






soggettive da parte dei terapisti. Nell’ottica di fornire valutazioni oggettive, diverse 

prestazioni dell’utilizzatore d

gambe dall’utilizzatore delle stampelle basato sulle misurazioni delle stampelle 
. La stima, che anch’essa può essere ottenuta in tempo reale, fornisce 



i potenziali effetti collaterali dovuti all’utilizzo di tecnologie immersive. Dal 
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and diseases often result in physical impairments that interfere with a person’s 

as Parkinson’s 





the therapist’s experience and perception are therefore fundamental during the 





therapist’s point of view on the (a) patient’s lower and (b) upper body.









the exoskeleton pilot. Measuring articulations’ reactions is critical to correctly 
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●
segments’ centre of mass, inertia and mass using the volumetric information 

●
measured data, and the uncertainty associated with the joints’ reaction 

–
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to 80 Hz that it’s enough if compared with the dynamic of the crutch forces due to 
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: Instrumented crutches’ user interface.





the force component along the crutch’s axis, that passes through the medium 

tracker’s analysis software; b) calibration on the force platform with the crutch in 



crutch’s axis in the vertical position; b) Load applied on the crutch while walking.

Load applied along the crutch’s axis in the vertical position; b) Load applied on the 





∆𝑅𝑅 = 𝐾𝐺𝜀
∆𝑅𝑣1𝑅 = ∆𝑅𝐴𝑣1𝑅 + ∆𝑅𝐵𝑣1𝑅 + ∆𝑅𝐶𝑣1𝑅∆𝑅𝑜1𝑅 = ∆𝑅𝐴𝑜1𝑅 + ∆𝑅𝐵𝑜1𝑅 + ∆𝑅𝐶𝑜1𝑅∆𝑅𝑣2𝑅 = ∆𝑅𝐴𝑣2𝑅 + ∆𝑅𝐵𝑣2𝑅 + ∆𝑅𝐶𝑣2𝑅∆𝑅𝑜2𝑅 = ∆𝑅𝐴𝑜2𝑅 + ∆𝑅𝐵𝑜2𝑅 + ∆𝑅𝐶𝑜2𝑅

𝑉𝐸 = 𝐾𝐺4 ∗ 13 ∗ (𝜀𝐴𝑣1 + 𝜀𝐵𝑣1 + 𝜀𝐶𝑣1 − 𝜀𝐴𝑜1 − 𝜀𝐵𝑜1 − 𝜀𝐶𝑜1 + 𝜀𝐴𝑣2+ 𝜀𝐵𝑣2 + 𝜀𝐶𝑣2 − 𝜀𝐴𝑜2 − 𝜀𝐵𝑜2 − 𝜀𝐶𝑜2) 𝜀𝑁−𝜈𝜀𝑁𝑀𝑓 +𝜀𝑀𝑓 𝜀𝑀𝑓 𝜀𝑡
𝜀𝐴𝑣1 = 𝜀𝑁𝐴1 + 𝜀𝑀𝑓𝐴 + 𝜀𝑡𝜀𝐵𝑣1 = 𝜀𝑁𝐵1 + 𝜀𝑀𝑓𝐵 + 𝜀𝑡𝜀𝐶𝑣1 = 𝜀𝑁𝐶1 + 𝜀𝑀𝑓𝐶 + 𝜀𝑡𝜀𝐴𝑜1 = −𝜈(𝜀𝑁𝐴1 + 𝜀𝑀𝑓𝐴) + 𝜀𝑡𝜀𝐵𝑜1 = −𝜈(𝜀𝑁𝐵1 + 𝜀𝑀𝑓𝐵) + 𝜀𝑡𝜀𝐶𝑜1 = −𝜈(𝜀𝑁𝐶1 + 𝜀𝑀𝑓𝐶) + 𝜀𝑡

𝜀𝐴𝑣2 = 𝜀𝑁𝐴2 − 𝜀𝑀𝑓𝐴 + 𝜀𝑡𝜀𝐵𝑣2 = 𝜀𝑁𝐵2 − 𝜀𝑀𝑓𝐵 + 𝜀𝑡𝜀𝐶𝑣2 = 𝜀𝑁𝐶2 − 𝜀𝑀𝑓𝐶 + 𝜀𝑡𝜀𝐴𝑜2 = −𝜈(𝜀𝑁𝐴2 − 𝜀𝑀𝑓𝐴) + 𝜀𝑡𝜀𝐵𝑜2 = −𝜈(𝜀𝑁𝐵2 − 𝜀𝑀𝑓𝐵) + 𝜀𝑡𝜀𝐶𝑜2 = −𝜈(𝜀𝑁𝐶2 − 𝜀𝑀𝑓𝐶) + 𝜀𝑡



𝑉𝐸 = 𝐾𝐺4 ∗ (1 + 𝜈)3 ∗ (𝜀𝑁𝐴1 + 𝜀𝑁𝐵1 + 𝜀𝑁𝐶1 + 𝜀𝑁𝐴2 + 𝜀𝑁𝐵2 + 𝜀𝑁𝐶2) 𝜀𝑁𝜀𝑀𝑓

instrumented crutches. a) Load applied along the crutch’s axis in the vertical 



crutch’s axis in the vertical position; b) Load applied on the crutch while walking.











