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Figure 1.1 - Eadweard Muybridge (1830-1904), "The Human Figure in Motion", 1901 

  



 

 

Figure 1.2 - Muscle structure. The sarcomere is the functional unit and muscle contraction is the 

result of actin-myosin interaction. (http://en.wikipedia.org/wiki/File:Skeletal_muscle.jpg) 

 
 



 

Figure 1.3 - Energy sources of muscle contraction. La, lactate; PC, phosphocreatine; Cr, 

creatinine. ATP hydrolization releases energy, which is converted into muscle contraction and, as 

a by-product, heat. ADP is then re-converted to ATP by means the represented processes. 

(Adapted from di Prampero, 1985) 
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Figure 1.4 - Oxygen consumption ( ̇    l·min
-1

) as a function of time during a constant-load 

exercise. From t=0 to t=2min the subject contracts an “oxygen deficit” which is compensated for 

during the recovery period by an oxygen uptake exceeding the rest requirements.  (Adapted from 

Cerretelli, 2001) 
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Figure 1.5 - Energy cost of various forms of locomotion as a function of speed, for a subject of 

75 kg of mass and 1.75 m of height. Lower lines refer to non-aerodynamic energy cost, the upper 

lines the total cost. The dashed lines refer to a non-trained subject (1.1 kW) and to an elite-level 

athlete (1.8 kW). (Adapted from di Prampero, 1985) 
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Figure 1.6 - Mechanical energy of a subject running at 9.8 km·h
-1

. The two upper panels indicate 

the Ek changes of the upper and lower limbs, due to their movement relative to the CoM, 

calculated by adding the Ek curves of the segments of each limb. The third panel indicates the 

mechanical energy of the CoM (            
 ). The fourth panel indicates the      of the 

body, calculated by summing the curves in the three upper panels; the sum of the increments in 

this curve represents the      (Willems et al. 1995). 
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Figure 1.7 – Vertical forces acting on a subject running on a straight path at constant speed. Body 

weight is directed downwards and is constant, ground reaction force (    ) is directed upwards 

and is applied only during foot contact. (Adapted from Luo, 2012) 
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Figure 1.8 Ground reaction forces (GRF) on a sprinter along a straight path (A) and on a curved 

path (B). (Adapted from Chang and Kram, 2007) 
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Figure 3.1 - Mass-specific oxygen consumption,  ̇     (mlO2·s
-1

·kg
-1

) plotted as a function of 

speed (m·s-1) for artiodactyls. Similar graphs were obtained for carnivores, primates and rodents  

(Taylor et al. 1982). 
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Figure 3.2 -  An African elephant wearing a mask for  ̇   measurements (Langman et al. 1994). 



 

 

                                

  

 
 

                                   
 

 
 

 
Figure 3.3 – Energy cost  , mechanical work      and efficiency   (as a function of body mass 

of different animals).   is independent of speed, while     and   are calculated for v = 1 m·s
-1

 

(adapted from Alexander, 2005) 

 
 

 



 

                                     

 
 

 

 

Figure 3.4. Efficiency as a function of body mass of different animals moving at 1, 3 and 6 m·s
-1

 

of speed. Efficiency increases with mass and with speed of locomotion. 

 



 



 



M

M ×



 

Figure 3.5 - Bioelectric impedance analysis (BIA): electrodes placement on the subject (a) 

(adapted from Lukaski et a. 1985), circuit diagram (b) (adapted from www.allaboutcircuits.com). 
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 Obese (n=10) Normal weighted (n=15)  p 

Age (years) 27.2 ± 11.2  [16.0  - 45.8] 18.2 ± 7.8 [16.1  - 40.0] 0.014 

Body mass (kg) 130.7 ± 23.7 [108.5  - 172] 64.1 ± 10.3 [52.0  - 89.0] 0.001 

Stature (m) 1.77 ± 0.07 [1.67  - 1.89] 1.72 ± 0.08 [1.60  - 1.88] 0.124 

BMI (kg·m
-2

) 41.5 ± 5.3 [35.8  - 48.6] 21.6 ± 2.4 [20.1  - 24.4] 0.001 

FFM (kg) 80.0 ± 13.3 [66.7  - 104.3] 51.7 ± 8.0 [36.8  - 72.1] 0.001 

FM (%) 38.6 ± 1.9 [35.5  - 42.2] 19.1 ± 6.0 [11.2  - 30.9] 0.001 

 

Table 3.1 - Physical characteristics of subjects. All values are mean and standard deviation (SD). 

