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Pain and discomfort are subjective perceptions that are difficult to quantify. Various methods and scales have been developed to
find an optimal manner to describe them; however, these are difficult to use with some categories of patients. Audification of pain
has been utilized as feedback in rehabilitation settings to enhance motor perception and motor control, but not in assessment and
communication settings. We present a novel tool, the Audification-console for Self-Assessment of Discomfort (ASAD), for
assessing and communicating pain and discomfort through sound. The console is a sequence of increasing pitch and
frequencies triggered at the press of buttons and displayed as a matrix that can be associated with the subjective perception of
pain and discomfort. The ASAD has been evaluated in its ability to capture and communicate discomfort, following a fatigue
test in the lower limbs with thirty healthy volunteers, and compared to the most common self-reported methods used in the
NHS. (The National Health Service (NHS) is the publicly funded healthcare system in England and one of the four National
Health Service systems in the United Kingdom.) This was a qualitative, within subjects and across groups experiment study.
The console provides a more accurate assessment than other scales and clearly recognizable patterns of sounds, indicating
increased discomfort, significantly localized in specific frequency ranges, thus easily recognizable across subjects and in
different instances of the same subject. The results suggest a possible use of the ASAD for a more precise and automatic
assessment of pain and discomfort in health settings. Future studies might assess if this is easier to use for patients with
communication or interpretation difficulties with the traditional tools.

1. Introduction

Obtaining accurate measurements of pain is difficult even for
professionals, especially if the patients have special needs, such
as children [1, 2], and others with communication or neuro-
logical disabilities [3–5]. An inaccurate diagnosis can result
in adverse side effects, including over- or undermedication,
or misdiagnosis and over-/undertreatment [6]. Studies have
shown that inadequate pain treatment is associated with an
increase in avoidance behaviors and social hypervigilance
and can have long time consequences, which is observable,
for example, in pediatric pain [7] and preterm pain [8, 9].

Other problems of communication have been observed
in patients under mechanical ventilation, where vocal cords
are blocked due to the endotracheal tube in intensive care;

here, patients struggle to make themselves understood by
the health care personnel, exposing the necessity for imple-
menting other methods for assessing pain as communication
aids [10]. In this sense, difficulties in chronic pain manage-
ment or the importance of continued pain assessment is crit-
ical in assisting pain communication with patients [10, 11],
particularly when assessing pain remotely [12]; a study has
shown that half of the patients with chronic pain under
aggravated circumstances, such as COVID-19 lockdown,
altered their pain management style, by increasing their
medication intake, due to the disruption of pain manage-
ment facilities during the pandemic [13, 14].

1.1. Pain Measurements. Commonly in clinical settings, pain
assessment is done through self-reporting [3, 15–17]. The
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Numeric Rating Scale (NRS) [18, 19] and Visual Analog
Scale (VAS) [20] are the most common tools utilized for
the assessment of pain [21–23]. However, some studies have
reported that elderly with dementia have complications in
interpreting traditional self-report scales [24]. Also, when
patients have additional needs, such as cognitive impairment
or reduced ability to communicate, they might experience
difficulties in self-reporting pain or discomfort [15, 25].
Due to grimacing, a facial expression in which the mouth
and face are twisted to show disgust, disapproval, or pain,
the results from the self-report scales, such as the Pain
Assessment Checklist for Senior with Limited Ability to
Communicate (PACSLAC) [26] or the Abbey Pain Scale
(APS) [27], maybe misinterpreted to another emotion such
as sadness. Some studies have tried to overcome these
barriers by incorporating an automated facial analysis tool,
i.e., ePAT [28], showing promising results in elderly with
advanced dementia. Also, in the clinical setting, self-
assessment methods are subject to presentation bias [29],
and there are a series of other limitations such as the nature
of the scales [30], the need to provide continuous monitor-
ing, especially in intensive care; or idiosyncratic factors of
the observer [31, 32]; cultural background [31, 33, 34]; and
gender [35]. These limitations have led to researching new
methodologies to evaluate pain based on nonverbal indica-
tors [36], which is also the effort of this paper.