𝜔𝑧
comparing the accelerations with the signals recorded by the instrumented crutches’ 

subjects’ data. The results reported as accuracy, F1







of μs) 

synchronization of a PC to a reference time. The sensor’s software might not often 



problematic with some specific instrumentation. Commercial systems often don’t 

●

●
which is set to “1” when enabled, while the following values are the 



●
●



●
●
●
●

●
composed by a “1” to start the ROS trigger followed by the 

●
when a “1” together with its unique ID is found, a physical trigger is sent to 

●



•

•

𝑡𝑠𝑡𝑎𝑟𝑡𝑒𝑟
𝑡𝑠𝑦𝑛𝑐1
𝑡𝑠𝑦𝑛𝑐2

𝑇𝑠𝑡𝑎𝑟𝑡𝑒𝑟
𝑇𝑠𝑦𝑛𝑐1
𝑇𝑠𝑦𝑛𝑐2



𝑐𝑅𝐼𝑂𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑 𝑑𝑒𝑙𝑎𝑦   =  (𝑡𝑠𝑦𝑛𝑐2– 𝑡𝑠𝑦𝑛𝑐1)

𝑇𝐵𝑝𝑢𝑏𝑙𝑖𝑠ℎ𝑒𝑑 𝑑𝑒𝑙𝑎𝑦  =  (𝑇𝑠𝑦𝑛𝑐2– 𝑇𝑠𝑦𝑛𝑐1)

𝑝𝑢𝑏𝑙𝑖𝑠ℎ𝑒𝑑 𝑒𝑟𝑟𝑜𝑟=  𝑇𝐵𝑝𝑢𝑏𝑙𝑖𝑠ℎ𝑒𝑑 𝑑𝑒𝑙𝑎𝑦  – 𝑐𝑅𝐼𝑂𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑 𝑑𝑒𝑙𝑎𝑦

𝑐𝑅𝐼𝑂𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑 𝑑𝑒𝑙𝑎𝑦 𝑇𝐵𝑝𝑢𝑏𝑙𝑖𝑠ℎ𝑒𝑑 𝑑𝑒𝑙𝑎𝑦 𝑐𝑅𝐼𝑂𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑 𝑑𝑒𝑙𝑎𝑦 𝑇𝐵𝑝𝑢𝑏𝑙𝑖𝑠ℎ𝑒𝑑 𝑑𝑒𝑙𝑎𝑦 𝑐𝑅𝐼𝑂𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑 𝑑𝑒𝑙𝑎𝑦𝑇𝐵𝑝𝑢𝑏𝑙𝑖𝑠ℎ𝑒𝑑 𝑑𝑒𝑙𝑎𝑦
𝑝𝑢𝑏𝑙𝑖𝑠ℎ𝑒𝑑 𝑒𝑟𝑟𝑜𝑟









may be a rough simulation of a patient’s real

estimation of the patient’s performance during walking and provide feedback to 

the PWB of the lower limbs and the shoulder joint’s reaction forces during a walk 





on the subject’s body 
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The trigger box previously detailed in the section “ ” was used 



crutches’ forces, the protocol in



walking: normal or the subject’s preferred rhythm and slow and fast cadence 

–
–



load supported by the user’s lower limbs could be estimated by subtracting the left 
force (LCF) and the right crutch force (RCF) from the total subject body’s 

weight (BW), which is the sum of the instrumented crutches’ weight and the user’s 

subject’s weight:

𝑃𝑊𝐵 = 𝑇𝑊 − 𝐿𝐶𝐹 − 𝑅𝐶𝐹𝐵𝑊
measurand, along with their associated uncertainties. The following parameters’ 

●

●

●

d for some of the possible combinations of the subject’s body mass (40, 80, 
and 120 kg) and the crutches’ loads (2.5, 12.5, 20.0, 37.5, and 47.5 %BW). As 

also depends on the subject’s body mass. When the load on the crutches is lower, 



proposed to verify this point, varying the user’s walking pace and the crutch loads.

b) Uncertainty Percentage Contribution of the subject’s body mass and the crutch 

and the right platform force (RPF), normalized by the total subject’s weight:

𝑃𝑊�̂� = 𝐿𝑃𝐹 + 𝑅𝑃𝐹𝐵𝑊



𝐸𝑅𝑅𝑂𝑅 = 𝑃𝑊𝐵 − 𝑃𝑊�̂�

left foot’s heel 

the interval for the validation of the PWB. The left leg’s single support phase was 

from the force plates, shown in the right leg’s gait cycle. The blank background is 



The PWB’s reference, estimate, and error are shown with respect to the time in 

: The ANOVA of the PWB’s error.