Minimum and maximum values in brackets. BMI: Body mass index; FFM: Fat-free mass; FM: 

Fat mass, p: Significance by Student's t-test. All values are mean and standard deviation (SD). 

Minimum and maximum values in brackets 
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Figure 3.7 - Total energy cost of running (●:   , J·m-1) and external mechanical work (○:     
 , 

J·m
-1

) as a function of the overall body mass of the subject. Linear regression for    is described 

by:                   (n=25,  R
2
=0.96, p<0.001); linear regression for     

  is described 

by     
                 (n=25,  R

2
=0.84, p<0.001). 

Figure 3.8 - Energy cost of running (●:  , J·kg
-1

·m
-1

) and external mechanical work (○:     ,   

J·kg
-1

·m
-1

) as a function of the overall body mass of the subject.  Linear regression for   is 

described by :                , (n=25, R
2
 =0.05, p=0.841); linear regression for      is 

described by                     (n=25,  R
2
=0.01, p=0.962) 
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Figure 3.9 - Efficiency (%) as a function of the overall body mass   of the subject. Linear 

regression for efficiency is:                    (n=25, R
2
=0.05, p=0.838). 
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Table 3.2 - Physiological responses to running on treadmill  : energy cost of running; RER: 

respiratory exchange ratio at steady state running at 2.2 m·s
-1

 calculated as VCO2×VO2
-1

;     : 

external mechanical work;  p: Significance by Student's t-test. All values are mean and standard 

deviation (SD). Minimum and maximum values in brackets 

 

 

      

 

 

 

 

 Obese (n=10)   Normal weighted (n=15) p 

    (J · m
-1

) 528.3 ± 86.3 [408.4 - 685.1] 246.7 ± 47.9 [169.8 - 345.6] 0.001 

   (J · kg
-1

 · m
-1

) 4.063 ± 0.314 [3.628 - 4.584] 3.839 ± 0.357 [3.463 - 4.556] 0.121 

RER 0.92 ± 0.03 [0.88 - 0.98] 0.90 ± 0.06 [0.82 - 0.99] 0.201 

    
 (J · m

-1
) 235.4 ± 52.8 [161.6 - 318.4] 121.7 ± 30.8 [71.4 - 165.6] 0.001 

      (J· kg
-1

 · m
-1

) 1.808 ± 0.346 [1.342 - 2.539] 1.894 ± 0.378 [1.160 - 2.587] 0.556 

Efficiency (%) 44.5 ± 6.0 [33.9 - 55.4] 49.9 ± 11.5 [26.7 - 72.6] 0.238 



 

 

Figure 3.10 – Energy cost   of humans (∝       ), horses (∝       , Griffin et al. 2004) and 

elephants (∝       , Langman et al. 2012) of different masses. Within the same species, the 

allometric law                  does not apply. 
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Figure 3.6 - Difference (diff, in m) in the vertical position of the CoM between the 15 segments 

Hanavan model and the 3 point model utilized in this research. The speed of the subject was 2.2 

m·s
-1

. In the upper right corner a representation of the reconstructed subject is shown. 
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Figure 4.1 – Vertical ground reaction forces (expressed as a function of body weight BW) in 

sprinters with unilateral transtibial amputation. Filled black circle: UL, filled red circle: AL. 

(Grabowski et al. 2010) 



 

Figure 4.2 – Men’s 200m T43-T44 final, London 2012 Paralympic Games. The athlete in lane 8 

places his unaffected leg on the front block, while the athlete in lane 9 places his affected leg on 

the front block. (http://www.youtube.com/watch?v=A9Wlp1sTnoY) 
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Table 4.1 - Subject characteristics. Demographic and anthropometric variables and 100m personal records (PR) of non-amputee and amputee 

subjects. For the amputee group, The front leg for the usual configuration is indicated for non-amputees and amputees (AL is the affected leg and UL 

is the unaffected leg). Each amputee subject’s running specific prosthesis (RSP) model is reported. Average values ± standard deviations are reported 

for both groups. 



 

 

Figure 4.3 - Experimental set-up of a starting blocks configuration. This athlete has his back 

affected leg, with his RSP, on force platform “a”, his front unaffected leg and hands on the 

“winged” plate “c”, secured to force platform “b”. After the start, he runs as fast as possible on the 

elevated runway “d”.   
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Figure 4.4 – Each sprinter switched front (blue) and back (red) legs in the usual and unusual block 

configurations (central panels). We generated the virtual non amputee by summing the contribution 

of the UL when it was placed on the front and on the back block (upper panel). We generated the 

virtual bilateral amputee by summing the contribution of the AL in the two configurations (lower 

panel). 