Various modalities have been developed to overcome
these difficulties in self-assessment, for example, using non-
verbal expressions such as facial expressions [1, 36–41],
facial electromyography (EMG) [42], bodily movements
[43–45], or exploring sound analysis for the automatic rec-
ognition and monitoring, which for example has been
utilized with COVID-19 patients and its symptoms such as
breathing, coughing, or sneezing sounds [46].

1.2. Auditory Feedback. Auditory feedback systems address
the physiological barriers in order to improve self-efficacy
in chronic pain rehabilitation [47–50], sports [51, 52], motor
learning [53, 54], or stroke rehabilitation [55], by adding
acoustics to enhance motor perception and motor control
in arm movement trajectories, or by optimizing and correct-
ing movement in challenging exercises [56, 57]. The utiliza-
tion of sound enables listeners to recognize small and even
invisible variations, as manifested indistinguishable changes
in level, frequency, or rhythm; the result is a series of sound
“fingerprints” associations [58]. Sound as feedback is partic-
ularly beneficial as it increases the bandwidth of communi-
cation; widening the sensory channel is utilized [59]. Also,
the data conveyed by sound is a complement of the informa-
tion provided visually; therefore, sound provides data that
might be difficult to be visualized otherwise [59].

However, the assessment of the auditory feedback in
movement control is a complex task. Discomfort is a sophis-
ticated multidimensional, subjective experience, and the
report of discomfort is related to numerous variables [60].

Commonly, data values are used to change the parame-
ters of sound. This method is referred to as audification
[61]. Flowers [62] has summarized the principles of auditory
graphs for the development of an auditory display aiming to

facilitate motor learning. In his work, the perception of
changes in data profiles is simplified by mapping changes
in numeric values to pitch height. Mapping pitch heights
to numeric magnitudes afford the perception of function
shape or data profile changes. Timbre differences can be use-
ful to minimize perceptual grouping rather than different
rhythms [63]. Pitch height can be used to display vertically
aligned data, such as vertical movement [61]. For example,
Van Hedel et al. [64] explored obstacle avoidance during
walking at different pitch heights.

In the above literature review, we have identified the
limitations of self-report scales for pain and discomfort
and the difficulties connected with their use in some
patients’ cohorts. Also, we have reviewed the common use
and approach to auditory feedback and automated pain
recognition. Pain communication is critical, and especially
in intensive care, highlighting the need to research other
methods for assessing and communicating pain and discom-
fort that are easy to use and communicate. Thus, in the next
session, we present and evaluate a novel console for asses-
sing and communicating discomfort.

2. The ASAD Console

The Audification-console for Self-Assessment of Discomfort
(ASAD) is composed of 8 × 6 + 2 sets of sounds (pitch and
frequency) laid out in a continuous sequence, with a notation
similar to standard piano key frequency scales, that can be
activated at the press of a button (or square or the screen).
The pitches follow a musical notes scale that goes from
(A0) 27.5Hz to (B8) 7,902.133Hz in pitch (see Figure 1).
Pitch is what allows us to perceive a sound as higher or lower.

To make the console usable for elderly people, as well as
younger ones, in the development of the ASAD console, we
have used sounds in the perceivable hearing range of old per-
sons (~20 to ~8,000Hz) [65], as younger people are able to
hear more. Also, considering the sound reflection conditions
of an indoor space, each sound was incremented by 27.5Hz
in order to have a distinctive perceptible difference between
the different buttons. This resulted in the use of the human
auditory system’s most sensitive frequencies (between 2,000
and 5,000Hz) [66, 67], using a frequency for equal-
tempered scale (A = 440Hz) with the following formula:

p = 69 + 12 × log2
f

440Hz

 !
: ð1Þ

To assess and communicate, pain suffers are asked to
press the buttons on the console at their leisure in order to
find the pitch (or button on the console) that can be best
associated with their pain and discomfort sensations, where
the two buttons placed on the left top of the matrix are used
to indicate where the start of the pitch sequence is located.

3. Materials and Methods

3.1. Study Design. This was a qualitative, within subjects, and
across group experiment study.
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Literature has highlighted the need to research novel
methods for the communication and assessment of pain
which can be more accessible to all categories of sufferers.
We have developed a novel console, named ASAD, which
is hypothesized, can support the mapping between the note
pitch and timbre (or frequency) and the sensations felt.