: Boxplots of the PWB’s error. 





strongly influenced by the cadence and the legs’ support. A higher walking pace 

section “ ”, the process still needs to improve the 

the subject’s anthropometry, the 
kinematics of the crutches and the subject’s upper limbs, and the force measured on 

shoulder or arm. The biomechanical model’s main goal was to obtain an online 



nd shoulders’ forces and torques before 



… … … … …



shown as a percentage of the subject’s BW.



crutch force and their interaction with the subject’s height and squared height, as 



requires the segment’s inertial properties, which generally suffer from a larger 





ected limb’s single support was saturated 

and considers the subject’s height and squared height. The regression model 



















𝐹𝑦 𝑇𝑥 𝑇𝑧
𝑅2

𝐹𝑦 𝐹𝑦𝑇𝑥 𝑇𝑧





–



representatives of the Department of Rehabilitation of the Rīga Stradiņš University 
and the Latvian National Rehabilitation Centre “Vaivari” (NRC Vaivari). Firstly, 



described in the section “ – ” with their 





detailed in the section “
”, which only requires the already necessary instrumented 

crutches, and a domestic scale to measure the patient’s body mass. The PWB 

examined to track the patient’s pose. Accessing the frontal webcam of the HoloLens 



The arrows are placed on the floor surface, and they only follow the therapist’s 



Unit of measure of the loads as “%BW” and not “N”.

Unit of measure of the loads as “kg” and not “N”.

Holograms should move with the therapist’s head.

Holograms are placed according to the patient’s side. 

The patient should use the application to understand how much “%BW” is 





the patient in the therapist’s reference is assessed by sharing the patient pose with 



visualize the crutches’ load bars according to the patient side with respect to the 
therapist’s view, as in 

therapist’s point of view.







: Therapists and patients’ inclusion and exclusion criteria.
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the audio is recorded by the device’s microphone. 

in the record if visible and stay in the user’s field of view.

patient’s glasses do not display anything, but only the pose
rapist’s glasses and an orange dot is 

●
●

●
the therapist’s head movements, as in 

●



●

therapist’s demographic questionnaire, we collect information regarding 

●

●



first session with AR could influence the therapist’s behaviour in the second 



SSQ’s median value for the 







The therapist’s attention and behaviour are analysed with gaze and movement 
tracking. Samples of the therapist’s movement and gaze are kept only if the patient 

therapist’s decision. 

: The therapist’s walking velocity. The white dot represents the 



respect to the position and orientation of the patient’s head. The spread points mean 
that the therapist doesn’t keep a constant distance from the patient. As for the 

: The therapist’s position with 
of the patient’s head. The red line represents the median.



. The operator can choose between five AOIs: left crutch’s load bar (AOI Bar 
Left), right crutch’s load bar (AOI Bar Right), PWB’s load bar (AOI Bar PWB), 

the holograms’ AOIs are merged into a unique category AOI 



: AOI’s fixation ratio. Holograms’ AOIs are merged into a unique 

: AOI’s fixation ratio. *two







: Therapists’ comments during the post

“High setup time.”

“In in

focus on either the patient or the information.”

“I prefer the display mode because I can see the information even when 

patient.”

useful technology to assess the patient’s condition when 

comment “I was interested in the pelvic movement, and the in
information was too low”, the position of the holograms should also cons
target of the patient’s body that the therapist needs to observe. Another therapist, 
more interested in the legs’ movement, was satisfied with the in



blurred. The labels’ position and the font should be further investigated to provide 



questionnaire’s creator 

by the visualization modality but depend on the therapist’s preferences. Observing 

relative to the patient. The patient’s impairment severity could be an influencing 

the time is equally distributed between the patient’s AOI and the information 
sources’ AOIs



for the patient’s AOI and increases for the PWB’s AOI. The variation in fixation 

the therapist’s attention usually switches from the left to the right crutch load (and 

of the therapists according to the patient’s pathology. It is still not clear whether the 





patients’ gait searching for abnormalities in posture, rhythm, pattern, and many 



measurement’s reliability adopting a new full

the patient’s gait phases, and



bearing estimate is therefore added to the crutches’ loads as 

shorter period observing the patient and more time on the legs’ weight
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