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Fig. 1: Motion Capture system installed in the indoor athletics track. 28 

Optoelectronic cameras (Vicon, fs = 300 Hz) placed on tripods and on the 
double portal structure.  

 

Sixty-five retroreflective markers (14 mm diameter) were 
attached to the subject at specific anatomical landmarks and 
locations of the prosthetic components (Figure 2a, 2b), such as 
on the proximal and distal tip of the RPF, on the clamp, on the 
mechanical knee and on the socket. A wand calibration 
procedure was employed to identify 12 additional points, 
including four reference points on the loadcell, relative to 
technical clusters of markers. After the static acquisition, the 
calibrated markers, both placed medially on body segments 
(medial femoral epicondyle, medial malleolus, first metatarsal 
head, medial side of the prosthetic knee) and on the neck,  
thorax and posterior iliac spines were removed, because the 
former would have been likely to fall during the subsequent 
running trials and the latter would have been obstructed by the 
backpack and its straps. 

The tests consisted of a series of sprints where the athlete 
started running from a line outside of the acquisition volume, 
accelerated to approximately 60% of her maximal speed (self-
reported) and maintained this constant speed along the 
acquisition volume located 25 m from the start line. To avoid 
fatigue, the participant performed only three Steady State 
Running on track tests (TSSR).  

D. Data analysis  
Kinematic data were collected at 300 Hz. The labelling 

procedure was performed using Vicon Nexus 2.12 through an 
automatic algorithm. Subsequently, labelling was revised 
through careful frame-by-frame manual inspection to correct 
possible label swapping and gaps in the trajectories. Data were 
then low-pass filtered using a zero-lag fourth-order 
Butterworth filter with cut-off frequency equal to 10 Hz. 
Kinematic analysis was then carried out in MATLAB, with 
each body segment identified by a coordinate system (CS), i.e. 
an orthogonal triad defined through markers relative to that 
segment. The x-axis of the CS represented the anterior-
posterior direction (pointing forward), y-axis the longitudinal 
direction (pointing upward) and the z-axis the medial-lateral 
direction (pointing rightward).  

Ankle, knee and hip joint kinematics, as well as the 
prosthetic knee joint kinematics, were described by the 
orientation of the distal CS with regard to proximal CS using 
the Cardan angles. The sequence adopted was ‘ZXY’, except 
for the ankle angles, for which the ‘ZYX’ sequence was chosen 
instead. Trunk inclination in the sagittal plane was calculated 
as the angle – with respect to the vertical – of the vector joining  

  
 Fig. 2: 2a-b) Markerset adopted during the experimental session. Markers 

were applied on a headband worn by the subject, on arms, trunk, pelvis and 
right leg bony prominences and on the prosthetic components (socket, 
prosthetic knee, clamp and RPF). 2c) Detail of Load Cell coordinate system 
and ground coordinate system (sagittal view). 

the centroid of the markers placed on the posterior iliac spines 
and the marker placed on the seventh cervical vertebra. The 
inclination in the sagittal plane of the unaffected shank (Theta 
Shank 𝜃ௌ) and of the load cell installed in the prosthesis (Theta 
Load Cell 𝜃௅஼) were likewise calculated as the angle between 
the longitudinal axis of the segment and the vertical global 
axis. As far as shank is concerned, longitudinal axis 
corresponded to the anatomical axis, while for the load cell it 
was the normal to the sensor surface.  

Reaction Forces at the load cell were collected at 2000 Hz, 
therefore they were downsampled to 300 Hz and synchronized 
to correspond to kinematic data. Next, kinetic data were 
filtered using a zero-lag fourth order low-pass Butterworth 
filter with cut-off frequency equal to 52 Hz, which was the 
optimal value chosen from the spectral analysis. Eventually, 
vertical and horizontal forces expressed in the reference 
system of the load cell (𝐹𝑦௅஼ and 𝐹𝑥௅஼) were resolved in the 
Ground reference system (𝐹𝑦 and 𝐹𝑥), by using the 
instantaneous orientation matrix of the load cell (Figure 2c).  

Gait cycle events for the left leg were detected from filtered 
vertical force data, using a 5 N threshold, whereas for the right 
leg they were detected from the trajectory of the marker placed 
on the second metatarsal head, by identification of its 
minimum regions. Kinematic and kinetic data of each test were 
segmented into steps, averaged and normalized over the time 
of the right and left stride respectively. 

Forward velocity was calculated as the distance divided by 
the elapsed time that the centroid of the pelvic cluster passed 
across the acquisition volume. 

III. RESULTS 
The results here provided are relative to the third test 

performed. Average speed over strides during this trial was 
6.58 ± 1.12 m/s. Kinematic data are referred to both limbs, 
while kinetic data to the affected limb (AL) only, because in 
the unaffected limb (UL) neither force nor pressure sensors 
were used, and force platforms were not available.  

A. Kinematics  
The mean and standard deviation of lower-limb joint angles 

in the sagittal plane over stride time (5 strides AL, 4 strides 
UL) are reported in Figure 3, and analogous graphics were 
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