o�t�a�t�i�o�n� �o�f� �t�h�e� �l�u�m�b�a�r� �s�p�i�n�e� �w�a�s� �m�u�c�h� �l�e�s�s� �(�a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0� 

�d�e�g�r�e�e�s�)� �f�o�r� �t�h�e� �m�a�x�i�m�u�m� �t�w�i�s�t� �o�f� �5�0� �d�e�g�r�e�e�s� �a�t� �t�h�e� �s�h�o�u�l�d�e�r�s�.� �F�i�v�e� �m�a�l�e�s� �w�i�t�h� 

�n�o� �s�p�i�n�a�l� �p�r�o�b�l�e�m�s�,� �r�e�s�t�r�i�c�t�e�d� �p�h�y�s�i�c�a�l� �a�c�t�i�v�i�t�i�e�s�,� �o�r� �r�e�c�e�n�t� �h�i�s�t�o�r�y� �o�f� �b�a�c�k� �p�a�i�n� 

�p�a�r�t�i�c�i�p�a�t�e�d� �i�n� �t�h�e� �s�t�u�d�y�.� �T�h�e� �d�a�t�a� �w�a�s� �o�b�t�a�i�n�e�d� �u�s�i�n�g� �M�R�I� �t�e�c�h�n�i�q�u�e�s�.� 

�M�u�s�c�l�e� �g�e�o�m�e�t�r�y� �d�a�t�a� �w�a�s� �c�o�l�l�e�c�t�e�d� �u�s�i�n�g� �t�w�o� �r�e�f�e�r�e�n�c�e� �f�r�a�m�e�s�.� �F�i�r�s�t�,� �a� 

�t�h�r�e�e�-�d�i�m�e�n�s�i�o�n�a�l� �o�r� �a�b�s�o�l�u�t�e� �r�e�f�e�r�e�n�c�e� �f�r�a�m�e� �w�a�s� �u�s�e�d� �w�i�t�h� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� 

�L�5�/�S�1� �d�i�s�c� �c�h�o�s�e�n� �a�s� �t�h�e� �o�r�i�g�i�n�.� �S�e�c�o�n�d�,� �a� �r�e�l�a�t�i�v�e� �r�e�f�e�r�e�n�c�e� �f�r�a�m�e� �a�t� �e�a�c�h� 

�d�i�s�c� �l�e�v�e�l� �w�a�s� �e�s�t�a�b�l�i�s�h�e�d�.� �T�a�b�l�e� �2�.�1�3� �s�h�o�w�s� �t�h�e� �m�o�m�e�n�t� �a�r�m�s� �f�o�r� �t�h�e� �m�u�s�c�l�e�s� 

�u�n�d�e�r� �s�t�u�d�y� �a�t� �e�a�c�h� �a�n�g�l�e� �o�f� �t�w�i�s�t� �f�o�r� �t�h�e� �L�3�/�L�4� �d�i�s�c�.� �T�h�e� �m�o�m�e�n�t� �a�r�m�s� �s�h�o�w�n� 
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�i�n� �T�a�b�l�e� �2�.�1�3� �a�r�e� �a�l�l� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �L�3�/�L�4� �d�i�s�c�,� �n�o�t� �a�n� �a�b�s�o�l�u�t�e� �r�e�f�e�r�e�n�c�e� 

�f�r�a�m�e�.� 

�T�A�B�L�E� �2�.�1�3� �M�o�m�e�n�t� �A�r�m�s� �f�o�r� �t�h�e� �L�e�f�t� �a�n�d� �R�i�g�h�t� �S�i�d�e�s� �a�t� �t�h�e� �L�3�/�L�4� �L�e�v�e�l� �f�o�r� 
�T�h�r�e�e� �L�e�v�e�l�s� �o�f� �T�o�r�s�o� �R�o�t�a�t�i�o�n� �R�e�p�o�r�t�e�d� �b�y� �T�s�u�a�n�g� �e�t� �a�l�.� �(�1�9�9�3�)�.� 
�V�a�l�u�e�s� �a�r�e� �i�n� �c�m� 

� � 

� � 

�I� �h� 

�M�u�s�c�l�e� �L�e�f�t� �R�i�g�h�t� �L�e�f�t� �R�i�g�h�t� 

�E�r�e�c�t�o�r� �S�p�i�n�a�e� 
�O� �d�e�g�r�e�e�s� �-�3�.�5� �3�.�3� �-�4�.�9� �-�4�.�9� 
�2�5� �d�e�g�r�e�e�s� �-�3�.�5� �3�.�4� �-�5�.�3� �-�5�.�3� 
�5�0� �d�e�g�r�e�e�s� �-�3�.�5� �3�.�7� �-�5�.�1� �-�5�.�3� 

�R�e�c�t�u�s� �A�b�d�o�m�i�n�u�s� 
�O� �d�e�g�r�e�e�s� �-�3�.�5� �3�.�2� �6�.�2� �6�.�4� 
�2�5� �d�e�g�r�e�e�s� �-�1�.�9� �5�.�0� �6�.�7� �6�.�5� 
�5�0� �d�e�g�r�e�e�s� �-�0�.�7� �6�.�2� �7�.�0� �6�.�6� 

�O�b�l�i�q�u�e�s� 
�O� �d�e�g�r�e�e�s� �-�1�0�.�9� �1�0�.�2� �1�.�5� �2�.�1� 
�2�5� �d�e�g�r�e�e�s� �-�9�.�9� �1�1�.�3� �2�.�0� �1�.�4� 
�5�0� �d�e�g�r�e�e�s� �-�9�.�3� �1�2�.�1� �2�.�3� �1�.�0� 

�P�s�o�a�s� 
�O� �d�e�g�r�e�e�s� �-�4�.�5� �4�.�1� �-�0�.�3� �-�0�.�1� 
�2�5� �d�e�g�r�e�e�s� �-�4�.�5� �4�.�2� �-�0�.�4� �-�0�.�3� 
�5�0� �d�e�g�r�e�e�s� �-�4�.�4� �4�.�2� �-�0�.�5� �-�0�.�2� 

�Q�u�a�d�r�a�t�u�s� �L�u�m�b�o�r�u�m� 
�O� �d�e�g�r�e�e�s� �-�7�.�7� �7�.�4� �-�2�.�9� �-�2�.�6� 
�2�5� �d�e�g�r�e�e�s� �-�7�.�7� �7�.�1� �-�2�.�9� �-�2�.�6� 
�5�0� �d�e�g�r�e�e�s� �-�7�.�6� �7�.�1� �-�2�.�8� �-�2�.�7� 
� � 
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�T�h�e� �m�u�s�c�l�e� �l�i�n�e�s� �o�f� �a�c�t�i�o�n� �w�e�r�e� �r�e�p�o�r�t�e�d� �o�n�l�y� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� 

�a�b�s�o�l�u�t�e� �r�e�f�e�r�e�n�c�e� �f�r�a�m�e�.� �T�h�e� �l�i�n�e�s� �o�f� �a�c�t�i�o�n�,� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �l�o�c�a�l� �r�e�f�e�r�e�n�c�e� 

�f�r�a�m�e� �o�f� �t�h�e� �L�3�/�L�4� �d�i�s�c�,� �w�e�r�e� �n�o�t� �g�i�v�e�n�.� �I�n� �a� �b�i�o�m�e�c�h�a�n�i�c�a�l� �m�o�d�e�l�,� �t�h�e� �d�a�t�a� �i�s� 

�n�e�e�d�e�d� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �l�o�c�a�l� �c�u�t�t�i�n�g� �p�l�a�n�e�,� �e�v�e�n� �i�f� �t�h�a�t� �c�u�t�t�i�n�g� �p�l�a�n�e� �i�s� 

�d�i�s�p�l�a�c�e�d� �d�u�e� �t�o� �t�r�u�n�k� �r�o�t�a�t�i�o�n�.� 

�T�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a�s� �o�f� �t�h�e� �m�u�s�c�l�e�s� �e�x�a�m�i�n�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� �a�r�e� 

�l�i�s�t�e�d� �i�n� �T�a�b�l�e� �2�.�1�4� �f�o�r� �e�a�c�h� �a�n�g�l�e� �o�f� �t�w�i�s�t�.� �T�h�e� �a�r�e�a�s� �r�e�p�o�r�t�e�d� �w�e�r�e� �n�o�t� 

�c�o�r�r�e�c�t�e�d� �f�o�r� �f�i�b�e�r� �o�r�i�e�n�t�a�t�i�o�n�.� 

�F�o�r� �b�i�o�m�e�c�h�a�n�i�c�a�l� �m�o�d�e�l�i�n�g� �w�h�e�r�e� �o�n�e� �o�f� �t�h�e� �s�p�i�n�a�l� �d�i�s�c�s� �i�s� �s�e�l�e�c�t�e�d� �a�s� 

�t�h�e� �r�e�f�e�r�e�n�c�e�,� �t�h�e� �r�e�l�a�t�i�v�e� �r�e�f�e�r�e�n�c�e� �f�r�a�m�e� �d�e�s�c�r�i�b�e�d� �i�n� �t�h�i�s� �e�x�p�e�r�i�m�e�n�t� �i�s� 

�a�p�p�r�o�p�r�i�a�t�e�.� �T�s�u�a�n�g� �e�t� �a�l�.� �(�1�9�9�3�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �t�h�e� �m�o�m�e�n�t� �a�r�m�s� �o�f� �o�n�l�y� �t�h�e� 

�a�b�d�o�m�i�n�a�l� �m�u�s�c�l�e�s� �(�l�e�f�t� �a�n�d� �r�i�g�h�t� �r�e�c�t�u�s� �a�b�d�o�m�i�n�u�s� �a�n�d� �l�e�f�t� �a�n�d� �r�i�g�h�t� �o�b�l�i�q�u�e�s�)� 

�c�h�a�n�g�e�d� �s�i�g�n�i�f�i�c�a�n�t�l�y� �i�n� �t�h�e� �r�e�l�a�t�i�v�e� �r�e�f�e�r�e�n�c�e� �f�r�a�m�e�.� �T�h�e�r�e� �w�a�s� �n�o� �s�i�g�n�i�f�i�c�a�n�t� 

�d�i�s�p�l�a�c�e�m�e�n�t� �o�f� �t�h�e� �p�s�o�a�s�,� �e�r�e�c�t�o�r� �s�p�i�n�a�e�,� �o�r� �q�u�a�d�r�a�t�u�s� �l�u�m�b�o�r�u�m� �m�u�s�c�l�e�s�.� 

�T�h�e� �m�o�m�e�n�t� �a�r�m�s� �o�f� �t�h�e� �o�b�l�i�q�u�e� �m�u�s�c�l�e�s� �c�h�a�n�g�e�d� �f�r�o�m� �0�.�9� �t�o� �2�.�2� �c�m� �i�n� �t�h�e� �x�-� 

�d�i�r�e�c�t�i�o�n� �(�a�n� �8� �-� �2�1�%� �c�h�a�n�g�e�)�,� �w�h�i�l�e� �c�h�a�n�g�e�s� �i�n� �t�h�e� �y�-�d�i�r�e�c�t�i�o�n� �w�e�r�e� 

�n�u�m�e�r�i�c�a�l�l�y� �s�m�a�l�l�e�r�,� �t�h�e� �p�e�r�c�e�n�t�a�g�e� �c�h�a�n�g�e� �w�a�s� �a�s� �h�i�g�h� �a�s� �5�0�%�.� �F�o�r� �r�e�l�a�t�i�v�e� 

�d�i�f�f�e�r�e�n�c�e�s� �i�n� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a�,� �o�n�l�y� �t�h�e� �o�b�l�i�q�u�e� �m�u�s�c�l�e�s� �c�h�a�n�g�e�d� 

�s�i�g�n�i�f�i�c�a�n�t�l�y�.� �T�h�e� �a�r�e�a� �o�f� �t�h�e� �r�i�g�h�t� �o�b�l�i�q�u�e� �i�n�c�r�e�a�s�e�d� �a�b�o�u�t� �2�0�%� �a�t� �t�h�e� �L�3�/�L�4� 

�l�e�v�e�l� �w�h�i�l�e� �t�h�e� �l�e�f�t� �o�b�l�i�q�u�e� �d�e�c�r�e�a�s�e�d� �b�y� �1�3�%� �a�t� �t�h�e� �s�a�m�e� �l�e�v�e�l�.� �C�h�a�n�g�e�s� �i�n� 

�t�h�e� �m�u�s�c�l�e� �l�i�n�e�s� �o�f� �a�c�t�i�o�n� �w�e�r�e� �o�n�l�y� �r�e�p�o�r�t�e�d� �f�o�r� �t�h�e� �a�b�s�o�l�u�t�e� �r�e�f�e�r�e�n�c�e� �s�y�s�t�e�m� 

�a�n�d� �w�e�r�e� �n�o�t� �a�v�a�i�l�a�b�l�e� �f�o�r� �t�h�e� �r�e�l�a�t�i�v�e� �r�e�f�e�r�e�n�c�e� �f�r�a�m�e�s�.� �I�t� �d�o�e�s� �n�o�t� �a�p�p�e�a�r� 

�f�r�o�m� �t�h�i�s� �s�t�u�d�y� �t�h�a�t� �c�h�a�n�g�e�s� �i�n� �t�h�e� �m�o�m�e�n�t� �a�r�m�s� �a�n�d� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a�s� 

�o�c�c�u�r� �f�o�r� �m�o�s�t� �m�u�s�c�l�e�s�.� 
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�T�A�B�L�E� �2�.�1�4� �C�r�o�s�s�-�S�e�c�t�i�o�n�a�l� �A�r�e�a�s� �F�o�u�n�d� �b�y� �T�s�u�a�n�g� �e�t� �a�l�.� �(�1�9�9�3�)� �a�t� �L�3�/�L�4� 
�C�u�t�t�i�n�g� �P�l�a�n�e� �f�o�r� �T�h�r�e�e� �A�n�g�l�e�s� �o�f� �T�r�u�n�k� �T�w�i�s�t�.� 
� � 

�E�f�f�e�c�t�i�v�e� �C�r�o�s�s�-�S�e�c�t�i�o�n�a�l� �A�r�e�a� �(�c�m�?� 

� � 

�M�u�s�c�l�e� �L�e�f�t� �R�i�g�h�t� 
� � 

�E�r�e�c�t�o�r� �S�p�i�n�a�e� 
�0� �d�e�g�r�e�e�s� �1�9�.�3� �1�8�.�1� 
�2�5� �d�e�g�r�e�e�s� �2�0�.�0� �1�9�.�3� 
�5�0� �d�e�g�r�e�e�s� �1�9�.�7� �1�9�.�1� 

�R�e�c�t�u�s� �A�b�d�o�m�i�n�u�s� 
�O� �d�e�g�r�e�e�s� �7�.�1� �7�.�0� 
�2�5� �d�e�g�r�e�e�s� �6�.�7� �6�.�4� 
�5�0� �d�e�g�r�e�e�s� �6�.�9� �6�.�6� 

�O�b�l�i�q�u�e�s� 
�O� �d�e�g�r�e�e�s� �2�7�.�8� �2�6�.�6� 
�2�5� �d�e�g�r�e�e�s� �2�4�.�8� �3�0�.�2� 
�5�0� �d�e�g�r�e�e�s� �2�3�.�8� �3�2�.�6� 

�P�s�o�a�s� 
�O� �d�e�g�r�e�e�s� �1�4�.�7� �1�3�.�4� 
�2�5� �d�e�g�r�e�e�s� �1�3�.�6� �1�2�.�4� 
�5�0� �d�e�g�r�e�e�s� �1�4�.�4� �1�2�.�4� 

�Q�u�a�d�r�a�t�u�s� �L�u�m�b�o�r�u�m� 
�O� �d�e�g�r�e�e�s� �5�.�9� �6�.�5� 
�2�5� �d�e�g�r�e�e�s� �6�.�0� �6�.�1� 
�5�0� �d�e�g�r�e�e�s� �6�.�0� �6�.�9� 
� � 

�T�v�e�i�t�,� �D�a�g�g�f�e�l�d�t�,� �H�e�t�l�a�n�d�,� �a�n�d� �T�h�o�r�s�t�e�n�s�s�o�n� �(�1�9�9�4�)� �s�t�u�d�i�e�d� �t�h�e� �c�h�a�n�g�e�s� 

�i�n� �e�r�e�c�t�o�r� �s�p�i�n�a�e� �m�o�m�e�n�t� �a�r�m� �w�i�t�h� �c�h�a�n�g�e�s� �i�n� �t�h�e� �l�u�m�b�a�r� �s�p�i�n�e� �c�u�r�v�a�t�u�r�e�.� 

�T�h�e�y� �h�a�d� �s�u�b�j�e�c�t�s� �p�e�r�f�o�r�m� �s�i�m�u�l�a�t�e�d� �l�i�f�t� �s�t�a�t�i�c� �w�h�i�l�e� �l�y�i�n�g� �s�u�p�i�n�e�.� �T�h�e� �|� 

�s�i�m�u�l�a�t�e�d� �l�i�f�t�i�n�g� �w�a�s� �p�e�r�f�o�r�m�e�d� �w�i�t�h� �k�y�p�h�o�s�i�s� �a�n�d� �l�o�r�d�o�s�i�s� �o�f� �t�h�e� �l�u�m�b�a�r� �s�p�i�n�e�.� 

�M�a�g�n�e�t�i�c� �r�e�s�o�n�a�n�c�e� �i�m�a�g�e�s� �w�e�r�e� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �m�o�m�e�n�t� �a�r�m� �o�f� �t�h�e� 
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�e�r�e�c�t�o�r� �s�p�i�n�a�e�.� �T�h�e� �a�v�e�r�a�g�e� �m�o�m�e�n�t� �a�r�m� �l�e�n�g�t�h�s� �f�o�r� �t�h�e� �t�w�o� �p�o�s�t�u�r�e�s� �o�f� �s�i�x� 

�m�a�l�e�s� �a�n�d� �f�i�v�e� �f�e�m�a�l�e�s� �a�r�e� �s�h�o�w�n� �i�n� �T�a�b�l�e� �2�.�1�5�.� �T�v�e�i�t� �e�t� �a�l�.� �(�1�9�9�4�)� �r�e�p�o�r�t�e�d� 

�t�h�a�t� �l�o�n�g�e�r� �m�o�m�e�n�t� �a�r�m�s� �w�e�r�e� �f�o�u�n�d� �i�n� �l�o�r�d�o�s�i�s� �a�s� �c�o�m�p�a�r�e�d� �t�o� �k�y�p�h�o�s�i�s�.� �N�o� 

�s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e� �w�e�r�e� �f�o�u�n�d� �b�e�t�w�e�e�n� �m�a�l�e�s� �a�n�d� �f�e�m�a�l�e�s� �i�n� �t�h�e� �k�y�p�h�o�s�e�d� 

�p�o�s�i�t�i�o�n� �e�x�c�e�p�t� �a�t� �t�h�e� �L�1�/�L�2� �l�e�v�e�l�.� �M�a�l�e� �m�o�m�e�n�t� �a�r�m�s� �w�e�r�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� �g�r�e�a�t�e�r� 

�t�h�a�n� �f�e�m�a�l�e�s� �i�n� �l�o�r�d�o�s�i�s� �e�x�c�e�p�t� �a�t� �t�h�e� �L�4�/�L�5� �l�e�v�e�l�.� �R�e�l�a�t�i�v�e� �c�h�a�n�g�e�s� �i�n� �m�o�m�e�n�t� 

�a�r�e� �l�e�n�g�t�h�s� �w�e�r�e� �o�n�l�y� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �b�e�t�w�e�e�n� �m�a�l�e�s� �a�n�d� �f�e�m�a�l�e�s� �a�t� �t�h�e� 

�L�2�/�L�3� �l�e�v�e�l�.� �F�o�r� �p�o�s�t�u�r�e�s� �d�e�v�i�a�t�e�d� �f�r�o�m� �u�p�r�i�g�h�t� �s�t�a�n�d�i�n�g� �s�u�c�h� �a�s� �b�e�n�d�i�n�g� �t�o� �l�i�f�t� 

�w�e�i�g�h�t�s�,� �t�h�e� �r�e�s�u�l�t�s� �o�f� �T�v�e�i�t� �e�t� �a�l�.� �(�1�9�9�4�)� �i�n�d�i�c�a�t�e�d� �c�h�a�n�g�e�s� �i�n� �m�o�m�e�n�t� �a�r�m�s� �o�f� 

�t�h�e� �e�r�e�c�t�o�r� �s�p�i�n�a�e� �m�u�s�c�l�e�.� 

�A� �m�o�d�e�l� �w�a�s� �r�e�p�o�r�t�e�d� �b�y� �N�u�s�s�b�a�u�m� �a�n�d� �C�h�a�f�f�i�n� �(�1�9�9�4�)� �t�o� �d�e�t�e�r�m�i�n�e� �a� 

�r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �s�p�i�n�e� �m�o�t�i�o�n� �s�e�g�m�e�n�t�s� �a�n�d� �m�u�s�c�l�e� �g�e�o�m�e�t�r�i�e�s�.� �T�h�e� �m�o�d�e�l� 

�w�a�s� �b�o�t�h� �s�c�a�l�e�a�b�l�e� �a�n�d� �d�e�f�o�r�m�a�b�l�e�.� �A�n� �i�n�i�t�i�a�l� �g�e�o�m�e�t�r�y� �o�f� �t�h�e� �b�o�n�y� �e�l�e�m�e�n�t�s� 

�T�A�B�L�E� �2�.�1�5� �A�v�e�r�a�g�e� �M�o�m�e�n�t� �A�r�m�s� �(�m�m�)� �o�f� �t�h�e� �E�r�e�c�t�o�r� �S�p�i�n�a�e� �f�o�r� �t�h�e� �L�u�m�b�a�r� 
�S�p�i�n�e� �i�n� �K�y�p�h�o�s�i�s� �a�n�d� �L�o�r�d�o�s�i�s� �r�e�p�o�r�t�e�d� �b�y� �T�v�e�i�t� �e�t� �a�l�.� �(�1�9�9�4�)� 
� � 

� � � � 

� � 

�M�a�l� �n�=� �F�e�m�a�l�e�s� �(�n�=�5�)� 

�L�u�m�b�a�r� �L�e�v�e�l� �K�y�p�h�o�s�i�s� �L�o�r�d�o�s�i�s� �K�y�p�h�o�s�i�s� �L�o�r�d�o�s�i�s� 

�L�1�/�L�2� �5�2� �6�4� �4�5� �5�6� 
�L�2�/�L�3� �5�3� �6�3� �5�2� �5�7� 
�L�3�/�L�4� �5�6� �6�2� �5�5� �5�9� 
�L�4�/�L�5� �5�5� �6�4� �5�6� �6�2� 
�L�5�/�S�1� �5�7� �5�7� 
� � 
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�w�a�s� �r�e�s�i�z�e�d� �b�a�s�e�d� �o�n� �1�5� �a�n�t�h�r�o�p�o�m�e�t�r�i�c� �m�e�a�s�u�r�e�m�e�n�t�s� �a�l�l�o�w�i�n�g� �t�h�e� �m�o�d�e�l� �t�o� 

�b�e� �s�c�a�l�e�a�b�l�e�.� �T�h�e� �m�o�d�e�l� �w�a�s� �a�l�s�o� �d�e�f�o�r�m�a�b�l�e� �b�a�s�e�d� �o�n� �m�o�t�i�o�n�s� �o�f� �t�h�e� �s�p�i�n�e� 

�s�u�c�h� �a�s� �f�l�e�x�i�o�n�,� �e�x�t�e�n�s�i�o�n�,� �a�n�d� �l�a�t�e�r�a�l� �b�e�n�d�i�n�g�.� �T�h�e� �m�o�d�e�l� �r�e�p�o�r�t�e�d� �b�y� 

�N�u�s�s�b�a�u�m� �a�n�d� �C�h�a�f�f�i�n� �(�1�9�9�5�)� �d�e�t�e�r�m�i�n�e�s� �t�h�e� �m�u�s�c�l�e� �l�i�n�e�s� �o�f� �a�c�t�i�o�n� �d�u�e� �t�o� 

�p�o�s�t�u�r�a�l� �c�h�a�n�g�e�s�.� �H�o�w�e�v�e�r�,� �d�u�e� �t�o� �w�e�a�k� �r�e�l�a�t�i�o�n�s�h�i�p�s� �b�e�t�w�e�e�n� �a�n�t�h�r�o�p�o�m�e�t�r�i�c� 

�m�e�a�s�u�r�e�s� �a�n�d� �m�u�s�c�l�e� �l�i�n�e�s� �o�f� �a�c�t�i�o�n� �a�n�d� �m�o�m�e�n�t� �a�r�m�s�,� �a�v�e�r�a�g�e� �s�e�t�s� �o�f� �v�a�l�u�e�s� 

�w�e�r�e� �u�s�e�d� �f�o�r� �a�l�l� �s�u�b�j�e�c�t�s�.� �T�h�e� �m�o�d�e�l� �a�c�c�o�u�n�t�e�d� �f�o�r� �c�h�a�n�g�e�s� �i�n� �m�u�s�c�l�e� 

�g�e�o�m�e�t�r�y� �d�u�e� �t�o� �p�o�s�t�u�r�a�l� �c�h�a�n�g�e�s�,� �b�u�t� �n�o�t� �a�n�t�h�r�o�p�o�m�e�t�r�i�c� �d�i�f�f�e�r�e�n�c�e�s�.� 

�2�.�7� �J�o�i�n�t� �C�o�n�t�a�c�t� �a�n�d� �L�i�g�a�m�e�n�t� �F�o�r�c�e�s� 

�2�.�7�.�1� �I�n�t�r� �i�o�n� �t�o� �L�i�g�a�m�e�n� 

�L�i�g�a�m�e�n�t�s� �a�r�e� �a� �c�o�n�n�e�c�t�i�v�e� �t�i�s�s�u�e� �w�i�t�h� �t�h�e� �m�a�i�n� �f�u�n�c�t�i�o�n� �o�f� �c�o�n�n�e�c�t�i�n�g� 

�b�o�n�e� �t�o� �b�o�n�e� �t�o� �p�r�o�v�i�d�e� �s�t�a�b�i�l�i�t�y� �a�t� �t�h�e� �j�o�i�n�t�s� �(�C�h�a�f�f�i�n� �a�n�d� �A�n�d�e�r�s�o�n�,� �1�9�9�1�)�.� �A�s� 

�j�o�i�n�t�s� �a�r�t�i�c�u�l�a�t�e�,� �t�h�e� �l�i�g�a�m�e�n�t�s� �b�e�c�o�m�e� �s�t�r�e�t�c�h�e�d� �a�n�d� �c�r�e�a�t�e� �t�e�n�s�i�l�e� �f�o�r�c�e� �t�o� �p�u�l�l� 

�t�h�e� �b�o�n�e�s� �o�f� �t�h�e� �j�o�i�n�t� �t�o�g�e�t�h�e�r�.� �L�i�g�a�m�e�n�t�s� �p�o�s�s�e�s�s� �o�n�l�y� �p�a�s�s�i�v�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� 

�a�s� �o�p�p�o�s�e�d� �t�o� �m�u�s�c�l�e�s� �w�h�i�c�h� �h�a�v�e� �b�o�t�h� �p�a�s�s�i�v�e� �a�n�d� �a�c�t�i�v�e� �f�o�r�c�e� �c�o�m�p�o�n�e�n�t�s�.� 

�A�s� �t�h�e� �l�i�g�a�m�e�n�t� �e�l�o�n�g�a�t�e�s�,� �i�t� �d�e�v�e�l�o�p�s� �a� �h�i�g�h�e�r� �a�m�o�u�n�t� �o�f� �t�e�n�s�i�o�n�.� 

�L�i�g�a�m�e�n�t�s� �c�o�n�n�e�c�t� �t�h�e� �v�e�r�t�e�b�r�a�e� �o�f� �t�h�e� �s�p�i�n�a�l� �c�o�l�u�m�n� �a�s� �t�h�e�y� �d�o� �m�a�n�y� 

�o�t�h�e�r� �j�o�i�n�t�s�.� �K�r�o�e�m�e�r�,� �K�r�o�e�m�e�r�,� �a�n�d� �K�r�o�e�m�e�r�-�E�l�b�e�r�t� �(�1�9�9�0�)� �p�o�i�n�t� �o�u�t� �t�h�a�t� �t�h�e� 

�s�p�i�n�a�l� �c�o�l�u�m�n� �c�o�n�s�i�s�t�s� �o�f� �c�a�r�t�i�l�a�g�i�n�o�u�s� �j�o�i�n�t�s� �w�h�i�c�h� �a�r�e� �t�i�g�h�t�l�y� �c�o�v�e�r�e�d� �b�y� 

�l�i�g�a�m�e�n�t�s�.� �O�n�e� �o�f� �t�h�e� �f�u�n�c�t�i�o�n�s� �o�f� �t�h�e� �l�i�g�a�m�e�n�t�s� �i�n� �t�h�e� �t�r�u�n�k� �i�s� �t�o� �h�e�l�p� �m�a�i�n�t�a�i�n� 

�t�h�e� �s�t�r�u�c�t�u�r�a�l� �i�n�t�e�g�r�i�t�y� �o�f� �t�h�e� �s�p�i�n�a�l� �c�o�l�u�m�n�.� �T�h�i�s� �i�s� �a�c�c�o�m�p�l�i�s�h�e�d� �b�y� �p�r�o�v�i�d�i�n�g� 

�t�e�n�s�i�l�e� �f�o�r�c�e�s� �b�e�t�w�e�e�n� �t�h�e� �v�e�r�t�e�b�r�a�e� �t�o� �w�h�i�c�h� �t�h�e�y� �a�r�e� �c�o�n�n�e�c�t�e�d�.� 
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�2�.�7�.�2� �R�o�l�e� �o�f� �L�i�g�a�m�e�n�t�s� �i�n� �L�i�f�t�i�n�g� 

�A�n� �i�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �o�n�l�y� �t�h�e� �l�i�g�a�m�e�n�t�u�m� �f�l�a�v�u�m� �w�a�s� �r�e�p�o�r�t�e�d� �b�y� 

�N�a�c�h�e�m�s�o�n� �a�n�d� �E�v�a�n�s� �(�1�9�6�8�)�.� �T�h�e� �l�i�g�a�m�e�n�t�u�m� �f�l�a�v�u�m� �b�e�t�w�e�e�n� �t�h�e� �L�3� �a�n�d� �L�4� 

�v�e�r�t�e�b�r�a�e� �o�f� �1�0� �c�a�d�a�v�e�r�s� �(�a�g�e� �1�3� �t�o� �7�9�)� �w�a�s� �s�u�b�j�e�c�t�e�d� �t�o� �t�e�n�s�i�o�n� �t�e�s�t�s� �t�o� 

�d�e�t�e�r�m�i�n�e� �t�h�e� �s�t�r�e�s�s�-�s�t�r�a�i�n� �r�e�l�a�t�i�o�n�s�h�i�p� �o�f� �t�h�i�s� �l�i�g�a�m�e�n�t�.� �T�h�r�o�u�g�h� �o�t�h�e�r� �t�e�s�t�s� 

�N�a�c�h�e�m�s�o�n� �a�n�d� �E�v�a�n�s� �(�1�9�6�8�)� �f�o�u�n�d� �t�h�e� �l�i�g�a�m�e�n�t�u�m� �f�l�a�v�u�m� �t�o� �p�r�e�-�s�t�r�e�s�s� �t�h�e� 

�d�i�s�c� �w�i�t�h� �a� �f�o�r�c�e� �r�a�n�g�i�n�g� �f�r�o�m� �1�4�.�7� �t�o� �3�.�9� �N�.� �F�i�n�a�l�l�y�,� �t�h�e� �l�i�g�a�m�e�n�t�u�m� �f�l�a�v�u�m� �w�a�s� 

�e�s�t�i�m�a�t�e�d� �t�o� �p�r�o�d�u�c�e� �a� �m�o�m�e�n�t� �o�f� �u�p� �t�o� �2�.�9� �N�m� �i�n� �f�u�l�l� �f�o�r�w�a�r�d� �f�l�e�x�i�o�n� �a�n�d� 

�n�e�g�l�i�g�i�b�l�e� �m�o�m�e�n�t� �i�n� �e�x�t�e�n�s�i�o�n� �(�p�o�s�s�i�b�l�y� �b�e�c�a�u�s�e� �i�t� �s�h�o�r�t�e�n�e�d� �t�o� �i�t�s� �r�e�s�t�i�n�g� 

�p�o�s�i�t�i�o�n�)�.� �T�h�i�s� �m�o�m�e�n�t� �w�o�u�l�d� �p�r�o�v�i�d�e� �o�n�l�y� �a� �s�m�a�i�l� �c�o�n�t�r�i�b�u�t�i�o�n� �i�n� �a� �l�i�f�t�i�n�g� �t�a�s�k�.� 

�B�a�s�e�d� �o�n� �t�h�e�s�e� �r�e�s�u�l�t�s�,� �N�a�c�h�e�m�s�o�n� �a�n�d� �E�v�a�n�s� �(�1�9�6�8�)� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e� �r�o�l�e� 

�o�f� �t�h�e� �l�i�g�a�m�e�n�t�u�m� �f�l�a�v�u�m� �i�s� �t�o� �p�r�o�v�i�d�e� �p�r�o�t�e�c�t�i�o�n� �f�o�r� �t�h�e� �n�e�r�v�e� �r�o�o�t�s�,� �a�n�d� �d�u�e� �t�o� 

�t�h�e� �p�r�e�-�s�t�r�e�s�s�i�n�g�,� �s�t�a�b�i�l�i�z�e� �t�h�e� �s�p�i�n�e�.� �I�t� �s�h�o�u�l�d� �b�e� �n�o�t�e�d� �t�h�a�t� �o�t�h�e�r� �l�i�g�a�m�e�n�t�s� �i�n� 

�t�h�e� �t�r�u�n�k� �w�e�r�e� �n�o�t� �t�e�s�t�e�d� �f�o�r� �t�h�e� �s�a�m�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� 

�A�n�d�e�r�s�s�o�n�,� �C�h�a�f�f�i�n�,� �H�e�r�r�i�n�,� �a�n�d� �M�a�t�t�h�e�w�s� �(�1�9�8�5�)� �d�e�v�e�l�o�p�e�d� �a� 

�b�i�o�m�e�c�h�a�n�i�c�a�l� �m�o�d�e�l� �t�o� �p�r�e�d�i�c�t� �t�h�e� �f�o�r�c�e�s� �o�f� �t�h�e� �m�u�s�c�l�e�s�,� �l�i�g�a�m�e�n�t�s�,� �a�n�d� �i�n�t�r�a�-� 

�a�b�d�o�m�i�n�a�l� �p�r�e�s�s�u�r�e� �(�I�A�P�)� �a�r�o�u�n�d� �t�h�e� �L�5�-�S�1� �j�o�i�n�t� �i�n� �r�e�s�p�o�n�s�e� �t�o� �i�s�o�m�e�t�r�i�c� 

�e�x�t�e�r�n�a�l� �f�o�r�c�e�s�.� �S�e�v�e�n� �l�i�g�a�m�e�n�t�s� �w�e�r�e� �i�n�c�l�u�d�e�d� �i�n� �t�h�e� �m�o�d�e�l�:� �l�u�m�b�o�d�o�r�s�a�l� 