In order to establish if the ASAD console is able to
capture subjective assessment of discomfort in an objective
manner (within subjects and across groups), we have devel-
oped an experiment to compare the discomfort before and
after a lower limb fatigue test [68], on the strength of the
results of Gefen et al. [69] that highlights the comparative
differences and bodily adaptations between regular wearers
and nonwearers of heels on muscle fatigue and discomfort.

We have considered three distinctive cohorts of par-
ticipants: (i) regular wearers of high heels (WE-HH),
(ii) nonwearers of high heels in heels (NW-HH), and
(iii) nonwearers of high heels with no heel shoes (NW-NH).

We did not consider the group wearer with no heels
(WE-NH), as due to the COVID-19 pandemic we had to
stop the collection of data. We asked all cohorts to report
their discomfort or pain, before and after laboratory-
induced lower limb fatigue test [68], and considered the
patterns in both the standard NHS questionnaires for the
assessment of pain and the ASAD console.

Thus, we formulated the following questions and
hypothesis:

RQ1. Do the NHS self-reported questionnaires and the
ASAD capture the same construct?

H1. We hypothesized significant differences in question-
naires’ responses before and after the fatigue test to translate
into differences on the ASAD console (within subjects and
across groups)

RQ2. Is the ASAD able to identify differences between
the three groups of participants as in literature?

H2. The ASAD is able to reproduce the literature
findings

RQ3. Do pain and discomfort translate into patterns?
H3. We hypnotized that significant discomfort after the

fatigue test would translate into recognizable patterns
The study variables are reported in Table 1.

3.2. Participant Selection. Thirty-one healthy participants
were recruited for the study through social media advertis-
ing, university mailing lists, and word of mouth. All partici-
pants provided informed consent and were compensated
with a voucher.

The inclusion criteria for the study were to present no
condition that would limit the ability to conduct a physical
stress test (assessed with the risk identification questionnaire
[70]). Among the risk factors were the inability to perform
movements, contraindications, physical condition, and other
possible limitations such as people with physical impair-
ments, surgeries, or any other injuries that limit their ability
to produce movements [70]. We excluded people presenting
any heart problems and people with focalized pain areas,
motor control problems, and balance issues. The criteria
for the development of this self-assessment tool were
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Figure 1: Notes ordered by pitch (frequency) on the ASAD console.
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adopted from [70–72], and have reported a normal BMI and
level of physical activity, no or very mild discomfort in
various locations of the body, and having foot dexterity
and a footwear size in the common range are reported.

We discarded the data from one participant due to an
incomplete questionnaire, leaving 30 volunteers of age
between 18 and 55 years (mean = 31:43; SD = 10:31) of
which 17 were females and 13 males. Among the volunteers,
seven were regular wearers of high heels, and twenty-three
were nonwearers. Further recruitments were not possible
due to COVID-19 lockdown and the need for the study to
meet people face to face; however, we found significant
results which are reported below. Participants on average
were in the normal weight category (body mass index
(BMI) mean = 24:06, SD = 4:82), with a normal to fit level
of daily activity (time seated mean = 5:72hrs, SD = 3:045;
time walking mean = 2:67hrs, SD = 2:023; 76.6% exercise
at least once a week; 10% did not exercise) and a footwear
size (mean = 7:23 UK size, SD = 2:26) with a minimum of
4 and a maximum of 11. In terms of discomfort before the
study’s fatigue test, participants reported an overall dis-
comfort not higher than very mild on average in various
locations (20% lower back, 6.7% abdominal area, 10% foot
and ankle, 3.3% leg, and 3.3% hip), thus were included in
the study.

3.3. Tools

3.3.1. Prescreening Questionnaire. Participants had to com-
plete a prescreening questionnaire, adapted from the risk
identification questionnaire [70] and excluded if at risk.
The criteria for the development of this self-assessment tool
were adopted from [70–72]. Finally, we assessed their levels
of discomfort during movement before the fatigue test in the
prequestionnaire.

3.3.2. Self-Reported Discomfort with the ASAD Console. The
ASAD console was used to assess discomfort in the various
part of the body involved in the test, before and after fatigue.
A volunteer would report a sound by selecting any button on
the ASAD console, before and after the intervention, and the
absolute difference in pitch variation was calculated as a
measure of the change that has taken place due to fatigue
in the various muscles under inquiry (Figure 2).

