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Abstract
Lower limbs position sense is a complex yet poorly understood mechanism, influenced by many factors. Hence, we investi-
gated the position sense of lower limbs through feet orientation with the use of Immersive Virtual Reality (IVR). Participants 
had to indicate how they perceived the real orientation of their feet by orientating a virtual representation of the feet that was 
shown in an IVR scenario. We calculated the angle between the two virtual feet (α-VR) after a high-knee step-in-place task. 
Simultaneously, we recorded the real angle between the two feet (α-R) (T1). Hence, we assessed whether the acute fatigue 
impacted the position sense. The same procedure was repeated after inducing muscle fatigue (T2) and after 10 min from T2 
(T3). Finally, we also recorded the time needed to confirm the perceived position before and after the acute fatigue protocol. 
Thirty healthy adults (27.5 ± 3.8: 57% women, 43% men) were immersed in an IVR scenario with a representation of two 
feet. We found a mean difference between α-VR and α-R of 20.89° [95% CI: 14.67°, 27.10°] in T1, 16.76° [9.57°, 23.94°] 
in T2, and 16.34° [10.00°, 22.68°] in T3. Participants spent 12.59, 17.50 and 17.95 s confirming the perceived position of 
their feet at T1, T2, T3, respectively. Participants indicated their feet as forwarding parallel though divergent, showing a 
mismatch in the perceived position of feet. Fatigue seemed not to have an impact on position sense but delayed the time to 
accomplish this task.
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1  Introduction

Position sense is the ability to perceive the location of differ-
ent parts of our body in space, even in absence of vision. It 
relays on the integration of the information retrieved from the 
‘postural schema’ and the ‘body model’, which are a result of 
complex bottom-up and top-down mechanisms, respectively 

(Ganea and Longo 2017). Bottom-up mechanisms depend on 
different types of peripheral afferent signals such as mecha-
noreceptors from joints signalling flexion or extension move-
ments and from muscles spindles signalling contraction and 
lengthening, but also stretch-sensitive receptors from the skin 
(Longo et al. 2010; Proske and Gandevia 2012). Together they 
are called ‘proprioceptive afferent signals’. Their integration 
and elaboration with the efferent signals from the motor sys-
tem specifying movements provide information about joint Mirko Job and Marco Testa have contributed equally and shared last 
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angles, leading to the ‘postural schema’. This scheme contains 
the angular orientation of our body segments in space. On 
the other hand, the top-down mechanisms lead to the ‘body 
model’, an inner body representation that contains information 
about the length and shape of body segments, information 
not available through any afferent signal (Longo and Haggard 
2010a). The integration of the ‘postural schema’ and the ‘body 
model’ provides the ‘position sense’. Despite the important 
role that the ‘body model’ has in the position sense, little is 
known about its specific nature (Longo et al. 2010).

Given the multifactorial nature of the position sense pro-
cessing, its assessment is not easy due to the impossibility to 
access a single information but only the final output which 
is the body segments’ location and orientation (position) 
referred by the person. Many authors have assessed the dis-
tance between the actual and judged locations, defined as 
‘localisation error’, of a single landmark (Longo 2015), and 
others instead have been able to entirely map the ‘body model’ 
representations of limbs assessing the distance between the 
judged locations of two adjacent landmarks (Longo and Hag-
gard 2010b). However, there are still many sources that can 
affect the position sense output, such as misperceptions of 
joint angles or the indirect use of vision that can help to build 
spatial references related to the body (Nieto-Guisado et al. 
2022; Radziun and Ehrsson 2018). Experiments with visual 
sensory-deficit participants or with prism spectacles induced 
a conflict in position sense tasks (Mon-Williams et al. 1997; 
Rossetti et al. 1995; Stenneken et al. 2006a, b; Stenneken et al. 
2006a, b). It is thought that visual information, when avail-
able, can bypass the afferent signals of the body and lead the 
brain to integrate automatically that information even if not 
congruent (Touzalin-Chretien et al. 2010).