�f�a�s�c�i�a�,� �i�n�t�e�r�s�p�i�n�o�u�s� �a�n�d� �s�u�p�r�a�s�p�i�n�o�u�s� �l�i�g�a�m�e�n�t�s�,� �a�r�t�i�c�u�l�a�r� �l�i�g�a�m�e�n�t�,� �l�i�g�a�m�e�n�t�u�m� 

�f�l�a�v�u�m�,� �a�n�d� �i�l�i�o�l�u�m�b�a�r� �a�n�d� �s�a�c�r�o�l�u�m�b�a�r� �l�i�g�a�m�e�n�t�s�.� �T�h�e�y� �e�m�p�l�o�y�e�d� �a� �m�o�d�e�l� �t�o� 

�p�r�e�d�i�c�t� �t�h�e� �r�e�s�t�o�r�a�t�i�v�e� �m�o�m�e�n�t�s� �o�f� �t�h�e� �m�u�s�c�l�e�s�,� �l�i�g�a�m�e�n�t�s�,� �a�n�d� �I�A�P� �w�h�e�n� �l�o�a�d�s� 

�o�f� �O� �a�n�d� �5�0�0� �N� �w�e�r�e� �h�e�l�d� �i�n� �t�h�e� �h�a�n�d�s�.� �F�o�r� �e�a�c�h� �l�o�a�d�,� �t�h�e� �t�o�r�s�o� �w�a�s� �a�l�s�o� 

�r�o�t�a�t�e�d� �t�o� �0�,� �3�0�,� �6�0�,� �a�n�d� �9�0� �d�e�g�r�e�e�s� �f�l�e�x�i�o�n�.� 
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�A�n�d�e�r�s�o�n� �e�t� �a�l�.� �(�1�9�8�5�)� �d�e�v�e�l�o�p�e�d� �m�e�t�h�o�d�o�l�o�g�i�e�s� �t�o� �e�s�t�i�m�a�t�e� �t�h�e� �m�u�s�c�l�e�,� 

�l�i�g�a�m�e�n�t�,� �a�n�d� �I�A�P� �f�o�r�c�e� �c�o�n�t�r�i�b�u�t�i�o�n�s�.� �T�h�e� �a�m�o�u�n�t� �o�f� �r�e�s�t�o�r�a�t�i�v�e� �m�o�m�e�n�t� �f�o�r� �t�h�e� 

�l�i�g�a�m�e�n�t�s�,� �m�u�s�c�l�e�s�,� �a�n�d� �I�A�P� �p�r�e�d�i�c�t�e�d� �b�y� �t�h�e� �m�o�d�e�l� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�2�.� 

�T�h�e� �c�o�n�t�r�i�b�u�t�i�o�n� �o�f� �t�h�e� �l�i�g�a�m�e�n�t�s� �p�r�e�d�i�c�t�e�d� �i�n� �t�h�i�s� �i�s�o�m�e�t�r�i�c� �m�i�d�-�s�a�g�i�t�t�a�l� �l�i�f�t�i�n�g� 

�t�a�s�k� �i�s� �v�e�r�y� �s�m�a�l�l� �c�o�m�p�a�r�e�d� �t�o� �t�h�a�t� �o�f� �t�h�e� �m�u�s�c�l�e�s�.� 

�C�a�p�p�o�z�z�o�,� �F�e�l�i�c�i�,� �F�i�g�u�r�a�,� �a�n�d� �G�a�z�z�a�n�i� �(�1�9�8�5�)� �e�s�t�i�m�a�t�e�d� �t�h�e� �c�o�m�p�r�e�s�s�i�v�e� 

�f�o�r�c�e� �a�c�t�i�n�g� �o�n� �t�h�e� �L�3�-�L�4� �j�o�i�n�t� �d�u�r�i�n�g� �w�e�i�g�h�t� �l�i�f�t�i�n�g� �e�x�e�r�c�i�s�e�s�.� �F�o�u�r� �s�u�b�j�e�c�t�s� 

�p�e�r�f�o�r�m�e�d�  ��h�a�l�f�-�s�q�u�a�t�"� �e�x�e�r�c�i�s�e�s� �w�i�t�h� �a� �b�a�r�b�e�l�l� �r�e�s�t�i�n�g� �o�n� �t�h�e� �s�u�b�j�e�c�t�'�s� 

�s�h�o�u�l�d�e�r�s�.� �T�h�e� �m�o�m�e�n�t� �a�b�o�u�t� �t�h�e� �L�3�-�L�4� �j�o�i�n�t� �o�f� �t�h�e� �s�u�b�j�e�c�t�s� �i�n� �t�h�e� �m�i�d�-�s�a�g�i�t�t�a�l� 

�p�l�a�n�e� �w�a�s� �e�s�t�i�m�a�t�e�d� �t�o� �b�e� �b�e�t�w�e�e�n� �1�1�0� �t�o� �2�5�0� �N�m� �d�u�e� �t�o� �e�x�t�e�r�n�a�l� �f�o�r�c�e�s� �a�n�d� 

�b�o�d�y� �w�e�i�g�h�t�s�.� �T�h�e� �i�n�t�e�r�n�a�l� �m�u�s�c�u�l�a�r� �f�o�r�c�e�s� �n�e�e�d�e�d� �t�o� �r�e�s�i�s�t� �t�h�i�s� �m�o�m�e�n�t� �w�e�r�e� 

�t�h�e�n� �c�a�l�c�u�l�a�t�e�d�.� �C�a�p�p�o�z�z�o� �e�t� �a�l�.� �(�1�9�8�5�)� �d�i�d� �n�o�t� �i�n�c�l�u�d�e� �l�i�g�a�m�e�n�t� �t�e�n�s�i�o�n� �i�n� �t�h�e�i�r� 

�m�o�d�e�l� �o�f� �i�n�t�e�r�n�a�l� �r�e�s�i�s�t�i�n�g� �m�o�m�e�n�t�s� �b�e�c�a�u�s�e� �i�t� �w�a�s� �c�o�n�s�i�d�e�r�e�d� �n�e�g�l�i�g�i�b�l�e�.� 

�T�h�e�y� �e�s�t�i�m�a�t�e�d� �a� �r�e�s�t�o�r�a�t�i�v�e� �m�o�m�e�n�t� �d�u�e� �t�o� �t�h�e� �l�i�g�a�m�e�n�t�s� �o�f� �2�.�5� �N�m�/�d�e�g�r�e�e� �o�f� 

�r�o�t�a�t�i�o�n� �b�e�t�w�e�e�n� �t�w�o� �a�d�j�a�c�e�n�t� �v�e�r�t�e�b�r�a�e� �(�b�a�s�e�d� �o�n� �d�a�t�a� �f�r�o�m� �P�a�n�j�a�b�i�,� �K�r�a�g�,� 

�W�h�i�t�e�,� �a�n�d� �S�o�u�t�h�w�i�c�k�,� �1�9�7�7� �a�n�d� �S�c�h�u�l�t�z�,� �W�a�r�w�i�c�k�,� �B�e�r�s�k�o�n�,� �a�n�d� �N�a�c�h�e�m�s�o�n�,� 

�1�9�7�9�)�.� �T�h�e�y� �c�o�n�s�i�d�e�r�e�d� �t�h�a�t� �t�h�e� �r�e�l�a�t�i�v�e� �d�i�s�p�l�a�c�e�m�e�n�t� �b�e�t�w�e�e�n� �t�h�e� �L�3� �a�n�d� �L�4� 

�v�e�r�t�e�b�r�a�e� �w�o�u�l�d� �h�a�v�e� �t�o� �b�e� �l�a�r�g�e�r� �t�h�a�n� �s�i�x� �d�e�g�r�e�e�s� �f�o�r� �t�h�e� �l�i�g�a�m�e�n�t� �m�o�m�e�n�t� �t�o� 

�m�a�k�e� �a� �s�i�g�n�i�f�i�c�a�n�t� �m�o�m�e�n�t� �c�o�n�t�r�i�b�u�t�i�o�n�.� �A�l�t�h�o�u�g�h� �r�o�t�a�t�i�o�n� �o�f� �t�h�e� �v�e�r�t�e�b�r�a�e� �w�a�s� 

�n�o�t� �m�e�a�s�u�r�e�d� �t�h�e�y� �a�s�s�u�m�e�d� �"�w�i�t�h� �c�o�n�f�i�d�e�n�c�e�"� �t�h�a�t� �i�t� �w�a�s� �l�e�s�s� �t�h�a�n� �s�i�x� �d�e�g�r�e�e�s�.� 

�T�h�r�o�u�g�h� �t�h�i�s� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �l�i�g�a�m�e�n�t�s�'� �l�i�m�i�t�e�d� �c�a�p�a�b�i�l�i�t�y� �t�o� �p�r�o�d�u�c�e� �t�o�r�q�u�e� �i�n� �a� 

�l�i�f�t�i�n�g� �t�a�s�k�,� �C�a�p�p�o�z�z�o� �e�t� �a�l�.� �(�1�9�8�5�)� �j�u�s�t�i�f�i�e�d� �i�t�s� �e�x�c�l�u�s�i�o�n� �f�r�o�m� �t�h�e�i�r� �m�o�d�e�l�.� 

�M�c�G�i�l�l� �a�n�d� �N�o�r�m�a�n� �(�1�9�8�6�)� �e�s�t�i�m�a�t�e�d� �t�h�e� �m�o�m�e�n�t�s� �g�e�n�e�r�a�t�e�d� �b�y� �t�h�e� 

�m�u�s�c�l�e�s�,� �l�i�g�a�m�e�n�t�s�,� �a�n�d� �d�i�s�c� �c�o�m�p�o�n�e�n�t�s� �a�b�o�u�t� �t�h�e� �L�4�-�L�5� �j�o�i�n�t� �i�n� �r�e�s�p�o�n�s�e� �t�o� 
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�0� �3�0� �6�0� �9�0� 

�T�o�r�s�o� �R�o�t�a�t�i�o�n� �(�d�e�g�r�e�e�s�)� 

�(�b�)� �E�x�t�e�r�n�a�l� �l�o�a�d� �e�q�u�a�l�s� �5�0�0� �N�,� �I�A�P� �=� �I�n�t�r�a�-�A�b�d�o�m�i�n�a�l� �P�r�e�s�s�u�r�e� 

�F�i�g�u�r�e� �2�.�2� �E�s�t�i�m�a�t�e�d� �r�e�s�t�o�r�a�t�i�v�e� �m�o�m�e�n�t� �v�s�.� �t�o�r�s�o� �r�o�t�a�t�i�o�n� �b�y� �e�l�e�m�e�n�t� �a�t� �(�a�)� �0� 
�N�,� �a�n�d� �(�b�)� �5�0�0� �N� �l�o�a�d� �i�n� �t�h�e� �h�a�n�d�s� �w�i�t�h� �s�t�r�a�i�g�h�t� �l�e�g�s�,� �a�d�a�p�t�e�d� 
�f�r�o�m� �A�n�d�e�r�s�o�n� �e�t� �a�l�.� �(�1�9�8�5�)�.� 

�5�1



�e�x�t�e�r�n�a�l� �f�o�r�c�e�s� �d�u�r�i�n�g� �a� �d�y�n�a�m�i�c� �m�i�d�-�s�a�g�i�t�t�a�l� �p�l�a�n�e� �l�i�f�t�i�n�g� �t�a�s�k�.� �T�h�r�e�e� �s�u�b�j�e�c�t�s� 

�p�e�r�f�o�r�m�e�d� �s�i�x� �l�i�f�t�s� �c�o�n�s�i�s�t�i�n�g� �o�f� �c�o�m�b�i�n�a�t�i�o�n�s� �o�f� �v�a�r�y�i�n�g� �l�o�a�d�s� �a�n�d� �a�c�c�e�l�e�r�a�t�i�o�n�s� 

�i�n� �t�h�e� �m�i�d�-�s�a�g�i�t�t�a�l� �p�l�a�n�e�.� �T�h�r�o�u�g�h� �a� �m�o�t�i�o�n� �m�o�n�i�t�o�r�i�n�g� �s�y�s�t�e�m�,� �a�s�s�u�m�e�d� �l�i�n�e�s� 

�o�f� �a�c�t�i�o�n�,� �m�o�m�e�n�t� �a�r�m� �l�e�n�g�t�h�s�,� �a�n�d� �E�M�G� �d�a�t�a� �t�h�e� �r�e�s�t�o�r�a�t�i�v�e� �m�o�m�e�n�t�s� �o�f� �4�8� 

�m�u�s�c�l�e�s� �w�e�r�e� �e�s�t�i�m�a�t�e�d�.� �E�i�g�h�t� �l�i�g�a�m�e�n�t�s� �w�e�r�e� �a�l�s�o� �i�n�c�l�u�d�e�d� �i�n� �t�h�e� �m�o�d�e�l�:� 

�a�n�t�e�r�i�o�r� �a�n�d� �p�o�s�t�e�r�i�o�r� �l�o�n�g�i�t�u�d�i�n�a�l� �l�i�g�a�m�e�n�t�s�,� �l�i�g�a�m�e�n�t�u�m� �f�l�a�v�u�m�,� �a�r�t�i�c�u�l�a�r� 

�l�i�g�a�m�e�n�t�,� �i�n�t�e�r�t�r�a�n�s�v�e�r�s�e� �l�i�g�a�m�e�n�t�,� �i�n�t�e�r�s�p�i�n�o�u�s� �a�n�d� �s�u�p�r�a�s�p�i�n�o�u�s� �l�i�g�a�m�e�n�t�s�,� 

�a�n�d� �t�h�e� �l�u�m�b�o�d�o�r�s�a�l� �f�a�s�c�i�a�.� �T�h�e� �i�n�d�i�v�i�d�u�a�l� �f�o�r�c�e�s� �c�r�e�a�t�e�d� �b�y� �t�h�e� �l�i�g�a�m�e�n�t�s� 

�w�e�r�e� �c�a�l�c�u�l�a�t�e�d� �u�s�i�n�g� �s�t�r�e�s�s�-�s�t�r�a�i�n� �r�e�l�a�t�i�o�n�s�h�i�p�s� �a�n�d� �p�r�e�-�t�e�n�s�i�o�n� �v�a�l�u�e�s� �f�o�u�n�d� 

�i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e�.� �T�h�e� �f�o�r�c�e�s� �c�a�l�c�u�l�a�t�e�d� �w�e�r�e� �t�h�e�n� �c�o�n�v�e�r�t�e�d� �t�o� �m�o�m�e�n�t�s� �a�b�o�u�t� 

�t�h�e� �d�i�s�c� �b�a�s�e�d� �o�n� �a�s�s�u�m�e�d� �m�o�m�e�n�t� �a�r�m�s� �a�n�d� �l�i�n�e�s� �o�f� �a�c�t�i�o�n�.� 

�T�h�e� �e�s�t�i�m�a�t�e�d� �r�e�l�a�t�i�v�e� �m�o�m�e�n�t� �c�o�n�t�r�i�b�u�t�i�o�n�s� �o�f� �t�h�e� �l�i�g�a�m�e�n�t�s�,� �m�u�s�c�l�e�s�,� 

�a�n�d� �d�i�s�c� �c�o�m�p�o�n�e�n�t�s� �d�u�r�i�n�g� �t�h�e� �l�i�f�t�i�n�g� �t�a�s�k� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�3� �(�M�c�G�i�l�l� �a�n�d� 

�N�o�r�m�a�n�,� �1�9�8�6�)�.� �T�h�e� �l�i�g�a�m�e�n�t� �a�n�d� �d�i�s�c� �m�o�m�e�n�t�s� �f�o�l�l�o�w� �n�e�a�r� �t�h�e� �z�e�r�o� �m�o�m�e�n�t� 

�l�i�n�e� �i�n�d�i�c�a�t�i�n�g� �t�h�e� �a�m�o�u�n�t� �o�f� �m�o�m�e�n�t� �p�r�o�d�u�c�e�d� �w�a�s� �n�e�g�l�i�g�i�b�l�e�.� �M�c�G�i�l�l� �a�n�d� 

�N�o�r�m�a�n� �(�1�9�8�6�)� �a�c�k�n�o�w�l�e�d�g�e�d� �t�h�a�t� �t�h�e� �l�i�g�a�m�e�n�t� �s�y�s�t�e�m� �m�a�y� �n�o�t� �h�a�v�e� �p�r�o�d�u�c�e�d� 

�a�n�y� �m�o�m�e�n�t�s� �b�e�c�a�u�s�e� �t�h�e� �s�u�b�j�e�c�t�s� �e�l�e�c�t�e�d� �t�o� �a�s�s�u�m�e� �a� �f�l�a�t� �b�a�c�k� �p�o�s�t�u�r�e�.� 

�S�i�n�c�e� �t�h�e� �l�i�g�a�m�e�n�t�s� �a�r�e� �p�a�s�s�i�v�e�,� �t�h�e�y� �m�u�s�t� �b�e� �s�t�r�e�t�c�h�e�d� �t�o� �c�o�n�t�r�i�b�u�t�e� �f�o�r�c�e�.� 

�E�v�e�n� �t�h�o�u�g�h� �t�h�e� �s�u�b�j�e�c�t�s� �k�e�p�t� �a� �m�o�s�t�l�y� �f�l�a�t� �b�a�c�k� �p�o�s�t�u�r�e�,� �t�h�e� �l�i�g�a�m�e�n�t� �f�o�r�c�e�s� 

�s�h�o�u�l�d� �n�o�t� �h�a�v�e� �b�e�e�n� �t�h�a�t� �g�r�e�a�t�l�y� �u�n�d�e�r� �e�s�t�i�m�a�t�e�d�.� �T�h�e�r�e�f�o�r�e�,� �M�c�G�i�l�l� �a�n�d� 

�N�o�r�m�a�n� �(�1�9�8�6�)� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e� �l�i�g�a�m�e�n�t� �a�n�d� �d�i�s�c� �f�o�r�c�e�s� �w�e�r�e� �n�o�t� �a� 

�s�i�g�n�i�f�i�c�a�n�t� �c�o�m�p�o�n�e�n�t� �o�f� �t�h�e� �s�p�i�n�a�l� �l�i�f�t�i�n�g� �m�e�c�h�a�n�i�s�m� �d�u�r�i�n�g� �s�t�r�e�s�s�f�u�l�,� �m�i�d�-� 

�s�a�g�i�t�t�a�l� �l�i�f�t�s� �u�n�d�e�r� �s�t�u�d�y�.� 

�5�2



�F�i�g�u�r�e� �2�.�3�.� 

�H
�a

�n
�d

� �F
�o

�r�
c�

e�
 �(�N

�)� 
�L

�4
�/�

L�
5�

 �M
�o

�m
�e

�n
�t�

 
�(�

N
�m

�)�
 

�M
�o

�m
�e

�n
�t�

 
�(�

N
�m

�)�
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�3�0�0� 
�2�0�0� 
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� � 

�-�1�0�0� �0�.�1�2�5� �0�.�2�5� �0�.�3�7�5� �0�.�5� �0�.�6�2�5� �0�.�7�5� �0�.�8�7�5� 

�T�i�m�e� �(�s�e�c�)� 
�(�a�)� �H�a�n�d� �F�o�r�c�e� 

�4�5�0� 
�4�0�0� 
�3�5�0� 
�3�0�0� 
�2�5�0� 
�2�0�0� 
�1�5�0� 
�1�0�0� 

�5�0� 
�0� 

�0� �0�.�1�2�5� �0�.�2�5� �0�.�3�7�5� �0�.�5� �0�.�6�2�5� �0�.�7�5� �0�.�8�7�5� 

�T�i�m�e� �(�s�e�c�)� 
�(�b�)� �T�o�t�a�l� �L�4�/�L�5� �M�o�m�e�n�t� 

� � � 
� � � 

�4�5�0� 
�4�0�0� 
�3�5�0� 
�3�0�0� 
�2�5�0� 
�2�0�0� 
�1�5�0� 
�1�0�0� 

�5�0� 

� � 

�M�u�s�c�l�e� 

�w�c�e�e�e�e� �L�i�g�a�m�e�n�t� 
 ��-�- ��-�D�i�s�c� � � � � � � � 
� � 

�0� �0�.�1�2�5� �0�.�2�5� �0�.�3�7�5� �0�.�5� �0�.�6�2�5� �0�.�7�5� �0�.�8�7�5� 

�T�i�m�e� �(�s�e�c�)� 
�(�c�)� �R�e�s�t�o�r�a�t�i�v�e� �M�o�m�e�n�t�s� 

�F�o�r�c�e�s� �a�t� �t�h�e� �h�a�n�d�s� �d�u�r�i�n�g� �a� �l�i�f�t� �i�s� �s�h�o�w�n� �i�n� �p�a�r�t� �A�,� �a�n�d� �t�h�e� 
�c�a�l�c�u�l�a�t�e�d� �m�o�m�e�n�t� �a�t� �t�h�e� �L�4�-�L�5� �j�o�i�n�t� �i�s� �s�h�o�w�n� �i�n� �p�a�r�t� �B�.� �P�a�r�t� �C� 
�s�h�o�w�s� �t�h�e� �e�s�t�i�m�a�t�e�d� �r�e�s�t�o�r�a�t�i�v�e� �m�o�m�e�n�t�s� �d�u�e� �t�o� �t�h�e� �d�i�s�c�s�,� 
�l�i�g�a�m�e�n�t�s�,� �a�n�d� �m�u�s�c�l�e�s� �a�d�a�p�t�e�d� �f�r�o�m� �M�c�G�i�l�l� �a�n�d� �N�o�r�m�a�n� �(�1�9�8�6�)�.� 

�5�3



�2�.�7�.�3� �S�u�m�m�a�r�y�:� �L�i�g�a�m�e�n�t� �a�n�d� �D�i�s�c� �F�o�r�c�e� �C�o�n�t�r�i�b�u�t�i�o�n� 

�T�h�e� �a�b�i�l�i�t�y� �o�f� �t�h�e� �l�i�g�a�m�e�n�t�s� �t�o� �g�e�n�e�r�a�t�e� �r�e�s�t�o�r�a�t�i�v�e� �m�o�m�e�n�t�s� �i�n� �m�i�d�-� 

�s�a�g�i�t�t�a�l� �p�l�a�n�e� �l�i�f�t�i�n�g� �i�s� �s�m�a�l�l� �a�n�d� �l�i�m�i�t�e�d� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �m�o�m�e�n�t�s� �s�u�p�p�l�i�e�d� �b�y� 

�t�h�e� �m�u�s�c�l�e�s�.� �T�h�i�s� �i�s� �b�e�s�t� �s�u�p�p�o�r�t�e�d� �b�y� �t�h�e� �e�x�t�e�n�s�i�v�e� �m�o�d�e�l�i�n�g� �o�f� �i�s�o�m�e�t�r�i�c� �a�n�d� 

�d�y�n�a�m�i�c� �l�i�f�t�i�n�g� �p�r�o�v�i�d�e�d� �b�y� �A�n�d�e�r�s�o�n� �e�t� �a�l�.� �(�1�9�8�5�)� �a�n�d� �M�c�G�i�l�l� �a�n�d� �N�o�r�m�a�n� 

�(�1�9�8�6�)�.� �T�h�e�i�r� �m�o�d�e�l�s� �d�i�d� �n�o�t� �p�r�e�d�i�c�t� �s�i�g�n�i�f�i�c�a�n�t� �m�o�m�e�n�t� �g�e�n�e�r�a�t�i�n�g� �c�a�p�a�b�i�l�i�t�i�e�s� 

�f�o�r� �t�h�e� �l�i�g�a�m�e�n�t�s� �o�f� �t�h�e� �b�a�c�k�.� �T�h�e� �m�o�d�e�l�s� �a�r�e� �o�n�l�y� �e�s�t�i�m�a�t�i�o�n�s� �o�f� �t�h�e� �m�o�m�e�n�t�s� 

�f�o�r� �t�h�e� �l�i�g�a�m�e�n�t�s�,� �b�u�t� �i�t� �s�e�e�m�s� �u�n�l�i�k�e�l�y� �t�h�a�t� �t�h�e� �e�s�t�i�m�a�t�e�s� �w�o�u�l�d� �b�e� �g�r�o�s�s�l�y� 

�i�n�c�o�r�r�e�c�t�.� 

�T�h�e� �r�o�l�e� �o�f� �t�h�e� �l�i�g�a�m�e�n�t�s� �i�n� �t�h�e� �b�a�c�k� �a�p�p�e�a�r�s� �t�o� �b�e� �t�o� �p�r�o�v�i�d�e� �p�r�o�t�e�c�t�i�o�n� 

�a�n�d� �h�e�l�p� �m�a�i�n�t�a�i�n� �t�h�e� �a�l�i�g�n�m�e�n�t� �o�f� �v�e�r�t�e�b�r�a�e�.� �A�l�t�h�o�u�g�h� �t�h�e� �d�e�l�i�c�a�t�e� �s�t�r�u�c�t�u�r�a�l� 

�i�n�t�e�g�r�i�t�y� �o�f� �t�h�e� �b�a�c�k� �i�s� �a�l�s�o� �a�c�c�o�m�p�l�i�s�h�e�d� �t�h�r�o�u�g�h� �m�u�s�c�l�e� �a�c�t�i�v�a�t�i�o�n�,� �t�h�e� 

�l�i�g�a�m�e�n�t�s� �a�c�c�o�m�p�l�i�s�h� �a�l�i�g�n�m�e�n�t� �t�h�r�o�u�g�h� �p�a�s�s�i�v�e� �m�e�a�n�s�.� �N�o� �s�i�g�n�a�l�s� �o�r� �c�o�n�t�r�o�l� 

�a�r�e� �r�e�q�u�i�r�e�d� �f�r�o�m� �t�h�e� �n�e�r�v�o�u�s� �s�y�s�t�e�m�.� 

�2�.�8� �S�u�m�m�a�r�y� �o�f� �T�r�u�n�k� �A�n�a�t�o�m�y� 

�I�n� �d�e�v�e�l�o�p�i�n�g� �a�n� �o�p�t�i�m�i�z�a�t�i�o�n�-�b�a�s�e�d� �b�i�o�m�e�c�h�a�n�i�c�a�l� �m�o�d�e�l� �o�f� �t�h�e� �t�r�u�n�k�,� 

�g�e�o�m�e�t�r�i�c� �m�u�s�c�l�e� �i�n�p�u�t�s� �o�f� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a�,� �m�o�m�e�n�t� �a�r�m�s� �t�o� �a� �c�e�n�t�e�r� �o�f� 

�r�o�t�a�t�i�o�n�,� �a�n�d� �l�i�n�e�s� �o�f� �a�c�t�i�o�n� �a�r�e� �n�e�e�d�e�d�.� �A� �r�e�v�i�e�w� �o�f� �t�h�e� �l�i�t�e�r�a�t�u�r�e� �r�e�v�e�a�l�e�d� �t�h�a�t� 

�t�h�i�s� �i�n�f�o�r�m�a�t�i�o�n� �h�a�s� �b�e�e�n� �g�a�t�h�e�r�e�d� �i�n� �p�i�e�c�e� �m�e�a�l� �f�a�s�h�i�o�n�.� �O�n�l�y� �H�a�n� �e�t� �a�l�.� 

�(�1�9�9�2�)� �c�o�l�l�e�c�t�e�d� �m�u�s�c�l�e� �g�e�o�m�e�t�r�i�c� �i�n�p�u�t�s� �i�n� �a� �c�o�m�p�r�e�h�e�n�s�i�v�e� �m�a�n�n�e�r�.� 

�H�o�w�e�v�e�r�,� �t�h�e�s�e� �d�a�t�a� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �o�n�l�y� �o�n� �J�a�p�a�n�e�s�e� �p�a�t�i�e�n�t�s�.� �T�o� �o�b�t�a�i�n� 

�a�n�o�t�h�e�r� �s�e�t� �o�f� �m�u�s�c�l�e� �i�n�p�u�t�s�,� �t�h�e� �f�o�r�m�u�l�a�t�i�o�n�s� �o�f� �s�e�v�e�r�a�l� �s�t�u�d�i�e�s� �w�e�r�e� 

�c�o�m�b�i�n�e�d�.� 
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�G�i�v�e�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e� �r�e�v�i�e�w�e�d�,� �f�o�u�r� �s�e�t�s� �o�f� �m�u�s�c�l�e� �i�n�p�u�t�s� �w�e�r�e� �g�e�n�e�r�a�t�e�d�.� 

�T�h�e� �f�i�r�s�t� �t�w�o� �s�e�t�s� �c�o�n�s�i�s�t�e�d� �o�f� �1�8�-�m�u�s�c�l�e� �m�o�d�e�l�s�.� �O�n�e� �w�a�s� �d�e�r�i�v�e�d� �f�r�o�m� �t�h�e� 

�d�a�t�a� �o�f� �H�a�n� �e�t� �a�l�.� �(�1�9�9�2�)� �w�h�i�l�e� �t�h�e� �s�e�c�o�n�d� �w�a�s� �f�r�o�m� �a� �c�o�m�p�i�l�a�t�i�o�n� �o�f� �s�e�v�e�r�a�l� 

�s�t�u�d�i�e�s�.� �T�h�e� �m�u�s�c�l�e�s� �i�n�c�l�u�d�e�d� �w�e�r�e� �t�h�e� �m�u�l�t�i�f�i�d�u�s�,� �l�o�n�g�i�s�s�i�m�u�s�,� �i�l�i�o�c�o�s�t�a�l�i�s�,� 

�r�e�c�t�u�s� �a�b�d�o�m�i�n�u�s�,� �i�n�t�e�r�n�a�l� �o�b�l�i�q�u�e�,� �e�x�t�e�r�n�a�l� �o�b�l�i�q�u�e�,� �l�a�t�i�s�s�i�m�u�s� �d�o�r�s�i�,� �p�s�o�a�s�,� 

�a�n�d� �q�u�a�d�r�a�t�u�s� �l�u�m�b�o�r�u�m� �f�o�r� �t�h�e� �l�e�f�t� �a�n�d� �r�i�g�h�t� �s�i�d�e�s�.� �T�h�e� �t�h�i�r�d� �a�n�d� �f�o�u�r�t�h� �s�e�t�s� 

�c�o�n�s�i�s�t�e�d� �o�f� �1�0�-�m�u�s�c�l�e� �m�o�d�e�l�s�.� �T�h�e� �t�h�i�r�d� �s�e�t� �w�a�s� �d�e�r�i�v�e�d� �f�r�o�m� �t�h�e� �d�a�t�a� �o�f� �H�a�n� 

�e�t� �a�l�.� �(�1�9�9�2�)� �w�h�i�l�e� �t�h�e� �f�o�u�r�t�h� �w�a�s� �f�r�o�m� �a� �c�o�m�p�i�l�a�t�i�o�n� �o�f� �s�e�v�e�r�a�l� �s�t�u�d�i�e�s�.� �T�h�e� 

�m�u�s�c�l�e�s� �i�n�c�l�u�d�e�d� �w�e�r�e� �t�h�e� �e�r�e�c�t�o�r� �s�p�i�n�a�e�,� �r�e�c�t�u�s� �a�b�d�o�m�i�n�u�s�,� �i�n�t�e�r�n�a�l� �o�b�l�i�q�u�e�,� 

�e�x�t�e�r�n�a�l� �o�b�l�i�q�u�e�,� �a�n�d� �l�a�t�i�s�s�i�m�u�s� �d�o�r�s�i� �f�o�r� �t�h�e� �l�e�f�t� �a�n�d� �r�i�g�h�t� �s�i�d�e�s�.� �H�a�v�i�n�g� �f�o�u�r� 

�m�u�s�c�l�e� �g�e�o�m�e�t�r�y� �s�e�t�s� �a�l�l�o�w�e�d� �t�h�e� �e�f�f�e�c�t� �o�f� �i�n�p�u�t� �p�a�r�a�m�e�t�e�r�s� �t�o� �t�h�e� �l�o�w� �b�a�c�k� 

�o�p�t�i�m�i�z�a�t�i�o�n� �m�o�d�e�l�s� �o�n� �m�u�s�c�l�e� �f�o�r�c�e� �p�r�e�d�i�c�t�i�o�n�s� �t�o� �b�e� �t�e�s�t�e�d�.� �T�h�e� �n�u�m�b�e�r� �o�f� 

�m�u�s�c�l�e�s� �w�a�s� �v�a�r�i�e�d� �f�r�o�m� �1�8� �t�o� �1�0� �w�i�t�h� �a�s�s�o�c�i�a�t�e�d� �g�e�o�m�e�t�r�i�e�s�.� 

�T�h�e� �g�e�o�m�e�t�r�i�c� �d�a�t�a� �f�o�r� �1�8� �m�u�s�c�l�e�s� �t�a�k�e�n� �f�r�o�m� �d�a�t�a� �r�e�p�o�r�t�e�d� �b�y� �H�a�n� �e�t� �a�l�.� 

�(�1�9�9�2�)� �i�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �2�.�1�6�.� �T�h�e� �m�o�m�e�n�t� �a�r�m�s�,� �l�i�n�e�s� �o�f� �a�c�t�i�o�n�,� �a�n�d� �c�r�o�s�s�-� 

�s�e�c�t�i�o�n�a�l� �a�r�e�a�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �a�v�e�r�a�g�i�n�g� �t�h�e� �l�e�f�t� �a�n�d� �r�i�g�h�t� �h�a�n�d� �s�i�d�e� 

�v�a�l�u�e�s� �r�e�p�o�r�t�e�d�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �l�i�n�e�s� �o�f� �a�c�t�i�o�n� �w�e�r�e� �s�c�a�l�e�d� �s�o� �t�h�a�t� �t�h�e� �r�e�s�u�l�t�a�n�t� 

�f�o�r�c�e� �i�s� �a� �u�n�i�t� �v�e�c�t�o�r�.� �T�h�e� �v�a�l�u�e�s� �r�e�p�o�r�t�e�d� �b�y� �H�a�n� �e�t� �a�l�.� �(�1�9�9�2�)� �d�i�d� �f�o�r�m� �a� 

�r�e�s�u�l�t�a�n�t� �u�n�i�t� �v�e�c�t�o�r� �w�h�i�c�h� �w�a�s� �p�o�s�s�i�b�l�y� �d�u�e� �t�o� �m�e�a�s�u�r�e�m�e�n�t� �d�i�f�f�i�c�u�l�t�i�e�s�.� 

�T�h�e� �s�e�c�o�n�d� �1�8�-�m�u�s�c�l�e� �i�n�p�u�t� �d�a�t�a� �s�e�t� �w�a�s� �b�a�s�e�d� �o�n� �s�e�v�e�r�a�l� �s�t�u�d�i�e�s�.� �T�h�e� 

�m�o�m�e�n�t� �a�r�m�s� �f�o�r� �e�a�c�h� �o�f� �t�h�e� �1�8� �m�u�s�c�l�e�s� �w�a�s� �p�r�o�v�i�d�e�d� �b�y� �T�r�a�c�y� �e�t� �a�l�.� �(�1�9�8�9�)�.� 

�T�h�e� �l�i�n�e�s� �o�f� �a�c�t�i�o�n� �f�o�r� �t�h�e� �l�o�n�g�i�s�s�i�m�u�s�,� �i�l�i�o�c�o�s�t�a�l�i�s�,� �r�e�c�t�u�s� �a�b�d�o�m�i�n�u�s�,� �i�n�t�e�r�n�a�l� 