  



 

 



 

 

 

 

Figure 4.4 - Mean resultant force vectors (average values) for non-amputee (n=7) and amputee 

sprinters (n=9) in usual vs. unusual and affected leg (AL) vs. unaffected leg (UL) in front, 

respectively. There were no differences between conditions for non–amputee sprinters. Amputee 

sprinters with their UL in front developed more force (p=0.015) and directed it more vertically 

(p=0.029) compared to the configuration with their AL in front. 
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Figure 4.5 - Typical horizontal force traces for a non-amputee sprinter (upper panels) in the usual and unusual blocks configurations and for a sprinter with a unilateral 

transtibial amputation (lower panels) with the unaffected leg (UL) and affected leg (AL) on the front block: Time = 0 identifies the start signal, “Start” indicates the actual start 

(Horizontal Force > 5N), “End” indicates the end of the push-phase, the time between Start and End is the push time. 

 



Table 4.3 - Mean and peak total (front + back) forces, mean accelerations final velocities and impulses at the end of the push-phase. All values are 

calculated in the horizontal direction and are reported as mean ± S.D.  Highlighted gray indicates the value that results in the best performance between the 

two configurations. Statistically significant (p<0.05) differences between the 2 configurations within each group are highlighted in bold. 

 

 

 

 

 

 

 
Table 4.2 - Reaction times, push times, mean and peak resultant forces, and mean push angles. Each value is reported as mean ± S.D. 
Highlighted gray indicates the value that results in the best performance between the two configurations. Statistically significant 

(p<0.05) differences between the 2 configurations within each group are highlighted in bold. 

 

   
Horizontal 

 

Mean Total Force 

(BW) 

Peak Total 

Force 

(BW) 

Mean Total 

Power 

(W·kg
-1

) 

Mean Acceleration 

(m·s
-2

) 

Final velocity 

(m·s
-1

) 

Impulse 

(Bw·s
-1

) 

Non amputee 

(n=7) 

Usual 0.78 ± 0.09 1.39 ± 0.24 11.94 ± 2.19 7.63 ± 0.91 3.09 ± 0.27 0.315 ± 0.028 

Unusual 0.75 ± 0.09 1.39 ± 0.26 11.36 ± 1.72 7.39 ± 0.84 3.05 ± 0.22 0.310 ± 0.022 

Amputee UL in front 0.69±0.07 1.12 ± 0.13 9.59 ± 1.53 6.76 ± 0.65 2.81 ± 0.25 0.286 ± 0.026 

(n=9) AL in front 0.68±0.10 1.31 ± 0.18 9.42 ± 2.52 6.67 ± 1.02 2.78 ± 0.37 0.283 ± 0.038 

 

 

  

Reaction Time 

(s) 

Push time 

(s) 

Mean  

Resultant Force  

(BW) 

Peak 

Resultant Force 

(BW) 

Mean 

Push angle 

(deg) 

Non amputee  

(n=7) 

Usual 0.155 ± 0.043 0.407 ± 0.035 1.40 ± 0.07 2.28 ± 0.21 55.9 ± 3.1 

Unusual 0.163 ± 0.036 0.416 ± 0.044 1.39 ± 0.07 2.30 ± 0.25 56.6 ± 3.0 

Amputee 

(n=9) 

Usual 0.173 ± 0.060 0.417 0.059 1.37 ± 0.07 2.26 ± 0.23 58.3 ± 3.2 

Unusual 0.188 ± 0.083 0.424 0.052 1.30 ± 0.10 2.21 ± 0.24 59.0 ± 1.6 

Amputee 

(n=9) 

UL in front 0.175±0.061 0.419 ± 0.046 1.38 ± 0.06 2.10 ± 0.18 59.4 ± 2.2 

AL in front 0.192±0.076 0.422 ± 0.059 1.30 ± 0.11 2.36 ± 0.21 57.8 ± 2.7 



Table 4.4 - Individual (front and back) leg forces and powers. All values are calculated in the horizontal direction and are reported as mean ± S.D.  Highlighted 

gray indicates the value that results in the best performance between the two configurations. Statistically significant (p<0.05) differences between the 2 

configurations within each group are highlighted in bold. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.5 - Resultant forces, push angles and horizontal accelerations of virtual athletes. We calculated values for a virtual non-amputee by merging 2 UL 

and calculated values for a virtual bilateral amputee by merging 2 AL from the amputee group. Highlighted gray indicates the value that results in the best 

performance between the two conditions. Statistically significant (p<0.05) differences between the 2 conditions are highlighted in bold. 