3.3.3. Self-Reported Discomfort with Combined Questionnaire.
Seven well-known scales were utilized such as (i) Numerical
Rating Scale (NRS), (ii) Visual Analog Scale (VAS) comfort
[73–77], (iii) Color Analog Scale (CAS), (iv) Faces Pain Scale,
(v) pain drawing [78], (vi) Verbal Rating Scale (VRS) [79], and
(vii) McGill Pain Questionnaire-short form or SF-MPQ [80].

The combination of several scales for the measurement
of discomfort and pain allows us to combine on a single
scale, several unidimensional measures of pain intensity as
an estimation of pain severity, and the extent of pain
(Figure 3).

3.3.4. Movements before and after the Fatigue Test. First,
volunteers had to walk in a straight line for four meters, turn
around, and come back to the start line (walking move-
ment). Following, they had to walk towards a stool located
3 meters away, sit for 4 seconds, stand up, and walk back
to the initial position (sitting and standing movement).
Finally, they had to walk again 3 meters towards a small
object lying on the floor (7.5 cm in diameter, 4 cm of thick-
ness, and a weight of 380 g), pick it, turn around, and come
back to the initial position (picking object movement) (see
Figure 4).

3.3.5. Muscular Fatigue Test. The muscular fatigue exercises
were adopted from Lunsford and Perry [68]; they required a
few repetitions of eccentric-concentric muscle contractions
to be completed. These exercises have been shown to reflect
muscular endurance to fatigue, rather than strength [68, 81].
This is a standard methodology for inducing muscular
fatigue in a laboratory setting, with the objective to stress
walking patterns [68]. Afterward, the volunteers made sev-
eral repetitions of forced contraction (to load the subject foot
as at midstance and push-off), with the possibility to end the
test in case of self-report exhaustion [69]. This method to
reproduce muscular fatigue only affects the lower limb and
requires a few repetitions of heel inclination to be com-
pleted. In the experiment reported here, participants were
asked to make a minimum of 25 repetitions and following
as many more repetitions as possible until they felt fatigued
or had a burning sensation in the lower limbs’ muscles to an
upper of 40 repetitions for the fatigue test and then rested for
a few seconds and repeated the movements for a second time
(Figure 5).

3.3.6. Statistical Tool. IBM SPSS was utilized to conduct the
statistical analysis.

3.4. Setting. The experiment was conducted at the Immersive
Virtual Laboratory at University College London, in the
United Kingdom.

3.5. Data Collection. After undergoing the prescreening,
fitness questionnaire, and reporting existing discomforts,
participants had to perform a set of movements before the
fatigue test and perform the fatigue test. Following the
fatigue test, volunteer high heel wearers were allocated to
the condition WE-HH, while nonwearers were allocated at

Table 1: Variables in the study. IV = independent variables; CV = covariable; DV = dependent variable.

IV CV DV

WE-HH
NW-HH
NW-NH

Gender, age, weight, height, BMI, footwear size,
dominant foot, the amount spent exercising weekly,

time spent walking, and time spent sitting

Sound difference on the ASAD console
(within participants and across groups)
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random to one of the two conditions: no heels (NW-NH) or
high heels (NW-HH) and performed the post fatigue test
movements (see Table 2).

3.6. Statistical Methods. The questionnaire scores for each
participant were calculated, and a Shapiro-Wilk test of nor-
mality was applied, revealing the data was skewed. Thus, the
pre- and postresponses to the self-assessment questionnaire
(as pairs) were analyzed with a nonparametric-related
design (same subjects) using Wilcoxon signed test in areas
of interest (right and left legs), balance issues (right, left,
front, and back), discomfort areas (lower limb, lower back,
abdominal, knee, and foot and ankle), energy cost, average

Figure 2: Participants using the questionnaires and the ASAD console.
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Figure 3: Format of the combined questionnaire.

Figure 4: Movements before and after the fatigue test.
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Figure 5: Fatigue tests; voluntary and forced contraction exercises.
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discomfort (overall, overall best, and overall worst), motor
control problems, and balance issues.

We also analyzed the sound patterns in the ASAD con-
sole by calculating the descriptive mean values and the total
of the cohort.