Moreover, in several conditions the position sense has been 
studied to be altered or affected, such as ageing (Ferlinc et al. 
2019; Herter et al. 2014), central (Ateş and Ünlüer 2020; Rand 
2018) and peripheral (Goldberg et al. 2008; Li et al. 2019) 
nervous system injuries, movement, and (Abbruzzese et al. 
2014) musculoskeletal disorders (Mohammadi et al. 2013; 
Röijezon et al. 2015a), and fatigue (Proske 2019; Vafadar et al. 
2012; Verschueren et al. 2020). In particular, fatigue seems 
to be associated with neuromuscular control changes that 
lead to proprioceptive and executive function deficits, joint 
instability, and musculoskeletal injuries (Abd-Elfattah et al. 
2015; Steib et al. 2013). Possible mechanisms are thought to 
be linked to acute workload, perturbation of feedback loops or 
signal processing (Jahjah et al. 2018; Johnston et al. 2018), but 
further research is needed. Similarly, the connection between 
fatigue and position sense is still unclear due to the difficulty 
in assessing quantitatively to what extent each factor entailed 
in the proprioception can influence position sense (Proske 
2019; Romero-Franco and Jiménez-Reyes 2017).

A possible solution to isolate afferent sensory signals, such 
as visual bodily and spatial cues, and assess position sense is 

Immersive Virtual Reality (IVR). Through IVR, the inves-
tigator can reduce external stimuli by immersing the person 
into an ad hoc created scenario partially devoid of visual cues 
(Fogg 2002; Valori et al. 2020; Witmer and Singer 1998), 
where vision cannot help to build any self-body or space 
reference. For instance, Valori et al. implemented the IVR 
to investigate the extent to which the presence or absence 
of visual cues aids proprioceptive afferent signals accuracy 
across lifespan (Valori et al. 2020). Similarly, Bayramova 
et al. studied the accuracy in reproducing a rotation angle 
in a self-rotation task in IVR, and the memory aspect of the 
task, reporting that position sense is more accurate when 
vision and proprioception are optimally integrated (Bayra-
mova et al. 2021). Moreover, by displaying a virtual user 
interface, the participants can synchronously and subjectively 
quantify their position sense without relying on visual bodily 
or spatial cues. The reported strengths of IVR, together with 
its versatility, highlight a new role of this technology in this 
research framework (Sanchez-Vives and Slater 2005; Valori 
et al. 2020). Relying on these premises, we posited whether 
the real orientation of the lower limbs can differ from the 
perceived one, measuring this possible variability inside an 
IVR environment deprived of visual references. Consider-
ing the preliminary findings on the effect of visual sensory 
inputs on position sense, we expected a discrepancy between 
the actual and the perceived orientation of the lower limbs. 
Furthermore, we hypothesised that this parameter, along with 
the time to process it, might change under acute fatigue con-
ditions, as a result of a reduction in the accuracy of position 
sense. Hence, the main aims of this study are (1) to assess the 
position sense of the lower limbs by quantifying the differ-
ence between the real and the perceived orientation of feet, 
and the time required to confirm it, and (2) to investigate how 
fatigue can influence these parameters in healthy people by 
immersing them in an ad hoc virtual environment devoid of 
visuospatial contextual factors.

2 � Methods

2.1 � Trial design

A pre-post trial study was performed at the  Rehabilation 
and Engineering Laboratory (REHELab) at the Campus 
of Savona (Savona, Italy), Department of Neuroscience, 
Rehabilitation, Ophthalmology, Genetics, Maternal and 
Child Health of the University of Genova (Genova, Italy). 
Ethical approval was obtained from the Ethics Committee 
for University Research (Comitato Etico per la Ricerca di 
Ateneo [CERA], University of Genova, Genova, Italy; code: 
2020.12; approval date: 09/07/2020).
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2.2 � Participants

People without diseases (18 ≤ age ≤ 50) were considered 
eligible to partake in this study if they did not report any 
acute injuries or musculoskeletal and/or neurological dis-
orders in the last 6 months. Moreover, people in cure under 
psychotropic drugs, those who have taken non-steroidal 
anti-inflammatory drugs and corticosteroids in the previous 
48 h before the experimental session, and those unable to 
understand the tasks were not allowed to join the study. Par-
ticipants were also excluded if they had drunk caffeinated or 
alcoholic beverages 6 h before the beginning of the session. 
The use of spectacles or contact lenses was allowed, and all 
participants had to sign the informed consent.