�o�b�l�i�q�u�e�,� �e�x�t�e�r�n�a�l� �o�b�l�i�q�u�e�,� �l�a�t�i�s�s�i�m�u�s� �d�o�r�s�i�,� �p�s�o�a�s�,� �a�n�d� �q�u�a�d�r�a�t�u�s� �l�u�m�b�o�r�u�m� 
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�T�A�B�L�E� �2�.�1�6� �G�e�o�m�e�t�r�i�c� �M�u�s�c�l�e� �I�n�p�u�t�s� �f�o�r� �1�8� �M�u�s�c�l�e�s� �R�e�p�o�r�t�e�d� �b�y� �H�a�n� �e�t� �a�l�.� 
�(�1�9�9�2�)� �a�t� �L�3�/�L�4�:� �M�o�m�e�n�t� �A�r�m�s�,� �r� �(�c�m�)�,� �U�n�i�t� �M�u�s�c�l�e� �F�o�r�c�e� 
�C�o�m�p�o�n�e�n�t�s�,� �t�,� �a�n�d� �P�h�y�s�i�o�l�o�g�i�c�a�l� �C�r�o�s�s�-�S�e�c�t�i�o�n�a�l� �A�r�e�a�s�,� �A� �(�c�m�*�)�.� 

� � 

� � 

�M�u�s�c�l�e� �i� �L� �r� �&� �1� �i�,� �A� 

�L�.� �M�u�l�t�i�f�i�d�u�s� �-�1�.�6�3� �-�5�.�4�0� �0� �-�0�.�1�1�6� �-�0�.�0�3�3� �-�0�.�9�9�3� �5�.�1�9� 
�R�.� �M�u�l�t�i�f�i�d�u�s� �1�.�6�3� �-�5�.�4�0� �0� �0�.�1�1�6� �-�0�.�0�3�3� �-�0�.�9�9�3� �5�.�1�9� 
�L�.� �L�o�n�g�i�s�s�i�m�u�s� �-�3�.�5�1� �-�5�.�3�4� �0� �-�0�.�1�6�9� �0�.�1�4�4� �-�0�.�9�7�5� �6�.�0�9� 
�R�.� �L�o�n�g�i�s�s�i�m�u�s� �3�.�5�1� �-�5�.�3�4� �0� �0�.�1�6�9� �0�.�1�4�4� �-�0�.�9�7�5� �6�.�0�9� 
�L�.� �l�l�i�o�c�o�s�t�a�l�i�s� �-�5�.�6�1� �-�4�.�8�6� �0� �0�.�0�5�3� �0�.�2�1�1� �-�0�.�9�7�6� �7�.�1�4� 
�R�.� �l�l�i�o�c�o�s�t�a�l�i�s� �5�.�6�1� �-�4�.�8�6� �0� �-�0�.�0�5�3� �0�.�2�1�1� �-�0�.�9�7�6� �7�.�1�4� 
�L�.� �R�e�c�t�u�s� �A�b�d�o�m�i�n�u�s� �-�3�.�6�6� �7�.�1�4� �0� �0�.�0�1�3� �-�0�.�1�2�0� �-�0�.�9�9�3� �4�.�6�8� 
�R�.� �R�e�c�t�u�s� �A�b�d�o�m�i�n�u�s� �3�.�6�6� �7�.�1�4� �0�O� �-�0�.�0�1�3� �-�0�.�1�2�0� �-�0�.�9�9�3� �4�.�6�8� 
�L�.� �I�n�t�e�r�n�a�l� �O�b�l�i�q�u�e� �-�1�0�.�6�4� �2�.�5�4� �0� �-�0�.�1�3�4� �-�0�.�5�5�5� �-�0�.�8�2�1� �4�.�8�6� 
�R�.� �I�n�t�e�r�n�a�l� �O�b�l�i�q�u�e� �1�0�.�6�4� �2�.�5�4� �0� �0�.�1�3�4� �-�0�.�5�5�5� �-�0�.�8�2�1� �4�.�8�6� 
�L�.� �E�x�t�e�r�n�a�l� �O�b�l�i�q�u�e� �-�1�1�.�6�5� �1�.�7�1� �O� �0�.�3�7�6� �0�.�3�4�1� �-�0�.�8�6�2� �5�.�5�2� 
�R�.� �E�x�t�e�r�n�a�l� �O�b�l�i�q�u�e� �1�1�.�6�5� �1�.�7�1� �O� �-�0�.�3�7�6� �0�.�3�4�1� �-�0�.�8�6�2� �5�.�5�2� 
�L�.� �L�a�t�i�s�s�i�m�u�s� �D�o�r�s�i� �-�8�.�2�2� �-�4�.�4�4�6� �0� �0�.�4�5�3� �-�0�.�2�0�9� �-�0�.�8�6�7� �0�.�9�5� 
�R�.� �L�a�t�i�s�s�i�m�u�s� �D�o�r�s�i� �8�.�2�2� �-�4�.�4�6� �0� �-�0�.�4�5�3� �-�0�.�2�0�9� �-�0�.�8�6�7� �0�.�9�5� 
�L�.� �P�s�o�a�s� �-�3�.�8�8� �-�0�.�6�2� �0� �-�0�.�1�3�8� �0�.�1�1�9� �-�0�.�9�8�3� �8�.�8�0� 
�R�.� �P�s�o�a�s� �3�.�8�8� �-�0�.�6�2� �0� �0�.�1�3�8� �0�.�1�1�9� �-�0�.�9�8�3� �8�.�8�0� 
�L�.� �Q�u�a�d�.� �L�u�m�b�o�r�u�m� �-�6�.�6�8� �-�3�.�0�1� �0� �-�0�.�2�7�7� �0�.�1�1�2� �-�0�.�9�5�4� �3�.�7�7� 
�R�.� �Q�u�a�d�.� �L�u�m�b�o�r�u�m� �6�.�6�8� �-�3�.�0�1� �0� �0�.�2�7�7� �0�.�1�1�2� �-�0�.�9�5�4� �3�.�7�7� 

� � 

�w�e�r�e� �t�a�k�e�n� �f�r�o�m� �D�u�m�a�s� �e�t� �a�l�.� �(�1�9�8�8�)�.� �T�h�e� �l�i�n�e� �o�f� �a�c�t�i�o�n� �o�f� �t�h�e� �m�u�l�t�i�f�i�d�u�s� �w�a�s� 

�t�a�k�e�n� �f�r�o�m� �M�a�c�i�n�t�o�s�h� �a�n�d� �B�o�g�d�u�k� �(�1�9�8�6�)�.� �T�h�e� �a�r�e�a� �o�f� �t�h�e� �m�u�l�t�i�f�i�d�u�s�,� 

�l�o�n�g�i�s�s�i�m�u�s�,� �a�n�d� �i�l�i�o�c�o�s�t�a�l�i�s� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �b�y� �u�s�i�n�g� �t�h�e� �a�r�e�a� �o�f� �t�h�e� �e�r�e�c�t�o�r� 

�s�p�i�n�a�e� �r�e�p�o�r�t�e�d� �i�n� �T�r�a�c�y� �e�t� �a�l�.� �(�1�9�8�9�)� �a�n�d� �d�i�v�i�d�i�n�g� �i�t� �i�n�t�o� �t�h�e� �p�r�o�p�o�r�t�i�o�n�s� �g�i�v�e�n� 

�i�n� �S�c�h�u�l�t�z� �e�t� �a�l�.� �(�1�9�8�3�)�.� �T�h�e� �f�i�n�a�l� �p�h�y�s�i�o�l�o�g�i�c�a�l� �a�r�e�a� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� 

�m�u�l�t�i�p�l�y�i�n�g� �t�h�e� �a�r�e�a� �b�y� �t�h�e� �z� �c�o�m�p�o�n�e�n�t� �o�f� �t�h�e� �u�n�i�t� �f�o�r�c�e� �v�e�c�t�o�r� �t�o� �a�c�c�o�u�n�t� �f�o�r� 

�f�i�b�e�r� �o�r�i�e�n�t�a�t�i�o�n� �a�s� �i�n� �M�c�G�i�l�l� �e�t� �a�l�.� �(�1�9�8�8�)�.� �T�h�e� �a�r�e�a�s� �o�f� �t�h�e� �r�e�c�t�u�s� �a�b�d�o�m�i�n�u�s�,� 

�l�a�t�i�s�s�i�m�u�s� �d�o�r�s�i�,� �p�s�o�a�s�,� �a�n�d� �q�u�a�d�r�a�t�u�s� �l�u�m�b�o�r�u�m� �w�e�r�e� �t�a�k�e�n� �f�r�o�m� �T�r�a�c�y� �e�t� �a�l�.� 
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�(�1�9�8�9�)�.� �T�h�e� �o�v�e�r�a�l�l� �o�b�l�i�q�u�e� �a�r�e�a� �r�e�p�o�r�t�e�d� �b�y� �T�r�a�c�y� �e�t� �a�l�.� �(�1�9�8�9�)� �w�a�s� �d�i�v�i�d�e�d� 

�i�n�t�o� �t�h�e� �i�n�t�e�r�n�a�l� �a�n�d� �e�x�t�e�r�n�a�l� �o�b�l�i�q�u�e� �p�o�r�t�i�o�n�s� �u�s�i�n�g� �t�h�e� �r�a�t�i�o�s� �g�i�v�e�n� �b�y� �C�h�a�f�f�i�n� 

�e�t� �a�l�.� �(�1�9�9�0�)�.� �T�h�e�s�e� �a�r�e�a�s� �w�e�r�e� �t�h�e�n� �m�u�l�t�i�p�l�i�e�d� �b�y� �t�h�e� �z� �c�o�m�p�o�n�e�n�t� �o�f� �t�h�e� �u�n�i�t� 

�f�o�r�c�e� �v�e�c�t�o�r� �t�o� �a�c�c�o�u�n�t� �f�o�r� �f�i�b�e�r� �o�r�i�e�n�t�a�t�i�o�n�.� �T�a�b�l�e� �2�.�1�7� �l�i�s�t�s� �t�h�e� �f�i�n�a�l� �m�u�s�c�l�e� 

�g�e�o�m�e�t�r�y� �f�o�r� �t�h�e� �c�o�m�p�i�l�a�t�i�o�n� �o�f� �s�t�u�d�i�e�s� �d�i�s�c�u�s�s�e�d�.� 

�T�A�B�L�E� �2�.�1�7� �G�e�o�m�e�t�r�i�c� �M�u�s�c�l�e� �I�n�p�u�t�s� �f�o�r� �1�8� �m�u�s�c�l�e�s� �a�t� �L�3�/�L�4�:� �M�o�m�e�n�t� �A�r�m�s�,� �r� 
�(�c�m�)�,� �U�n�i�t� �M�u�s�c�l�e� �F�o�r�c�e� �C�o�m�p�o�n�e�n�t�s�,� �t�,� �a�n�d� �P�h�y�s�i�o�l�o�g�i�c�a�l� �C�r�o�s�s�-� 
�S�e�c�t�i�o�n�a�l� �A�r�e�a�s�,� �A� �(�c�m ��)�.� �T�h�e�s�e� �V�a�l�u�e�s� �a�r�e� �a� �C�o�m�p�i�l�a�t�i�o�n� �o�f� 
�T�r�a�c�y� �e�t� �a�l�.� �(�1�9�8�9�)�,� �D�u�m�a�s� �e�t� �a�l�.� �(�1�9�8�8�)�,� �M�a�c�i�n�t�o�s�h� �a�n�d� �B�o�g�d�u�k� 
�(�1�9�8�6�)�,� �S�c�h�u�l�t�z� �e�t� �a�l�.� �(�1�9�8�3�)�,� �M�c�G�i�l�l� �e�t� �a�l�.� �(�1�9�8�8�)�,� �a�n�d� �C�h�a�f�f�i�n� �e�t� �a�l�.� 

� � 

� � 

�(�1�9�9�0�)�.� 

�M�u�s�c�l�e� �R�L� �r� �t� �%�,� �1� �A� 

�L�.� �M�u�l�t�i�f�i�d�u�s� �-�1�.�7�9� �-�6�.�1�0� �0� �-�0�.�3�0�9� �0�.�0�0�0� �-�0�.�9�5�1� �4�.�9�5� 
�R�.� �M�u�l�t�i�f�i�d�u�s� �1�.�7�9� �-�6�.�1�0� �0� �0�.�3�0�9� �0�.�0�0�0� �-�0�.�9�5�1� �4�.�9�5� 
�L�.� �L�o�n�g�i�s�s�i�m�u�s� �-�3�.�8�9� �-�6�.�0�5� �0� �0�.�1�3�8�4� �0�.�0�0�5� �-�0�.�9�9�1� �1�0�.�3�1� 
�R�.� �L�o�n�g�i�s�s�i�m�u�s� �3�.�8�9� �-�6�.�0�5� �0� �0�.�1�3�8�4� �0�.�0�0�5� �-�0�.�9�9�1� �1�0�.�3�1� 
�L�.� �l�l�i�o�c�o�s�t�a�l�i�s� �-�5�.�8�6� �-�5�.�4�3� �0� �0�.�2�8�1� �-�0�.�0�5�2� �-�0�.�9�5�8� �9�.�9�6� 
�R�.� �I�l�i�o�c�o�s�t�a�l�i�s� �5�.�8�6� �-�5�.�4�3� �0� �-�0�.�2�8�1� �-�0�.�0�5�2� �-�0�.�9�5�8� �9�.�9�6� 
�L�.� �R�e�c�t�u�s� �A�b�d�o�m�i�n�u�s� �-�3�.�3�8� �7�.�9�5� �0� �-�0�.�0�2�8� �0�.�0�1�6� �-�0�.�9�9�9�5� �6�.�6�0� 
�R�.� �R�e�c�t�u�s� �A�b�d�o�m�i�n�u�s� �3�.�3�8� �7�.�9�5� �0� �0�.�0�2�8� �0�.�0�1�6� �-�0�.�9�9�9�5� �6�.�6�0� 
�L�.� �I�n�t�e�r�n�a�l� �O�b�l�i�q�u�e� �-�1�1�.�3�8�9� �0�.�9�6� �0� �-�0�.�1�3�4� �-�0�.�5�7�4� �-�0�.�8�0�8� �1�4�.�2�0� 
�R�.� �I�n�t�e�r�n�a�l� �O�b�l�i�q�u�e� �1�1�.�8�9� �0�9�6� �0� �0�.�1�3�4� �-�0�.�5�7�4� �-�0�.�8�0�8� �1�4�.�2�0� 
�L�.� �E�x�t�e�r�n�a�l� �O�b�l�i�q�u�e� �-�1�2�.�6�2� �1�.�0�9� �0� �0�.�3�7�6� �0�.�3�2�2� �-�0�.�8�7�0� �1�5�.�3�0� 
�R�.� �E�x�t�e�r�n�a�l� �O�b�l�i�q�u�e� �1�2�.�6�2� �1�.�0�9� �0� �-�0�.�3�7�6� �0�.�3�2�2� �-�0�.�8�7�0� �1�5�.�3�0� 
�L�.� �L�a�t�i�s�s�i�m�u�s� �D�o�r�s�i�  ��7�.�1�9� �-�5�.�4�2� �0� �0�.�3�8�4�0� �-�0�.�2�8�4� �-�0�.�8�9�7� �3�.�9�0� 
�R�.� �L�a�t�i�s�s�i�m�u�s� �D�o�r�s�i� �7�.�1�9� �-�5�.�4�2� �0� �-�0�.�3�4�0� �-�0�.�2�8�4� �-�0�.�8�9�7� �3�.�9�0� 
�L�.� �P�s�o�a�s� �-�4�.�2�9� �-�0�.�5�9� �0� �-�0�.�1�6�6� �0�.�3�5�7� �-�0�.�9�1�9� �1�4�.�8�0� 
�R�.� �P�s�o�a�s� �4�.�2�9� �-�0�.�5�9� �0�O� �0�.�1�6�6� �0�.�3�8�5�7� �-�0�.�9�1�9� �1�4�.�8�0� 
�L�.� �Q�u�a�d�.� �L�u�m�b�o�r�u�m� �-�7�.�4�9� �-�3�.�4�8� �0� �-�0�.�1�2�5� �0�.�1�3�4� �-�0�.�9�8�3� �7�.�1�0� 
�R�.� �Q�u�a�d�.� �L�u�m�b�o�r�u�m� �7�.�4�9� �-�3�.�4�8� �0� �0�.�1�2�5� �0�.�1�3�4� �-�0�.�9�8�3� �7�.�1�0� 
� � 
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�T�h�e� �1�0�-�m�u�s�c�l�e� �i�n�p�u�t� �d�a�t�a� �s�e�t� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �c�o�m�b�i�n�i�n�g� �a�n�d� 

�e�l�i�m�i�n�a�t�i�n�g� �m�u�s�c�l�e�s� �f�r�o�m� �t�h�e� �1�8�-�m�u�s�c�l�e� �d�a�t�a� �s�e�t�.� �T�h�e� �m�u�l�t�i�f�i�d�u�s�,� �l�o�n�g�i�s�s�i�m�u�s�,� 

�a�n�d� �i�l�i�o�c�o�s�t�a�l�i�s� �m�u�s�c�l�e�s� �w�e�r�e� �c�o�m�b�i�n�e�d� �i�n�t�o� �a� �s�i�n�g�l�e� �e�r�e�c�t�o�r� �s�p�i�n�a�e� �m�u�s�c�l�e�.� 

�T�h�e� �q�u�a�d�r�a�t�u�s� �l�u�m�b�o�r�u�m� �a�n�d� �p�s�o�a�s� �m�u�s�c�l�e�s� �w�e�r�e� �e�l�i�m�i�n�a�t�e�d� �f�r�o�m� �t�h�e� �d�a�t�a� �s�e�t�.� 

�T�h�e� �f�i�r�s�t� �1�0�-�m�u�s�c�l�e� �i�n�p�u�t� �d�a�t�a� �s�e�t� �w�a�s� �t�a�k�e�n� �f�r�o�m� �H�a�n� �e�t� �a�l�.� �(�1�9�9�2�)�.� �T�h�e� 

�m�o�m�e�n�t� �a�r�m�s� �a�n�d� �l�i�n�e� �o�f� �a�c�t�i�o�n� �f�o�r� �t�h�e� �e�r�e�c�t�o�r� �s�p�i�n�a�e� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �u�s�i�n�g� 

�t�h�e� �m�o�m�e�n�t� �a�r�m�s� �a�n�d� �l�i�n�e� �o�f� �a�c�t�i�o�n� �f�o�r� �t�h�e� �l�o�n�g�i�s�s�i�m�u�s� �m�u�s�c�l�e�.� �F�o�r� �t�h�e� 

�r�e�m�a�i�n�i�n�g� �m�u�s�c�l�e�s�,� �t�h�e� �m�o�m�e�n�t� �a�r�m�s�,� �l�i�n�e�s� �o�f� �a�c�t�i�o�n�,� �a�n�d� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a�s� 

�w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �a�v�e�r�a�g�i�n�g� �t�h�e� �l�e�f�t� �a�n�d� �r�i�g�h�t� �h�a�n�d� �s�i�d�e� �v�a�l�u�e�s� �r�e�p�o�r�t�e�d�.� �I�n� 

�a�d�d�i�t�i�o�n�,� �t�h�e� �l�i�n�e�s� �o�f� �a�c�t�i�o�n� �w�e�r�e� �s�c�a�l�e�d� �s�o� �t�h�a�t� �t�h�e� �r�e�s�u�l�t�a�n�t� �f�o�r�c�e� �i�s� �a� �u�n�i�t� 

�v�e�c�t�o�r�.� �T�h�e� �v�a�l�u�e�s� �r�e�p�o�r�t�e�d� �b�y� �H�a�n� �e�t� �a�l�.� �(�1�9�9�2�)� �d�i�d� �f�o�r�m� �a� �r�e�s�u�l�t�a�n�t� �u�n�i�t� �v�e�c�t�o�r� 

�w�h�i�c�h� �w�a�s� �l�i�k�e�l�y� �d�u�e� �t�o� �m�e�a�s�u�r�e�m�e�n�t� �d�i�f�f�i�c�u�l�t�i�e�s�.� �T�h�e� �g�e�o�m�e�t�r�i�c� �d�a�t�a� �f�o�r� �1�0� 

�m�u�s�c�l�e�s� �t�a�k�e�n� �f�r�o�m� �H�a�n� �e�t� �a�l�.� �(�1�9�9�2�)� �i�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �2�.�1�8�.� 

�T�h�e� �s�e�c�o�n�d� �1�0�-�m�u�s�c�l�e� �i�n�p�u�t� �d�a�t�a� �s�e�t� �w�a�s� �b�a�s�e�d� �o�n� �s�e�v�e�r�a�l� �s�t�u�d�i�e�s�.� �T�h�e� 

�m�o�m�e�n�t� �a�r�m�s� �f�o�r� �e�a�c�h� �o�f� �t�h�e� �1�0� �m�u�s�c�l�e�s� �w�a�s� �p�r�o�v�i�d�e�d� �b�y� �T�r�a�c�y� �e�t� �a�l�.� �(�1�9�8�9�)�.� 

�T�h�e� �l�i�n�e�s� �o�f� �a�c�t�i�o�n� �f�o�r� �t�h�e� �1�0� �m�u�s�c�l�e�s� �w�e�r�e� �t�a�k�e�n� �f�r�o�m� �D�u�m�a�s� �e�t� �a�l�.� �(�1�9�8�8�)�.� �T�h�e� 

�a�r�e�a�s� �o�f� �t�h�e� �e�r�e�c�t�o�r� �s�p�i�n�a�e�,� �r�e�c�t�u�s� �a�b�d�o�m�i�n�u�s�,� �a�n�d� �l�a�t�i�s�s�i�m�u�s� �d�o�r�s�i�,� �w�e�r�e� �t�a�k�e�n� 

�f�r�o�m� �T�r�a�c�y� �e�t� �a�l�.� �(�1�9�8�9�)�.� �T�h�e� �f�i�n�a�l� �p�h�y�s�i�o�l�o�g�i�c�a�l� �a�r�e�a� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� 

�m�u�l�t�i�p�l�y�i�n�g� �t�h�e� �a�r�e�a� �b�y� �t�h�e� �z� �c�o�m�p�o�n�e�n�t� �o�f� �t�h�e� �u�n�i�t� �f�o�r�c�e� �v�e�c�t�o�r� �t�o� �a�c�c�o�u�n�t� �f�o�r� 

�f�i�b�e�r� �o�r�i�e�n�t�a�t�i�o�n� �a�s� �i�n� �M�c�G�i�l�l� �e�t� �a�l�.� �(�1�9�8�8�)�.� �T�h�e� �o�v�e�r�a�l�l� �o�b�l�i�q�u�e� �a�r�e�a� �w�a�s� 

�r�e�p�o�r�t�e�d� �b�y� �T�r�a�c�y� �e�t� �a�l�.� �(�1�9�8�9�)� �a�n�d� �w�a�s� �t�h�e�n� �d�i�v�i�d�e�d� �i�n�t�o� �t�h�e� �i�n�t�e�r�n�a�l� �a�n�d� 

�e�x�t�e�r�n�a�l� �o�b�l�i�q�u�e� �p�o�r�t�i�o�n�s� �u�s�i�n�g� �t�h�e� �r�a�t�i�o�s� �g�i�v�e�n� �b�y� �C�h�a�f�f�i�n� �e�t� �a�l�.� �(�1�9�9�0�)�.� �T�h�e�s�e� 

�a�r�e�a�s� �w�e�r�e� �t�h�e�n� �m�u�l�t�i�p�l�i�e�d� �b�y� �t�h�e� �z� �c�o�m�p�o�n�e�n�t� �o�f� �t�h�e� �u�n�i�t� �f�o�r�c�e� �v�e�c�t�o�r� �t�o� 
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�a�c�c�o�u�n�t� �f�o�r� �f�i�b�e�r� �o�r�i�e�n�t�a�t�i�o�n�.� �T�a�b�l�e� �2�.�1�9� �l�i�s�t�s� �t�h�e� �f�i�n�a�l� �1�0�-�m�u�s�c�l�e� �g�e�o�m�e�t�r�y� �f�o�r� 

�t�h�e� �c�o�m�p�i�l�a�t�i�o�n� �o�f� �s�t�u�d�i�e�s� �d�i�s�c�u�s�s�e�d�.� 

�T�A�B�L�E� �2�.�1�8� �G�e�o�m�e�t�r�i�c� �M�u�s�c�l�e� �I�n�p�u�t�s� �f�o�r� �1�0� �M�u�s�c�l�e�s� �R�e�p�o�r�t�e�d� �b�y� �H�a�n� �e�t� �a�l�.� 
�(�1�9�9�2�)� �a�t� �L�3�/�L�4�:� �M�o�m�e�n�t� �A�r�m�s�,� �r� �(�c�m�)�,� �U�n�i�t� �M�u�s�c�l�e� �F�o�r�c�e� 
�C�o�m�p�o�n�e�n�t�s�,� �t�,� �a�n�d� �P�h�y�s�i�o�l�o�g�i�c�a�l� �C�r�o�s�s�-�S�e�c�t�i�o�n�a�l� �A�r�e�a�s�,� �A� �(�c�m ��)�.� 
� � 

� � 

�M�u�s�c�l�e� �I� �L� �r�,� �%� �t�,� �L� �A� 

�L�.� �E�r�e�c�t�o�r� �S�p�i�n�a�e� �-�3�.�5�1� �-�5�.�3�4� �0� �-�0�.�1�6�9� �0�.�1�4�4� �-�0�.�9�7�5� �1�8�.�4�2� 
�R�.� �E�r�e�c�t�o�r� �S�p�i�n�a�e� �3�.�5�1� �-�5�.�3�4� �0� �0�.�1�6�9� �0�.�1�4�4� �-�0�.�9�7�5� �1�8�.�4�2� 
�L�.� �R�e�c�t�u�s� �A�b�d�o�m�i�n�u�s� �-�3�.�6�6� �7�.�1�4� �Q� �0�.�0�1�3� �-�0�.�1�2�0� �-�0�.�9�9�3� �4�.�6�8� 
�R�.� �R�e�c�t�u�s� �A�b�d�o�m�i�n�u�s� �3�.�6�6� �7�.�1�4� �0�O� �-�0�.�0�1�3� �-�0�.�1�2�0� �-�0�.�9�9�3� �4�.�6�8� 
�L�.� �I�n�t�e�r�n�a�l� �O�b�l�i�q�u�e� �-�1�0�.�6�4� �2�.�5�4� �0� �-�0�.�1�3�4� �-�0�.�5�5�5� �-�0�.�8�2�1� �4�.�8�6� 
�R�.� �I�n�t�e�r�n�a�l� �O�b�l�i�q�u�e� �1�0�.�6�4� �2�.�5�4� �0� �0�.�1�3�4� �-�0�.�5�5�5� �-�0�.�8�2�1� �4�.�8�6� 
�L�.� �E�x�t�e�r�n�a�l� �O�b�l�i�q�u�e� �-�1�1�6�5� �1�.�7�1� �Q�O� �0�.�3�7�6� �0�.�3�4�1� �-�0�.�8�6�2� �5�.�5�2� 
�R�.� �E�x�t�e�r�n�a�l� �O�b�l�i�q�u�e� �1�1�.�6�5� �1�.�7�1� �O� �-�0�.�3�7�6� �0�.�3�4�1� �-�0�.�8�6�2� �5�.�5�2� 
�L�.� �L�a�t�i�s�s�i�m�u�s� �D�o�r�s�i� �-�8�.�2�2� �-�4�.�4�6� �0� �0�.�4�5�3� �-�0�.�2�0�9� �-�0�.�8�6�7� �0�.�9�5� 
�R�.� �L�a�t�i�s�s�i�m�u�s� �D�o�r�s�i� �8�.�2�2� �-�4�.�4�6� �0� �-�0�.�4�5�3� �-�0�.�2�0�9� �-�0�.�8�6�7� �0�.�9�5� 
� � 
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�T�A�B�L�E� �2�.�1�9� �G�e�o�m�e�t�r�i�c� �M�u�s�c�l�e� �I�n�p�u�t�s� �f�o�r� �1�0� �M�u�s�c�l�e�s� �a�t� �L�3�/�L�4�:� �M�o�m�e�n�t� �A�r�m�s�,� �r� 
�(�c�m�)�,� �U�n�i�t� �M�u�s�c�l�e� �F�o�r�c�e� �C�o�m�p�o�n�e�n�t�s�,� �t�,� �a�n�d� �P�h�y�s�i�o�l�o�g�i�c�a�l� �C�r�o�s�s�-� 
�S�e�c�t�i�o�n�a�l� �A�r�e�a�s�,� �A� �(�c�m�?�)�.� �T�h�e�s�e� �V�a�l�u�e�s� �a�r�e� �a� �C�o�m�p�i�l�a�t�i�o�n� �o�f� 
�T�r�a�c�y� �e�t� �a�l�.� �(�1�9�8�9�)�,� �D�u�m�a�s� �e�t� �a�l�.� �(�1�9�8�8�)�,� �M�c�G�i�l�l� �e�t� �a�l�.� �(�1�9�8�8�)�,� �a�n�d� 
�C�h�a�f�f�i�n� �e�t� �a�l�.� �(�1�9�9�0�)�.� 
� � 

� � 

�M�u�s�c�l�e� �I�,� �L�y� �r�,� �1�,� �4�,� �1� �A� 

�L�.� �E�r�e�c�t�o�r� �S�p�i�n�a�e� �-�3�.�8�2� �-�5�.�7�6� �0� �0�.�2�8�1� �-�0�.�0�5�2� �-�0�.�9�5�8� �2�4�.�9� 
�R�.� �E�r�e�c�t�o�r� �S�p�i�n�a�e� �3�.�8�2� �-�5�.�7�6� �0� �-�0�.�2�8�1� �-�0�.�0�5�2� �-�0�.�9�5�8� �2�4�.�9� 
�L�.� �R�e�c�t�u�s� �A�b�d�o�m�i�n�u�s� �-�3�.�3�8� �7�.�9�5� �0� �-�0�.�0�2�8� �0�.�0�1�6� �-�0�.�9�9�9�5� �6�6� 
�R�.� �R�e�c�t�u�s� �A�b�d�o�m�i�n�u�s� �3�.�3�8� �7�.�9�5� �0� �0�.�0�2�8� �0�.�0�1�6� �-�0�.�9�9�9�5� �6�.�6� 
�L�.� �I�n�t�e�r�n�a�l� �O�b�l�i�q�u�e� �-�1�1�.�3�9� �0�9�6� �0� �-�0�.�1�3�4� �-�0�.�5�7�4� �-�0�.�8�0�8� �1�4�.�2� 
�R�.� �I�n�t�e�r�n�a�l� �O�b�l�i�q�u�e� �1�1�.�3�9� �0�.�9�6� �0� �0�.�1�3�4� �-�0�.�5�7�4� �-�0�.�8�0�8� �1�4�.�2� 
�L�.� �E�x�t�e�r�n�a�l� �O�b�l�i�q�u�e� �-�1�2�.�6�2� �1�.�0�9� �0�O� �0�.�3�7�6� �0�.�3�2�2� �-�0�.�8�7�0� �1�5�.�3� 
�R�.� �E�x�t�e�r�n�a�l� �O�b�l�i�q�u�e� �1�2�.�6�2� �1�.�0�9� �0� �-�0�.�3�7�6� �0�.�3�2�2� �-�0�.�8�7�0� �1�5�.�3� 
�L�.� �L�a�t�i�s�s�i�m�u�s� �D�o�r�s�i� �-�7�.�1�9� �-�5�.�4�2� �0� �0�.�3�8�4�0� �-�0�.�2�8�4� �-�0�.�8�9�7� �3�.�9� 
�R�.� �L�a�t�i�s�s�i�m�u�s� �D�o�r�s�i� �7�.�1�9� �-�5�.�4�2� �0� �-�0�.�3�4�0� �-�0�.�2�8�4� �-�0�.�8�9�7� �3�.�9� 

� � 
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�3�.� �L�O�W� �B�A�C�K� �O�P�T�I�M�I�Z�A�T�I�O�N� �M�O�D�E�L�S� 

�T�h�e� �e�m�p�h�a�s�i�s� �o�f� �t�h�i�s� �d�i�s�s�e�r�t�a�t�i�o�n� �i�s� �t�o� �e�v�a�l�u�a�t�e� �a�l�t�e�r�n�a�t�i�v�e� �o�p�t�i�m�i�z�a�t�i�o�n�-� 

�b�a�s�e�d� �m�o�d�e�l�s� �u�s�e�d� �t�o� �p�r�e�d�i�c�t� �t�h�e� �m�u�s�c�l�e�s� �f�o�r�c�e�s� �i�n� �t�h�e� �t�r�u�n�k� �r�e�g�i�o�n�.� �T�h�e� 

�g�e�n�e�r�a�l� �f�o�r�m�u�l�a�t�i�o�n� �o�f� �o�p�t�i�m�i�z�a�t�i�o�n�-�b�a�s�e�d� �m�o�d�e�l�s� �a�p�p�l�i�e�d� �t�o� �t�h�e� �t�r�u�n�k� �a�r�e� 

�r�e�v�i�e�w�e�d� �f�i�r�s�t� �i�n� �t�h�i�s� �c�h�a�p�t�e�r�.� �T�h�e� �f�o�r�m�u�l�a�t�i�o�n�s� �o�f� �t�h�e� �t�w�o� �s�p�e�c�i�f�i�c� �m�o�d�e�l�s�,� �t�h�e� 

�M�i�n�i�m�u�m� �I�n�t�e�n�s�i�t�y� �C�o�m�p�r�e�s�s�i�o�n� �(�M�I�C�)� �a�n�d� �S�u�m� �o�f� �t�h�e� �C�u�b�e�d� �I�n�t�e�n�s�i�t�i�e�s� �(�S�C�I�)� 

�m�o�d�e�l�s�,� �a�r�e� �t�h�e�n� �d�i�s�c�u�s�s�e�d�.� 

�3�.�1� �O�p�t�i�m�i�z�a�t�i�o�n�-�b�a�s�e�d� �B�i�o�m�e�c�h�a�n�i�c�a�l� �M�o�d�e�l�s� 

�U�s�i�n�g� �o�p�t�i�m�i�z�a�t�i�o�n� �m�o�d�e�l�s� �o�f� �t�h�e� �t�r�u�n�k�,� �t�h�e� �t�e�n�s�i�o�n� �o�f� �t�h�e� �t�r�u�n�k� �m�u�s�c�l�e�s� 

�a�r�e� �e�s�t�i�m�a�t�e�d� �a�n�d� �u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �r�e�s�u�l�t�a�n�t� �f�o�r�c�e�s� �o�n� �t�h�e� �s�p�i�n�a�l� �c�o�l�u�m�n�.� 

�T�h�e� �f�o�u�n�d�a�t�i�o�n� �o�f� �o�p�t�i�m�i�z�a�t�i�o�n� �m�o�d�e�l�s� �b�e�g�i�n�s� �b�y� �a�p�p�l�y�i�n�g� �e�n�g�i�n�e�e�r�i�n�g� 