Finally, we analyzed the data as independent groups
using two ways: as pre- and postvalues or as the difference
(Dif) between pre- and postvalues and also using a
Kruskal-Wallis H test for 3+ conditions (WE-HH, NW-
HH, and NW-NH).

3.7. Ethics. The study was approved by the University Col-
lege London, Research Ethics Committee (REC) with data
protection number 15487/001.

4. Results

4.1. RQ1: Combined Questionnaire Results Compared with
the ASAD. We run a within-subject comparison between
the combined questionnaire results versus the ASAD ability
to capture pain and discomfort considering the difference
between the pre- and postresponses reported with both tools
with a Wilcoxon signed test.

With the combined questionnaire, a significant differ-
ence was found for nonwearer in high heels for the lower
limbs (Z = −2:496, p = 0:013 < 0:05), abdominal muscles
(Z = −2:356, p = 0:018 < 0:05), knees (Z = −2:724, p = 0:006
< 0:05), and foot and ankle (Z = −3:426, p = 0:001 < 0:05).
No other result was significant.

Table 2: Experimental procedure.

Prescreening
Discomfort before
fatigue

Prefatigue movements
(no heels)

Fatigue test
Postfatigue movements
(footwear according
to condition)

Discomfort after
fatigue

Prescreening
questionnaire
(i) Fitness
questionnaire

(i) Combined
questionnaire

(ii) ASAD console
questionnaire

(1) Walking
(2) Sitting/standing
(3) Picking object

(4) Voluntary
contraction (VC)

(5) Forced
contraction (FC)

(6) Walking
(7) Sitting/standing
(8) Picking object

(i) Combined
questionnaire

(ii) ASAD console
questionnaire
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For nonwearer with no heels, a significant difference was
found for foot and ankle NW-NH (F&A) (Z = −2:041, p =
0:041 < 0:05). No other result was significant.

For wearers in high heels, there was no significant
difference.

Considering the pain and discomfort reported with the
ASAD, we found all the same results as before, plus addi-
tional significant results.

For nonwearers in high heels, a significant difference
found on the lower limbs (Z = −2:614, p = 0:009 < 0:05),
abdominal muscles (Z = −2:237, p = 0:025 < 0:05), foot and
ankle (Z = −3:486, p = 0:000 < 0:05), left leg (Z = −2:672,
p = 0:008 < 0:05), and a mildly significant difference on
the right leg (Z = −1:837, p = 0:066 < 0:08); a significance
was found for overall discomfort when pain is at its lowest
(Z = −3:424, p = 0:001 < 0:05), while all other cases were
not significant.

For nonwearer with no heels, a significant difference was
found for the foot and ankle (Z = −2:023, p = 0:043 < 0:05), a
mild significance on the lower limbs (Z = −1:826, p = 0:068
< 0:08), and a mild significance in the lower back
(Z = −1:826, p = 0:068 < 0:08) and left leg (Z = −2:023, p =
0:043 < 0:05); a significance was found for overall discomfort
when pain is at its lowest (Z = −2:023, p = 0:043 < 0:05). No
significance was found for abdominal muscles and knees.

When considering heel wearers in high heels, there was a
mild significance for the abdominal muscles (Z = −1:841,
p = 0:066 < 0:08), overall discomfort at its worst (Z =
− 1:997, p = 0:046 < 0:05), and overall average discomfort
(Z = −1:802, p = 0:072 < 0:08). Mild significance was found
in wearers for the balance on the right (Z = −1:826, p =
0:068 < 0:08). No other significant difference was found.

4.2. RQ2: Difference across Groups with ASAD. When com-
paring the three independent groups of participants, WE-
HH, NW-HH, and NW-NH, the self-reported response dif-
ference on the ASAD console was considered by subtracting
the postfatigue test response from the pretest response.

A Kruskal-Wallis was conducted, and the results showed
a mild significance for the difference in left leg pain
(χ2ð2Þ = 7:753, p = 0:051 < 0:08), a mild significance for the
difference before and after the fatigue test in the right leg
pain (χ2ð2Þ = 7:134, p = 0:068 < 0:08), a significant differ-
ence in the foot and ankle difference (χ2ð2Þ = 8:162, p =
0:043 < 0:05), and a statistical significance in the overall dis-
comfort when pain is at its lowest (χ2ð2Þ = 8:191, p = 0:042
< 0:05). No other body areas showed significant results.