Participants were informed that the trial would be per-
formed barefoot wearing comfortable sports clothing and 
provided with all the information and explanation about the 
aims, the phases, the instrumentations, and the risks of the 
experimental trial. Each doubt and curiosity was answered. 
The possibility of interrupting participation in the study at 
any moment was also explained. The signing of the informed 
consent was mandatory.

2.3 � Interventions

The HTC VIVE Pro IVR system was adopted for the trial. 
The apparatus was installed into a 7 × 5 room, with no reflec-
tive surfaces and the possibility to avoid any exposure to 
natural lighting. The system setting included a Vive PRO 
head-mounted display (HMD), two Vive controllers (2018), 
and two SteamVR 1.0 ‘Lighthouse’ base stations. The choice 
to use a simple set-up (HMD + 2 controller) was made for 
two main reasons. Firstly, since our experiment was aimed 
at the study of proprioception, we wanted to minimise the 
invasiveness of the set-up, especially for the lower limbs. 
Secondly, the dimensions of rather cumbersome sensors 
(Vive Trackers 2018, Ø = 10 cm) (HTC Vive 2018), and 
the difficulties of a stable and repeatable positioning on the 
instep, raised some concerns about the accuracy of the meas-
urements obtainable from additional devices.

The two lighthouses were connected through a ‘sync 
cable’, 5 m apart from each other, and fixed to the ceiling 
at the height of h = 3 m, with an inclination of 40° to it. 
This system uses a robust full-room tracking technology, 
and it records the position and orientation of all the track-
able components across a 2,5 × 2,5 m space (recording area) 
(Sansone et al. 2021). Specifically, the tracked position and 
orientation are updated primarily through inertial measure-
ment units (Niehorster et al. 2017). The lighthouses limit 
and correct the intrinsic ‘drift’ error of the inertial measure-
ments by providing additional kinematic data. The system 
extrapolates positional and orientation values from a set of 
photodetectors located on the trackable device illuminated 

by the lighthouses, which emits an IR synchronisation 
blink followed by two IR pulses, sweeping the tracking area 
repeatedly, from left to right and then from top to bottom. 
By knowing the angular velocity of the device, and the time 
between the blink and the detection of the laser pulse, the 
system determines the directions in which each photodetec-
tor is located. The directions of four non-coplanar photo-
detectors are the basis to solve the so-called perspective-n-
point (PnP) problem (Maciejewski et al. 2020) and improve 
the accuracy of the tracking.

The trial is divided in various phases settled into different 
virtual scenarios, developed within the framework of Unreal 
Engine (v4.25): (1) Welcome Scenario; (2) Adaptation Sce-
nario; (3) Stepping Scenario; (4) Fatiguing Scenario; and (5) 
Measuring Scenario (Fig. 1). During the virtual simulation, 
the investigator stayed close to the participants to guide them 
throughout the experiment.

The participants were instructed to move towards the cen-
tre of the recording area, outlined by a 60 × 60 cm scaled tile 
with 12 parallel lines, distanced 4 cm from each, marked on 
its surface (Fig. 2). Subsequently, they wear the HMD and 
two controllers (one for each hand) to interact with the vir-
tual world. Hence, the participants were immersed into the 
‘Welcome Scenario’, a white virtual environment without 
any spatial references, and with a virtual disclaimer reading 
‘Welcome to the body perception test.  In this period, feel 
free to get accustomed to the virtual world. Follow the direc-
tions of the researcher and press START to begin’ (Fig. 3A).