�m�e�c�h�a�n�i�c�s� �t�o� �t�h�e� �h�u�m�a�n� �b�o�d�y�.� �T�h�e� �b�o�d�y� �i�s� �m�o�d�e�l�e�d� �a�s� �a� �s�e�r�i�e�s� �o�f� �r�i�g�i�d� �l�i�n�k�s�.� 

�W�h�e�n� �a�n� �e�x�t�e�r�n�a�l� �f�o�r�c�e� �i�s� �a�p�p�l�i�e�d� �t�o� �o�n�e� �o�f� �t�h�e� �l�i�n�k�s� �t�h�e� �b�o�d�y� �p�r�o�d�u�c�e�s� �r�e�a�c�t�i�o�n� 

�f�o�r�c�e�s� �u�s�i�n�g� �t�h�e� �m�u�s�c�l�e�s� �t�o� �m�a�i�n�t�a�i�n� �a� �s�t�a�t�i�c� �p�o�s�t�u�r�e�.� �T�h�e� �c�o�m�p�r�e�s�s�i�o�n�,� �s�h�e�a�r�,� 

�a�n�d� �t�o�r�s�i�o�n�a�l� �f�o�r�c�e�s� �o�n� �t�h�e� �s�p�i�n�a�l� �d�i�s�c�s� �a�r�e� �e�s�t�i�m�a�t�e�d� �b�y� �s�u�m�m�i�n�g� �t�h�e� �e�x�t�e�r�n�a�l� 

�a�n�d� �i�n�t�e�r�n�a�l� �(�m�u�s�c�u�l�a�r�)� �f�o�r�c�e�s�.� 

�A� �p�l�a�n�a�r� �d�i�a�g�r�a�m� �o�f� �a� �p�e�r�s�o�n� �h�o�l�d�i�n�g� �a� �l�o�a�d� �w�a�s� �s�h�o�w�n� �p�r�e�v�i�o�u�s�l�y� �i�n� 

�F�i�g�u�r�e� �1�.�1�.� �A� �p�l�a�n�e� �o�f� �r�e�f�e�r�e�n�c�e� �i�s� �e�s�t�a�b�l�i�s�h�e�d� �a�b�o�u�t� �w�h�i�c�h� �t�h�e� �f�o�r�c�e�s� �a�n�d� 

�m�o�m�e�n�t�s� �a�r�e� �s�u�m�m�e�d�.� �T�h�e� �r�e�f�e�r�e�n�c�e� �s�y�s�t�e�m� �a�n�d� �i�t�s� �o�r�i�g�i�n� �a�r�e� �d�e�f�i�n�e�d� �u�s�i�n�g� 

�b�o�d�y� �l�a�n�d�m�a�r�k�s� �a�n�d� �f�e�a�t�u�r�e�s�.� �S�c�h�u�l�t�z� �a�n�d� �A�n�d�e�r�s�s�o�n� �(�1�9�8�1�)� �s�u�g�g�e�s�t�e�d� 

�d�e�f�i�n�i�n�g� �a� �c�u�t�t�i�n�g� �p�l�a�n�e� �t�h�r�o�u�g�h� �t�h�e� �L�3�/�L�4� �d�i�s�c�,� �s�o� �t�h�e� �f�o�r�c�e�s� �a�n�d� �m�o�m�e�n�t�s� 

�w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �a�t� �t�h�i�s� �j�o�i�n�t�.� 
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�T�h�e� �f�r�e�e� �b�o�d�y� �d�i�a�g�r�a�m� �o�f� �t�h�e� �t�o�r�s�o� �a�b�o�v�e� �a� �L�3�/�L�4� �c�u�t�t�i�n�g� �p�l�a�n�e� �w�a�s� 

�s�h�o�w�n� �p�r�e�v�i�o�u�s�l�y� �i�n� �F�i�g�u�r�e� �1�.�2�.� �T�h�e� �e�x�t�e�r�n�a�l� �l�o�a�d� �a�n�d� �w�e�i�g�h�t� �o�f� �t�h�e� �t�o�r�s�o� 

�c�r�e�a�t�e� �a� �c�o�m�p�r�e�s�s�i�o�n� �f�o�r�c�e� �a�t� �t�h�e� �L�3�/�L�4� �d�i�s�c�.� �T�h�e� �m�u�s�c�l�e�s� �o�f� �t�h�e� �t�r�u�n�k� �g�e�n�e�r�a�t�e� 

�f�o�r�c�e� �t�o� �c�o�u�n�t�e�r�a�c�t� �t�h�e� �m�o�m�e�n�t� �g�e�n�e�r�a�t�e�d� �b�y� �t�h�e� �e�x�t�e�r�n�a�l� �l�o�a�d�.� �(�N�o�t�e� �t�h�e� 

�r�e�s�u�l�t�a�n�t� �m�u�s�c�l�e� �f�o�r�c�e� �s�h�o�w�n� �o�n� �t�h�e� �d�i�a�g�r�a�m� �i�s� �a� �s�i�m�p�l�i�f�i�c�a�t�i�o�n� �o�f� �s�e�v�e�r�a�l� 

�m�u�s�c�l�e�s� �w�i�t�h� �d�i�f�f�e�r�e�n�t� �l�i�n�e�s� �o�f� �a�c�t�i�o�n� �w�h�i�c�h� �a�c�t�u�a�l�l�y� �e�x�i�s�t�.�)� �T�h�e� �c�o�m�b�i�n�e�d� �f�o�r�c�e�s� 

�o�f� �t�h�e� �m�u�s�c�l�e�s�,� �e�x�t�e�r�n�a�l� �l�o�a�d�,� �a�n�d� �w�e�i�g�h�t� �o�f� �t�h�e� �b�o�d�y� �s�u�m� �t�o� �e�q�u�a�l� �t�h�e� 

�c�o�m�p�r�e�s�s�i�o�n� �f�o�r�c�e� �o�n� �t�h�e� �s�p�i�n�a�l� �d�i�s�c�s� �(�a�s� �w�e�l�l� �a�s� �s�h�e�a�r� �f�o�r�c�e�s�)�.� �R�e�a�c�t�i�o�n� �f�o�r�c�e�s� 

�a�r�e� �g�e�n�e�r�a�t�e�d� �b�y� �a�n�a�t�o�m�i�c�a�l� �s�t�r�u�c�t�u�r�e�s� �s�u�c�h� �a�s� �t�h�e� �d�i�s�c�,� �l�i�g�a�m�e�n�t�s�,� �a�n�d� �f�a�c�e�t� 

�j�o�i�n�t�s� �t�o� �k�e�e�p� �t�h�e� �s�y�s�t�e�m� �i�n� �s�t�a�t�i�c� �e�q�u�i�l�i�b�r�i�u�m�.� 

�T�h�e� �f�o�r�c�e�s� �o�f� �t�h�e� �i�n�d�i�v�i�d�u�a�l� �m�u�s�c�l�e�s� �n�e�c�e�s�s�a�r�y� �t�o� �m�a�i�n�t�a�i�n� �a� �s�t�a�t�i�c� 

�p�o�s�t�u�r�e� �a�r�e� �u�n�k�n�o�w�n�.� �S�i�n�c�e� �t�h�e� �n�u�m�b�e�r� �o�f� �m�u�s�c�l�e�s� �i�n� �t�h�e� �t�r�u�n�k� �r�e�g�i�o�n� �i�s� 

�g�e�n�e�r�a�l�l�y� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�e� �n�u�m�b�e�r� �o�f� �m�o�m�e�n�t� �a�n�d� �f�o�r�c�e� �e�q�u�i�l�i�b�r�i�u�m� �e�q�u�a�t�i�o�n�s�,� 

�t�h�e� �p�r�o�b�l�e�m� �i�s� �s�t�a�t�i�c�a�l�l�y� �i�n�d�e�t�e�r�m�i�n�a�t�e�.� �T�h�e�r�e� �e�x�i�s�t�s� �a�n� �i�n�f�i�n�i�t�e� �n�u�m�b�e�r� �o�f� 

�c�o�m�b�i�n�a�t�i�o�n�s� �o�f� �m�u�s�c�l�e� �t�e�n�s�i�o�n�s� �t�o� �s�a�t�i�s�f�y� �t�h�e� �e�q�u�i�l�i�b�r�i�u�m� �c�o�n�s�t�r�a�i�n�t�s�.� �T�o� 

�e�s�t�i�m�a�t�e� �t�h�e� �t�e�n�s�i�o�n� �o�f� �t�h�e� �t�r�u�n�k� �m�u�s�c�l�e�s� �o�p�t�i�m�i�z�a�t�i�o�n� �t�e�c�h�n�i�q�u�e�s� �a�r�e� 

�e�m�p�l�o�y�e�d�.� �G�i�v�e�n� �s�o�m�e� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� �s�u�b�j�e�c�t� �t�o� �a� �s�e�t� �o�f� �c�o�n�s�t�r�a�i�n�t�s�,� �t�h�e� 

�u�n�k�n�o�w�n� �m�u�s�c�l�e� �f�o�r�c�e�s� �a�r�e� �d�e�t�e�r�m�i�n�e�d�.� 

�M�o�d�e�l�s� �u�s�i�n�g� �a� �c�u�t�t�i�n�g� �p�l�a�n�e� �a�p�p�r�o�a�c�h� �a�r�e� �a� �l�i�m�i�t�e�d� �s�e�t� �o�f� �m�o�d�e�l� 

�f�o�r�m�u�l�a�t�i�o�n�s�.� �A�n�o�t�h�e�r� �m�o�d�e�l�i�n�g� �a�p�p�r�o�a�c�h�,� �p�r�o�p�o�s�e�d� �b�y� �G�r�a�c�o�v�e�t�s�k�y�,� �F�a�r�f�a�n�,� 

�a�n�d� �L�a�m�y� �(�1�9�7�7�)�,� �p�r�e�d�i�c�t�e�d� �t�r�u�n�k� �a�n�d� �l�i�g�a�m�e�n�t� �f�o�r�c�e�s� �b�a�s�e�d� �o�n� �a� �m�u�l�t�i�p�l�e� 

�v�e�r�t�e�b�r�a�e� �m�o�d�e�l�.� �T�h�e� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� �p�r�o�p�o�s�e�d� �b�y� �G�r�a�c�o�v�e�t�s�k�y� �e�t� �a�l�.� �(�1�9�7�7�)� 

�w�a�s� �t�o� �m�i�n�i�m�i�z�e� �t�h�e� �s�u�m� �o�f� �t�h�e� �s�q�u�a�r�e�d� �s�h�e�a�r� �f�o�r�c�e�s� �o�n� �f�i�v�e� �l�u�m�b�a�r� �d�i�s�c�s�.� 
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�O�t�h�e�r� �a�p�p�r�o�a�c�h�e�s� �t�o� �e�s�t�i�m�a�t�e� �t�h�e� �f�o�r�c�e�s� �o�f� �t�h�e� �t�r�u�n�k� �m�u�s�c�l�e� �a�n�d� �d�i�s�c� 

�f�o�r�c�e�s� �d�o� �n�o�t� �u�s�e� �o�p�t�i�m�i�z�a�t�i�o�n� �a�p�p�r�o�a�c�h�e�s�.� �R�e�i�l�l�y� �a�n�d� �M�a�r�r�a�s� �(�1�9�8�9�)� �p�r�e�s�e�n�t�e�d� 

�a� �m�e�t�h�o�d� �t�o� �e�s�t�i�m�a�t�e� �t�r�u�n�k� �f�o�r�c�e�s� �u�s�i�n�g� �m�e�a�s�u�r�e�d� �m�u�s�c�l�e� �E�M�G� �s�i�g�n�a�l�s� �a�s� 

�i�n�p�u�t�s�.� �M�a�r�r�a�s� �(�1�9�8�8�)� �p�r�e�s�e�n�t�e�d� �s�o�m�e� �o�f� �t�h�e� �d�i�f�f�i�c�u�l�t�i�e�s� �i�n� �u�s�i�n�g� �o�p�t�i�m�i�z�a�t�i�o�n� 

�m�o�d�e�l�s� �t�o� �p�r�e�d�i�c�t� �f�o�r�c�e�s� �f�o�r� �d�y�n�a�m�i�c� �c�o�n�d�i�t�i�o�n�s�.� �R�e�i�l�l�y� �a�n�d� �M�a�r�r�a�s� �(�1�9�8�9�)� 

�a�s�s�e�s�s�e�d� �d�y�n�a�m�i�c� �f�o�r�c�e�s� �u�s�i�n�g� �m�u�s�c�l�e� �E�M�G� �s�i�g�n�a�l�s� �a�s� �i�n�p�u�t�s�.� �T�h�e� �m�a�j�o�r� 

�d�i�f�f�i�c�u�l�t�y� �w�i�t�h� �u�s�i�n�g� �E�M�G� �s�i�g�n�a�l�s� �a�s� �i�n�p�u�t�s� �i�s� �r�e�l�a�t�i�n�g� �t�h�e� �s�i�g�n�a�l�s� �t�o� �m�u�s�c�l�e� 

�f�o�r�c�e�s�.� 

�A�n�o�t�h�e�r� �a�p�p�r�o�a�c�h� �t�o� �e�s�t�i�m�a�t�e� �m�u�s�c�l�e� �f�o�r�c�e�s� �u�s�e�s� �b�o�t�h� �E�M�G� �s�i�g�n�a�l�s� �a�n�d� 

�o�p�t�i�m�i�z�a�t�i�o�n� �a�p�p�r�o�a�c�h�e�s�.� �C�h�o�l�e�w�i�c�k�i� �a�n�d� �M�c�G�i�l�l� �(�1�9�9�6�)� �e�s�t�i�m�a�t�e�d� �m�u�s�c�l�e� 

�f�o�r�c�e�s� �u�s�i�n�g� �E�M�G� �s�i�g�n�a�l�s� �a�s� �i�n�p�u�t�s�,� �a�n�d� �t�h�e�n� �a�d�j�u�s�t�e�d� �t�h�e� �f�o�r�c�e�s� �u�s�i�n�g� �a� 

�o�p�t�i�m�i�z�a�t�i�o�n� �a�l�g�o�r�i�t�h�m�.� �T�h�e� �m�a�j�o�r� �d�i�f�f�i�c�u�l�t�y� �w�i�t�h� �u�s�i�n�g� �E�M�G� �s�i�g�n�a�l�s� �o�f� �r�e�l�a�t�i�n�g� 

�t�h�e� �s�i�g�n�a�l�s� �t�o� �m�u�s�c�l�e� �f�o�r�c�e�s� �i�n�i�t�i�a�l�l�y� �s�t�i�l�l� �r�e�m�a�i�n�s�.� �T�h�e� �s�c�o�p�e� �o�f� �t�h�i�s� �d�i�s�s�e�r�t�a�t�i�o�n� 

�i�s� �l�i�m�i�t�e�d� �t�o� �a� �s�e�t� �o�f� �c�u�t�t�i�n�g� �p�l�a�n�e� �o�p�t�i�m�i�z�a�t�i�o�n� �m�o�d�e�l�s�.� �O�t�h�e�r� �m�o�d�e�l�i�n�g� 

�t�e�c�h�n�i�q�u�e�s� �s�u�c�h� �a�s� �t�h�o�s�e� �p�r�o�p�o�s�e�d� �b�y� �G�r�a�c�o�v�e�t�s�k�y� �e�t� �a�l�.� �(�1�9�7�7�)� �o�r� �R�e�i�l�l�y� �a�n�d� 

�M�a�r�r�a�s� �(�1�9�8�9�)� �a�r�e� �a�l�t�e�r�n�a�t�i�v�e� �a�p�p�r�o�a�c�h�e�s�.� 

�B�i�o�m�e�c�h�a�n�i�c�a�l� �o�p�t�i�m�i�z�a�t�i�o�n� �m�o�d�e�l�s� �o�f� �t�h�e� �t�r�u�n�k� �m�u�s�t� �b�e� �t�e�s�t�e�d� �a�n�d� 

�v�a�l�i�d�a�t�e�d� �f�o�r� �t�h�e�i�r� �a�c�c�u�r�a�c�y� �i�n� �p�r�e�d�i�c�t�i�n�g� �m�u�s�c�l�e� �a�c�t�i�v�i�t�y�.� �T�w�o� �m�o�d�e�l�s� �w�h�i�c�h� 

�h�a�v�e� �b�e�e�n� �p�r�o�p�o�s�e�d� �t�o� �p�r�e�d�i�c�t� �t�h�e� �t�r�u�n�k� �m�u�s�c�l�e� �t�e�n�s�i�o�n�s� �a�r�e� �t�h�e� �M�i�n�i�m�u�m�-� 

�I�n�t�e�n�s�i�t�y�-�C�o�m�p�r�e�s�s�i�o�n� �(�M�I�C�)� �m�o�d�e�l� �(�B�e�a�n�,� �C�h�a�f�f�i�n�,� �a�n�d� �S�c�h�u�l�t�z�,� �1�9�8�8�)� �a�n�d� �t�h�e� 

�S�u�m� �o�f� �t�h�e� �C�u�b�e�d� �I�n�t�e�n�s�i�t�i�e�s� �(�S�C�I�)� �m�o�d�e�l� �(�C�r�o�w�n�i�n�s�h�i�e�l�d� �a�n�d� �B�r�a�n�d�,� �1�9�8�1�)�.� 
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�3�.�1�.�1� �G�e�n�e�r�a�l�i�z�e�d� �O�p�t�i�m�i�z�a�t�i�o�n� �M�o�d�e�l� �F�o�r�m�u�l�a�t�i�o�n� 

�F�o�r� �s�t�a�t�i�c� �o�p�t�i�m�i�z�a�t�i�o�n� �b�i�o�m�e�c�h�a�n�i�c�a�l� �m�o�d�e�l�s�,� �t�h�e� �m�o�m�e�n�t� �e�q�u�i�l�i�b�r�i�u�m� 

�e�q�u�a�t�i�o�n�s� �i�n� �t�h�r�e�e�-�d�i�m�e�n�s�i�o�n�s� �(�a�n�d� �p�o�s�s�i�b�l�y� �t�h�e� �f�o�r�c�e� �e�q�u�i�l�i�b�r�i�u�m� �e�q�u�a�t�i�o�n�s�)� 

�a�r�e� �c�o�n�s�t�r�a�i�n�t�s�.� �T�h�e� �m�u�s�c�l�e�s� �o�f� �t�h�e� �t�r�u�n�k� �a�c�t� �t�o� �r�e�s�i�s�t� �t�h�e� �m�o�m�e�n�t�s� �g�e�n�e�r�a�t�e�d� 

�b�y� �a�n� �e�x�t�e�r�n�a�l� �l�o�a�d�.� �A�s�s�u�m�i�n�g� �a� �t�r�a�n�s�v�e�r�s�e� �c�u�t�t�i�n�g� �p�l�a�n�e� �t�h�r�o�u�g�h� �t�h�e� �b�o�d�y�,� �t�h�e� 

�m�o�m�e�n�t�s� �a�r�e� �s�u�m�m�e�d� �a�b�o�u�t� �o�n�e� �o�f� �t�h�e� �s�p�i�n�a�l� �d�i�s�c�s� �a�s� �f�o�l�l�o�w�s�:� 

�S�A�l�l�(�r�x�c�,�)�+� �M�E� �+�M�?� �=�0� �(�3�.�1�)� 
�i�=� 

�w�h�e�r�e� �m� �i�s� �t�h�e� �n�u�m�b�e�r� �o�f� �m�u�s�c�l�e�s�,� �f�,� �i�s� �t�h�e� �t�e�n�s�i�o�n� �i�n� �e�a�c�h� �m�u�s�c�l�e�,� �r�,� �i�s� �t�h�e� 

�m�o�m�e�n�t� �a�r�m� �v�e�c�t�o�r�,� �7�,� �i�s� �t�h�e� �m�u�s�c�l�e� �l�i�n�e� �o�f� �a�c�t�i�o�n�,� �M�®� �a�r�e� �t�h�e� �e�x�t�e�r�n�a�l�l�y� �a�p�p�l�i�e�d� 

�m�o�m�e�n�t�s� �i�n� �t�h�r�e�e�-�d�i�m�e�n�s�i�o�n�s�,� �a�n�d� �M �� �a�r�e� �t�h�e� �m�o�m�e�n�t�s� �d�u�e� �t�o� �j�o�i�n�t� �c�o�n�t�a�c�t� �a�n�d� 

�l�i�g�a�m�e�n�t� �f�o�r�c�e�s�.� 

�T�h�e� �f�o�r�c�e� �e�q�u�i�l�i�b�r�i�u�m� �e�q�u�a�t�i�o�n�s� �c�a�n� �a�l�s�o� �b�e� �i�n�c�l�u�d�e�d� �a�s� �c�o�n�s�t�r�a�i�n�t�s� �a�s� 

�f�o�l�l�o�w�s�:� 

�>� �N�f�l� �+�f� �+�F�?� �=�0� �(�3�.�2�)� 
�i�=�1� 

�w�h�e�r�e� �m� �i�s� �t�h�e� �n�u�m�b�e�r� �o�f� �m�u�s�c�l�e�s�,� �f�,� �i�s� �t�h�e� �t�e�n�s�i�o�n� �i�n� �e�a�c�h� �m�u�s�c�l�e�,� �7�,� �i�s� �t�h�e� 

�m�u�s�c�l�e� �l�i�n�e� �o�f� �a�c�t�i�o�n�,� �F�®� �a�r�e� �t�h�e� �e�x�t�e�r�n�a�l�l�y� �a�p�p�l�i�e�d� �f�o�r�c�e�s� �i�n� �t�h�r�e�e�-�d�i�m�e�n�s�i�o�n�s�,� 

�a�n�d� �F �� �a�r�e� �t�h�e� �f�o�r�c�e�s� �d�u�e� �t�o� �j�o�i�n�t� �c�o�n�t�a�c�t� �a�n�d� �l�i�g�a�m�e�n�t� �f�o�r�c�e�s�.� �O�f�t�e�n� �t�h�e� �f�o�r�c�e� 

�e�q�u�i�l�i�b�r�i�u�m� �e�q�u�a�t�i�o�n�s� �a�r�e� �n�o�t� �i�n�c�l�u�d�e�d� �i�n� �m�o�d�e�l� �f�o�r�m�u�l�a�t�i�o�n�s�.� �T�h�e� �m�o�m�e�n�t�s� 

�a�r�e� �g�e�n�e�r�a�l�l�y� �s�u�m�m�e�d� �a�b�o�u�t� �t�h�e� �j�o�i�n�t�.� �T�h�e� �j�o�i�n�t� �r�e�a�c�t�i�o�n� �f�o�r�c�e�s� �a�r�e� �a�s�s�u�m�e�d� �t�o� 

�p�a�s�s� �t�h�r�o�u�g�h� �t�h�e� �p�o�i�n�t� �a�b�o�u�t� �w�h�i�c�h� �t�h�e� �m�o�m�e�n�t�s� �a�r�e� �s�u�m�m�e�d�,� �a�n�d� �b�e�c�a�u�s�e� �o�f� 

�t�h�i�s� �a�s�s�u�m�p�t�i�o�n� �d�o� �n�o�t� �c�o�n�t�r�i�b�u�t�e� �a�n�y� �m�o�m�e�n�t�.� �T�h�e� �j�o�i�n�t� �r�e�a�c�t�i�o�n� �f�o�r�c�e�s� �(�s�e�e� 
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�F�i�g�u�r�e� �1�.�2�)� �a�r�e� �t�h�e�n� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �r�e�s�u�l�t�a�n�t� �m�u�s�c�l�e� �f�o�r�c�e�s� �a�n�d� �e�x�t�e�r�n�a�l� 

�l�o�a�d�.� �A�s�s�u�m�i�n�g� �j�o�i�n�t� �r�e�a�c�t�i�o�n� �f�o�r�c�e�s� �p�a�s�s� �t�h�r�o�u�g�h� �t�h�e� �p�o�i�n�t� �o�f� �r�o�t�a�t�i�o�n�,� �r�e�a�c�t�i�o�n� 

�f�o�r�c�e�s� �h�a�v�e� �n�o� �e�f�f�e�c�t� �o�n� �t�h�e� �m�o�m�e�n�t� �e�q�u�i�l�i�b�r�i�u�m� �e�q�u�a�t�i�o�n�s�.� �T�h�e� �r�e�a�c�t�i�o�n� �f�o�r�c�e�s� 

�a�s�s�u�m�e� �v�a�l�u�e�s� �t�o� �b�a�l�a�n�c�e� �t�h�e� �m�u�s�c�l�e� �a�n�d� �e�x�t�e�r�n�a�l� �f�o�r�c�e�s� �a�n�d� �t�h�u�s� �s�a�t�i�s�f�y� �t�h�e� 

�f�o�r�c�e� �e�q�u�i�l�i�b�r�i�u�m� �e�q�u�a�t�i�o�n�s�.� 

�T�h�e� �m�u�s�c�l�e�s� �f�o�r�c�e�s� �f�,� �c�a�n� �n�o�t� �s�u�s�t�a�i�n� �c�o�m�p�r�e�s�s�i�o�n� �s�o� �a�d�d�i�t�i�o�n�a�l� 

�c�o�n�s�t�r�a�i�n�t�s� �a�r�e�:� 

�f�£�2�b� �(�3�.�3�)� 

�w�h�e�r�e� �L�,� �i�s� �s�o�m�e� �l�o�w�e�r� �n�o�n�-�n�e�g�a�t�i�v�e� �b�o�u�n�d� �(�u�s�u�a�l�l�y� �z�e�r�o�)�.� �I�n� �a�d�d�i�t�i�o�n�,� �m�u�s�c�l�e�s� 

�c�a�n� �n�o�t� �e�x�e�r�t� �a�n� �i�n�f�i�n�i�t�e� �a�m�o�u�n�t� �o�f� �f�o�r�c�e�,� �s�o� �a�n� �u�p�p�e�r� �l�i�m�i�t� �o�f� �m�u�s�c�l�e� �t�e�n�s�i�o�n� �c�a�n� 

�b�e� �i�n�c�l�u�d�e�d� �a�s� �c�o�n�s�t�r�a�i�n�t�s�:� 

�£�<�U�,� �(�3�.�4�)� 

�A�n� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� �s�u�b�j�e�c�t� �t�o� �t�h�e� �a�b�o�v�e� �c�o�n�s�t�r�a�i�n�t�s� �m�u�s�t� �b�e� �s�e�l�e�c�t�e�d� �t�o� 

�c�o�m�p�l�e�t�e� �t�h�e� �o�p�t�i�m�i�z�a�t�i�o�n� �p�r�o�b�l�e�m�.� �T�h�e� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� �t�h�a�t� �t�h�e� �b�o�d�y� �s�e�l�e�c�t�s� 

�t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �t�r�u�n�k� �m�u�s�c�u�l�a�r� �f�o�r�c�e�s� �i�s� �u�n�k�n�o�w�n�.� �M�o�d�e�l�i�n�g� �e�f�f�o�r�t�s� �h�a�v�e� 

�c�o�n�c�e�n�t�r�a�t�e�d� �o�n� �s�e�l�e�c�t�i�n�g� �a�n� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n�,� �t�h�e�n� �e�m�p�i�r�i�c�a�l�l�y� �t�e�s�t�i�n�g� �t�h�e� 

�m�o�d�e�l� �t�o� �c�h�e�c�k� �i�t�s� �v�a�l�i�d�i�t�y�.� 

�O�f� �c�o�u�r�s�e�,� �n�o�t� �a�l�l� �m�o�d�e�l�s� �u�s�e� �e�x�a�c�t�l�y� �t�h�e� �s�a�m�e� �c�o�n�s�t�r�a�i�n�t� �e�q�u�a�t�i�o�n�s� �a�n�d� 

�o�f�t�e�n� �v�a�r�y� �i�n� �t�h�e� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� �u�s�e�d�.� �H�o�w�e�v�e�r�,� �t�h�e� �g�e�n�e�r�a�l� �s�t�r�u�c�t�u�r�e� �o�f� �l�o�w� 

�b�a�c�k� �b�i�o�m�e�c�h�a�n�i�c�a�l� �m�o�d�e�l�s� �i�s� �t�o� �s�e�l�e�c�t� �s�o�m�e� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� �s�u�b�j�e�c�t� �t�o� �t�h�e� 

�c�o�n�s�t�r�a�i�n�t�s� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e�.� 
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�3�.�1�.�2� �C�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �S�o�l�v�i�n�g� �O�p�t�i�m�i�z�a�t�i�o�n� �M�o�d�e�l�s� 

�T�h�e� �g�e�n�e�r�a�l� �p�r�o�p�e�r�t�y� �o�f� �c�o�n�v�e�x� �o�p�t�i�m�i�z�a�t�i�o�n� �p�r�o�b�l�e�m�s� �w�i�l�l� �b�e� �d�i�s�c�u�s�s�e�d� 

�i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �s�e�c�t�i�o�n�.� �T�h�e�n� �t�h�e� �a�s�s�u�m�p�t�i�o�n�s� �t�o� �m�a�k�e� �t�h�e� �s�e�t� �o�f� �f�e�a�s�i�b�l�e� 

�m�u�s�c�l�e� �f�o�r�c�e�s� �c�o�n�v�e�x� �a�r�e� �r�e�v�i�e�w�e�d� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �a�s�s�u�m�p�t�i�o�n�s� �t�o� �m�a�k�e� �t�h�e� 

�o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� �c�o�n�v�e�x�.� �T�h�e� �p�r�a�c�t�i�c�a�l� �i�m�p�l�i�c�a�t�i�o�n�s� �o�f� �t�h�e�s�e� �a�s�s�u�m�p�t�i�o�n�s� �a�n�d� 

�c�o�n�v�e�x� �m�o�d�e�l�s� �a�r�e� �t�h�e�n� �d�i�s�c�u�s�s�e�d�.� 

�1�.�2�.�1� �C�o�n�v�e�x�i� 

�A� �r�e�g�i�o�n� �o�f� �s�p�a�c�e� �i�s� �c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� �c�o�n�v�e�x� �s�e�t� �i�f� �t�h�e� �l�i�n�e� �s�e�g�m�e�n�t� 

�j�o�i�n�i�n�g� �a�n�y� �t�w�o� �p�o�i�n�t�s� �i�n� �t�h�e� �r�e�g�i�o�n� �a�l�s�o� �l�i�e�s� �i�n� �t�h�e� �r�e�g�i�o�n� �(�W�i�l�l�i�a�m�s�,� �1�9�8�5�)�.� 

�F�i�g�u�r�e� �3�.�1� �s�h�o�w�s� �a�n� �e�x�a�m�p�l�e� �o�f� �a� �c�o�n�v�e�x� �s�e�t� �a�n�d� �a� �n�o�n�c�o�n�v�e�x� �s�e�t� �i�n� �t�w�o�-� 

�d�i�m�e�n�s�i�o�n�s�.� �T�h�e� �s�t�r�i�c�t� �m�a�t�h�e�m�a�t�i�c�a�l� �d�e�f�i�n�i�t�i�o�n� �f�o�r� �a� �c�o�n�v�e�x� �s�e�t� �i�s� �a�s� �f�o�l�l�o�w�s�:� �a� 

�s�e�t� �X� �i�s� �c�a�l�l�e�d� �a� �c�o�n�v�e�x� �s�e�t� �i�f� �g�i�v�e�n� �a�n�y� �t�w�o� �p�o�i�n�t�s� �x�,� �a�n�d� �x�,� �i�n� �X�,� �t�h�e�n� 

�A�X�,� �+� �(�1� �-� �A�)�x�,�  ¬� �X� �f�o�r� �e�a�c�h� �A� �e ¬� �[�0�,�1�]�.� �N�o�t�e� �t�h�a�t� �A�x�,� �+� �(�1� �-� �A�)�x�,� �f�o�r� �A� �i�n� �t�h�e� �i�n�t�e�r�v�a�l� 

�[�0�,�1�]� �r�e�p�r�e�s�e�n�t�s� �a� �p�o�i�n�t� �o�n� �t�h�e� �l�i�n�e� �s�e�g�m�e�n�t� �j�o�i�n�i�n�g� �x�,� �a�n�d� �x�,�,� �(�B�a�z�a�r�a�a�,� �J�a�r�v�i�s�,� 

�a�n�d� �S�h�e�r�a�l�i�,� �1�9�9�0�)�.� 

�a�.� �c�o�n�v�e�x� �s�e�t� �b�.� �n�o�n�c�o�n�v�e�x� �s�e�t� 

�F�i�g�u�r�e� �3�.�1� �E�x�a�m�p�l�e� �o�f� �c�o�n�v�e�x� �a�n�d� �n�o�n�c�o�n�v�e�x� �s�e�t�s�.� 
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�T�h�e� �p�r�o�p�e�r�t�i�e�s� �o�f� �a� �c�o�n�v�e�x� �f�u�n�c�t�i�o�n� �a�r�e� �a�n�a�l�o�g�o�u�s� �t�o� �t�h�e� �p�r�o�p�e�r�t�i�e�s� �o�f� �a� 

�c�o�n�v�e�x� �s�e�t�.� �B�a�z�a�r�a�a�,� �S�h�e�r�a�l�i�,� �a�n�d� �S�h�e�t�t�y� �(�1�9�9�3�)� �d�e�f�i�n�e� �a� �c�o�n�v�e�x� �f�u�n�c�t�i�o�n� �a�s� 

�f�o�l�l�o�w�s�.� �L�e�t� �f�:� �S� �-�>� �E�,�,� �w�h�e�r�e� �S� �i�s� �a� �n�o�n�e�m�p�t�y� �c�o�n�v�e�x� �s�e�t� �i�n� �E�,�.� �T�h�e� �f�u�n�c�t�i�o�n� �f� �i�s� 

�s�a�i�d� �t�o� �b�e� �c�o�n�v�e�x� �o�n� �S� �i�f� 

�f�(�A�x�,� �+� �(�1� �-� �A�)�x�,�)� �<� �A�f�(�x�,�)� �+� �(�1� �-� �A�)�f�(�x�,�)� �(�3�.�5�)� 

�f�o�r� �e�a�c�h� �x�,� �a�n�d� �x�,� �e� �S� �a�n�d� �f�o�r� �e�a�c�h� �A� �e� �(�0�,�1�)�.� �F�i�g�u�r�e� �3�.�2� �s�h�o�w�s� �a� �c�o�n�v�e�x� 

�f�u�n�c�t�i�o�n� �a�s� �w�e�l�l� �a�s� �a� �c�o�n�c�a�v�e� �f�u�n�c�t�i�o�n� �a�n�d� �o�n�e� �t�h�a�t� �i�s� �n�e�i�t�h�e�r� �c�o�n�v�e�x� �n�o�r� 

�c�o�n�c�a�v�e�.� �N�o�t�e� �t�h�a�t� �a� �c�o�n�c�a�v�e� �f�u�n�c�t�i�o�n� �i�s� �j�u�s�t� �t�h�e� �n�e�g�a�t�i�v�e� �o�f� �t�h�e� �c�o�n�v�e�x� 

�f�u�n�c�t�i�o�n�.� 

�H�e� 
�X�1� �A�x�r�+�(�1�-�A�p�e� �%� �X�r� �A�x�r�+�(�1�-�A�p�e� �%� �x�;� �%� 

� � � � 

�N�e�i�t�h�e�r� �c�o�n�v�e�x� 

�n�o�r� �c�o�n�c�a�v�e� 
�C�o�n�v�e�x� �f�u�n�c�t�i�o�n� �C�o�n�c�a�v�e� �f�u�n�c�t�i�o�n� 