4.3. RQ3: Note Pattern on the ASAD Console. We analyzed
how significant results translate into patterns the ASAD
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console. As shown in Figure 6, significant results have a var-
iation of ±5 as mean key-value change of note before and
after the fatigue test, while mildly significant results have a
variation of ±4 (see Table 4 to 8 in the Additional Material).

We were able to observe that the average category of dis-
comfort had the highest pitch ranges on the ASAD console
for overall discomfort at its worst in all cohorts (between
21 and 34 in fundamental frequency), while the overall dis-
comfort at its lowest was the smaller pitch ranges (between
4 and 20 in fundamental frequency) (see Figure 7). If we
use this information to analyze each of the groups individu-
ally, we can observe that, under discomfort, overall worst in
nonwearers moved from overall lowest to overall worst in
foot and ankle in both conditions (high heels and no heel)
(see table 6 in the Additional Material). This was also true
for nonwearers with no heels on the left leg (see table 4 in
the Additional Material).

When analyzing the ASAD responses, it is possible to
observe that the main heat area is under overall lowest being
the most used ASAD area, between 9 and 20, which is the
limit of overall lowest. We can also observe that G3 and
D3 were the most used keys in the ASAD console (frequency
level 3 in Figure 6). On the other hand, the most used key on
significant results is D2 with 3 results (see Figure 6), indicat-
ing a tendency towards overall lowest ranges in the ASAD
console.

When analyzing the ASAD movement segmented by
cohort, we can observe that wearer of high heel in heel (see
Figure 8), overall lowest range only encompasses frequencies
between 11 and 13 (level 2 of the frequency domain), and it
is concentrated in between F and A notes, in comparison
with overall worst (OW), which is almost the same as in
Figure 7. This indicates that discomfort utilized a large range
OW, and the lowest range overall lowest (OL) is a smaller
range, indicating a more focalized discomfort in the most
skilled cohort WE-HH.

When there is low discomfort, high-heel wearers have a
shorter range of OL and larger range of OW.

When there is high discomfort (see Figure 9), OL ranges
are larger, and OW becomes shorter. This implicates that as
discomfort is incremented, the responses in OW have a
more focalized range of responses towards higher frequen-
cies. On the contrary, in OL, the opposite happens; under
low discomfort, the frequency range is shorter and under
high discomfort is larger.

In nonwearer with no heels (see Figure 10), we can
observe that OW frequency range is incremented in compar-
ison to the previous cohort; also, (OL) range is larger, due to
the absence of heels (skilled action), where low discomfort
starts from a lower frequency (4).

It is possible to observe that when discomfort is present,
OW ranges are shorter but in high frequency (frequency
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Figure 8: WE-HH. The balloons with the letter (A) represent mean results before the fatigue test, balloons with letter (B) represent mean
results after the fatigue test, and the colors indicate the degree of significance; white balloons are not significant.
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levels 5 and 6). As discomfort decreases (less skilled action),
the OW range starts to move to lower frequencies.

When analyzing significant results, we can observe that
wearers have a low note OW range (D note) (see Figure 8),
while nonwearers had a larger spectrum (frequency levels 2
and 3) and in note, covering the whole spectrum (notes A
to D). But with no heels, nonwearers showed a concentra-
tion in their responses towards the lower notes (E and D)
and low frequency.

When analyzing mild significant results, we can observe
that wearers utilized more the OL range, using a large range
in notes and lower frequencies (1 to 3) which are concen-
trated in the OL spectrum. In contrast with NW-HH, the
difficulty of the exercise focalized their responses into mid-
notes (G and F) in a low frequency (2 and 3), which allow
us to observe a concentration of responses in the OL range
when a skilled action is required. When the skilled action
is out (no heels), nonwearers show a lower note (D note)
and but same frequency tendency (2 and 3). Therefore, high
discomfort follows a midnote tendency on frequency level
(between 2 and 3) and under low discomfort follows a low
note (D) tendency. NW concentrate their mild significance
in comparison with WE that had a larger range (not
concentrated).