Under these circumstances, the participants’ capability of 
reading the text was assessed to ensure the right positioning 
of the HMD. After that, by pressing the trigger button of the 
controllers, the next phase of the experiment started. The 
participants were transferred into the ‘Adaptation Scenario’. 
In this scenario, the participants were asked to orientate two 
feet icons, represented by two arrows for each foot, respec-
tively, towards specific-coloured zones, by the simultaneous 
use of the two controllers (Fig. 3B). Here, they were free to 
experience and become confident with the use of the control-
lers. Specifically, the system registered the finger position on 
the touchpad and calculated the angle of the vector identified 
by the centre of the touch surface and the point of contact.

Once they were familiarised with the controls, the 
experimental trial started with the ‘Stepping Scenario’ 
and the ‘Measuring Scenario’. In the ‘Stepping Scenario’, 
after an acoustic signal, participants had to perform a 
high-knee step-in-place task while staring at a black point 
displayed in front of them in the virtual environment. This 
point was used as an external attention focus to help them 
to hold their balance. After a second acoustic signal, the 
black point disappeared, and the participants had to stop 
in the reached position without moving further their feet, 
and then the ‘Measuring Scenario’ appeared. The time 
between the two acoustic signals was randomly defined 
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between 10 and 15 s to avoid any participant’s possible 
conditionings. In the ‘Measuring Scenario’ (Fig. 3D), the 
participants saw the virtual feet icons in front of them, as 
seen in the ‘Adaptation Scenario’, but without the coloured 
dial to avoid influencing their assessments. Participants 
had to indicate their perceived feet’ orientation through 
the touchpad of the controllers.

When the participants pressed both controllers’ triggers 
simultaneously, the program recorded the angle between the 
two feet (α-VR) icons and the time to confirm it, as the time 
spent with the finger on the touchpad. Once acquiring α-
VR, they were instructed to maintain their feet still to let the 
investigator record the actual feet angle (α-R). This angle 
was obtained by considering the intersection of the straight 

lines that linked the II metatarsal axis to the calcaneal tuber-
osity of each foot on the tile surface (Fig. 4).

After acquiring α-VR and α-R measures by pressing 
the trigger button of the controllers, participants started 
the fatiguing protocols in the ‘Fatiguing Scenario’. It con-
sisted of a 90° squat exercise with an elastic band sur-
rounding both knees aiming at straining the hip’s external 
rotator muscles. During the descent phase of the squat, 
the hip and knee joints flexed (approximately 90°), while 
the ankle joints are dorsiflexing. Conversely, the hip and 
knee joints extended during the ascending phase, and the 
ankle joints plantarflexed. Once the lowest phase of the 
squat was reached, the participants had to rotate the hips 
externally and internally for a set of 15 repetitions. In this 
virtual scenario, participants were instructed to follow a 

Fig. 1   Workflow of the experi-
mental protocol across the dif-
ferent virtual scenarios

Fig. 2   ‘Recording area’; the recording area with the tile on which participants were asked to get on
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recorded video inside the VR that showed a physiothera-
pist that kept on performing the movement set repeatedly 
(Fatiguing Scenario Fig. 3C), which also allowed them to 

control the speed of the movements. Each set of exercises 
was followed by a 10-s rest period, where the video was 
stopped and in which participants were asked to rate their 
perceived exertion on the Borg CR-10 scale (Ferguson 
2014; Lamb et al. 1999). The number of movements in 
each set was identical for all (15 repetitions), but the total 
number of sets performed by each participant depended on 
their fatigue assessment.