�F�i�g�u�r�e� �3�.�2� �E�x�a�m�p�l�e�s� �o�f� �c�o�n�v�e�x� �a�n�d� �c�o�n�c�a�v�e� �f�u�n�c�t�i�o�n�s�.� �A�d�a�p�t�e�d� �f�r�o�m� 
�B�a�z�a�r�a�a�,� �S�h�e�r�a�l�i�,� �a�n�d� �S�h�e�t�t�y� �(�1�9�9�3�)�.� 

�T�h�e� �i�m�p�o�r�t�a�n�c�e� �o�f� �e�s�t�a�b�l�i�s�h�i�n�g� �t�h�a�t� �a� �m�o�d�e�l� �i�s� �c�o�n�v�e�x� �r�e�l�a�t�e�s� �t�o� �t�h�e� 

�c�o�n�c�e�p�t� �o�f� �l�o�c�a�l� �o�p�t�i�m�a� �v�e�r�s�u�s� �t�h�e� �g�l�o�b�a�l� �o�p�t�i�m�u�m�.� �T�h�e� �g�l�o�b�a�l� �m�i�n�i�m�u�m� �o�f� �a� 

�f�u�n�c�t�i�o�n� �i�s� �t�h�e� �s�o�l�u�t�i�o�n� �x� �s�u�c�h� �t�h�a�t� �f�(�x�)� �<� �f�(�x�)� �,� �f�o�r�a�l�l� �x�.� �I�n� �o�t�h�e�r� �w�o�r�d�s�,� �t�h�e�r�e� �i�s� 

�n�o� �o�t�h�e�r� �f�e�a�s�i�b�l�e� �s�o�l�u�t�i�o�n� �w�h�i�c�h� �y�i�e�l�d�s� �a� �l�o�w�e�r� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� �v�a�l�u�e�.� �A� �l�o�c�a�l� 

�m�i�n�i�m�u�m� �o�c�c�u�r�s� �w�h�e�n�,� �f�(�x�)� �<� �f�(�x�)� �,� �f�o�r� �e�a�c�h� �x� �i�n� �a� �n�e�i�g�h�b�o�r�h�o�o�d� �o�f� �s�i�z�e� �e� 
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�a�r�o�u�n�d� �x�.� �H�o�w�e�v�e�r�,� �a�n�o�t�h�e�r� �l�o�c�a�l� �m�i�n�i�m�u�m� �m�i�g�h�t� �e�x�i�s�t� �o�u�t�s�i�d�e� �t�h�e� 

�n�e�i�g�h�b�o�r�h�o�o�d� �o�f� �x� �w�h�i�c�h� �h�a�s� �a� �l�o�w�e�r� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n�.� �A� �g�l�o�b�a�l� �m�i�n�i�m�u�m� �i�s� 

�a�l�w�a�y�s� �a� �l�o�c�a�l� �m�i�n�i�m�u�m�.� 

�O�p�t�i�m�i�z�a�t�i�o�n� �s�e�e�k�s� �t�o� �f�i�n�d� �t�h�e� �g�l�o�b�a�l� �m�i�n�i�m�u�m� �(�o�r� �m�a�x�i�m�u�m�)� �g�i�v�e�n� �a�n� 

�o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� �a�n�d� �s�e�t� �o�f� �c�o�n�s�t�r�a�i�n�t�s�.� �I�f� �a�n� �o�p�t�i�m�i�z�a�t�i�o�n� �p�r�o�b�l�e�m� �i�s� �a� �c�o�n�v�e�x� 

�p�r�o�g�r�a�m�m�i�n�g� �p�r�o�b�l�e�m�,� �t�h�e�n� �a�n�y� �o�p�t�i�m�u�m� �f�o�u�n�d� �m�u�s�t� �b�e� �a� �g�l�o�b�a�l� �o�p�t�i�n�u�m� 

�(�W�i�l�l�i�a�m�s�,� �1�9�8�5�)�.� �H�o�w�e�v�e�r�,� �f�o�r� �a� �n�o�n�c�o�n�v�e�x� �p�r�o�g�r�a�m�m�i�n�g� �p�r�o�b�l�e�m� �a�n� �o�p�t�i�n�u�m� 

�f�o�u�n�d� �i�s� �n�o�t� �n�e�c�e�s�s�a�r�i�l�y� �a� �g�l�o�b�a�l� �o�p�t�i�m�u�m�.� �(�I�t� �m�a�y� �s�i�m�p�l�y� �b�e� �a� �l�o�c�a�l� �m�i�n�i�m�u�m� �o�r� 

�m�a�x�i�m�u�m�.�)� �T�h�e� �c�o�n�c�e�p�t� �o�f� �l�o�c�a�l� �o�p�t�i�m�a� �i�s� �c�o�m�m�o�n� �f�r�o�m� �c�a�l�c�u�l�u�s�.� �A� �f�u�n�c�t�i�o�n� �(�f�)� 

�c�a�n� �b�e� �d�i�f�f�e�r�e�n�t�i�a�t�e�d� �t�o� �f�i�n�d� �t�h�e� �p�o�s�s�i�b�l�e� �l�o�c�a�l� �m�i�n�i�m�a� �a�n�d� �m�a�x�i�m�a� �(�t�h�e� �p�o�i�n�t�s� 

�w�h�e�r�e� �f�'� �e�q�u�a�l� �z�e�r�o� �a�r�e� �p�o�s�s�i�b�l�e� �l�o�c�a�l� �m�i�n�i�m�a� �o�r� �m�a�x�i�m�a�)�.� �T�h�e� �s�e�c�o�n�d� 

�d�e�r�i�v�a�t�i�v�e� �o�f� �t�h�e� �f�u�n�c�t�i�o�n� �i�n�d�i�c�a�t�e�s� �w�h�e�t�h�e�r� �i�t� �i�s� �a� �l�o�c�a�l� �m�i�n�i�m�a�,� �m�a�x�i�m�a�,� �o�r� 

�i�n�f�l�e�c�t�i�o�n� �p�o�i�n�t�.� �I�f� �a� �f�u�n�c�t�i�o�n� �i�s� �n�o�t� �c�o�n�v�e�x�,� �i�t� �i�s� �u�n�k�n�o�w�n� �i�f� �t�h�e� �l�o�c�a�l� �m�i�n�i�m�a� �a�n�d� 

�m�a�x�i�m�a� �a�r�e� �t�h�e� �g�l�o�b�a�l� �m�i�n�i�m�u�m� �o�r� �m�a�x�i�m�u�m�.� 

�O�p�t�i�m�i�z�a�t�i�o�n� �p�r�o�b�l�e�m�s� �c�a�n� �b�e� �d�i�v�i�d�e�d� �i�n�t�o� �l�i�n�e�a�r� �a�n�d� �n�o�n�-�l�i�n�e�a�r� 

�p�r�o�g�r�a�m�m�i�n�g�.� �T�h�e� �g�e�n�e�r�a�l� �f�o�r�m� �o�f� �a� �l�i�n�e�a�r� �p�r�o�g�r�a�m� �i�s� �s�t�a�t�e�d� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� 

�t�e�r�m�s� �(�B�a�z�a�r�a�a�,� �S�h�e�r�a�l�i�,� �a�n�d� �S�h�e�t�t�y�,� �1�9�9�3�)�:� 

�M�i�n�i�m�i�z�e� �>� �¢�,�x�,� �,� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� �(�3�.�6�)� 
�j�z� 

�n� 

�S�u�b�j�e�c�t� �t�o� �i�a�,�x�,�2�b�,� �i�/�=�1�,�2�,�.�.�.�.�m� �,� �c�o�n�s�t�r�a�i�n�t�s� �(�3�.�7�)� 
�j�a�i� 

�x�,�2�0�,� �j�=�1�2�,�.�.�.�,�n� �(�3�.�8�)� 

�w�h�e�r�e� �x�,� �a�r�e� �t�h�e� �d�e�c�i�s�i�o�n� �v�a�r�i�a�b�l�e�s�,� �c�,� �a�r�e� �t�h�e� �c�o�s�t� �c�o�e�f�f�i�c�i�e�n�t�s�,� �a�,� �a�r�e� �t�h�e� 

�c�o�e�f�f�i�c�i�e�n�t�s� �o�f� �t�h�e� �c�o�n�s�t�r�a�i�n�t� �e�q�u�a�t�i�o�n�s�,� �a�n�d� �b�,� �a�r�e� �t�h�e� �r�i�g�h�t� �h�a�n�d� �s�i�d�e� �v�a�l�u�e�s�.� 
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�L�i�n�e�a�r� �p�r�o�g�r�a�m�m�i�n�g� �i�s� �a� �s�p�e�c�i�a�l� �c�a�s�e� �o�f� �c�o�n�v�e�x� �p�r�o�g�r�a�m�m�i�n�g�.� �I�n� �o�t�h�e�r� �w�o�r�d�s�,� 

�a�l�l� �l�i�n�e�a�r� �p�r�o�g�r�a�m�s� �a�r�e� �c�o�n�v�e�x� �a�n�d� �t�h�e� �f�e�a�s�i�b�l�e� �r�e�g�i�o�n� �d�e�f�i�n�e�d� �b�y� �a� �s�e�t� �o�f� �l�i�n�e�a�r� 

�c�o�n�s�t�r�a�i�n�t�s� �i�s� �c�o�n�v�e�x� �(�W�i�l�l�i�a�m�s�,� �1�9�8�5�)�.� 

�O�p�t�i�m�i�z�a�t�i�o�n�-�b�a�s�e�d� �m�u�s�c�l�e� �f�o�r�c�e� �p�r�e�d�i�c�t�i�o�n� �m�o�d�e�l�s� �u�s�e� �t�h�e� �c�o�n�c�e�p�t�s� �o�f� 

�m�a�t�h�e�m�a�t�i�c�a�l� �p�r�o�g�r�a�m�m�i�n�g� �t�o� �e�s�t�i�m�a�t�e� �t�h�e� �m�u�s�c�l�e� �f�o�r�c�e�s� �i�n� �t�h�e� �h�u�m�a�n� �b�o�d�y�.� 

�H�o�w�e�v�e�r�,� �t�o� �m�o�d�e�l� �t�h�e� �h�u�m�a�n� �b�o�d�y� �s�e�v�e�r�a�l� �a�s�s�u�m�p�t�i�o�n�s� �a�n�d� �a�p�p�r�o�x�i�m�a�t�i�o�n�s� 

�a�r�e� �m�a�d�e� �i�n� �o�r�d�e�r� �t�o� �m�a�k�e� �t�h�e� �p�r�o�b�l�e�m� �c�o�n�v�e�x�,� �s�o�l�v�e� �t�h�e� �o�p�t�i�m�i�z�a�t�i�o�n� �p�r�o�b�l�e�m�,� 

�a�n�d� �a�c�h�i�e�v�e� �a� �g�l�o�b�a�l� �m�i�n�i�m�u�m� �p�r�e�d�i�c�t�i�o�n�.� �I�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �s�e�c�t�i�o�n�s� �t�h�e� �g�e�n�e�r�a�l� 

�a�s�s�u�m�p�t�i�o�n�s� �a�b�o�u�t� �t�h�e� �f�e�a�s�i�b�l�e� �m�u�s�c�l�e� �f�o�r�c�e�s� �a�n�d� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n�s� �t�o� �m�a�k�e� 

�t�h�e� �p�r�o�b�l�e�m� �c�o�n�v�e�x� �a�r�e� �r�e�v�i�e�w�e�d� �a�n�d� �d�i�s�c�u�s�s�e�d�.� 

�1�.�2�.�2� �A�s�s�u�m�p�t�i�o�n�s� �f�o�r�a�  ��S�e�t� �o�f� �F�e�a�s�i�b�l�e� �M�u�s�c�l�e� �F�o�r� �n�v�e�x �� 

�T�o� �m�a�k�e� �t�h�e� �s�e�t� �o�f� �f�e�a�s�i�b�l�e� �m�u�s�c�l�e�s� �f�o�r�c�e�s� �c�o�n�v�e�x�,� �t�h�e� �g�e�n�e�r�a�l� �a�p�p�r�o�a�c�h� 

�h�a�s� �b�e�e�n� �t�o� �m�a�k�e� �a�s�s�u�m�p�t�i�o�n�s� �s�o� �t�h�a�t� �t�h�e� �c�o�n�s�t�r�a�i�n�t� �e�q�u�a�t�i�o�n�s� �a�r�e� �l�i�n�e�a�r�.� �I�f� �t�h�e� 

�c�o�n�s�t�r�a�i�n�t� �e�q�u�a�t�i�o�n�s� �a�r�e� �l�i�n�e�a�r� �t�h�e�n� �t�h�e� �f�e�a�s�i�b�l�e� �s�o�l�u�t�i�o�n� �s�e�t� �i�s� �c�o�n�v�e�x� �a�s� 

�d�i�s�c�u�s�s�e�d� �i�n� �t�h�e� �p�r�e�v�i�o�u�s� �s�e�c�t�i�o�n�.� 

�M�u�s�c�l�e� �f�o�r�c�e�s� �a�r�e� �g�r�e�a�t�e�r� �t�h�a�n� �o�r� �e�q�u�a�l� �t�o� �z�e�r�o�,� �a�n�d� �c�a�n� �p�r�o�d�u�c�e� �o�n�l�y� 

�t�e�n�s�i�l�e� �f�o�r�c�e�s�.� �E�v�e�r�y� �m�o�d�e�l� �h�a�s� �t�h�i�s� �a�s�s�u�m�p�t�i�o�n� �b�e�c�a�u�s�e� �m�u�s�c�l�e�s� �c�a�n� �n�o�t� 

�c�o�n�t�r�a�c�t� �t�o� �c�r�e�a�t�e� �a� �n�e�g�a�t�i�v�e� �f�o�r�c�e� �(�c�a�n� �n�o�t� �s�u�s�t�a�i�n� �c�o�m�p�r�e�s�s�i�o�n� �f�o�r�c�e�s�)�.� �T�h�i�s� �i�s� 

�a� �p�h�y�s�i�o�l�o�g�i�c�a�l� �a�s�s�u�m�p�t�i�o�n� �a�n�d� �n�o�t� �n�e�c�e�s�s�a�r�i�l�y� �a� �m�a�t�h�e�m�a�t�i�c�a�l� �a�s�s�u�m�p�t�i�o�n�.� 

�M�a�n�y� �o�p�t�i�m�i�z�a�t�i�o�n� �f�o�r�m�u�l�a�t�i�o�n�s� �u�s�e� �n�o�n�-�n�e�g�a�t�i�v�i�t�y� �a�s�s�u�m�p�t�i�o�n�s� �f�o�r� �t�h�e� �d�e�c�i�s�i�o�n� 

�v�a�r�i�a�b�l�e�s�.� �T�h�e� �p�h�y�s�i�o�l�o�g�i�c�a�l� �a�s�s�u�m�p�t�i�o�n� �t�h�a�t� �m�u�s�c�l�e�s� �f�o�r�c�e�s� �b�e� �n�o�n�-�n�e�g�a�t�i�v�e� 

�f�i�t�s� �c�o�m�m�o�n� �o�p�t�i�m�i�z�a�t�i�o�n� �p�r�o�b�l�e�m�s�.� 
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�F�o�r� �a� �g�i�v�e�n� �c�u�t�t�i�n�g� �p�l�a�n�e�,� �m�u�s�c�l�e�s� �a�r�e� �a�s�s�u�m�e�d� �t�o� �t�r�a�n�s�m�i�t� �f�o�r�c�e� �i�n� �a� 

�s�t�r�a�i�g�h�t� �l�i�n�e� �o�f� �a�c�t�i�o�n�.� �T�h�i�s� �l�i�n�e� �i�s� �g�e�n�e�r�a�l�l�y� �o�n�e� �t�h�a�t� �j�o�i�n�s� �t�h�e� �m�u�s�c�l�e� �p�o�i�n�t� �o�f� 

�o�r�i�g�i�n� �t�o� �t�h�e� �p�o�i�n�t� �o�f� �i�n�s�e�r�t�i�o�n�.� �S�e�i�r�e�g� �a�n�d� �A�r�v�i�k�a�r� �(�1�9�7�3�)� �u�s�e�d� �t�h�i�s� �m�e�t�h�o�d� �t�o� 

�d�e�t�e�r�m�i�n�e� �t�h�e� �m�u�s�c�l�e� �l�i�n�e� �o�f� �a�c�t�i�o�n�.� �H�o�w�e�v�e�r�,� �t�h�e�y� �a�l�s�o� �s�t�a�t�e�d� �t�h�a�t� �t�h�i�s� �m�e�t�h�o�d� 

�r�e�q�u�i�r�e�s� �c�o�n�s�i�d�e�r�a�b�l�e� �j�u�d�g�m�e�n�t� �b�e�c�a�u�s�e� �t�h�e� �m�u�s�c�l�e�s� �h�a�v�e� �i�n�n�u�m�e�r�a�b�l�e� 

�s�h�a�p�e�s� �a�n�d� �d�o� �n�o�t� �o�r�i�g�i�n�a�t�e� �a�n�d� �i�n�s�e�r�t� �i�n� �a� �s�t�r�a�i�g�h�t� �l�i�n�e� �f�a�s�h�i�o�n�.� �A�n�d�r�e�w�s� �a�n�d� 

�H�a�y� �(�1�9�8�3�)� �p�o�i�n�t�e�d� �o�u�t� �t�h�a�t� �m�u�s�c�l�e�s� �d�o� �n�o�t� �f�o�l�l�o�w� �s�t�r�a�i�g�h�t� �p�a�t�h�s� �b�e�t�w�e�e�n� �p�o�i�n�t�s� 

�o�f� �a�t�t�a�c�h�m�e�n�t� �f�o�r� �a�l�l� �j�o�i�n�t� �c�o�n�f�i�g�u�r�a�t�i�o�n�s�.� �T�h�e�y� �s�u�g�g�e�s�t�e�d� �a� �c�e�n�t�r�o�i�d� �l�i�n�e� �m�e�t�h�o�d� 

�t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �l�i�n�e� �o�f� �a�c�t�i�o�n� �o�f� �t�h�e� �m�u�s�c�l�e� �f�o�r�c�e�.� �S�e�i�r�e�g� �a�n�d� �A�r�v�i�k�a�r� �(�1�9�7�3�)� 

�i�n�d�i�c�a�t�e�d� �t�h�a�t� �b�e�c�a�u�s�e� �s�o�m�e� �m�u�s�c�l�e�s� �h�a�v�e� �v�e�r�y� �c�o�m�p�l�e�x� �g�e�o�m�e�t�r�y� �a�n�d� �a�r�e�a� �o�f� 

�a�t�t�a�c�h�m�e�n�t�,� �t�h�e� �m�u�s�c�l�e� �c�a�n� �b�e� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �m�o�r�e� �t�h�a�n� �o�n�e� �l�i�n�e� �o�f� �a�c�t�i�o�n�.� 

�A�n� �o�p�p�o�s�i�t�e� �a�p�p�r�o�a�c�h� �r�e�p�o�r�t�e�d� �b�y� �P�e�d�e�r�s�o�n�,� �B�r�a�n�d�,� �C�h�e�n�g�,� �a�n�d� �A�r�o�r�a� 

�(�1�9�8�7�)� �i�s� �t�o� �c�o�m�b�i�n�e� �d�i�f�f�e�r�e�n�t� �m�u�s�c�l�e� �g�r�o�u�p�s� �i�n�t�o� �o�n�e� �l�i�n�e� �o�f� �a�c�t�i�o�n� �(�t�o� �r�e�d�u�c�e� 

�t�h�e� �n�u�m�b�e�r� �o�f� �u�n�k�n�o�w�n�s�)�.� �R�e�g�a�r�d�l�e�s�s� �o�f� �t�h�e� �s�o�p�h�i�s�t�i�c�a�t�i�o�n� �l�e�v�e�l� �o�f� �t�h�e� �m�e�t�h�o�d�,� 

�t�h�e� �t�r�a�n�s�m�i�s�s�i�o�n� �o�f� �m�u�s�c�l�e� �f�o�r�c�e� �i�s� �a�s�s�u�m�e�d� �t�o� �o�c�c�u�r� �a�l�o�n�g� �a� �l�i�n�e�(�s�)�.� �T�h�e� 

�m�e�t�h�o�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �l�i�n�e�(�s�)� �o�f� �a�c�t�i�o�n� �m�i�g�h�t� �t�a�k�e� �i�n�t�o� �a�c�c�o�u�n�t� �t�h�e� �a�r�e�a� �a�n�d� 

�n�u�m�b�e�r� �o�f� �a�t�t�a�c�h�m�e�n�t�s�,� �t�h�e� �p�a�t�h� �o�f� �t�h�e� �m�u�s�c�l�e� �(�s�t�r�a�i�g�h�t� �l�i�n�e� �v�e�r�s�u�s� �c�u�r�v�i�l�i�n�e�a�r�)�,� 

�t�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a� �o�f� �t�h�e� �m�u�s�c�l�e�,� �a�n�d� �t�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� �m�u�s�c�l�e�.� �A� �r�e�v�i�e�w� 

�o�f� �t�h�e� �s�t�u�d�i�e�s� �t�o� �d�e�t�e�r�m�i�n�e� �m�u�s�c�l�e� �l�i�n�e�s� �o�f� �a�c�t�i�o�n� �w�a�s� �d�i�s�c�u�s�s�e�d� �i�n� �S�e�c�t�i�o�n� �2�.�4�.� 

�T�h�e� �e�n�d� �r�e�s�u�l�t� �i�s� �t�h�a�t� �m�u�s�c�l�e� �f�o�r�c�e�s� �a�r�e� �b�e� �a�s�s�u�m�e�d� �t�o� �t�r�a�n�s�m�i�t� �f�o�r�c�e� �i�n� �a� �s�i�n�g�l�e� 

�d�i�r�e�c�t�i�o�n� �v�e�c�t�o�r� �d�e�n�o�t�e�d� �a�s� �1�,� �t �� �,� �t ��.� �T�h�i�s� �v�e�c�t�o�r� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �u�n�i�t� �d�i�r�e�c�t�i�o�n� �o�f� 

�f�o�r�c�e� �a�n�d� �n�o�t� �t�h�e� �m�a�g�n�i�t�u�d�e�.� �S�o�l�v�i�n�g� �f�o�r� �t�h�e� �d�e�c�i�s�i�o�n� �v�a�r�i�a�b�l�e�s� �i�n� �t�h�e� 

�o�p�t�i�m�i�z�a�t�i�o�n� �p�r�o�b�l�e�m� �d�e�t�e�r�m�i�n�e�s� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �m�u�s�c�l�e� �f�o�r�c�e�s�.� 
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�I�n� �a�d�d�i�t�i�o�n� �t�o� �a�s�s�u�m�i�n�g� �t�h�e� �f�o�r�c�e� �l�i�n�e� �o�f� �a�c�t�i�o�n�,� �t�h�e� �m�u�s�c�l�e� �m�o�m�e�n�t� �a�r�m�s� 

�a�b�o�u�t� �t�h�e� �j�o�i�n�t�s� �u�n�d�e�r� �s�t�u�d�y� �a�r�e� �a�s�s�u�m�e�d�.� �T�h�e� �m�o�m�e�n�t� �a�r�m�s�,� �d�e�n�o�t�e�d� �b�y� �r�,�,� �r�,�,� 

�r�,� �,� �a�l�o�n�g� �w�i�t�h� �t�h�e� �l�i�n�e�s� �o�f� �a�c�t�i�o�n� �a�r�e� �u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �m�o�m�e�n�t�s� �a�b�o�u�t� �a� 

�g�i�v�e�n� �j�o�i�n�t�.� �T�h�e� �m�o�m�e�n�t� �a�r�m�s� �h�a�v�e� �b�e�e�n� �e�s�t�i�m�a�t�e�d� �t�h�r�o�u�g�h� �s�t�u�d�i�e�s� �o�f� 

�c�a�d�a�v�e�r�s�,� �m�a�g�n�e�t�i�c� �r�e�s�o�n�a�n�c�i�n�g�,� �o�r� �c�o�m�p�u�t�e�d� �t�o�m�o�g�r�a�p�h�y� �s�c�a�n�s� �a�s� �r�e�v�i�e�w�e�d� 

�i�n� �S�e�c�t�i�o�n� �2�.�3�.� �R�e�g�a�r�d�l�e�s�s� �o�f� �t�h�e� �m�e�t�h�o�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �m�o�m�e�n�t� �a�r�m�s�,� �t�h�e�y� 

�a�r�e� �a�s�s�u�m�e�d� �t�o� �r�e�m�a�i�n� �c�o�n�s�t�a�n�t� �a�n�d� �f�i�x�e�d�.� �T�h�i�s� �a�s�s�u�m�p�t�i�o�n� �i�s� �g�e�n�e�r�a�l�l�y� �m�a�d�e� 

�e�v�e�n� �i�n� �d�y�n�a�m�i�c� �m�o�v�e�m�e�n�t�s� �a�n�d� �c�h�a�n�g�e�s� �i�n� �p�o�s�t�u�r�e� �w�h�i�c�h� �c�a�n� �a�f�f�e�c�t� �t�h�e� 

�m�o�m�e�n�t� �a�r�m�s� �t�h�r�o�u�g�h� �t�i�s�s�u�e� �m�o�v�e�m�e�n�t� �a�n�d� �m�u�s�c�l�e� �s�h�o�r�t�e�n�i�n�g� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� 

�T�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a� �o�f� �t�h�e� �m�u�s�c�l�e�s� �c�a�n� �b�e� �u�s�e�d� �i�n� �t�h�e� �u�p�p�e�r� �l�i�m�i�t� �o�f� 

�m�u�s�c�l�e� �f�o�r�c�e� �c�o�n�s�t�r�a�i�n�t� �e�q�u�a�t�i�o�n�s�.� �B�e�a�n� �e�t� �a�l�.� �(�1�9�8�8�)� �u�s�e�d� �a� �c�o�n�s�t�a�n�t� �v�a�l�u�e� �f�o�r� 

�t�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a� �i�n� �t�h�e�i�r� �e�x�a�m�p�l�e�s�.� �I�f� �t�h�e� �m�u�s�c�l�e� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a� �i�s� 

�a�s�s�u�m�e�d� �t�o� �b�e� �c�o�n�s�t�a�n�t�,� �t�h�e� �f�e�a�s�i�b�l�e� �s�e�t� �o�f� �m�u�s�c�l�e� �f�o�r�c�e�s� �w�i�l�l� �b�e� �c�o�n�v�e�x�.� �O�t�h�e�r� 

�c�o�n�v�e�x� �f�o�r�m�u�l�a�t�i�o�n�s� �a�l�l�o�w�i�n�g� �t�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a� �t�o� �v�a�r�y� �a�r�e� �p�o�s�s�i�b�l�e�,� �b�u�t� 

�b�e�y�o�n�d� �t�h�e� �s�c�o�p�e� �o�f� �t�h�i�s� �d�i�s�c�u�s�s�i�o�n�.� 

�A�f�t�e�r� �s�e�l�e�c�t�i�n�g� �a� �c�u�t�t�i�n�g� �p�l�a�n�e�,� �c�o�n�s�t�a�n�t� �v�a�l�u�e�s� �o�f� �t�h�e� �l�i�n�e� �o�f� �a�c�t�i�o�n�,� 

�m�o�m�e�n�t� �a�r�m�,� �a�n�d� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a� �f�o�r� �e�a�c�h� �m�u�s�c�l�e� �a�r�e� �a�s�s�u�m�e�d�.� �T�h�e�y� �a�r�e� 

�a�s�s�u�m�e�d� �c�o�n�s�t�a�n�t� �e�v�e�n� �w�i�t�h� �c�h�a�n�g�e�s� �i�n� �b�o�d�y� �p�o�s�t�u�r�e� �a�n�d� �l�e�n�g�t�h�e�n�i�n�g� �o�r� 

�s�h�o�r�t�e�n�i�n�g� �o�f� �t�h�e� �m�u�s�c�l�e�s�.� �C�o�n�v�e�x� �o�p�t�i�m�i�z�a�t�i�o�n� �p�r�o�b�l�e�m�s� �c�o�u�l�d� �a�c�c�o�u�n�t� �f�o�r� 

�c�h�a�n�g�e�s� �i�n� �t�h�e� �m�u�s�c�l�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �t�h�r�o�u�g�h� �i�t�e�r�a�t�i�v�e� �f�o�r�m�u�l�a�t�i�o�n�s� �o�f� �t�h�e� 

�s�y�s�t�e�m�.� �E�a�c�h� �i�t�e�r�a�t�i�v�e� �f�o�r�m�u�l�a�t�i�o�n� �n�e�e�d�s� �t�o� �r�e�m�a�i�n� �c�o�n�v�e�x�.� 

�G�i�v�e�n� �t�h�e�s�e� �a�s�s�u�m�p�t�i�o�n�s�,� �a� �c�o�n�v�e�x� �p�r�o�g�r�a�m�m�i�n�g� �m�o�d�e�l� �c�a�n� �b�e� 

�d�e�v�e�l�o�p�e�d�.� �H�u�g�h�e�s� �(�1�9�9�1�)� �s�u�m�m�a�r�i�z�e�d� �s�t�a�t�i�c� �m�o�d�e�l�s� �w�h�i�c�h� �e�m�p�l�o�y� �t�h�e� 

�r�e�l�a�t�i�o�n�s�h�i�p�s� �o�f� �t�h�e� �s�u�m� �o�f� �f�o�r�c�e�s� �a�n�d� �s�u�m� �o�f� �m�o�m�e�n�t�s� �m�u�s�t� �e�q�u�a�l� �z�e�r�o�.� �T�h�e� 
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�e�x�t�e�r�n�a�l�l�y� �a�p�p�l�i�e�d� �f�o�r�c�e�s�,� �f�o�r�c�e�s� �d�u�e� �t�o� �b�o�d�y� �m�a�s�s�,� �i�n�t�e�r�n�a�l� �m�u�s�c�l�e� �f�o�r�c�e�s�,� �a�n�d� 

�j�o�i�n�t� �r�e�a�c�t�i�o�n� �f�o�r�c�e�s� �s�u�m� �t�o� �z�e�r�o� �t�o� �m�a�i�n�t�a�i�n� �e�q�u�i�l�i�b�r�i�u�m� �a�s� �f�o�l�l�o�w�s�:� 

�>� �[�h�f�e� �+� �F�e�e� �=�0� �(�3�.�9�)� 
�f�=�1� 

�T�h�e� �m�o�m�e�n�t�s� �a�b�o�u�t� �e�a�c�h� �a�x�i�s� �a�r�e� �a�l�s�o� �i�n� �e�q�u�i�l�i�b�r�i�u�m� �a�s� �f�o�l�l�o�w�s�:� 

�S� �M�e�l�l�e� �)�+�M�F� �=�0� �(�3�.�1�0�)� 

�F �� �i�s� �t�h�e� �j�o�i�n�t� �r�e�a�c�t�i�o�n� �f�o�r�c�e� �o�f� �t�h�e� �s�p�i�n�a�l� �d�i�s�c�.� �F�®� �a�n�d� �M�E� �a�r�e� �t�h�e� �f�o�r�c�e�s� �a�n�d� 

�m�o�m�e�n�t�s� �a�t� �t�h�e� �j�o�i�n�t� �d�u�e� �t�o� �e�x�t�e�r�n�a�l� �f�o�r�c�e�s� �a�n�d� �b�o�d�y� �m�a�s�s�.� �T�h�e� �a�s�s�u�m�e�d� �l�i�n�e� 

�o�f� �a�c�t�i�o�n� �i�s� �t�,� �a�n�d� �t�h�e� �a�s�s�u�m�e�d� �m�o�m�e�n�t� �a�r�m� �i�s� �r�,� �f�o�r� �e�a�c�h� �i�-�t�h� �m�u�s�c�l�e�.� �T�h�e� 

�t�e�n�s�i�o�n� �i�n� �t�h�e� �i�-�t�h� �m�u�s�c�l�e� �i�s� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �f�,� �w�h�i�c�h� �a�r�e� �t�h�e� �v�a�l�u�e�s� �t�h�a�t� �t�h�e� 

�o�p�t�i�m�i�z�a�t�i�o�n� �p�r�o�b�l�e�m� �i�s� �p�r�e�d�i�c�t�i�n�g�.� 

�R�.� �E�.� �H�u�g�h�e�s� �(�p�e�r�s�o�n�a�l� �c�o�m�m�u�n�i�c�a�t�i�o�n�,� �M�a�y� �6�,� �1�9�9�5�)� �p�o�i�n�t�e�d� �o�u�t� �t�h�a�t� 

�t�h�e�r�e� �i�s� �a�n� �i�m�p�l�i�c�i�t� �a�s�s�u�m�p�t�i�o�n� �i�n� �s�t�a�t�i�n�g� �e�q�u�a�t�i�o�n� �3�.�1�0�.� �T�h�e� �a�s�s�u�m�p�t�i�o�n� �i�s� �t�h�a�t� 

�t�h�e� �r�e�a�c�t�i�o�n� �f�o�r�c�e� �p�a�s�s�e�s� �d�i�r�e�c�t�l�y� �t�h�r�o�u�g�h� �t�h�e� �p�o�i�n�t� �a�b�o�u�t� �w�h�i�c�h� �m�o�m�e�n�t�s� �a�r�e� 

�s�u�m�m�e�d�,� �a�n�d� �t�h�e� �p�o�s�i�t�i�o�n� �o�f� �t�h�e� �r�e�a�c�t�i�o�n� �f�o�r�c�e� �d�o�e�s� �n�o�t� �c�h�a�n�g�e� �w�i�t�h� �v�a�r�y�i�n�g� 

�m�u�s�c�l�e� �a�n�d� �e�x�t�e�r�n�a�l� �l�o�a�d�s�.� �S�u�p�p�o�s�e� �t�h�a�t� �a�s� �t�h�e� �m�u�s�c�l�e� �f�o�r�c�e�s� �i�n�c�r�e�a�s�e� �t�h�e� 

�p�o�s�i�t�i�o�n� �o�f� �t�h�e� �r�e�a�c�t�i�o�n� �f�o�r�c�e�s� �c�h�a�n�g�e�s� �d�u�e� �t�o� �e�l�a�s�t�i�c� �p�r�o�p�e�r�t�i�e�s� �o�f� �s�p�i�n�a�l� �d�i�s�c�s�.� 

�T�h�i�s� �i�m�p�l�i�e�s� �t�h�a�t� �t�h�e� �j�o�i�n�t� �r�e�a�c�t�i�o�n� �f�o�r�c�e�s� �n�e�e�d� �t�o� �b�e� �a�d�d�e�d� �t�o� �e�q�u�a�t�i�o�n� �3�.�1�0� �w�i�t�h� 

�a� �m�o�m�e�n�t� �a�r�m� �v�e�c�t�o�r� �t�h�a�t� �i�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �m�u�s�c�l�e� �f�o�r�c�e�s�.� �I�n� �g�e�n�e�r�a�l�,� �t�h�i�s� 