 

  Horizontal 

  

Mean Force 

Back 

(BW) 

Mean Force 

Front 

(BW) 

Peak Force 

Back 

(BW) 

Peak Force 

Front 

(BW) 

Mean 

Power Back 

(W·kg
-1

) 

Mean Power 

Front 

(W·kg
-1

) 

Peak Power 

Back 

(W·kg
-1

) 

Peak Power 

Front 

(W·kg
-1

) 

Non 

amputees 

(n=7) 

Usual 0.42 ± 0.11 0.62 ± 0.10 0.84 ± 0.22 1.02 ± 0.13 2.72 ± 1.10 11.30 ± 2.34 6.63 ± 2.75 26.51 ± 5.03 

Unusual 0.39 ± 0.07 0.62 ± 0.07 0.77 ± 0.12 1.00 ± 0.09 2.33 ± 0.54 11.02 ± 2.01 5.86 ± 1.40 25.62 ± 3.86 

Amputees 

(n=9) 

UL in front 0.27 ± 0.13 0.60 ± 0.13 0.48 ± 0.21 0.92 ± 0.18 1.48 ± 1.04 9.43 ± 2.22 3.53 ± 2.38 21.37 ± 5.40 

AL in front 0.38 ± 0.13 0.52 ± 0.11 0.77 ± 0.25 0.94 ± 0.13 2.44 ± 1.40 8.59 ± 2.41 6.76 ± 3.16 19.82 ± 6.56 

 

 

Mean Resultant Force 

(BW) 

Mean Push 

Angle (deg) 

Horizontal acceleration 

(m·s
-2

) 

Virtual non-amputee 1.47 ± 0.13 58.0 ± 1.9 7.66 ± 0.94 

Virtual bilateral amputee 1.16 ± 0.09 59.1 ± 2.4 5.84 ± 0.69 
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Figure 4.5 -  Mean resultant force vectors (average values) for non-amputee (n=7), virtual non-

amputee (n=9) and virtual bilateral amputee sprinters (n=9) . There were no differences between 

non–amputee and virtual non-amputee sprinters. Virtual non-amputee sprinters with 2 UL  develop 

more force (p=0.0003) compared to virtual bilateral amputees with 2 AL.  
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Figure 5.1 – Men's 200m T43-T44 final in London 2012 Paralympic Games. Sprinters in lanes  6 

and 9 have the RSP on the left side, sprinters in lanes 3 and 8 have the RSP on the right side, all 

other athletes have bilateral amputations. 

 

 

 



 

 



 

 

 

 



 

                                            



 

Table 5.1 - Subject characteristics. Demographic and anthropometric variables and 100m personal records (PR) of non-amputee and amputee subjects. 

Each amputee subject’s running specific prosthesis (RSP) model is reported. Average values ± standard deviations are reported for all groups. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 – Top view of the experimental set up. Counterclockwise curve (upper panel) and 

straight (lower panel).  For the clockwise curve, subjects started from the 40m mark and ran to the 

0m mark. All measurements were performed for the last 20m of each run. The cross + indicates 

camera placement. 

 

 

 

 

 

 

 



Figure 5.3. Schematic view of the measured gait parameters. Step time is defined as the time from 

foot contact to contralateral foot contact, aerial time is defined as the time from the end of the 

contact phase to the contralateral foot contact, leg cycle is defined as the sum of contact and swing 

times. 

 



 

 

 



 

 

Table 5.2 - Average velocity for straight, counterclockwise curve, and clockwise curve running 

trials (radius = 17.2m). Bold values indicate a statistical difference between the counterclockwise 

and clockwise directions or between the affected leg on the outside and affected leg in the inside 

values. * indicate a statistical difference between straight and curve running trials. For the sprinters 

with left leg amputations (n=2), no statistical tests were performed. Non-amputees and sprinters 

with right leg amputations were all slower during curve running compared to straight running. The 

sprinters with right leg amputations had significantly different running speeds in the 

counterclockwise vs. clockwise directions (p=0.035). All athletes with amputations ran slower 

when their affected leg was on the inside of the curve (p=0.029). 