Thus, the participant continued with the fatiguing pro-
tocol until one of the following stop conditions was met: 
they reported a Borg scale rate of 10 or could no longer 
fully extra-rotate their legs for three consecutive move-
ments. Meanwhile, the investigator controlled the correct 
execution of the task while motivating the participants to 
carry on doing the exercise. This last point helped moderate 
the mental fatigue associated with participants’ motivation 
(Marcora et al. 2009). Once one of the stop conditions was 
met, the participants could press the trigger button of the 
controllers, and they performed the stepping and measur-
ing scenarios again. After taking the second measurement, 
participants removed the HMD and recovered from the 
fatiguing protocol for 10 min. After this recovery time, par-
ticipants were immersed again into the ‘Stepping Scenario’ 
and, consequently, the ‘Measuring Scenario’ and the third 
measurement were taken. This last measurement was taken 
to make a comparison with the baseline. The duration of 

Fig. 3   First person view of the 
different scenarios of the virtual 
application: A welcome sce-
nario; B adaptation scenario; C 
fatiguing scenario; D measuring 
scenario

Fig. 4   The figure shows the technique used to calculate the actual feet 
angle; angle a represents the angle between the axis that connects the 
II metatarsal axis to the calcaneal tuberosity of the right foot and the 
first perpendicular line on the tile, same for the angle b but for the left 
foot. Their addition provides the angle c, which is the angle between 
the median axis of the two feet
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each experiment depended on the fatiguing protocol and 
participants’ resistance. However, it required a maximum 
of 45 min.

2.4 � Statistical methods

A priori analysis was run with G*Power 3.1 to calculate 
the sample size. Based on 3 × 2 Mixed ANOVA, a sample 
of 30 participants per group (VR and R) was determined 
to accept a power of 95%, a significant level of 0.05, and 
an effect size of 0.4 (Cohen, 1992). Descriptive statistics 
were performed, including means and standard deviations. 
Software statistics SPSS 26.0 (IBM SPSS Statistics, version 
26.0, 2019, Armonk, NY, USA) and Stata 17 were used to 
run the analysis.

2.4.1 � Primary outcome—feet angular differences 
between the real and the perceived orientation

The primary outcome of this study was the differences com-
puted from the angles included between the virtual feet (α-
VR group) and the real feet (α-R group) before (T1), imme-
diately after (T2) and after 10 min from (T3) the fatiguing 
protocol. Data followed a normal distribution after inspec-
tions of q–q plots. A 3 × 2 Mixed ANOVA was used to detect 
statistical interaction at T1, T2 and T3 (times) between α-VR 
and α-R (groups). There were no outliers, as assessed by 
boxplots. Testing the homogeneity of variance (Levene’s 
test) was unnecessary since the two groups' sample size was 
equal. Greenhouse’s test of sphericity indicated that the 
assumption of sphericity was not violated for the two-way 
interaction, p = 0.89. The magnitude of the results of times 
and groups in the differences between α-VR and α-R was 
calculated through Cohen’s d and mean differences (MDs) 
with their 95% interval confidence (95% IC).

2.4.2 � Secondary outcome—time to confirm the perceived 
orientation at the virtual reality task

The secondary outcome of this study was the time to con-
firm the perceived orientation at the virtual reality task 
before (T1), immediately after (T2), and after 10 min (T3) 
the fatiguing protocol. In this case, data did not follow a 

normal distribution after inspections of q–q plots as they 
were positively skewed. Johnson’s corrected t test (stata 
function ‘johnson’) for skewed data was used to compute 
MDs and 95% CI across times.

3 � Results

3.1 � Descriptive analysis

Thirty Italian participants were recruited for this study. 
Among them, 17 (57%) identified themselves as women 
and 13 as men (43%). The mean age was 27.5 ± 3.8, and 
the mean BMI was 21.9 ± 2.4.

3.2 � Primary outcome—feet angular differences 
between the real and the perceived orientation

Table  1 reports α-VR and α-R and their mean differ-
ences. There was no statistical interaction between time 
(within-subject factor) and groups (between-subject fac-
tors) in determining the differences between α-VR and α-R 
(p = 0.26). Time did not show an effect in the estimation 
of the differences between α-VR and α-R. Precisely, T1 
VS T2 has a 95% CI that ranged from -5.20° to 1.87°, T1 
VS T3 from − 5.03° to 0.49°, and T2 VS T3 from -4.70° 
to 3.48°. Conversely, an effect was found between the 
groups in the estimation of the differences between α-VR 
and α-R. Precisely, an effect was found between α-VR and 
α-R at T1 (MD = 20.89, 95% CI [14.67°, 27.10°]), at T2 
(16.76, [9.57°, 23.94°]) and T3 (16.43°, [10.00°, 22.68°]) 
(Table 1).