�w�o�u�l�d� �c�r�e�a�t�e� �a� �n�o�n�c�o�n�v�e�x� �s�o�l�u�t�i�o�n� �s�p�a�c�e�.� �I�f� �t�h�e� �j�o�i�n�t� �r�e�a�c�t�i�o�n� �f�o�r�c�e�s� �a�r�e� 

�a�s�s�u�m�e�d� �a�l�w�a�y�s� �t�o� �p�a�s�s� �t�h�r�o�u�g�h� �t�h�e� �p�o�i�n�t� �a�b�o�u�t� �w�h�i�c�h� �m�o�m�e�n�t�s� �a�r�e� �s�u�m�m�e�d�,� 

�t�h�e� �m�o�m�e�n�t� �a�r�m� �f�u�n�c�t�i�o�n� �i�s� �a�l�w�a�y�s� �e�q�u�a�l� �t�o� �z�e�r�o�.� 
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�A�l�l� �m�o�d�e�l�s� �r�e�s�t�r�i�c�t� �t�h�e� �m�u�s�c�l�e� �f�o�r�c�e� �t�o� �b�e� �g�r�e�a�t�e�r� �t�h�a�n� �a� �m�i�n�i�m�u�m� �v�a�l�u�e� �L�,� 

�(�u�s�u�a�l�l�y� �z�e�r�o�)� �a�n�d� �s�o�m�e� �r�e�q�u�i�r�e� �i�t� �t�o� �b�e� �l�e�s�s� �t�h�a�n� �s�o�m�e� �m�a�x�i�m�u�m� �v�a�l�u�e� �U�,� 

�(�H�u�g�h�e�s�,� �1�9�9�1�)�.� 

�a�l�e�e� �(�3�.�1�1�)� 

�l�f�,�|�|�<� �U�,� �(�3�.�1�2�)� 

�T�h�e� �f�o�r�c�e� �a�n�d� �m�o�m�e�n�t� �e�q�u�i�l�i�b�r�i�u�m� �f�o�r�m�u�l�a�t�i�o�n� �i�s� �u�s�u�a�l�l�y� �s�t�a�t�i�c�a�l�l�y� 

�i�n�d�e�t�e�r�m�i�n�a�t�e� �a�n�d� �r�e�q�u�i�r�e�s� �a�n� �o�p�t�i�m�i�z�a�t�i�o�n� �a�p�p�r�o�a�c�h�.� �T�h�e� �s�e�t� �o�f� �f�e�a�s�i�b�l�e� 

�m�u�s�c�l�e�s� �f�o�r�c�e�s� �f�o�r� �t�h�i�s� �o�p�t�i�m�i�z�a�t�i�o�n� �p�r�o�b�l�e�m� �a�r�e� �c�o�n�v�e�x� �b�e�c�a�u�s�e� �t�h�e� 

�a�s�s�u�m�p�t�i�o�n�s� �a�b�o�u�t� �t�h�e� �m�u�s�c�l�e� �f�u�n�c�t�i�o�n�s� �m�a�k�e� �t�h�e� �c�o�n�s�t�r�a�i�n�t�s� �l�i�n�e�a�r�.� �T�o� �s�o�l�v�e� 

�t�h�e� �f�o�r�m�u�l�a�t�i�o�n�,� �a�n� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� �i�s� �s�e�l�e�c�t�e�d�.� 

�1�.�2�.�3� �A�s�s�u�m�p�t�i�o�n� �i�f� �n�v�e�x� �O�b�j�e�c�t�i�v�e� �F�u�n�c�t�i�o�n� 

�T�h�e� �t�r�u�e� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� �s�e�l�e�c�t�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �m�u�s�c�l�e� �f�o�r�c�e�s� �i�s� 

�u�n�k�n�o�w�n�.� �H�o�w�e�v�e�r�,� �s�e�v�e�r�a�l� �c�o�n�v�e�x� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n�s� �a�s�s�u�m�e�d� �t�o� �b�e� �s�e�l�e�c�t�e�d� 

�b�y� �t�h�e� �m�o�t�o�r� �c�o�n�t�r�o�l� �s�y�s�t�e�m�s� �h�a�v�e� �b�e�e�n� �p�r�o�p�o�s�e�d�.� 

�O�n�e� �a�s�s�u�m�p�t�i�o�n� �m�o�s�t� �o�p�t�i�m�i�z�a�t�i�o�n� �m�o�d�e�l�s� �m�a�k�e� �i�s� �t�h�a�t� �t�h�e� �s�e�l�e�c�t�e�d� 

�o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� �d�o�e�s� �n�o�t� �c�h�a�n�g�e�.� �T�h�e� �h�u�m�a�n� �b�o�d�y� �i�s� �s�u�p�p�o�s�e�d� �t�o� �f�o�l�l�o�w� �t�h�e� 

�c�r�i�t�e�r�i�a� �r�e�g�a�r�d�l�e�s�s� �o�f� �t�h�e� �t�a�s�k�.� �A�s� �R�e�d�f�e�r�n� �(�1�9�8�8�)� �s�t�a�t�e�d� �"�a� �s�t�a�t�i�c� �t�a�s�k� �m�a�y� �u�s�e� �a� 

�d�i�f�f�e�r�e�n�t� �c�o�n�t�r�o�l� �s�t�r�a�t�e�g�y� �t�h�e�n� �a� �d�y�n�a�m�i�c� �o�n�e�,� �a� �s�l�o�w� �d�y�n�a�m�i�c� �m�o�v�e�m�e�n�t� �m�a�y� 

�d�i�f�f�e�r� �f�r�o�m� �a� �f�a�s�t� �m�o�v�e�m�e�n�t� �o�r� �a� �l�e�a�r�n�e�d� �t�a�s�k� �m�a�y� �h�a�v�e� �a� �d�i�f�f�e�r�e�n�t� �c�o�n�t�r�o�l� 

�s�t�r�a�t�e�g�y� �t�h�a�n� �a�n� �u�n�l�e�a�r�n�e�d� �o�n�e�.�"� �C�o�n�v�e�x� �o�p�t�i�m�i�z�a�t�i�o�n� �p�r�o�b�l�e�m�s� �c�a�n� �a�c�c�o�u�n�t� 

�f�o�r� �c�h�a�n�g�e�s� �i�n� �t�h�e� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� �t�h�r�o�u�g�h� �i�t�e�r�a�t�i�v�e� �f�o�r�m�u�l�a�t�i�o�n�s� �o�f� �t�h�e� 

�s�y�s�t�e�m�.� �H�o�w�e�v�e�r�,� �e�a�c�h� �i�t�e�r�a�t�i�v�e� �f�o�r�m�u�l�a�t�i�o�n� �n�e�e�d�s� �t�o� �r�e�m�a�i�n� �c�o�n�v�e�x�.� 
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�S�e�i�r�e�g� �a�n�d� �A�r�v�i�k�a�r� �(�1�9�7�3�)� �s�u�g�g�e�s�t�e�d� �s�e�v�e�r�a�l� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n�s�:� �1�)� 

�m�i�n�i�m�i�z�i�n�g� �t�h�e� �f�o�r�c�e�s� �i�n� �t�h�e� �m�u�s�c�l�e�s�,� �2�)� �m�i�n�i�m�i�z�i�n�g� �t�h�e� �w�o�r�k� �d�o�n�e� �b�y� �t�h�e� 

�m�u�s�c�l�e�s� �(�t�h�e� �p�r�o�d�u�c�t� �o�f� �t�h�e� �f�o�r�c�e� �a�n�d� �t�h�e� �e�l�o�n�g�a�t�i�o�n� �o�f� �t�h�e� �m�u�s�c�l�e�)�,� �3�)� 

�m�i�n�i�m�i�z�i�n�g� �t�h�e� �v�e�r�t�i�c�a�l� �r�e�a�c�t�i�o�n�s� �a�t� �t�h�e� �j�o�i�n�t�s�,� �4�)� �m�i�n�i�m�i�z�i�n�g� �t�h�e� �m�o�m�e�n�t�s� �a�t� �t�h�e� 

�j�o�i�n�t�s�,� �a�n�d� �5�)� �s�o�m�e� �w�e�i�g�h�t�i�n�g� �s�c�h�e�m�e� �o�f� �t�h�e� �f�i�r�s�t� �f�o�u�r� �f�u�n�c�t�i�o�n�s�.� �T�h�e�y� �m�a�d�e� �t�w�o� 

�b�a�s�i�c� �a�s�s�u�m�p�t�i�o�n�s� �w�i�t�h� �a�n�y� �o�f� �t�h�e�s�e� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n�s�.� �F�i�r�s�t�,� �t�h�e� �b�o�d�y� �s�e�l�e�c�t�s� 

�m�u�s�c�l�e�s� �f�o�r�c�e�s� �t�o� �o�p�t�i�m�i�z�e� �s�o�m�e� �c�r�i�t�e�r�i�a�.� �S�e�c�o�n�d�,� �t�h�e� �b�o�d�y� �o�p�t�i�m�i�z�e�s� �t�h�i�s� 

�f�u�n�c�t�i�o�n� �i�n� �a� �l�i�n�e�a�r� �f�a�s�h�i�o�n� �(�a�n�d� �t�h�e�r�e�f�o�r�e� �t�h�e� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� �i�s� �c�o�n�v�e�x�)�.� 

�A�n� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� �t�h�a�t� �m�i�n�i�m�i�z�e�d� �t�h�e� �s�u�m� �o�f� �t�h�e� �m�u�s�c�l�e� �f�o�r�c�e�s� �w�a�s� 

�s�e�l�e�c�t�e�d� �b�y� �P�e�n�r�o�d�,� �D�a�v�y�,� �a�n�d� �S�i�n�g�h� �(�1�9�7�4�)�.� �T�h�i�s� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� �a�g�a�i�n� 

�a�s�s�u�m�e�s� �t�h�a�t� �t�h�e� �b�o�d�y� �s�e�l�e�c�t�s� �s�o�m�e� �c�r�i�t�e�r�i�a� �t�o� �o�p�t�i�m�i�z�e� �a�n�d� �d�o�e�s� �s�o� �i�n� �a� �l�i�n�e�a�r� 

�f�a�s�h�i�o�n�.� �I�n� �m�i�n�i�m�i�z�i�n�g� �t�h�e� �s�u�m� �o�f� �f�o�r�c�e�s�,� �C�r�o�w�n�i�n�s�h�i�e�l�d� �(�1�9�7�8�)� �a�n�d� 

�C�r�o�w�n�i�n�s�h�i�e�l�d� �a�n�d� �B�r�a�n�d� �(�1�9�8�1�)� �a�r�g�u�e�d� �t�h�a�t� �t�h�e� �m�u�s�c�l�e� �w�i�t�h� �t�h�e� �l�o�n�g�e�s�t� 

�m�o�m�e�n�t� �a�r�m� �w�i�l�l� �b�e� �s�e�l�e�c�t�e�d� �w�i�t�h� �a� �l�a�r�g�e� �f�o�r�c�e� �t�o� �s�a�t�i�s�f�y� �t�h�e� �m�o�m�e�n�t� �e�q�u�i�l�i�b�r�i�u�m� 

�e�q�u�a�t�i�o�n�.� �A�l�l� �o�t�h�e�r� �m�u�s�c�l�e�s� �w�i�l�l� �b�e� �p�r�e�d�i�c�t�e�d� �t�o� �h�a�v�e� �s�m�a�l�l� �o�r� �z�e�r�o� �f�o�r�c�e�.� �T�h�i�s� 

�u�n�e�v�e�n� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �m�u�s�c�l�e� �f�o�r�c�e�s� �i�s� �n�o�t� �n�e�c�e�s�s�a�r�i�l�y� �o�b�s�e�r�v�e�d� �i�n� �v�i�v�o� �a�n�d� 

�w�o�u�l�d� �h�i�g�h�l�y� �s�t�r�e�s�s� �t�h�o�s�e� �m�u�s�c�l�e�s� �p�r�e�d�i�c�t�e�d� �a�c�t�i�v�e� �(�B�e�a�n� �e�t� �a�l�.�,� �1�9�8�8�)�.� 

�T�o� �c�o�r�r�e�c�t� �f�o�r� �t�h�i�s� �p�r�o�b�l�e�m�,� �C�r�o�w�n�i�n�s�h�i�e�l�d� �a�n�d� �B�r�a�n�d� �(�1�9�8�1�)� �i�n�c�l�u�d�e�d� 

�m�u�s�c�l�e� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a� �i�n� �t�h�e� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n�.� �T�h�e�y� �s�e�l�e�c�t�e�d� �a� 

�n�o�n�l�i�n�e�a�r� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� �b�a�s�e�d� �o�n� �t�h�e� �i�n�v�e�r�s�e� �r�e�l�a�t�i�o�n�s�h�i�p� �o�f� �m�u�s�c�l�e� �f�o�r�c�e� 

�a�n�d� �c�o�n�t�r�a�c�t�i�o�n� �e�n�d�u�r�a�n�c�e�.� �T�h�e�y� �s�t�a�t�e�d� �t�h�a�t� �m�u�s�c�l�e� �s�e�l�e�c�t�i�o�n� �t�o� �m�a�x�i�m�i�z�e�.� 

�a�c�t�i�v�i�t�y� �e�n�d�u�r�a�n�c�e� �i�s� �r�e�a�s�o�n�a�b�l�e� �f�o�r� �p�r�o�l�o�n�g�e�d� �a�c�t�i�v�i�t�i�e�s� �s�u�c�h� �a�s� �n�o�r�m�a�l� �g�a�i�t�.� 

�H�o�w�e�v�e�r�,� �t�h�i�s� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� �m�a�y� �n�o�t� �a�p�p�l�y� �t�o� �o�t�h�e�r� �f�o�r�m�s� �o�f� �e�x�e�r�t�i�o�n�s� �w�h�e�r�e� 
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�f�o�r� �e�x�a�m�p�l�e�,� �s�p�e�e�d� �m�a�y� �b�e� �m�a�x�i�m�i�z�e�d� �o�r� �p�a�i�n� �m�i�n�i�m�i�z�e�d�.� �T�h�e�i�r� �s�p�e�c�i�f�i�c� 

�o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� �i�s� �a�s� �f�o�l�l�o�w�s�:� 

�m�i�n�i�m�i�z�e� �$� �(�4�)� �(�3�.�1�3�)� 
�i�=� �A�,� 

�w�h�e�r�e� �m� �i�s� �t�h�e� �n�u�m�b�e�r� �o�f� �m�u�s�c�l�e�s� �c�r�o�s�s�i�n�g� �t�h�e� �j�o�i�n�t�,� �f�,� �i�s� �t�h�e� �f�o�r�c�e� �i�n� �t�h�e� �i�-�t�h� 

�m�u�s�c�l�e�,� �a�n�d� �A�,� �i�s� �t�h�e� �a�v�e�r�a�g�e� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a� �o�f� �t�h�e� �i�-�t�h� �m�u�s�c�l�e�.� 

�C�r�o�w�n�i�n�s�h�i�e�l�d� �a�n�d� �B�r�a�n�d� �(�1�9�8�1�)� �a�s�s�u�m�e�d� �t�h�e� �p�o�w�e�r� �e�q�u�a�l� �t�h�r�e�e� �b�a�s�e�d� �o�n� �a� 

�r�e�v�i�e�w� �o�f� �t�h�e� �l�i�t�e�r�a�t�u�r�e� �t�o� �d�e�t�e�r�m�i�n�e� �e�n�d�u�r�a�n�c�e� �t�i�m�e� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �m�u�s�c�l�e� 

�s�t�r�e�s�s�.� �S�i�n�c�e� �t�h�e� �m�u�s�c�l�e� �s�t�r�e�s�s�e�s� �a�r�e� �a�s�s�u�m�e�d� �t�o� �b�e� �p�o�s�i�t�i�v�e� �(�m�u�s�c�l�e�s� �c�r�e�a�t�e� 

�o�n�l�y� �t�e�n�s�i�l�e� �f�o�r�c�e�s�)�,� �t�h�e� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� �i�s� �c�o�n�v�e�x�.� �A� �c�u�b�i�c� �f�u�n�c�t�i�o�n�,� �e�.�g�.� �f�(�x�)� �=� 

�x�°�,� �i�s� �n�o�t� �c�o�n�v�e�x� �o�v�e�r� �a�l�l� �r�e�a�l� �n�u�m�b�e�r�s� �b�u�t� �i�s� �c�o�n�v�e�x� �f�o�r� �x� �=� �0� �(�B�a�z�a�r�a�a�,� �S�h�e�r�a�l�i�,� 

�a�n�d� �S�h�e�t�t�y�,� �1�9�9�3�)�.� �C�r�o�w�n�i�n�s�h�i�e�l�d� �a�n�d� �B�r�a�n�d� �(�1�9�8�1�)� �a�s�s�u�m�e�d� �t�h�a�t� �t�h�e� �b�o�d�y� 

�o�p�t�i�m�i�z�e�s� �s�o�m�e� �c�r�i�t�e�r�i�a�.� �T�h�e� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� �c�h�o�s�e�n� �i�s� �a� �c�o�n�v�e�x� �f�u�n�c�t�i�o�n� 

�b�a�s�e�d� �o�n� �p�h�y�s�i�o�l�o�g�i�c� �p�r�o�p�e�r�t�i�e�s� �o�f� �m�u�s�c�l�e� �e�n�d�u�r�a�n�c�e�.� 

�C�r�o�w�n�i�n�s�h�i�e�l�d� �a�n�d� �B�r�a�n�d� �(�1�9�8�1�)� �r�e�c�o�g�n�i�z�e�d� �t�h�a�t� �t�h�e� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� 

�t�h�a�t� �m�i�n�i�m�i�z�e�s� �t�h�e� �c�u�b�i�c� �o�f� �m�u�s�c�l�e� �s�t�r�e�s�s� �m�a�y� �n�o�t� �b�e� �a�p�p�l�i�c�a�b�l�e� �f�o�r� �a�l�l� 

�s�i�t�u�a�t�i�o�n�s�.� �F�o�r� �e�x�a�m�p�l�e�,� �p�a�t�i�e�n�t�s� �w�i�t�h� �p�a�i�n�f�u�l� �a�r�t�h�r�i�t�i�s� �m�i�g�h�t� �r�e�d�u�c�e� �p�a�i�n� �b�y� 

�m�i�n�i�m�i�z�i�n�g� �j�o�i�n�t� �l�o�a�d�i�n�g�.� �T�h�e� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� �f�o�r� �t�h�i�s� �s�i�t�u�a�t�i�o�n� �c�o�u�l�d� �b�e� �t�o� 

�m�i�n�i�m�i�z�e� �t�h�e� �r�e�s�u�l�t�a�n�t� �f�o�r�c�e� �v�e�c�t�o�r� �c�r�e�a�t�e�d� �b�y� �t�h�e� �a�c�t�i�v�i�t�y� �o�f� �t�h�e� �m�u�s�c�l�e�s�.� �T�h�e�y� 

�d�i�d� �n�o�t� �s�p�e�c�i�f�i�c�a�l�l�y� �t�e�s�t� �t�h�i�s� �s�c�e�n�a�r�i�o�.� 

�A�n�,� �K�w�a�k�,� �C�h�a�o�,� �a�n�d� �M�o�r�r�e�y� �(�1�9�8�4�)� �i�n�t�r�o�d�u�c�e�d� �t�h�e� �c�o�n�c�e�p�t� �o�f� �p�r�e�d�i�c�t�i�n�g� 

�m�u�s�c�l�e� �f�o�r�c�e�s� �b�y� �m�i�n�i�m�i�z�i�n�g� �m�u�s�c�l�e� �s�t�r�e�s�s� �i�n� �t�h�e� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� �s�u�b�j�e�c�t� �t�o� 

�t�h�e� �m�o�m�e�n�t� �e�q�u�i�l�i�b�r�i�u�m� �c�o�n�s�t�r�a�i�n�t�s�.� �S�t�r�e�s�s� �w�a�s� �d�e�f�i�n�e�d� �a�s� �t�h�e� �m�u�s�c�l�e� �f�o�r�c�e� 

�d�i�v�i�d�e�d� �b�y� �t�h�e� �p�h�y�s�i�o�l�o�g�i�c�a�l� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a�.� �T�h�e�y� �a�p�p�l�i�e�d� �t�h�e�i�r� �m�o�d�e�l� �t�o� 
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�p�r�e�d�i�c�t�i�n�g� �m�u�s�c�l�e� �f�o�r�c�e�s� �a�t� �t�h�e� �e�l�b�o�w� �w�h�e�n� �e�x�t�e�r�n�a�l� �f�l�e�x�i�o�n�-�e�x�t�e�n�s�i�o�n� �a�n�d� 

�p�r�o�n�a�t�i�o�n�-�s�u�p�i�n�a�t�i�o�n� �m�o�m�e�n�t�s� �w�e�r�e� �a�p�p�l�i�e�d�.� 

�A� �m�o�d�e�l� �d�e�v�e�l�o�p�e�d� �b�y� �B�e�a�n� �e�t� �a�l�.� �(�1�9�8�8�)� �u�s�e�d� �t�w�o� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n�s� �i�n� 

�s�e�q�u�e�n�c�e� �t�o� �e�s�t�i�m�a�t�e� �t�h�e� �f�o�r�c�e�s� �o�f� �t�h�e� �m�u�s�c�l�e�s� �i�n� �t�h�e� �t�r�u�n�k�.� �F�i�r�s�t�,� �t�h�e�i�r� �m�o�d�e�l� 

�m�i�n�i�m�i�z�e�s� �t�h�e� �m�a�x�i�m�u�m� �i�n�t�e�n�s�i�t�y� �t�h�e� �m�u�s�c�l�e�s� �c�a�n� �t�r�a�n�s�m�i�t� �a�s� �p�r�o�p�o�s�e�d� �b�y� �A�n� 

�e�t� �a�l�.� �(�1�9�8�4�)�.� �I�f� �t�h�e� �m�a�x�i�m�u�m� �i�n�t�e�n�s�i�t�y� �o�f� �t�h�e� �m�u�s�c�l�e�s� �i�s� �n�o�t� �c�o�n�s�t�r�a�i�n�e�d�,� �t�h�e� 

�m�a�x�i�m�u�m� �s�t�a�b�i�l�i�z�i�n�g� �f�o�r�c�e�s� �a�r�e� �a�l�l�o�c�a�t�e�d� �t�o� �t�h�o�s�e� �m�u�s�c�l�e�s� �w�i�t�h� �t�h�e� �l�a�r�g�e�s�t� 

�m�o�m�e�n�t� �a�r�m�.� �I�n� �a�n� �a�t�t�e�m�p�t� �t�o� �a�v�o�i�d� �t�h�i�s� �u�n�r�e�a�l�i�s�t�i�c� �s�i�t�u�a�t�i�o�n�,� �t�h�e� �m�a�x�i�m�u�m� 

�i�n�t�e�n�s�i�t�y� �c�a�n� �b�e� �f�i�x�e�d� �b�u�t� �i�t�s� �e�x�a�c�t� �v�a�l�u�e� �i�s� �u�n�k�n�o�w�n�.� �B�e�a�n� �e�t� �a�l�.� �(�1�9�8�8�)� 

�a�s�s�u�m�e�d� �t�h�a�t� �m�u�s�c�l�e�s� �c�a�n�n�o�t� �c�r�e�a�t�e� �v�e�r�y� �l�a�r�g�e� �i�n�t�e�n�s�i�t�i�e�s� �a�n�d� �t�h�a�t� �t�h�e� 

�s�t�a�b�i�l�i�z�i�n�g� �m�u�s�c�l�e� �f�o�r�c�e�s� �a�r�e� �d�i�s�t�r�i�b�u�t�e�d� �t�o� �s�e�v�e�r�a�l� �m�u�s�c�l�e�s� �b�y� �l�i�m�i�t�i�n�g� �t�h�e� 

�m�a�x�i�m�u�m� �i�n�t�e�n�s�i�t�y�.� �S�e�c�o�n�d�,� �a�f�t�e�r� �e�s�t�a�b�l�i�s�h�i�n�g� �t�h�e� �m�a�x�i�m�u�m� �i�n�t�e�n�s�i�t�y� �o�f� �t�h�e� 

�m�u�s�c�l�e�s�,� �t�h�e� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� �i�s� �t�o� �m�i�n�i�m�i�z�e� �t�h�e� �c�o�m�p�r�e�s�s�i�o�n� �o�n� �t�h�e� �j�o�i�n�t�s�.� 

�B�e�a�n� �e�t� �a�l�.� �(�1�9�8�8�)� �m�a�d�e� �s�o�m�e� �a�s�s�u�m�p�t�i�o�n�s� �a�b�o�u�t� �t�h�e� �f�e�a�s�i�b�l�e� �i�n�t�e�n�s�i�t�i�e�s� �o�f� �t�h�e� 

�m�u�s�c�l�e�s�,� �t�h�e�n� �u�s�e�d� �t�h�i�s� �t�o� �m�i�n�i�m�i�z�e� �a�n�o�t�h�e�r� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n�.� �T�h�e� �s�e�c�o�n�d� 

�o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� �a�s�s�u�m�e�s� �t�h�a�t� �t�h�e� �b�o�d�y� �s�e�l�e�c�t�s� �m�u�s�c�l�e� �f�o�r�c�e�s� �t�o� �m�i�n�i�m�i�z�e� 

�d�a�m�a�g�e� �t�o� �t�h�e� �j�o�i�n�t�s� �(�d�i�s�c� �c�o�m�p�r�e�s�s�i�o�n� �i�n� �t�h�i�s� �c�a�s�e�)�.� 

�I�n� �s�u�m�m�a�r�y�,� �o�p�t�i�m�i�z�a�t�i�o�n� �m�o�d�e�l�s� �t�o� �p�r�e�d�i�c�t� �m�u�s�c�l�e� �f�o�r�c�e�s� �h�a�v�e� �u�s�e�d� 

�c�o�n�v�e�x� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n�s� �s�o� �a� �g�l�o�b�a�l� �m�i�n�i�m�u�m� �i�s� �f�o�u�n�d�.� �A�l�l� �m�o�d�e�l�s� �a�s�s�u�m�e� 

�t�h�a�t� �t�h�e� �h�u�m�a�n� �b�o�d�y� �i�s� �a�t�t�e�m�p�t�i�n�g� �t�o� �o�p�t�i�m�i�z�e� �s�o�m�e� �c�r�i�t�e�r�i�a�.� �I�n� �g�e�n�e�r�a�l�,� �t�h�e� 

�o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� �c�r�i�t�e�r�i�a� �i�s� �a�s�s�u�m�e�d� �n�o�t� �t�o� �c�h�a�n�g�e� �w�i�t�h� �d�i�f�f�e�r�e�n�t� �t�a�s�k�s�.� �T�h�e� 

�s�e�l�e�c�t�i�o�n� �o�f� �d�i�f�f�e�r�e�n�t� �c�r�i�t�e�r�i�a� �t�o� �o�p�t�i�m�i�z�e� �w�e�r�e� �r�e�p�o�r�t�e�d� �b�y� �s�e�v�e�r�a�l� �a�u�t�h�o�r�s�.� �I�n� 

�g�e�n�e�r�a�l�,� �p�h�y�s�i�o�l�o�g�i�c�a�l� �a�s�s�u�m�p�t�i�o�n�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �t�o� �k�e�e�p� �t�h�e� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� 

�c�o�n�v�e�x�.� �T�h�e�s�e� �a�s�s�u�m�p�t�i�o�n�s� �i�n�c�l�u�d�e�d� �m�i�n�i�m�i�z�a�t�i�o�n� �o�f� �t�h�e� �f�o�r�c�e�s� �o�n� �t�h�e� �j�o�i�n�t�s�,� 
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�l�i�m�i�t�a�t�i�o�n�s� �o�n� �t�h�e� �i�n�t�e�n�s�i�t�y� �o�f� �m�u�s�c�l�e�s�,� �a�n�d� �r�e�l�a�t�i�o�n�s�h�i�p�s� �t�o� �m�u�s�c�u�l�a�r� �e�n�d�u�r�a�n�c�e� 

�c�a�p�a�b�i�l�i�t�i�e�s�.� 

�3�.�1�.�2�.�4� �P�r�a�c�t�i�c�a�l� �I�m�p�l�i�c�a�t�i�o�n�s� �o�f� �C�o�n�v�e�x� �P�r�o�g�r�a�m�m�i�n�g� 

�I�f� �a�n� �o�p�t�i�m�i�z�a�t�i�o�n� �p�r�o�b�l�e�m� �i�s� �c�o�n�v�e�x� �(�w�h�e�t�h�e�r� �l�i�n�e�a�r� �o�r� �n�o�n�l�i�n�e�a�r�)�,� �i�t� �i�s� 

�p�o�s�s�i�b�l�e� �t�o� �f�i�n�d� �a�n� �o�p�t�i�m�u�m� �s�o�l�u�t�i�o�n� �w�h�i�c�h� �i�s� �a�l�s�o� �t�h�e� �g�l�o�b�a�l� �o�p�t�i�m�u�m�.� �I�f� �t�h�e� 

�p�r�o�b�l�e�m� �i�s� �n�o�t� �c�o�n�v�e�x�,� �a� �g�l�o�b�a�l� �o�p�t�i�m�u�m� �s�o�l�u�t�i�o�n� �i�s� �n�o�t� �g�u�a�r�a�n�t�e�e�d� �i�f� �a� �s�o�l�u�t�i�o�n� 

�i�s� �p�o�s�s�i�b�l�e� �a�t� �a�l�l�.� �T�h�e� �l�a�r�g�e�s�t� �p�r�a�c�t�i�c�a�l� �i�m�p�l�i�c�a�t�i�o�n� �i�s� �t�h�a�t� �m�u�s�c�l�e� �f�o�r�c�e�s� �a�n�d� 

�o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n�s� �h�a�v�e� �b�e�e�n� �f�o�r�m�u�l�a�t�e�d� �a�s� �c�o�n�v�e�x� �f�u�n�c�t�i�o�n�s�.� 

�F�o�r� �e�x�a�m�p�l�e�,� �m�u�s�c�l�e�s� �a�r�e� �a�s�s�u�m�e�d� �t�o� �t�r�a�n�s�m�i�t� �f�o�r�c�e� �a�l�o�n�g� �a� �s�t�r�a�i�g�h�t� �l�i�n�e� 

�a�n�d� �j�o�i�n�t� �r�e�a�c�t�i�o�n� �f�o�r�c�e�s� �a�r�e� �a�s�s�u�m�e�d� �t�o� �a�c�t� �t�h�r�o�u�g�h� �t�h�e� �p�o�i�n�t� �a�b�o�u�t� �w�h�i�c�h� 

�m�o�m�e�n�t�s� �a�r�e� �s�u�m�m�e�d�.� �A�l�t�h�o�u�g�h� �t�h�i�s� �m�a�y� �n�o�t� �b�e� �e�n�t�i�r�e�l�y� �t�r�u�e�,� �i�t� �i�s� �a� �n�e�c�e�s�s�a�r�y� 

�a�s�s�u�m�p�t�i�o�n� �s�o� �t�h�a�t� �t�h�e� �m�a�t�h�e�m�a�t�i�c�a�l� �p�r�o�g�r�a�m� �m�a�y� �b�e� �e�a�s�i�l�y� �s�o�l�v�e�d�.� �E�v�e�n� �i�f� �a� 

�c�o�m�p�l�e�x� �s�y�s�t�e�m� �o�f� �e�q�u�a�t�i�o�n�s� �c�o�u�l�d� �b�e� �d�e�v�e�l�o�p�e�d� �t�h�a�t� �m�o�d�e�l�e�d� �t�h�e� �a�c�t�i�v�i�t�i�e�s� �o�f� 

�m�u�s�c�l�e�s� �a�n�d� �j�o�i�n�t� �r�e�a�c�t�i�o�n� �f�o�r�c�e�s�,� �t�h�e� �i�m�p�l�i�c�a�t�i�o�n� �i�s� �t�h�a�t� �t�h�e� �o�p�t�i�m�i�z�a�t�i�o�n� 

�p�r�o�b�l�e�m� �m�a�y� �n�o�t� �r�e�a�d�i�l�y� �b�e� �s�o�l�v�e�d�.� �R�e�s�e�a�r�c�h�e�r�s� �b�a�l�a�n�c�e� �t�h�e� �n�e�e�d� �t�o� �r�e�p�r�e�s�e�n�t� 

�m�o�d�e�l� �c�o�m�p�o�n�e�n�t�s� �a�c�c�u�r�a�t�e�l�y� �w�i�t�h� �t�h�e� �a�b�i�l�i�t�y� �t�o� �s�o�l�v�e� �t�h�e� �m�a�t�h�e�m�a�t�i�c�a�l� 

�r�e�p�r�e�s�e�n�t�a�t�i�o�n�s� �q�u�i�c�k�l�y�.� 

�.�1�.�3� �I�m�p�l�i�c�a�t�i�o�n�s� �f�r�o�m� �V�a�r�y�i�n� �i�m�i�z�a�t�i�o�n� �M�o�d�e�l� 

�A� �s�t�u�d�y� �o�f� �v�a�r�y�i�n�g� �l�i�n�e�a�r� �a�n�d� �n�o�n�-�l�i�n�e�a�r� �o�p�t�i�m�i�z�a�t�i�o�n� �m�o�d�e�l�s� �w�a�s� 

�c�o�n�d�u�c�t�e�d� �b�y� �D�u�l�,� �T�o�w�n�s�e�n�d�,� �S�h�i�a�v�i�,� �a�n�d� �J�o�h�n�s�o�n� �(�1�9�8�4�)�.� �T�h�e�y� �a�p�p�l�i�e�d� 

�s�e�v�e�r�a�l� �o�p�t�i�m�i�z�a�t�i�o�n� �m�o�d�e�l�s� �t�o� �t�h�e� �r�e�d�u�n�d�a�n�t� �k�n�e�e� �s�y�s�t�e�m� �t�o� �p�r�e�d�i�c�t� �m�u�s�c�l�e� 

�f�o�r�c�e�s� �d�u�r�i�n�g� �a� �s�t�a�t�i�c�-�i�s�o�m�e�t�r�i�c� �f�l�e�x�i�o�n� �t�a�s�k� �o�f� �t�h�e� �k�n�e�e�.� �D�u�l� �e�t� �a�l�.� �(�1�9�8�4�)� 
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�a�s�s�u�m�e�d� �t�h�r�e�e� �m�a�j�o�r� �m�u�s�c�l�e� �g�r�o�u�p�s� �a�c�t� �a�b�o�u�t� �t�h�e� �k�n�e�e� �t�o� �c�r�e�a�t�e� �f�l�e�x�i�o�n�.� �T�h�e� 

�m�u�s�c�l�e�s� �a�n�d� �a�s�s�u�m�e�d� �m�o�m�e�n�t� �a�r�m�s� �a�n�d� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a�s� �a�r�e� �s�h�o�w�n� �i�n� 

�T�a�b�l�e� �3�.�1�.� �T�h�e�y� �f�u�r�t�h�e�r� �a�s�s�u�m�e�d� �t�h�a�t� �t�h�e� �e�x�t�e�n�s�o�r� �m�u�s�c�l�e�s� �o�f� �t�h�e� �k�n�e�e� �a�r�e� �n�o�t� 