 

  

Velocity (m·s
-1

) 

    Straight Counterclockwise Clockwise 

Non-amputees (n=6) 8.05 ± 0.65* 7.39 ± 0.49 7.25 ± 0.45 

Right Leg Amputation (n=6) 7.99 ± 0.60* 7.58 ± 0.56 7.12 ± 0.53 

Left Leg Amputation  (n=2) 7.30 ± 0.50 6.86 ± 0.58 6.97 ± 0.34 

  Straight RSP outside RSP inside 

All amputees (n=8) 7.82 ± 0.63* 7.43 ± 0.57 7.05 ± 0.51 



 

 

 

 

 

 



 

 

Table 5.3 - Contact time. Bold values indicate a statistical difference between left and right legs and between affected and unaffected legs in the 

same condition (straight, counterclockwise or clockwise). Non-amputees had no difference in contact times between right and left legs in all 

conditions. In sprinters with right leg amputations, contact times were longer for the right leg (AL) in the straight (p=0.006) and clockwise 

(p=0.002) direction compared to the left leg (UL). There were no differences in contact times between right (AL) and left (UL) legs in the 

counterclockwise direction.  All sprinters with amputations had longer contact times in their affected leg compared to their unaffected leg during 

straight running (p=0.001) and during curve running with the affected leg on the inside (p<0.001). 

 





Table 5.4 - Aerial time. Bold values indicate a statistical difference between left and right legs and between affected and unaffected legs in the 

same condition (straight, counterclockwise or clockwise). 

 

 



 

 

 

 



 

 

Table 5.5 - Step time. Bold values indicate a statistical difference between left and right legs and between affected and unaffected legs in the same 

condition (straight, counterclockwise or clockwise). 



 



 

 

Figure 5.4 - Two subsequent steps of a sprinter with a right leg amputation during a 

counterclockwise curve (upper panel) and during a clockwise curve (lower panel). In both 

configurations, the step length is longer with the inside leg. 



Table 5.6 - Step length. Bold values indicate a statistical difference between left and right legs and between affected and unaffected legs in the 

same condition (straight, counterclockwise or clockwise). 

 

 



 

 



 

 

 

 

 
Table 5.7 - Leg swing time. Bold values indicate a statistical difference between left and right legs and between affected (AL) and unaffected legs (UL) 

in the same condition (straight, counterclockwise or clockwise). Non-amputees had faster leg swing times for their left leg during counterclockwise 

curves (p=0.040) and had slower leg swing times in their left leg during clockwise curves (p=0.004). Sprinters with right leg amputations had faster leg 

swing times in their affected leg (AL) compared to their unaffected leg (UL) during straight running (p=0.0004) and during clockwise (p<0.001) 

running. All sprinters with amputations had faster leg swing times in their affected leg compared to unaffected leg during straight running (p<0.001) 

and curve running with the affected leg on the inside (p<0.001). 

 



 



  
Leg asymmetry (%) 

    Straight Counterclockwise Clockwise 

Non-amputees -1.0 ± 2.0 -3.0 ± 3.3 1.8 ± 2.1 

Right Leg Amputation  6.2 ± 3.0 1.1 ± 3.1 4.8 ± 2.8 

Left Leg Amputation  -5.3 ± 2.1 -8.5 ± 0.4 -2.4 ± 3.2 

  Straight AL outside AL inside 

All amputees 6.0 ± 2.7 1.5 ± 3.0 5.7 ± 3.0 

 

Table 5.8. Average ± S.D. step time symmetry. Step time symmetry is calculated as ((Right-

Left)/(Right+Left))*100 for non-amputees and as (AL-UL)/(AL+UL)*100 for all amputees. A 

value of 0% would indicate perfect symmetry, positive values indicate that right leg (AL for all 

amputees) had longer step times, negative values indicates that left leg (UL) had longer step times. 

Bold values indicate a statistical difference between the counterclockwise and clockwise directions 

or between the affected leg on the outside and affected leg in the inside values. 

 

 

 

 

 

Figure 5.5 - Asymmetric running gait of a sprinter with a unilateral amputation. Although the 

affected leg (AL) and unaffected leg (UL) have identical cycle durations, they are 191° out of 

phase. The AL contact occurs earlier than the UL contact; thus AL step time is longer than UL step 

time. 
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Figure 5.6 - Average maximum velocity during curve running (v) as a function of maximum 

velocity during straight running (vo). The dashed line is the line of identity and the solid line is 

derived from Greene’s equation (Greene, 1985). The velocities reported for counterclockwise 

curves (●) and clockwise curves (○) from non-amputees are slower than straight running velocities 

and are well-predicted by Greene’s equation. Greene’s equation underestimates velocity for 

sprinters with a leg amputation during curve running with the affected leg on the outside (■) and 

overestimates velocity during curve running with the affected leg on the inside (□). 
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