5. Discussion

This study investigated whether the ASAD captures the
same construct as the self-reported combined questionnaire
of discomfort, which allows scoring bodily sensations with
faces, quality with the color and intensity with the number.
Our findings show that the ASAD console is able to capture
fine-grained changes in bodily perceptions in a more suscep-
tible manner than the self-reported combined discomfort
questionnaire and through sound. Thus, we speculate that
the ASAD console records the same constructs as the com-
bined questionnaire, addressing the estimation of pain.

Also, the ASAD is able to replicate the results in the lit-
erature, and differences were found in various parts of the
body between wearers and nonwearers of high heels,
exposed to the fatigue test. In particular, the findings indi-
cate that nonwearers of high heels are the most affected
cohort after the fatigue test (whether or not they are wearing
high heels), and if balance is compromised due to muscle
fatigue using high-heels, there is a tendency to compensate
on the other leg. This difference between wearers and non-
wearers of high heels reassures us that the ASAD console
is a valid tool for measuring discomfort able to replicate
previous literature findings in lower limb muscular fatigue
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Figure 9: NW-HH. The balloons with the letter (A) represent mean results before the fatigue test, balloons with letter (B) represent mean
results after the fatigue test, and the colors indicate the degree of significance; white balloons are not significant, blue were mildly significant,
and yellow balloons were significant.
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during high-heeled movement control [69, 82, 83] (see
Table 3, hypothesis 2).

In addition, we found that there are clear visual patterns
on the ASAD console in correspondence with significant
results. Results showed that a significant difference between
the pre- and postlower intervention mean values translate
on the ASAD console as a variation of ±5 in key-value
change while mildly significant results translate in a variation
of ±4 in key-value change (thus, hypothesis 1 is accepted; see
also Tables 4 to 8 in Additional Material) (see Table 3,
hypothesis 1). We suggest that the applicability of such
patterns might be further investigated in future discomfort
studies.

When analyzing the ASAD patterns of sounds seg-
mented by cohort, we were able to observe that the overall
worst discomfort increases; responses are more focalized in
a short frequency range for nonwearers (the group most
affected), while the opposite happens to wearers (group less
affected by the fatigue exercise; see also 4 to 8 in Additional
Material). In particular, wearers on high-heels utilize lower
notes and have a larger frequency range spectrum, covering
the whole spectrum. Similarly, nonwearers with no heels
showed a concentration in their responses towards the lower
notes (E and D) and low frequency. Thus, it appears that

skilled participants show a concentrated range of responses
in lower notes and low frequency on the ASAD console.
Again, we suggest that the applicability of such patterns
might be further investigated in future discomfort studies.

In this study, we have extended the state of the art by
showing the possibilities of using audio to report acute dis-
comfort by introducing a wider matrix scale, capable of
identifying smaller changes in discomfort as compared to
the most traditional scales used in care settings. We have
identified differences on how different cohorts of partici-
pants utilize the console. Analysis of these differences shows
that the physical condition of the participants is a strong
predictor in the range of pain described.

We present a system that provides further data than tra-
ditional scales in the analysis of pain and discomfort in
movement.

The impact of these findings opens a new thread of pos-
sibilities in the development of new feedback techniques
using audio, where the feedback is bespoken to the charac-
teristics of the user for new pain rehabilitation systems.

5.1. Study Limitations. This study was limited by the
COVID-19 lockdown, as had to reduce the number of par-
ticipants when the lockdown occurred. We were able to
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complete the study and found significant results even with
only 30 participants. Future studies might want to test fur-
ther the ASAD console and benefit from the ability to cap-
ture all dimensions of discomfort with one sound.

6. Conclusion

We presented the ASAD console as a tool for assessing pain
and discomfort and demonstrated that it is capable of

Table 3: Summarizing hypothesis, statistical test utilized, and significant results from this study.

Hypothesis 1: we hypothesized significant differences in questionnaires’ responses before and after the fatigue test to translate into
differences on the ASAD console (within subjects and across groups).

Statistical text utilized:
Wilcoxon

Cohort: wearers vs. nonwearers (body areas)

Combined questionnaires
results

A significant difference was found for nonwearer in high heels for the lower limbs, abdominal muscles,
knees, and foot and ankle, and some being mildly significant for nonwearer with no heels, a significant
difference was found for foot and ankle.