�a�c�t�i�v�e� �d�u�r�i�n�g� �f�l�e�x�i�o�n�.� 

�T�A�B�L�E� �3�.�1� �K�n�e�e� �F�l�e�x�i�o�n� �M�u�s�c�l�e� �C�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �U�s�e�d� �b�y� �D�u�l� �e�t� �a�l�.� �(�1�9�8�4�)� �t�o� 
�E�v�a�l�u�a�t�e� �O�p�t�i�m�i�z�a�t�i�o�n� �M�o�d�e�l�s� 
� � 

� � 

�M�o�m�e�n�t� �M�a�x�i�m�u�m� 
�M�u�s�c�l�e� �G�r�o�u�p� �A�r�m� �(�c�m�)�*� �A�r� �m�?� �F�o�r�c�e� �(�N� 

�1�.� �L�o�n�g� �h�a�m�s�t�r�i�n�g�s� �4�.�4�2� �2�5�.�5� �(�4�0�.�0�)� �7�6�5� �(�1�2�0�0�)� 
�L�o�n�g� �b�i�c�e�p�s� �f�e�m�o�r�i�s� 
�S�e�m�i�t�e�n�d�i�n�o�s�u�s� 
�S�e�m�i�m�e�m�b�r�a�n�o�u�s� 

�2�.� �S�h�o�r�t� �h�a�m�s�t�r�i�n�g�s� �3�.�1�6� �5�.�2� �(�1�0�.�0�)� �1�5�6� �(�3�0�0�)� 
�S�h�o�r�t� �b�i�c�e�p�s� �f�e�m�o�r�i�s� �|� 

�3�.� �G�a�s�t�r�o�c�n�e�m�i�u�s� �2�.�8�3� �3�5�.�0� �(�2�5�.�0�)� �1�0�5�0� �(�7�5�0�)� 
�M�e�d�i�a�l� �g�a�s�t�r�o�c�n�e�m�i�u�s� 
�L�a�t�e�r�a�l� �g�a�s�t�r�o�c�n�e�m�i�u�s� 

� � 

�*� �E�s�t�i�m�a�t�e�d� �m�o�m�e�n�t� �a�r�m� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �j�o�i�n�t� �c�e�n�t�e�r� �f�o�r� �K�n�e�e� �a�n�g�l�e� �o�f� �1�4�0�°�.� 

�t� �E�s�t�i�m�a�t�e�d� �p�h�y�s�i�o�l�o�g�i�c�a�l� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a�;� �i�n� �p�a�r�e�n�t�h�e�s�e�s� �a�r�e� �t�h�e� 
�v�a�l�u�e�s� �u�s�e�d� �b�y� �P�e�d�o�t�t�i�,� �K�r�i�s�h�n�a�n�,� �a�n�d� �S�t�a�r�k� �(�1�9�7�8�)�.� 

�+� �M�a�x�i�m�u�m� �m�u�s�c�l�e� �f�o�r�c�e� �f�o�r� �m�a�x�i�m�u�m� �m�u�s�c�l�e� �s�t�r�e�s�s� �o�f� �3�0� �N�/�c�m�?�;� �i�n� 
�p�a�r�e�n�t�h�e�s�e�s� �a�r�e� �t�h�e� �v�a�l�u�e�s� �u�s�e�d� �b�y� �P�e�d�o�t�t�i�,� �K�r�i�s�h�n�a�n�,� �a�n�d� �S�t�a�r�k� �(�1�9�7�8�)�.� 

�T�h�e� �g�e�n�e�r�a�l� �f�o�r�m� �o�f� �t�h�e� �o�p�t�i�m�i�z�a�t�i�o�n� �p�r�o�b�l�e�m�s� �i�n�v�e�s�t�i�g�a�t�e�d� �b�y� �D�u�l� �e�t� �a�l� 

�(�1�9�8�4�)� �i�s� �a�s� �f�o�l�l�o�w�s�:� 
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�3� 

�M�i�n�i�m�i�z�e� �>� �x�?� �(�3�.�1�4�)� 
�i�n�t� 

�S�u�b�j�e�c�t� �t�o� �x�2�0�;� �i�=�1�,�2�,�3� �(�3�.�1�5�)� 

�3� 

�>� �0�j�x�,�=�M� �(�3�.�1�6�)� 
�i�=� 

�X�X�.�)� �(�=� �1�,�2�,�3� �(�3�.�1�7�)� 

�x�X� �=�K�x�;� �i�4�j� �(�3�.�1�8�)� 

�w�h�e�r�e� �_� �x�,� �=� �d�e�c�i�s�i�o�n� �v�a�r�i�a�b�l�e�:� �f�o�r�c�e� �o�r� �s�t�r�e�s�s� �i�n� �t�h�e� �i�-�t�h� �m�u�s�c�l�e� �(�N� �o�r� �N�/�c�m�?�)�,� 

�p� �=� �p�o�w�e�r�,� 

�C�c�,� �=� �c�o�n�s�t�a�n�t� �f�r�o�m� �t�h�e� �m�o�m�e�n�t� �e�q�u�a�t�i�o�n� �(�c�m� �o�r� �c�m ��)�,� 

�M� �=� �r�e�s�u�l�t�a�n�t� �m�o�m�e�n�t� �(�N�e�m�)�,� 

�X�n� �=� �M�a�x�i�m�u�m� �f�o�r�c�e� �o�r� �s�t�r�e�s�s� �i�n� �t�h�e� �i�-�t�h� �m�u�s�c�l�e� �(�N� �o�r� �N�/�c�m�?�)�,� 

�K� �=� �s�t�r�e�s�s� �o�r� �f�o�r�c�e� �r�a�t�i�o�.� 

�D�u�l� �e�t� �a�l�.� �(�1�9�8�4�)� �i�n�v�e�s�t�i�g�a�t�e�d� �1�3� �v�a�r�i�a�t�i�o�n�s� �o�f� �t�h�e� �a�b�o�v�e� �g�e�n�e�r�a�l� �m�o�d�e�l�.� �A�l�l� 

�v�a�r�i�a�t�i�o�n�s� �u�s�e�d� �c�o�n�s�t�r�a�i�n�t� �e�q�u�a�t�i�o�n�s� �3�.�1�5� �a�n�d� �3�.�1�6�.� �T�h�e� �1�3� �d�i�f�f�e�r�e�n�t� �c�a�s�e�s� 

�w�e�r�e� �o�b�t�a�i�n�e�d� �b�y� �i�n�c�l�u�d�i�n�g� �t�h�e� �a�d�d�i�t�i�o�n�a�l� �c�o�n�s�t�r�a�i�n�t�s�,� �v�a�r�y�i�n�g� �t�h�e� �v�a�l�u�e� �o�f� �p�,� 

�a�n�d� �c�h�a�n�g�i�n�g� �t�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a�s� �a�s�s�u�m�e�d� �f�o�r� �t�h�e� �m�u�s�c�l�e�s�.� �T�a�b�l�e� �3�.�2� 

�l�i�s�t�s� �t�h�e� �f�o�r�m�u�l�a�t�i�o�n�s� �o�f� �t�h�e� �1�3� �c�a�s�e�s�.� 

�T�h�e� �o�b�j�e�c�t�i�v�e� �o�f� �D�u�l� �e�t� �a�l�.� �(�1�9�8�4�)� �w�a�s� �t�o� �d�e�t�e�r�m�i�n�e� �s�o�m�e� �b�a�s�i�c� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �l�i�n�e�a�r� �a�n�d� �n�o�n�-�l�i�n�e�a�r� �m�o�d�e�l�s� �a�s� �w�e�l�l� �a�s� �t�h�e� �e�f�f�e�c�t� �o�f� �a�d�d�i�t�i�o�n�a�l� 

�c�o�n�s�t�r�a�i�n�t�s�.� �T�h�e� �r�e�s�u�l�t�s� �o�f� �e�a�c�h� �m�o�d�e�l� �w�e�r�e� �t�h�e� �p�r�e�d�i�c�t�e�d� �m�u�s�c�l�e� �f�o�r�c�e�s� �o�r� 

�s�t�r�e�s�s�e�s�.� �U�s�i�n�g� �t�h�e� �f�i�r�s�t� �m�o�d�e�l�,� �t�h�e� �s�u�m� �o�f� �t�h�e� �m�u�s�c�l�e� �f�o�r�c�e�s� �i�s� �m�i�n�i�m�i�z�e�d� 

�s�u�b�j�e�c�t� �t�o� �t�h�e� �m�o�m�e�n�t� �e�q�u�i�l�i�b�r�i�u�m� �c�o�n�s�t�r�a�i�n�t�s�.� �T�h�e� �s�o�l�u�t�i�o�n� �t�o� �t�h�i�s� �f�o�r�m�u�l�a�t�i�o�n� �i�s� 

�s�i�m�p�l�y� �t�o� �s�e�l�e�c�t� �t�h�e� �m�u�s�c�l�e� �w�i�t�h� �t�h�e� �l�o�n�g�e�s�t� �m�o�m�e�n�t� �a�r�m�,� �t�h�e� �l�o�n�g� �h�a�m�s�t�r�i�n�g�s�,� 

�7�9



�T�A�B�L�E� �3�.�2� �T�h�i�r�t�e�e�n� �O�p�t�i�m�i�z�a�t�i�o�n� �M�o�d�e�l�s� �I�n�v�e�s�t�i�g�a�t�e�d� �b�y� �D�u�l� �e�t� �a�l�.� �(�1�9�8�4�)�.� 

� � 

� � 

�M�u�s�c�l�e� 
�F�o�r�c�e� �o�r� �C�o�n�s�t�r�a�i�n�t� 

�C�a�s�e� �S�t�r�e�s�s� �U�s�e�d� �E�q�u�a�t�i�o�n�s� �p�=� �O�t�h�e�r� 

�1� �F�o�r�c�e� �3�.�1�5�,�3�.�1�6� �1� 
�2� �F�o�r�c�e� �3�.�1�5�,�3�.�1�6�,�3�.�1�7� �1� 
�3� �S�t�r�e�s�s� �3�.�1�5�,�3�.�1�6�,�3�.�1�7� �1� 
�4� �F�o�r�c�e� �3�.�1�5�,�3�.�1�6�,�3�.�1�7�,�3�.�1�8� �1� �S�i�n� �=� �S�e�y �� 
�5� �S�t�r�e�s�s� �3�.�1�5�,�3�.�1�6�,�3�.�1�7�,�3�.�1�8� �1� �S�i�n� �=� �S�e�x �� 
�6� �F�o�r�c�e� �3�.�1�5�,�3�.�1�6�,�3�.�1�7�,�3�.�1�8� �1� �S�i�n� �=� �S�e�,� �A�,� �f�r�o�m� 

�P�e�d�o�t�t�i� �e�t� �a�l�.� �(�1�9�7�8�)� 
�7� �S�t�r�e�s�s� �3�.�1�5�,�3�.�1�6�,�3�.�1�7�,�3�.�1�8� �1� �S�.�,� �=� �$�5�,�"�,� �A�,� �f�r�o�m� 

�P�e�d�o�t�t�i� �e�t� �a�l�.� �(�1�9�7�8�)� 
�8� �F�o�r�c�e� �3�.�1�5�,�3�.�1�6�,�3�.�1�7� �2� 
�9� �S�t�r�e�s�s� �3�.�1�5�,�3�.�1�6�,�3�.�1�7� �2� 
�1�0� �F�o�r�c�e� �3�.�1�5�,�3�.�1�6�,�3�.�1�7� �3� 
�1�1� �S�t�r�e�s�s� �3�.�1�5�,�3�.�1�6�,�3�.�1�7� �3� 
�1�2� �F�o�r�c�e� �3�.�1�5�,�3�.�1�6�,�3�.�1�7�,�3�.�1�8� �3� �S�u�,� �=� �S�e�n �� 
�1�3� �S�t�r�e�s�s� �3�.�1�5�,�3�.�1�6�,�3�.�1�7�,�3�.�1�8� �3� �S�.�.� �=� �S�.�, �� 

� � 

�*� �S�.�,� �=� �s�t�r�e�s�s� �l�o�n�g� �h�a�m�s�t�r�i�n�g�s�,� �S�,�,� �=� �s�t�r�e�s�s� �s�h�o�r�t� �h�a�m�s�t�r�i�n�g�s�,� �t�h�e� �f�o�u�r�t�h� 
�c�o�n�s�t�r�a�i�n�t� �i�s� �a�d�d�e�d� �w�i�t�h� �t�h�e� �s�t�r�e�s�s� �(�f�o�r�c�e�/�a�r�e�a�)� �e�q�u�a�l� �f�o�r� �t�h�e�s�e� �t�w�o� 
�m�u�s�c�l�e�s�.� 

�a�n�d� �i�n�c�r�e�a�s�e� �i�t�s� �f�o�r�c�e� �i�n� �r�e�s�p�o�n�s�e� �t�o� �i�n�c�r�e�a�s�e�s� �i�n� �e�x�t�e�r�n�a�l� �l�o�a�d�s�.� �T�h�e� �l�a�c�k� �o�f� �a� 

�l�i�m�i�t� �o�n� �m�u�s�c�l�e� �t�e�n�s�i�o�n� �w�i�l�l� �n�o�t� �p�r�e�d�i�c�t� �s�y�n�e�r�g�i�s�t�i�c� �m�u�s�c�l�e� �a�c�t�i�v�i�t�y�.� 

�W�h�e�n� �a� �l�i�m�i�t� �i�s� �p�l�a�c�e�d� �o�n� �t�h�e� �m�a�x�i�m�u�m� �f�o�r�c�e� �o�r� �s�t�r�e�s�s�,� �a�s� �i�n� �c�a�s�e�s� �2� �a�n�d� 

�3�,� �t�h�e� �m�u�s�c�l�e� �w�i�t�h� �t�h�e� �l�a�r�g�e�s�t� �m�o�m�e�n�t� �a�r�m� �i�s� �a�g�a�i�n� �r�e�c�r�u�i�t�e�d� �f�i�r�s�t�.� �I�t�s� �f�o�r�c�e� 

�i�n�c�r�e�a�s�e�s� �u�n�t�i�l� �t�h�e� �f�o�r�c�e� �o�r� �s�t�r�e�s�s� �l�i�m�i�t� �i�s� �r�e�a�c�h�e�d� �w�h�i�l�e� �a�l�l� �o�t�h�e�r� �m�u�s�c�l�e�s� �r�e�m�a�i�n� 

�i�n�a�c�t�i�v�e�.� �T�h�e� �m�u�s�c�l�e� �w�i�t�h� �t�h�e� �s�e�c�o�n�d� �l�a�r�g�e�s�t� �m�o�m�e�n�t� �a�r�m� �i�s� �t�h�e�n� �r�e�c�r�u�i�t�e�d� �u�n�t�i�l� 

�i�t�s� �l�i�m�i�t� �i�s� �r�e�a�c�h�e�d�.� �D�u�l� �e�t� �a�l�.� �(�1�9�8�4�)� �a�s�s�e�r�t�e�d� �t�h�a�t� �i�t� �i�s� �u�n�l�i�k�e�l�y� �t�h�a�t� �a� �p�r�e�v�i�o�u�s�l�y� 
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�i�n�a�c�t�i�v�e� �m�u�s�c�l�e� �b�e�c�o�m�e�s� �a�c�t�i�v�e� �o�n�l�y� �w�h�e�n� �a�n�o�t�h�e�r� �m�u�s�c�l�e� �r�e�a�c�h�e�s� �i�t�s� 

�m�a�x�i�m�u�m� �s�t�r�e�s�s�.� 

�I�n� �c�a�s�e�s� �4�,� �5�,� �6�,� �a�n�d� �7� �s�y�n�e�r�g�i�s�t�i�c� �m�u�s�c�l�e� �a�c�t�i�v�i�t�y� �i�s� �e�n�f�o�r�c�e�d� �b�e�c�a�u�s�e� �a�n� 

�a�d�d�i�t�i�o�n�a�l� �c�o�n�s�t�r�a�i�n�t� �r�e�l�a�t�e�s� �t�h�e� �s�t�r�e�s�s�e�s� �o�f� �t�w�o� �m�u�s�c�l�e�s�.� �T�h�e�r�e�f�o�r�e�,� �i�f� �t�h�e� 

�m�u�s�c�l�e� �w�i�t�h� �t�h�e� �l�a�r�g�e�s�t� �m�o�m�e�n�t� �a�r�m� �i�s� �r�e�c�r�u�i�t�e�d� �f�i�r�s�t�,� �a�n�o�t�h�e�r� �m�u�s�c�l�e� �w�i�t�h� �a� 

�r�e�l�a�t�e�d� �s�t�r�e�s�s� �w�i�l�l� �b�e� �r�e�c�r�u�i�t�e�d� �d�u�e� �t�o� �t�h�e� �f�o�u�r�t�h� �c�o�n�s�t�r�a�i�n�t�.� �A�s� �D�u�l� �e�t� �a�l�.� �(�1�9�8�4�)� 

�s�t�a�t�e�d�,� �i�t� �i�s� �q�u�e�s�t�i�o�n�a�b�l�e� �t�o� �a�s�s�u�m�e� �t�h�a�t� �t�h�e� �f�o�r�c�e� �i�n� �a� �m�u�s�c�l�e� �w�h�i�c�h� �c�r�o�s�s�e�s� �t�w�o� 

�j�o�i�n�t�s� �i�s� �a�l�w�a�y�s� �r�e�l�a�t�e�d� �t�o� �a� �m�u�s�c�l�e� �w�h�i�c�h� �c�r�o�s�s�e�s� �o�n�l�y� �o�n�e� �j�o�i�n�t�,� �s�i�n�c�e� �t�h�e�r�e� �a�r�e� 

�s�i�t�u�a�t�i�o�n�s� �w�h�e�n� �o�n�e� �i�s� �a�c�t�i�v�e� �a�n�d� �t�h�e� �o�t�h�e�r� �i�n�a�c�t�i�v�e� �a�n�d� �v�i�c�e� �v�e�r�s�a�.� �T�a�b�l�e� �3�.�3� 

�s�u�m�m�a�r�i�z�e�s� �t�h�e� �o�r�d�e�r� �o�f� �r�e�c�r�u�i�t�m�e�n�t� �f�o�r� �t�h�e� �f�i�r�s�t� �s�e�v�e�n� �c�a�s�e�s�.� 

�T�A�B�L�E� �3�.�3� �O�r�d�e�r� �o�f� �R�e�c�r�u�i�t�m�e�n�t� �o�f� �T�h�r�e�e� �K�n�e�e� �M�u�s�c�l�e�s� �f�o�r� �S�e�v�e�n� �M�o�d�e�l�s�,� 
�D�u�l� �e�t� �a�l�.� �(�1�9�8�4�)� 
� � 

� � 

� � 

�O�r�d�e�r� �o�f� 
�D�e�c�i�s�i�o�n� �R�e�c�r�u�i�t�m�e�n�t� 

�C�a�s�e� �V�a�r�i�a�b�l�e� �C�o�n�s�t�r�a�i�n�t�s� �o�f� �M�u�s�c�l�e� 

�1� �F�.� �3�.�1�5�,�3�.�1�6� �L�H� �o�n�l�y� 
�2� �F�.� �3�.�1�5�,�3�.�1�6�,�3�.�1�7� �L�H�,� �S�H�,� �G�t� 
�3� �F�/�A�,� �3�.�1�5�,�3�.�1�6�,�3�.�1�7� �L�H�,� �G�,� �S�H� 
�4� �F�,� �3�.�1�5�,�3�.�1�6�,�3�.�1�7�,�3�.�1�8� �L�H� �+� �S�H�,� �G� 
�5� �F�/�A�,� �3�.�1�5�,�3�.�1�6�,�3�.�1�7�,�3�.�1�8� �G�,� �L�H� �+� �S�H� 
�6� �F�*� �3�.�1�5�,�3�.�1�6�,�3�.�1�7�,�3�.�1�8� �L�H� �+� �S�H�,� �G� 
�7� �F�/�A�*� �3�.�1�5�,�3�.�1�6�,�3�.�1�7�,�3�.�1�8� �L�H� �+� �S�H�,� �G� 

� � 

�*� �A� �f�r�o�m� �P�e�d�o�t�t�i� �e�t� �a�l�.� �(�1�9�7�8�)� 
�t� �L�H� �-� �l�o�n�g� �h�a�m�s�t�r�i�n�g�s�,� �S�H� �-� �s�h�o�r�t� �h�a�m�s�t�r�i�n�g�s�,� �G� �-� �g�a�s�t�r�o�c�n�e�m�i�u�s� 
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�F�o�r� �t�h�e� �n�o�n�-�l�i�n�e�a�r� �m�o�d�e�l�s�,� �s�y�n�e�r�g�i�s�t�i�c� �m�u�s�c�l�e� �a�c�t�i�v�i�t�y� �i�s� �p�r�e�d�i�c�t�e�d� �a�t� �t�h�e� 

�o�n�s�e�t� �o�f� �t�h�e� �e�x�t�e�r�n�a�l� �l�o�a�d�.� �I�n�s�t�e�a�d� �o�f� �a� �s�e�r�i�a�l� �r�e�c�r�u�i�t�m�e�n�t� �o�f� �m�u�s�c�l�e�s�,� �a�l�l� 

�m�u�s�c�l�e�s� �a�r�e� �r�e�c�r�u�i�t�e�d� �a�t� �t�h�e� �o�n�s�e�t� �o�f� �t�h�e� �l�o�a�d�.� �H�o�w�e�v�e�r�,� �t�h�e� �m�u�s�c�l�e� �w�i�t�h� �t�h�e� 

�l�a�r�g�e�s�t� �m�o�m�e�n�t� �a�r�m� �o�r� �p�r�o�d�u�c�t� �o�f� �m�o�m�e�n�t� �b�y� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a� �h�a�s� �t�h�e� 

�l�a�r�g�e�s�t� �m�u�s�c�l�e� �f�o�r�c�e� �a�t� �i�n�i�t�i�a�l� �r�e�c�r�u�i�t�m�e�n�t�.� 

�F�o�r� �t�h�e� �c�a�s�e�s� �s�t�u�d�i�e�d� �b�y� �D�u�l� �e�t� �a�l�.� �(�1�9�8�4�)�,� �t�h�e� �p�r�e�d�i�c�t�e�d� �l�o�a�d� �s�h�a�r�i�n�g� 

�d�e�p�e�n�d�s� �o�n� �c�h�o�i�c�e� �o�f� �d�e�c�i�s�i�o�n� �v�a�r�i�a�b�l�e�,� �c�o�n�s�t�r�a�i�n�t�s�,� �a�n�d� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n�.� 

�T�h�e� �c�o�n�c�l�u�s�i�o�n�s� �d�r�a�w�n� �f�r�o�m� �t�h�i�s� �s�t�u�d�y� �o�f� �o�p�t�i�m�i�z�a�t�i�o�n� �m�o�d�e�l�s� �a�r�e� �a�s� �f�o�l�l�o�w�s�:� 

�(�1�)� �W�h�e�n� �f�o�r�c�e�s� �a�r�e� �t�h�e� �d�e�c�i�s�i�o�n� �v�a�r�i�a�b�l�e�s�,� �t�h�e�r�e� �i�s� �a� �p�r�e�f�e�r�e�n�c�e� �f�o�r� 

�m�u�s�c�l�e�s� �w�i�t�h� �l�a�r�g�e� �m�o�m�e�n�t� �a�r�m�s�.� �W�h�e�n� �s�t�r�e�s�s�e�s� �a�r�e� �t�h�e� �d�e�c�i�s�i�o�n� 

�v�a�r�i�a�b�l�e�s�,� �t�h�e�r�e� �i�s� �a� �p�r�e�f�e�r�e�n�c�e� �f�o�r� �m�u�s�c�l�e�s� �w�i�t�h� �t�h�e� �l�a�r�g�e�s�t� �p�r�o�d�u�c�t� �o�f� 

�m�o�m�e�n�t� �a�r�m� �b�y� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a�.� 

�(�2�)� �F�o�r� �l�i�n�e�a�r� �o�p�t�i�m�i�z�a�t�i�o�n� �m�o�d�e�l�s�,� �a� �p�r�e�f�e�r�r�e�d� �m�u�s�c�l�e� �i�s� �r�e�c�r�u�i�t�e�d� �b�e�f�o�r�e� 

�a�n�y� �o�t�h�e�r� �m�u�s�c�l�e�s�,� �a�n�d� �t�h�e�r�e� �i�s� �a�n� �o�r�d�e�r�l�y� �r�e�c�r�u�i�t�m�e�n�t� �o�f� �m�u�s�c�l�e�s�.� 

�S�y�n�e�r�g�i�s�t�i�c� �m�u�s�c�l�e� �a�c�t�i�v�i�t�y� �i�s� �o�n�l�y� �p�r�e�d�i�c�t�e�d� �b�y� �a�d�d�i�n�g� �c�o�n�s�t�r�a�i�n�t�s� �t�o� 

�l�i�m�i�t� �t�h�e� �m�a�x�i�m�u�m� �f�o�r�c�e� �(�o�r� �s�t�r�e�s�s�)� �o�r� �t�o� �r�e�l�a�t�e� �m�u�s�c�l�e� �a�c�t�i�v�i�t�y� �o�f� �t�w�o� �o�r� 

�m�o�r�e� �m�u�s�c�l�e�s�.� 

�(�3�)� �F�o�r� �n�o�n�-�l�i�n�e�a�r� �m�o�d�e�l�s�,� �s�y�n�e�r�g�i�s�m� �i�s� �p�r�e�d�i�c�t�e�d� �o�v�e�r� �t�h�e� �e�n�t�i�r�e� �r�a�n�g�e� �o�r� 

�l�o�a�d�s�,� �b�u�t� �a� �p�r�e�f�e�r�r�e�d� �m�u�s�c�l�e� �p�r�o�d�u�c�e�s� �a� �l�a�r�g�e�r� �f�o�r�c�e�.� 

�A�n�o�t�h�e�r� �g�e�n�e�r�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�f� �l�i�n�e�a�r� �p�r�o�g�r�a�m�m�i�n�g� �p�r�o�b�l�e�m�s� �i�s� �t�h�a�t� �t�h�e� 

�n�u�m�b�e�r� �o�f� �n�o�n�-�n�e�g�a�t�i�v�e� �m�u�s�c�l�e� �f�o�r�c�e�s� �c�a�n� �b�e� �a�t� �m�o�s�t� �e�q�u�a�l� �t�o� �t�h�e� �n�u�m�b�e�r� �o�f� 

�c�o�n�s�t�r�a�i�n�t�s�.� �I�n� �l�i�n�e�a�r� �p�r�o�g�r�a�m�m�i�n�g�,� �t�h�e�r�e� �c�a�n� �o�n�l�y� �b�e� �a�s� �m�a�n�y� �b�a�s�i�c� �v�a�r�i�a�b�l�e�s� 

�a�s� �t�h�e�r�e� �a�r�e� �c�o�n�s�t�r�a�i�n�t�s�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �n�u�m�b�e�r� �o�f� �m�u�s�c�l�e� �f�o�r�c�e�s� �t�h�a�t� �c�a�n� �b�e� 

�b�a�s�i�c� �v�a�r�i�a�b�l�e�s� �(�a�n�d� �t�a�k�e� �o�n� �p�o�s�i�t�i�v�e� �v�a�l�u�e�s�)� �i�s� �a�t� �m�o�s�t� �e�q�u�a�l� �t�o� �t�h�e� �n�u�m�b�e�r� �o�f� 
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�c�o�n�s�t�r�a�i�n�t�s�.� �N�o�t�e� �i�n� �t�h�e� �f�i�r�s�t� �c�a�s�e� �d�e�r�i�v�e�d� �b�y� �D�u�l� �e�t� �a�l�.� �(�1�9�8�4�)�,� �t�h�e�r�e� �a�r�e� �t�h�r�e�e� 

�u�n�k�n�o�w�n� �m�u�s�c�l�e� �f�o�r�c�e�s� �a�n�d� �o�n�l�y� �o�n�e� �c�o�n�s�t�r�a�i�n�t�,� �t�h�e� �m�o�m�e�n�t� �e�q�u�i�l�i�b�r�i�u�m� 

�e�q�u�a�t�i�o�n�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �l�i�n�e�a�r� �p�r�o�g�r�a�m� �p�r�e�d�i�c�t�s� �a�t� �m�o�s�t� �o�n�l�y� �o�n�e� �p�o�s�i�t�i�v�e� 

�m�u�s�c�l�e� �f�o�r�c�e� �w�h�i�c�h� �i�s� �s�e�l�e�c�t�e�d� �a�s� �t�h�e� �m�u�s�c�l�e� �w�i�t�h� �t�h�e� �l�o�n�g�e�s�t� �m�o�m�e�n�t� �a�r�m� �t�o� 

�m�i�n�i�m�i�z�e� �t�h�e� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n�.� �I�n� �t�h�e� �s�u�c�c�e�e�d�i�n�g� �c�a�s�e�s�,� �a�d�d�i�t�i�o�n�a�l� �c�o�n�s�t�r�a�i�n�t�s� 

�a�r�e� �a�d�d�e�d� �s�o� �t�h�e� �t�o�t�a�l� �n�u�m�b�e�r� �o�f� �c�o�n�s�t�r�a�i�n�t�s� �i�s� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�r�e�e�.� �I�n� �t�h�e�s�e� 

�c�a�s�e�s�,� �m�u�l�t�i�p�l�e� �p�o�s�i�t�i�v�e� �m�u�s�c�l�e� �f�o�r�c�e�s� �a�r�e� �n�o�t� �n�e�c�e�s�s�a�r�i�l�y� �p�r�e�d�i�c�t�e�d�,� �f�o�r� 

�e�x�a�m�p�l�e� �w�h�e�n� �t�h�e� �e�x�t�e�r�n�a�l� �l�o�a�d�s� �a�r�e� �s�m�a�l�l�.� �H�o�w�e�v�e�r�,� �a�s� �t�h�e� �e�x�t�e�r�n�a�l� �l�o�a�d�s� �a�r�e� 

�i�n�c�r�e�a�s�e�d�,� �m�u�l�t�i�p�l�e� �p�o�s�i�t�i�v�e� �m�u�s�c�l�e� �f�o�r�c�e�s� �a�r�e� �p�r�e�d�i�c�t�e�d� �b�e�c�a�u�s�e� �t�h�e�r�e� �a�r�e� 

�e�n�o�u�g�h� �c�o�n�s�t�r�a�i�n�t�s�.� 

�N�o�n�-�l�i�n�e�a�r� �o�p�t�i�m�i�z�a�t�i�o�n� �m�o�d�e�l�s�,� �u�n�l�i�k�e� �l�i�n�e�a�r� �m�o�d�e�l�s�,� �d�o� �n�o�t� �p�o�s�s�e�s�s� �t�h�e� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c� �t�h�a�t� �t�h�e� �n�u�m�b�e�r� �o�f� �p�o�s�i�t�i�v�e� �m�u�s�c�l�e� �f�o�r�c�e�s� �c�a�n� �b�e� �a�t� �m�o�s�t� �e�q�u�a�l� �t�o� 

�t�h�e� �n�u�m�b�e�r� �o�f� �c�o�n�s�t�r�a�i�n�t�s�.� �A� �n�o�n�-�l�i�n�e�a�r� �m�o�d�e�l� �w�i�t�h� �a�n� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� �t�o� 

�m�i�n�i�m�i�z�e� �t�h�e� �s�q�u�a�r�e�d� �s�t�r�e�s�s�e�s� �w�i�t�h� �o�n�l�y� �t�h�e� �m�o�m�e�n�t� �e�q�u�i�l�i�b�r�i�u�m� �e�q�u�a�t�i�o�n� �a�s� �a� 

�c�o�n�s�t�r�a�i�n�t� �c�a�n� �p�r�e�d�i�c�t� �p�o�s�i�t�i�v�e� �f�o�r�c�e�s� �f�o�r� �m�o�r�e� �t�h�a�n� �o�n�e� �m�u�s�c�l�e� �(�D�u�l� �e�t� �a�l�.�,� 

�1�9�8�4�)�.� 

�3�.�2� �T�h�e� �M�i�n�i�m�u�m�-�i�n�t�e�n�s�i�t�y�-�C�o�m�p�r�e�s�s�i�o�n� �(�M�I�C�)� �M�o�d�e�l� 

�T�h�e� �M�I�C� �m�o�d�e�l�,� �d�e�v�e�l�o�p�e�d� �b�y� �B�e�a�n�,� �C�h�a�f�f�i�n�,� �a�n�d� �S�c�h�u�l�t�z� �(�1�9�8�8�)�,� �i�s� �a� 

�r�e�f�o�r�m�u�l�a�t�i�o�n� �o�f� �t�h�e� �i�t�e�r�a�t�i�v�e� �l�i�n�e�a�r� �p�r�o�g�r�a�m�m�i�n�g� �m�o�d�e�l� �o�f� �S�c�h�u�l�t�z�,� �H�a�d�e�r�s�p�e�c�k�,� 

�W�a�r�w�i�c�k�,� �a�n�d� �P�o�r�t�i�l�l�o� �(�1�9�8�3�)�.� �S�c�h�u�l�t�z� �e�t� �a�l�.� �(�1�9�8�3�)� �d�e�v�e�l�o�p�e�d� �a�n� �i�t�e�r�a�t�i�v�e� �m�o�d�e�l� 

�t�o� �p�r�e�d�i�c�t� �t�r�u�n�k� �m�u�s�c�l�e� �f�o�r�c�e�s� �b�y� �m�i�n�i�m�i�z�i�n�g� �t�h�e� �m�a�x�i�m�u�m� �r�e�q�u�i�r�e�d� �m�u�s�c�l�e� 

�i�n�t�e�n�s�i�t�y�.� �T�h�e� �m�o�d�e�l� �b�e�g�a�n� �w�i�t�h� �a� �m�a�x�i�m�u�m� �m�u�s�c�l�e� �i�n�t�e�n�s�i�t�y� �o�f� �1� �N�/�c�m�?�,� �a�n�d� �a� 

�s�o�l�u�t�i�o�n� �o�f� �m�u�s�c�l�e� �f�o�r�c�e�s� �i�n� �r�e�s�p�o�n�s�e� �t�o� �s�o�m�e� �e�x�t�e�r�n�a�l� �l�o�a�d� �w�a�s� �s�o�u�g�h�t� �t�o� 
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�m�i�n�i�m�i�z�e� �s�p�i�n�a�l� �c�o�m�p�r�e�s�s�i�o�n�.� �I�f� �n�o� �s�o�l�u�t�i�o�n� �w�a�s� �p�o�s�s�i�b�l�e� �t�h�e� �i�n�t�e�n�s�i�t�y� �w�a�s� 

�i�n�c�r�e�a�s�e�d� �b�y� �1� �N�/�c�m�*� �u�n�t�i�l� �a� �f�e�a�s�i�b�l�e� �s�o�l�u�t�i�o�n� �w�a�s� �f�o�u�n�d�.� �A� �m�o�d�e�l� �f�r�o�m� �S�c�h�u�l�t�z� 

�e�t� �a�l�.� �(�1�9�8�3�)� �u�s�e�d� �f�i�v�e� �p�a�i�r�s� �o�f� �m�u�s�c�l�e�s� �(�l�e�f�t� �a�n�d� �r�i�g�h�t� �s�i�d�e�s�)� �a�t� �t�h�e� �L�3� �c�u�t�t�i�n�g� 