3.3 � Secondary outcome—time to confirm 
the perceived orientation at the virtual reality 
task

The mean and the SD of the seconds used to define the feet 
orientation in VR are reported in Table 2, together with 
their mean differences and 95% CI. An effect was found 
between T2 and T1 (MD = 5.10 95% CI [2.82, 7.39]) and 

Table 1   Angles obtained for 
α-VR and α-R at the three 
different times

α-VR, angles included between the feet in virtual reality; α-R, angles included between the real orientation 
of the feet; T1, measure before the fatiguing protocol; T2, measure immediately after the fatiguing proto-
col; T3, measure after 10 min from the fatiguing protocol; CI, confidence interval

Time α-VR (N = 30) [deg] α-R (N = 30) [deg] Mean difference (95% CI) [deg] Effect size (d)

T1 0.81 ± 14.35 21.70 ± 9.11 20.89 [14.67, 27.10] 1.74 [0.90, 2.58]
T2 4.54 ± 16.94 21.30 ± 9.96 16.76 [9.57, 23.94] 1.21 [0.43, 1.97]
T3 5.36 ± 14.78 21.70 ± 9.11 16.34 [10.00, 22.68] 1.33 [0.54, 2.12]
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T3 and T1 (4.97 [1.64, 8.30]), but not with T3 and T2 
(0.13 [− 3.40, 3.14]) (Table 2).

4 � Discussion

The present study investigated the position sense of lower 
limbs in a perceptually deprived virtual environment. Spe-
cifically, it assessed the differences between the partici-
pants’ perceived and real orientation of feet in space, the 
time needed to confirm it, and to what extent this difference 
might be affected by a fatiguing task. Our first hypothesis 
was the existence of a discrepancy between the actual and 
the perceived orientation of the lower limbs. Our results 
seemed to confirm that the perceived position of the feet 
generally differs from the actual one, as participants tended 
to perceive their feet in a parallel forward orientation, no 
matter where the real position was. The participants had 
an externally oriented real position of the feet, on average. 
Secondly, we were expecting this parameter, along with the 
time to process it, to change under acute fatigue conditions, 
as a result of a reduction in the accuracy of position sense. 
Nevertheless, neither before nor after the fatiguing protocol, 
participants’ tendency to perceive their feet in a parallel for-
ward orientation changed, but the time needed to confirm the 
orientation seemed delayed.

With our protocol we have been able to study only the 
position sense output through feet orientation in the total 
absence of any visual bodily or spatial cues. Therefore, 
we cannot know how the lower limbs ‘postural schema’ or 
‘body model’ behaved but based on this phenomenon we 
can bring to the forefront several hypotheses that are dis-
cussed hereafter. Participants had no visual cues since they 
were immersed in an IVR scenario devoid of any spatial 
cues. Assuming that they actually reached the acute fatigue 
condition, as they reached the Borg scale rate of 10 or could 
no longer continue the exercise in the fatigue protocol, we 
were expecting a decrease in proprioception afferent signals 
(Abdelkader et al. 2020; Larson and Brown 2018). Neverthe-
less, there was no change in the final position sense output 
across the three different times, as all the participants indi-
cated their feet to be in a parallel forward orientation, despite 