ASAD console results

When considering individual body areas on the ASAD console, we found more results. A significant
difference was found for nonwearers in high heels on the lower limbs, abdominal, and foot and ankle. Also, a
significant difference was found for nonwearer with no heels on the foot and ankle and a mild significance
on the lower limbs and lower back. When considering heel wearers in high heels, there was a mild
significance for the abdominal muscles. In addition, nonwearers have reported more significant areas of
discomfort using the ASAD console (lower limb, lower back), which in comparison with the combined
questionnaire results, the ASAD console provided further results.
In the ASAD console, significant changes in discomfort are reported as 5 frequencies change in any
direction (lower or higher sound frequency), while mildly significant results have a variation of 4
frequencies in any direction.

Statistical text utilized:
Wilcoxon

Cohort: wearers vs. nonwearers (legs)

ASAD console results

A significant difference was found for nonwearer (NW) in high heels (HH) on the left leg and a mildly
significant difference on the right leg.
A significant difference was found for nonwearer (NW) in no heels (NH) on the left leg. For wearers (WE)
in both high heels (HH) and no heels (NH) and on the right or left leg, there was no significant.

Hypothesis 2: the ASAD is able to reproduce the literature findings.

Statistical text utilized:
Kruskal-Wallis

Cohort: WE-HH, NW-HH, NW-NH

ASAD console results

A significant difference was found in foot and ankle and in the overall discomfort when pain is at its lowest.
Also, results showed a mild significance for the difference in left leg pain and for the right leg pain.
In particular, we identify differences between the three groups of participants, the findings indicate that
nonwearers of high heels are the most affected cohort after the fatigue test (whether or not they are wearing
high-heels), and if balance is compromised due to muscle fatigue using high heels, there is a tendency to
compensate on the other leg as shown in [69, 82, 83].

Hypothesis 3: we hypnotized that significant discomfort after the fatigue test would translate into recognizable patterns.

Statistical text utilized:
Wilcoxon

Cohort: wearers vs. nonwearers (overall discomfort)

ASAD console results
There is a significant difference between wearer and nonwearer self-report of discomfort on high heel when
considering the whole body overall lowest, average overall, and overall worst.

ASAD console results

When considering the whole body, on the ASAD console, high discomfort corresponds to significant high
pitch in all cohorts (wearer and nonwearers). Also, there is a different pattern of reporting across the
cohorts. Wearer on high heel keeps the overall low discomfort range within 3 low frequencies (11, 12, 13)
on the ASAD console (level 2 of the frequency domain), and it is concentrated in between F and A notes,
while the overall worst reporting is spread across 13 higher frequencies (21 to 33).
Nonwearer on high heels spread their overall low discomfort range within 8 low frequencies (9-20), while
the overall worst reporting is kept within 2 specific higher frequency (32 and 33). Nonwearer on no heels
spread overall low discomfort within 14 low frequencies (4 to 20), while the overall worst reporting is kept
within 5 higher frequency (30 to 34).
Results show that wearers overall worst have a low note range (D note), while nonwearers covered the
whole spectrum (A to D notes) to report pain. Without heels, nonwearers showed a concentration in their
responses towards the lower notes (E and D).
The ASAD console is a more sensitive tool when reporting overall body discomfort as compared to a
questionnaire. At the same time, it provides clear patterns in the concentration of the responses for each
cohort that displays the impact of the test in the report of pain and discomfort.
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assessing discomfort as well and better than a questionnaire,
and it is able to discriminate among groups with different
characteristics as in literature. We have identified patterns
of key-change values and specific frequencies that can be
useful in future studies looking to utilize only the ASAD
console as an assessment and communication tool for pain
and discomfort. In addition, our findings indicate that the
ranges utilized to describe the discomfort depend on the par-
ticipant’s fitness level, where wearers had a larger overall
worst zone in frequency, versus nonwearers who had larger
overall lowest ranges. Results indicate that wearers in high
heels and nonwearers with no heels who were skilled in
the use of such footwear used the lower notes (E-D), while
nonwearers in high heels felt uncomfortable with such foot-
wear utilized the whole spectrum of notes to report discom-
fort. Future research could investigate wider uses of the
ASAD console also with patients with communication or
interpretation difficulties with the traditional tools.
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