�p�l�a�n�e�:� �t�h�e� �r�e�c�t�u�s� �a�b�d�o�m�i�n�u�s�,� �t�h�e� �e�x�t�e�r�n�a�l� �o�b�l�i�q�u�e� �a�b�d�o�m�i�n�a�l�,� �t�h�e� �i�n�t�e�r�n�a�l� 

�o�b�l�i�q�u�e� �a�b�d�o�m�i�n�a�l�,� �t�h�e� �l�a�t�i�s�s�i�m�u�s� �d�o�r�s�i�,� �a�n�d� �t�h�e� �e�r�e�c�t�o�r� �s�p�i�n�a�e�.� �T�h�e� �a�u�t�h�o�r�s� 

�s�t�a�t�e�d� �t�h�a�t� �t�h�e� �m�u�s�c�l�e� �f�o�r�c�e� �p�r�e�d�i�c�t�i�o�n�s� �a�n�d� �d�i�s�c� �c�o�m�p�r�e�s�s�i�o�n� �o�f� �t�h�e� �1�0�-�m�u�s�c�l�e� 

�m�o�d�e�l� �w�a�s� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �1�4�-� �a�n�d� �2�2�-�m�u�s�c�l�e� �m�o�d�e�l�s� �w�h�i�c�h� �w�e�r�e� �a�l�s�o� 

�i�n�v�e�s�t�i�g�a�t�e�d�.� 

�T�h�e� �M�I�C� �m�o�d�e�l� �i�n�v�o�l�v�e�s� �t�w�o� �s�t�e�p�s�.� �T�h�e� �f�i�r�s�t� �s�t�e�p� �i�s� �t�o� �m�i�n�i�m�i�z�e� �t�h�e� 

�i�n�t�e�n�s�i�t�y� �o�r� �t�e�n�s�i�o�n� �t�h�a�t� �a�n�y� �o�n�e� �m�u�s�c�l�e� �c�a�n� �s�u�s�t�a�i�n� �s�u�b�j�e�c�t� �t�o� �t�h�e� �m�o�m�e�n�t� 

�e�q�u�i�l�i�b�r�i�u�m� �c�o�n�s�t�r�a�i�n�t�s� �(�A�n� �e�t� �a�l�.�,� �1�9�8�4�)�.� �I�n�t�e�n�s�i�t�y� �i�s� �d�e�f�i�n�e�d� �a�s� �f�o�r�c�e� �o�f� �t�h�e� 

�m�u�s�c�l�e� �d�i�v�i�d�e�d� �b�y� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a�.� �T�h�e� �f�i�r�s�t� �s�t�e�p� �i�s� �e�q�u�i�v�a�l�e�n�t� �t�o� �t�h�e� 

�i�t�e�r�a�t�i�v�e� �s�t�e�p�s� �o�f� �S�c�h�u�l�t�z� �e�t� �a�l�.� �(�1�9�8�3�)� �w�h�e�r�e� �t�h�e� �i�n�t�e�n�s�i�t�y� �w�a�s� �g�r�a�d�u�a�l�l�y� 

�i�n�c�r�e�a�s�e�d� �u�n�t�i�l� �t�h�e� �f�i�r�s�t� �f�e�a�s�i�b�l�e� �s�o�l�u�t�i�o�n� �w�a�s� �f�o�u�n�d�.� �B�e�a�n� �e�t� �a�l�.� �(�1�9�8�8�)� �p�o�i�n�t�e�d� 

�o�u�t� �t�h�a�t� �t�h�e� �d�i�f�f�i�c�u�l�t�i�e�s� �o�f� �t�h�e� �S�c�h�u�l�t�z� �e�t� �a�l�.� �(�1�9�8�3�)� �a�p�p�r�o�a�c�h� �a�r�e� �i�t�s� �s�u�b�s�t�a�n�t�i�a�l� 

�c�o�m�p�u�t�a�t�i�o�n�s� �a�n�d� �i�n�s�t�a�b�i�l�i�t�y� �o�f� �s�o�l�u�t�i�o�n�s� �a�s� �i�n�t�e�n�s�i�t�i�e�s� �a�r�e� �s�l�i�g�h�t�l�y� �c�h�a�n�g�e�d�.� 

�T�h�e� �f�i�r�s�t� �s�t�e�p� �o�f� �t�h�e� �M�I�C� �m�o�d�e�l� �w�h�i�c�h� �i�s� �a� �l�i�n�e�a�r� �p�r�o�g�r�a�m�m�i�n�g� �p�r�o�b�l�e�m� �i�s� 

�f�o�r�m�u�l�a�t�e�d� �a�s� �f�o�l�l�o�w�s�,� �a�s�s�u�m�i�n�g� �t�h�e� �l�i�g�a�m�e�n�t� �a�n�d� �d�i�s�c� �f�o�r�c�e�s�,� �M ��,� �a�r�e� �n�e�g�l�i�g�i�b�l�e� 

�a�s� �r�e�v�i�e�w�e�d� �i�n� �C�h�a�p�t�e�r� �2�.� 

�M�i�n�i�m�i�z�e� �|� �(�3�.�1�9�)� 

�S�u�b�j�e�c�t� �t�o� �=�}� �'�|�/�F�,�|�(�r�,�x�,�)�+�M�*� �=�0� �(�3�.�2�0�)� 
�f�=� 

�f�i�c�s� �(�3�.�2�1�)� 
�A� 
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�f�,�2�0� �(�3�.�2�2�)� 

�w�h�e�r�e� �m� �i�s� �t�h�e� �n�u�m�b�e�r� �o�f� �m�u�s�c�l�e�s�,� �f�,� �i�s� �t�h�e� �t�e�n�s�i�o�n� �i�n� �e�a�c�h� �m�u�s�c�l�e�,� �r�,� �i�s� �t�h�e� 

�m�o�m�e�n�t� �a�r�m� �v�e�c�t�o�r�,� �7�,� �i�s� �t�h�e� �m�u�s�c�l�e� �l�i�n�e� �o�f� �a�c�t�i�o�n�,� �M�®� �a�r�e� �t�h�e� �e�x�t�e�r�n�a�l�l�y� �a�p�p�l�i�e�d� 

�m�o�m�e�n�t�s� �i�n� �t�h�r�e�e�-�d�i�m�e�n�s�i�o�n�s�,� �M �� �a�r�e� �t�h�e� �m�o�m�e�n�t�s� �d�u�e� �t�o� �j�o�i�n�t� �c�o�n�t�a�c�t� �a�n�d� 

�l�i�g�a�m�e�n�t� �f�o�r�c�e�s�,� �A� �a�r�e� �t�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a�s� �o�f� �e�a�c�h� �m�u�s�c�l�e�,� �a�n�d� �|� �i�s� �t�h�e� 

�m�a�x�i�m�u�m� �i�n�t�e�n�s�i�t�y� �a�n�y� �m�u�s�c�l�e� �c�a�n� �a�s�s�u�m�e�.� 

�I�n� �t�h�e� �f�i�r�s�t� �s�t�e�p�,� �i�n�t�e�n�s�i�t�y� �i�s� �m�i�n�i�m�i�z�e�d� �s�o� �t�h�a�t� �t�h�e� �m�a�x�i�m�u�m� �t�e�n�s�i�o�n� �a�n�y� 

�m�u�s�c�l�e� �c�a�n� �a�s�s�u�m�e� �i�s� �d�e�t�e�r�m�i�n�e�d�.� �T�h�e� �f�i�r�s�t� �s�t�e�p� �d�e�t�e�r�m�i�n�e�s� �t�h�e� �s�e�t� �o�f� �f�e�a�s�i�b�l�e� 

�m�u�s�c�l�e� �f�o�r�c�e�s� �w�i�t�h� �t�h�e� �m�i�n�i�m�u�m� �i�n�t�e�n�s�i�t�y� �w�h�i�c�h� �w�i�l�l� �s�a�t�i�s�f�y� �t�h�e� �m�o�m�e�n�t� 

�e�q�u�i�l�i�b�r�i�u�m� �c�o�n�s�t�r�a�i�n�t�s�.� �T�h�e� �s�e�c�o�n�d� �s�t�e�p� �i�s� �t�o� �m�i�n�i�m�i�z�e� �t�h�e� �c�o�m�p�r�e�s�s�i�o�n� �f�o�r�c�e� 

�o�n� �t�h�e� �d�i�s�c� �(�w�h�i�c�h� �i�s� �t�h�e� �s�u�m� �o�f� �t�h�e� �m�u�s�c�l�e� �f�o�r�c�e�s� �o�r�t�h�o�g�o�n�a�l� �t�o� �t�h�e� �c�u�t�t�i�n�g� 

�p�l�a�n�e� �o�f� �t�h�e� �d�i�s�c�)�.� �T�h�e� �c�o�n�s�t�r�a�i�n�t�s� �a�r�e� �t�h�e� �m�o�m�e�n�t� �e�q�u�i�l�i�b�r�i�u�m� �e�q�u�a�t�i�o�n�s� �a�n�d� 

�t�h�e� �t�e�n�s�i�o�n� �c�o�n�s�t�r�a�i�n�t�s�.� �T�h�e� �s�e�c�o�n�d� �s�t�e�p� �i�s� �n�e�c�e�s�s�a�r�y� �w�h�e�n� �m�u�l�t�i�p�l�e� �o�p�t�i�m�u�m� 

�s�e�t�s� �o�f� �m�u�s�c�l�e� �f�o�r�c�e�s� �a�r�e� �f�o�u�n�d� �i�n� �t�h�e� �f�i�r�s�t� �s�t�e�p�.� �T�h�e� �s�e�c�o�n�d� �s�t�e�p� �t�h�e�n� �c�h�o�o�s�e�s� 

�a� �s�i�n�g�l�e� �s�o�l�u�t�i�o�n� �f�r�o�m� �a�m�o�n�g� �t�h�e� �m�u�l�t�i�p�l�e� �o�p�t�i�m�a� �t�o� �m�i�n�i�m�i�z�e� �t�h�e� �s�p�i�n�a�l� 

�c�o�m�p�r�e�s�s�i�o�n�.� �I�f� �t�h�e�r�e� �i�s� �o�n�l�y� �o�n�e� �o�p�t�i�m�u�m� �s�e�t� �o�f� �m�u�s�c�l�e� �f�o�r�c�e�s� �d�e�t�e�r�m�i�n�e�d� �i�n� 

�t�h�e� �f�i�r�s�t� �s�t�e�p�,� �t�h�e�n� �t�h�e� �s�e�c�o�n�d� �s�t�e�p� �i�s� �n�o�t� �n�e�c�e�s�s�a�r�y�.� �I�f� �t�h�e�r�e� �i�s� �o�n�l�y� �o�n�e� 

�o�p�t�i�m�u�m� �s�e�t� �i�n� �t�h�e� �f�i�r�s�t� �s�t�e�p�,� �i�t� �i�s� �t�h�e� �o�n�l�y� �f�e�a�s�i�b�l�e� �s�o�l�u�t�i�o�n� �f�o�r� �t�h�e� �s�e�c�o�n�d� �s�t�e�p� 

�a�n�d� �t�h�u�s� �t�h�e� �o�p�t�i�m�u�m� �f�o�r� �t�h�e� �s�e�c�o�n�d� �s�t�e�p�.� �T�h�e� �s�e�c�o�n�d� �s�t�e�p� �i�s� �f�o�r�m�u�l�a�t�e�d� �a�s� 

�f�o�l�l�o�w�s�:� 

�M�i�n�i�m�i�z�e� �>� �[�f�j�{�z�z� �(�3�.�2�3�)� 
�f�=�1� 
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�S�u�b�j�e�c�t� �t�o�)� �'�|�|�F�,�|�(�r�,�x�c�,�)�+�M�*� �=�0� �(�3�.�2�4�)� 
�i�=� 

�<�/� �(�3�.�2�5�)� 

�>
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�i� 

�f�,�2�0� �(�3�.�2�6�)� 

�w�h�e�r�e� �1�,� �i�s� �t�h�e� �u�n�i�t� �d�i�r�e�c�t�i�o�n� �o�r�t�h�o�g�o�n�a�l� �t�o� �t�h�e� �c�u�t�t�i�n�g� �p�l�a�n�e� �o�f� �t�h�e� �d�i�s�c�,� �|� �i�s� �t�h�e� 

�m�a�x�i�m�u�m� �m�u�s�c�l�e� �i�n�t�e�n�s�i�t�y� �d�e�t�e�r�m�i�n�e�d� �i�n� �t�h�e� �f�i�r�s�t� �s�t�e�p�,� �a�n�d� �a�l�l� �o�t�h�e�r� �v�a�r�i�a�b�l�e�s� 

�a�r�e� �t�h�e� �s�a�m�e� �a�s� �t�h�e� �f�i�r�s�t� �s�t�e�p�.� 

�2�.�1� �C�o�n�v�e�x�i�t�y� �o�f� �t�h�e� �M�I�C� �M�o�d�e�l� 

�T�h�e� �m�i�n�i�m�u�m� �i�n�t�e�n�s�i�t�y� �c�o�m�p�r�e�s�s�i�o�n� �m�o�d�e�l� �i�s� �a� �c�o�n�v�e�x� �p�r�o�g�r�a�m�m�i�n�g� 

�p�r�o�b�l�e�m� �b�e�c�a�u�s�e� �t�h�e� �f�i�r�s�t� �a�n�d� �s�e�c�o�n�d� �s�t�e�p�s� �a�r�e� �c�o�n�v�e�x�.� �A� �l�i�n�e�a�r� �e�q�u�a�t�i�o�n� �b�y� 

�i�t�s�e�l�f� �d�e�f�i�n�e�s� �a� �c�o�n�v�e�x� �s�e�t�,� �f�o�r� �e�x�a�m�p�l�e�,� �x�,� �2�0�.� �T�a�k�e� �a�n�y� �t�w�o� �p�o�i�n�t�s� �g�r�e�a�t�e�r� �t�h�a�n� 

�z�e�r�o� �a�n�d� �a� �l�i�n�e�a�r� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �t�h�o�s�e� �t�w�o� �p�o�i�n�t�s� �i�s� �g�r�e�a�t�e�r� �t�h�a�n� �z�e�r�o�.� 

�T�h�e�r�e�f�o�r�e�,� �t�h�e� �c�o�n�s�t�r�a�i�n�t� �e�q�u�a�t�i�o�n�s�,� �w�h�i�c�h� �a�r�e� �a�l�l� �l�i�n�e�a�r�,� �d�e�f�i�n�e� �c�o�n�v�e�x� �s�e�t�s�.� 

�T�h�e� �i�n�t�e�r�s�e�c�t�i�o�n� �o�f� �a� �f�i�n�i�t�e� �n�u�m�b�e�r� �o�f� �c�o�n�v�e�x� �s�e�t�s� �i�s� �a� �c�o�n�v�e�x� �s�e�t� 

�(�a�s�s�u�m�i�n�g� �i�t� �i�s� �n�o�n�e�m�p�t�y�)�.� �A�s�s�u�m�e� �t�h�e�r�e� �a�r�e� �t�w�o� �i�n�t�e�r�s�e�c�t�i�n�g� �c�o�n�v�e�x� �s�e�t�s� �C�,� 

�a�n�d� �C�,�.� �L�e�t� �A� �a�n�d� �B� �b�e� �p�o�i�n�t�s� �i�n� �s�e�t� �C�,�.� �I�f� �A� �a�n�d� �B� �a�r�e� �i�n� �t�h�e� �i�n�t�e�r�s�e�c�t�i�o�n� �o�f� �t�h�e� 

�c�o�n�v�e�x� �s�e�t�s� �t�h�e�n� �t�h�e�y� �a�r�e� �a�l�s�o� �i�n� �C�,�.� �T�h�e� �l�i�n�e�a�r� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �A� �a�n�d� �B� �m�u�s�t� 

�a�l�s�o� �b�e� �i�n� �t�h�e� �i�n�t�e�r�s�e�c�t�i�o�n� �b�e�c�a�u�s�e� �a�l�l� �s�e�t�s� �a�r�e� �c�o�n�v�e�x�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �s�e�t� �o�f� 

�f�e�a�s�i�b�l�e� �s�o�l�u�t�i�o�n�s� �d�e�f�i�n�e�d� �b�y� �t�h�e� �c�o�n�s�t�r�a�i�n�t� �e�q�u�a�t�i�o�n�s� �i�s� �c�o�n�v�e�x� �b�e�c�a�u�s�e� �i�t� �i�s� 

�t�h�e� �i�n�t�e�r�s�e�c�t�i�o�n� �o�f� �c�o�n�v�e�x� �s�e�t�s�.� �T�h�e� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� �i�s� �c�o�n�v�e�x� �b�e�c�a�u�s�e� �i�t� �i�s� �a� 

�s�i�m�p�l�e� �l�i�n�e�a�r� �s�u�m� �o�f� �t�h�e� �m�u�s�c�l�e�s� �f�o�r�c�e�s�.� �S�i�n�c�e� �t�h�e� �f�e�a�s�i�b�l�e� �s�o�l�u�t�i�o�n� �s�e�t� �i�s� 

�c�o�n�v�e�x� �a�n�d� �t�h�e� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� �i�s� �c�o�n�v�e�x�,� �t�h�e� �s�e�c�o�n�d� �s�t�e�p� �o�f� �t�h�e� �M�I�C� �m�o�d�e�l� 
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�i�s� �a� �c�o�n�v�e�x� �p�r�o�g�r�a�m�m�i�n�g� �p�r�o�b�l�e�m�.� �S�i�n�c�e� �t�h�e� �M�I�C� �m�o�d�e�l� �i�s� �a� �c�o�n�v�e�x� �p�r�o�b�l�e�m�,� 

�t�h�e� �m�i�n�i�m�u�m� �s�o�l�u�t�i�o�n� �f�o�u�n�d� �i�s� �a� �g�l�o�b�a�l� �m�i�n�i�m�u�m�.� 

�T�h�e� �M�I�C� �m�o�d�e�l� �p�r�e�d�i�c�t�s� �s�y�n�e�r�g�i�s�t�i�c� �m�u�s�c�l�e� �a�c�t�i�v�i�t�y� �b�e�c�a�u�s�e� �t�h�e� 

�m�a�x�i�m�u�m� �i�n�t�e�n�s�i�t�y� �a�n�y� �o�n�e� �m�u�s�c�l�e� �c�a�n� �a�s�s�u�m�e� �i�s� �m�i�n�i�m�i�z�e�d�.� �R�e�c�a�l�l� �f�r�o�m� �D�u�l� 

�e�t� �a�l�.� �(�1�9�8�4�)�,� �w�h�e�n� �u�p�p�e�r� �b�o�u�n�d� �c�o�n�s�t�r�a�i�n�t�s� �a�r�e� �a�d�d�e�d� �(�c�o�n�s�t�r�a�i�n�t� �3� �i�n� �D�u�l� �e�t� �a�l�.�,� 

�1�9�8�4�)� �s�y�n�e�r�g�i�s�t�i�c� �a�c�t�i�v�i�t�y� �i�s� �p�r�e�d�i�c�t�e�d� �a�t�  ��h�i�g�h� �e�n�o�u�g�h �� �e�x�t�e�r�n�a�l� �l�o�a�d�s�.� �I�n� �t�h�e� 

�B�e�a�n� �e�t� �a�l�.� �(�1�9�8�8�)� �f�o�r�m�u�l�a�t�i�o�n�,� �a�  ��h�i�g�h� �e�n�o�u�g�h �� �e�x�t�e�r�n�a�l� �l�o�a�d� �i�s� �e�n�f�o�r�c�e�d� �b�y� 

�m�i�n�i�m�i�z�i�n�g� �t�h�e� �s�t�r�e�s�s� �i�n� �t�h�e� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n�.� �S�e�v�e�r�a�l� �m�u�s�c�l�e�s� �a�r�e� �p�r�e�d�i�c�t�e�d� 

�t�o� �b�e� �a�c�t�i�v�e� �i�n� �o�r�d�e�r� �t�o� �m�i�n�i�m�i�z�e� �t�h�e� �m�a�x�i�m�u�m� �s�t�r�e�s�s� �a�n�y� �o�n�e� �m�u�s�c�l�e� �c�a�n� 

�s�u�s�t�a�i�n�.� �F�r�o�m� �D�u�l� �e�t� �a�l�.� �(�1�9�8�4�)� �w�h�e�n� �a� �s�p�e�c�i�f�i�c� �v�a�l�u�e� �i�s� �s�e�l�e�c�t�e�d� �f�o�r� �t�h�e� 

�m�a�x�i�m�u�m� �s�t�r�e�s�s�,� �t�h�e� �p�r�e�f�e�r�r�e�d� �m�u�s�c�l�e� �i�s� �t�h�e� �o�n�l�y� �a�c�t�i�v�e� �m�u�s�c�l�e� �u�n�t�i�l� �i�t� �r�e�a�c�h�e�s� 

�i�t�s� �m�a�x�i�m�u�m� �s�t�r�e�s�s�.� �H�o�w�e�v�e�r�,� �t�h�e� �M�I�C� �m�o�d�e�l� �p�r�e�d�i�c�t�s� �s�y�n�e�r�g�i�s�t�i�c� �m�u�s�c�l�e� 

�a�c�t�i�v�i�t�y� �a�n�d� �a�s� �t�h�e� �e�x�t�e�r�n�a�l� �l�o�a�d� �i�n�c�r�e�a�s�e�s� �t�h�e� �f�o�r�c�e� �a�n�d� �s�t�r�e�s�s� �o�f� �t�h�e� �s�y�n�e�r�g�i�s�t�i�c� 

�m�u�s�c�l�e�s� �i�n�c�r�e�a�s�e�.� 

�3�.�2�.�2� �E�x�a�m�p�l�e� �o�f� �t�h�e� �M�I�C� �M�o�d�e�l� 

�T�h�e� �f�o�l�l�o�w�i�n�g� �e�x�a�m�p�l�e� �o�f� �t�h�e� �M�I�C� �m�o�d�e�l� �i�s� �t�a�k�e�n� �f�r�o�m� �H�u�g�h�e�s� �(�1�9�9�1�)�.� 

�A�n� �i�m�a�g�i�n�a�r�y� �c�u�t�t�i�n�g� �p�l�a�n�e� �i�s� �a�s�s�u�m�e�d� �a�t� �t�h�e� �L�3�/�L�4� �d�i�s�c�.� �T�h�e� �c�o�o�r�d�i�n�a�t�e� 

�s�y�s�t�e�m� �u�s�e�d� �f�o�r� �t�h�i�s� �e�x�a�m�p�l�e� �w�a�s� �s�h�o�w�n� �p�r�e�v�i�o�u�s�l�y� �i�n� �F�i�g�u�r�e� �2�.�1�.� �G�i�v�e�n� �a� �1�0�-� 

�m�u�s�c�l�e� �m�o�d�e�l�,� �t�h�e� �m�u�s�c�l�e�s�,� �m�o�m�e�n�t� �a�r�m�s�,� �l�i�n�e�s� �o�f� �a�c�t�i�o�n�,� �a�n�d� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� 

�a�r�e�a�s� �a�r�e� �s�h�o�w�n� �i�n� �T�a�b�l�e� �3�.�4�.� 

�A�s�s�u�m�e� �t�h�a�t� �a�n� �e�x�t�e�r�n�a�l� �l�o�a�d� �a�p�p�l�i�e�d� �t�o� �t�h�e� �b�o�d�y� �r�e�s�u�l�t�s� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� 

�m�o�m�e�n�t�s�:� �-�1�5� �N�m� �M�,� �(�e�x�t�e�n�s�i�o�n� �m�o�m�e�n�t�,� �r�e�q�u�i�r�e�s� �b�o�d�y� �t�o� �e�x�e�r�t� �a�t�t�e�m�p�t�e�d� 

�8�7



�T�A�B�L�E� �3�.�4� �D�a�t�a� �U�s�e�d� �i�n� �t�h�e� �M�I�C� �M�o�d�e�l� �E�x�a�m�p�l�e�:� �M�o�m�e�n�t� �A�r�m�s� �r�,� �(�c�m�)� �a�n�d� 
�U�n�i�t� �M�u�s�c�l�e� �F�o�r�c�e� �C�o�m�p�o�n�e�n�t�s� �t�,� �a�n�d� �A�n�a�t�o�m�i�c�a�l� �C�r�o�s�s�-� 
�S�e�c�t�i�o�n�a�l� �A�r�e�a�s� �A�,� �(�c�m�?�)�.� 
� � 

� � 

�M�u�s�c�l�e� �C�e� �E�r� �t�t� �o�t� �w�t� �A�t� 

�L�.� �E�r�e�c�t�o�r� �s�p�i�n�a�e� �(�L�E�S�)� �-�3�.�8�2� �-�5�.�7�6� �0�.�0� �0�.�2�8�1� �-�0�.�0�5�2� �-�0�.�9�5�8� �2�4�.�9� 
�R�.� �E�r�e�c�t�o�r� �s�p�i�n�a�e� �(�R�E�S�)� �3�.�8�2� �-�5�.�7�6� �0�.�0� �-�0�.�2�8�1� �-�0�.�0�5�2� �-�0�.�9�5�8� �2�4�.�9� 
�L�.� �R�e�c�t�u�s� �a�b�d�o�m�i�n�u�s� �(�L�R�A�)� �-�3�.�3�8� �7�.�9�5� �0�.�0� �-�0�.�0�2�8� �0�.�0�1�6� �-�0�.�9�9�9�5� �6�.�6� 
�R�.� �R�e�c�t�u�s� �a�b�d�o�m�i�n�u�s� �(�R�R�A�)� �3�.�3�8� �7�.�9�5� �0�.�0� �0�.�0�2�8� �0�.�0�1�6� �-�0�.�9�9�9�5� �6�.�6� 
�L�.� �I�n�t�e�r�n�a�l� �O�b�l�i�q�u�e� �(�L�I�O�)� �-�1�1�.�3�9� �0�.�9�6� �0�.�0� �-�0�.�1�3�4� �-�0�.�5�7�4� �-�0�.�8�0�8� �1�4�.�2� 
�R�.� �I�n�t�e�r�n�a�l� �O�b�l�i�q�u�e� �(�R�I�O�)� �1�1�.�3�8�9� �0�.�9�6� �0�.�0� �0�.�1�3�4� �-�0�.�5�7�4� �-�0�.�8�0�8� �1�4�.�2� 
�L�.� �E�x�t�e�r�n�a�l� �O�b�l�i�q�u�e� �(�L�E�O�)� �-�1�2�.�6�2� �1�.�0�9� �0�.�0� �0�.�3�7�6� �0�.�3�2�2� �-�0�.�8�7�0� �1�5�.�3� 
�R�.� �E�x�t�e�r�n�a�l� �O�b�l�i�q�u�e� �(�R�E�O�)� �1�2�.�6�2� �1�.�0�9� �0�.�0� �-�0�.�3�7�6� �0�.�3�2�2� �-�0�.�8�7�0� �1�5�.�3� 
�L�.� �L�a�t�i�s�s�i�m�u�s� �D�o�r�s�i� �(�L�L�D�)� �-�7�.�1�9� �-�5�.�4�2� �0�.�0� �0�.�3�4�0� �-�0�.�2�8�4� �-�0�.�8�9�7� �3�.�9� 
�R�.� �L�a�t�i�s�s�i�m�u�s� �D�o�r�s�i� �(�R�L�D�)� �7�.�1�9� �-�5�.�4�2� �0�.�0� �-�0�.�3�4�0� �-�0�.�2�8�4� �-�0�.�8�9�7� �3�.�9� 
� � 

�*� �T�h�e� �m�u�s�c�l�e� �m�o�m�e�n�t� �a�r�m�s� �a�r�e� �f�r�o�m� �T�r�a�c�y�,� �G�i�b�s�o�n�,� �S�z�y�p�r�y�t�,� �R�u�t�h�e�r�f�o�r�d�,� 
�a�n�d� �C�o�r�l�e�t�t� �(�1�9�8�9�)�.� 

�t� �T�h�e� �l�i�n�e�s� �o�f� �a�c�t�i�o�n� �a�r�e� �f�r�o�m� �D�u�m�a�s�,� �P�o�u�l�i�n�,� �R�o�y�,� �G�a�g�n�o�n�,� �a�n�d� 
�J�o�v�a�n�o�v�i�c� �(�1�9�8�8�)�.� 

�~� �T�h�e� �a�n�a�t�o�m�i�c�a�l� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a� �o�f� �T�r�a�c�y� �e�t� �a�l�.� �(�1�9�8�9�)� �i�s� �m�u�l�t�i�p�l�i�e�d� 
�b�y� �t�h�e� �z� �c�o�m�p�o�n�e�n�t� �o�f� �t�h�e� �u�n�i�t� �f�o�r�c�e� �v�e�c�t�o�r� �t�o� �a�c�c�o�u�n�t� �f�o�r� �t�h�e� �e�f�f�e�c�t� �o�f� 
�f�i�b�e�r� �o�r�i�e�n�t�a�t�i�o�n� �o�n� �p�h�y�s�i�o�l�o�g�i�c�a�l� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a� �a�s� �i�n� �M�c�G�i�l�l�,� 
�P�a�t�t�,� �a�n�d� �N�o�r�m�a�n� �(�1�9�8�8�)�.� �T�h�e� �o�b�l�i�q�u�e� �m�u�s�c�l�e� �a�r�e�a� �o�f� �T�r�a�c�y� �e�t� �a�l�.� 
�(�1�9�8�9�)� �i�s� �p�a�r�t�i�t�i�o�n�e�d� �i�n�t�o� �i�n�t�e�r�n�a�l� �a�n�d� �e�x�t�e�r�n�a�l� �o�b�l�i�q�u�e� �a�r�e�a�s� �a�c�c�o�r�d�i�n�g� 
�t�o� �t�h�e� �p�r�o�p�o�r�t�i�o�n�s� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �C�h�a�f�f�i�n�,� �R�e�d�f�e�r�n�,� �E�r�i�g�,� �a�n�d� 
�G�o�l�d�s�t�e�i�n� �(�1�9�9�0�)�.� 

�f�l�e�x�i�o�n�)�,� �O� �N�m� �M�,�,� �a�n�d� �1�5� �N�m� �M�,� �(�t�o�r�s�i�o�n� �m�o�m�e�n�t�)�.� �T�h�e� �f�i�r�s�t� �s�t�e�p� �o�f� �t�h�e� �M�I�C� 

�m�o�d�e�l� �i�s� �n�o�w� �f�o�r�m�u�l�a�t�e�d� �a�s� �f�o�l�l�o�w�s�:� 

�M�i�n�i�m�i�z�e� �|� �(�3�.�2�7�)� 
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�S�u�b�j�e�c�t� �t�o�:� 

�0�.�0�5�5�1�8�f�,�.�,� �+� �0�.�0�5�5�1�8�f�,�.�,� �-� �0�.�0�7�9�4�6�f�,�,�,� �-� �0�.�0�7�9�4�6�f�a�x�,� �-� �0�.�0�0�7�7�6�f�,�,�,� �-� 

�0�.�0�0�7�7�6�f�,�,�.� �-� �0�.�0�0�9�4�8�f�,�.�,� �-� �0�.�0�0�9�4�8�f�,�,�.� �+� �0�.�0�4�8�6�2�f�,�,�,� �+� �0�.�0�4�8�6�2�f�,�.�,� 

�-�1�5�=�0� �(�=�M�,�=�0�)� �(�3�.�2�8�)� 

�-�0�.�0�3�6�6�0�f�,�,�,� �+� �0�.�0�3�6�6�0�f�,�,�,� �-� �0�.�0�3�3�7�8�f�,�.� �+� �0�.�0�3�3�7�8�f�,�,�,� �-� �0�.�0�9�2�0�3�f�,�,�,� 

�+� �0�.�0�9�2�0�3�f�,�,�.� �-� �0�.�1�0�9�7�9�f�,�,�.� �+� �0�.�1�0�9�7�9�f�,�.�,� �-� �0�.�0�6�4�4�9�f�,�,�,� �+� 

�0�.�0�6�4�4�9�f�,�,�,� �=� �0� �(�=�M�,� �=� �0�)� �(�3�.�2�9�)� 

�0�.�0�1�8�1�7�f�,�,�,� �-� �0�.�0�1�8�1� �7�f�r�e�.� �+� �0�.�0�0�1�6�9�f�,�,� �-� �0�.�0�0�1�6�9�f�,�.�.� �+� �0�.�0�6�6�6�7�f�,�,�,� �-� 

�0�.�0�6�6�6�7�.� �-� �0�.�0�4�4�7�3�1�,�,�.� �+� �0�.�0�4�4�7�3�f�,�.�.� �+� �0�.�0�3�8�8�5�,� �-� �0�.�0�3�8�8�5�f�,�.�,� 

�+�1�5�=�0� �(�X�M�,�=�0�)� �(�3�.�3�0�)� 

�f�,�.�/�2�4�.�9� �<� �|�;� �f�,�.�,�/�2�4�.�9� �<� �|�;� �f�,�,�/�6�.�6� �<� �|�;� �f�a�n�/�6�.�6� �<� �|�;� �£�,�,�/�1�4�.�2� �<� �|�;� �f�,�,�.�/�1�4�.�2� 

�<�1�;� �f�/�1�5�.�3� �<� �I�s� �f�a�e�/�1�5�.�3� �<�I�;� �£�,�/�3�.�9� �<� �|�;� �f�4�,�/�3�.�9� �<� �|� 

�(�3�.�3�1� �-� �3�.�4�0�)� 

�f�i�e�s� �2�0�;� �f�a�c�e�s� �2� �0�;� �f�i�a�,� �2� �0�3� �f�a�a�,� �2� �0�;� �f� �2� �0�;� �f�r�o� �=� �0�;� �f�.�,� �=� �0�;� 

�f�a�c�o� �2� �0�;� �f�u�,� �2� �0�;� �f�,�,�,� �2� �0� �(�3�.�4�1� �-� �3�.�5�0�)� 

�T�h�e� �r�e�s�u�l�t� �f�r�o�m� �t�h�i�s� �f�i�r�s�t� �s�t�e�p� �i�s� �t�h�a�t� �m�a�x�i�m�u�m� �m�u�s�c�l�e� �i�n�t�e�n�s�i�t�y� �i�s� �m�i�n�i�m�i�z�e�d� �t�o� �a� 

�v�a�l�u�e� �o�f� �1�1�.�0�7� �N�/�c�m�?�.� �V�a�l�u�e�s� �f�o�r� �t�h�e� �m�u�s�c�l�e� �f�o�r�c�e�s� �a�r�e� �a�l�s�o� �d�e�t�e�r�m�i�n�e�d� 

�b�e�c�a�u�s�e� �t�h�e�y� �a�r�e� �d�e�c�i�s�i�o�n� �v�a�r�i�a�b�l�e�s� �i�n� �t�h�e� �f�i�r�s�t� �s�t�e�p� �o�f� �t�h�e� �M�I�C� �m�o�d�e�l�.� �T�h�e� 

�v�a�l�u�e�s� �f�o�r� �t�h�e� �m�u�s�c�l�e� �f�o�r�c�e� �d�e�c�i�s�i�o�n� �v�a�r�i�a�b�l�e�s� �o�f� �t�h�e� �f�i�r�s�t� �s�t�e�p� �a�r�e� �l�i�s�t�e�d� �b�e�l�o�w�:� 
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