they were generally divergent. According to the predictive 
processing theory, the brain generates inferences by com-
paring and integrating personal beliefs, cultural influences, 
and expected inputs with afferent multi-sensory stimula-
tions. Upon these, it selects the best functional action to 
answer to an environmental output (Beierholm et al. 2009; 
Körding et al. 2007; Magnotti et al. 2013; Rohe and Nop-
peney 2015; Wozny et al. 2008). Since the brain cannot 
directly access the position of the limbs, it can only make 
inferences upon sensory afferent inputs and ‘body repre-
sentation’ data (Samad et al. 2015). Hence, the uncertainty 
becomes higher and higher when data from sensory inputs 
are fewer, like when there are no visual bodily and spatial 
cues, and the proprioception information is reduced since 
the participant cannot move. Both conditions were created 
in the present study. Von Castell et al. (2021) studied the 
integration of visual and postural eye-height information in 
a similar virtual reality context. They affirmed that observ-
ers, upon receiving incongruent perceptual information, 
calibrate visual eye-height information relying on an inter-
nalised rather than a flexibly updated posture (von Castell 
et al. 2021). Accordingly, other authors suggested that the 
visual experience of the body might play a role in shaping 
the ‘body model’ (Longo et al. 2010; Kimmel 2013; Lago-
poulos 2019; Spurgas 2005). Moreover, it might be possible 
that environmental and cultural factors influence the ‘body 
representations’, both ‘postural schema’ and ‘body model’, 
contributing to modelling a stereotyped picture of ourselves, 
just like they can influence emotions (Immordino-Yang et al. 
2016; Kitayama et al. 2006). Furthermore, repeated exposure 
to anatomical content through different media sources (e.g. 
websites, books, etc.) might play a role.

Likely, the brain, under the circumstance of our study, 
relies on cultural and cognitive components (i.e. personal 
and cultural beliefs, expectations, previous experiences) that 
bring to identify the feet’ orientation closer to the body’s 
midline (Paillard and Brouchon 1968; Wann and Ibrahim 
1992; Wozny et al. 2008). However, the exploration of this 
hypothesis needs further studies and more precise fatigue 
protocols, perhaps also investigating different populations 
with different cultural backgrounds. Then, a possible rea-
son behind the results of the study is that the participants 

Table 2   Seconds to confirm the position at the three different times

T1, measure before the fatiguing protocol; T2, measure immediately after the fatiguing protocol; T3, measure after 10 min from the fatiguing 
protocol; CI, confidence interval

Time Seconds Time Seconds Time Seconds

T2 20.01 ± 9.57 T3 19.88 ± 10.88 T3 19.88 ± 10.88
T1 14.91 ± 8.02 T1 14.91 ± 8.02 T2 20.01 ± 9.57
 Mean difference (95% 

CI)
5.10 [2.82; 7.39] Mean difference (95% 

CI)
4.97 [1.64; 8.30] Mean difference 

(95% CI)
0.13 [− 3.40; 3.14]
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relied mostly on their ‘body model’ representation with the 
feet interiorly represented as parallel. It is known that the 
‘body model’ representations of the hand, as well as the 
leg, are distorted (Longo and Haggard 2010b; Stone et al. 
2018). Stone et al. (2018) described a distortion of the ‘body 
model’ representation for the leg highlighting how partici-
pants overestimated their lower limbs’ width by about 10%, 
particularly relative to their ankles, which were perceived 
as significantly more ‘swollen’ than their knees and thighs 
(Stone et al. 2018). All these experiments are characterised 
by perceptual tasks performed without seeing the bones and 
the joints, as in the present study. Hence, also a possible 
distorted representation of the tibiotarsal joint can be found.

As far as the muscular fatigue effects on position sense, 
although many researchers state that fatigue discharges mus-
cle spindles and alters proprioception and therefore posi-
tion sense (Gear 2011; Myers et al. 1999; Röijezon et al. 
2015b; Vuillerme et al. 2002), our participants’ position 
sense performance did not get worse after the exercise ses-
sion. It could be that in this study scenario, intended as an 
IVR environment, the fatigue was not sufficient to affect the 
integration of ‘postural schema’ and ‘body model’ and so the 
position sense got unaltered. Another possible explanation 
could be that our fatiguing task was focussed on extra rota-
tors of the hip and so we could not get a general acute fatigue 
effect, which in literature is sustained to affect position sense 
compared to local fatigue (Abd-Elfattah et al. 2015). There-
fore, the fatigue protocol proposed needs to be taken cau-
tiously as it might not be the most suitable one. Despite this, 
we found that all participants during the fatiguing session 
reached the same results obtained in the baseline but with a 
more extensive lapse of time to confirm the orientation. The 
exercise may have induced an overload of local information, 
caused by fatigue, and a bigger computational effort required 
by the brain. This may represent an obstacle to motor learn-
ing since the cognitive effort, expressed in the time required 
to construct the position sense, becomes higher (Batson 
2013; Eddy et al. 2015). This temporal shift hypothesis is in 
line with the results of Vuillerme et al. (2002), who observed 
that ankle fatigue increases attentional demand in regulating 
static postural control in healthy adults (Bisson et al. 2014; 
Harkins et al. 2005; Hatami Bahmanbegloo et al. 2021; Jo 
et al. 2022).

This study presents a few limitations that need to be 
addressed. The current data preclude any conclusions 
regarding the validity of our assessment methods for α-VR 
and α-R, thereby limiting the interpretation of our results. 
For what concern the estimated virtual orientation of the 
feet, this parameter is linked to the perceptive sensitivity 
and representation capacity of each participant, and for this 
reason it is intrinsically variable. Future studies in a larger 
population could use the methodology proposed in this 
work to compare the estimated virtual orientation against a 

set of predefined real angles of the feet, extracting norma-
tive values ​​for the error related to the position sense of the 
lower limbs. As for the assessment of the real orientation of 
the feet, we could not explore the reliability of this specific 
methodology, since we did not have a proper gold standard 
for data comparison. Nonetheless, we adopted a series of 
strategies to reduce the measurement error and standardise 
the procedure as much as possible: (1) we used specific bone 
landmarks to clearly identify the reference vector for the 
measurement of the angle of the feet; (2) the assessment and 
the landmarks identification were always performed by the 
same operator; (3) we used a fine point ink pen (0.7 mm) to 
draw the lines on the scaled tile. Considering the sensitivity 
of the goniometer used during our experimental sessions, 
and the width of the drawn lines we can estimate a stand-
ard deviation of the measurements of about ± 2 degrees. 
This error can be reduced with the implementation of more 
advanced (and expensive) solutions integrating VR and 
optoelectronic motion capture systems. Another limita-
tion of our study is that we focussed our analysis solely on 
the position sense output derived from the orientation of 
the feet, without exploring broader concepts related to the 
‘body representations’ such as the ‘postural schema’, which 
investigates the angular configuration of all the lower limbs' 
joints, and the ‘body model’. Future research should also 
focus on these representations adopting, possibly, a higher 
quality design (e.g. randomised controlled trial to test fatigue 
effects). Moreover, the fatigue protocol adopted presents 
some criticalities, as it has not been validated and the exer-
cise proposed might have tired only the hip extra rotator 
muscles without inducing a general acute fatigue condition. 
Hence, this may have affected the fatigue effects, limiting the 
interpretability and the magnitude of our results. However, 
the strength of this study is the use of a new measurement 
system (i.e. IVR) to assess position sense, in the absence of 
any visual-spatial cues, not affected by the experimenter.

5 � Conclusion

People without diseases in the absence of a direct vision of 
their body and environmental cues tend to sense their feet as 
forwarding parallel even though they are divergent. Moreo-
ver, muscle fatigue does not affect the task, but it delays 
the time to accomplish it. IVR represents an interesting and 
easy-to-use tool to perform tasks intended to study position 
sense due to its ability to modify the impact of visual bodily 
and spatial cues. Future studies should test the hypothesis 
of this work and better investigate the position sense and the 
effect of fatigue, adopting physiological measurements like 
electromyography. Moreover, it would be important to see 
any possible changes in our results on clinical conditions 
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where the elaboration of body representations is hindered 
by damage of the central nervous system and high fatigabil-
ity (e.g. multiple sclerosis, myasthenia gravis, fibromyalgia, 
stroke).
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