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Abstract
According to the World Health Organization, the early identification of mental wellbeing issues in children is extremely
important for children’s growth and development. However, the available health services are not sufficient to address children’s
needs in this area. Literature suggests that robots can provide the support needed to promote mental wellbeing in children, but
how robots can help with the assessment of mental wellbeing is relatively unexplored. Hence, this work analyses multiple data
modalities collected in an exploratory study involving 41 children (8–13 years old, 21 females and 20 males) who interacted
with a Nao robot for about 30–45min. During this session, the robot delivered four tasks: (1) happy and sad memory recall,
(2) the Short Moods and Feelings Questionnaire (SMFQ), (3) the picture-based task inspired by the Children Appreciation
Test (CAT), and (4) the Revised Children Anxiety and Depression Scale (RCADS). We clustered the participants into three
groups based on their SMFQ scores as follows: low tertile (16 participants), med tertile (12 participants), and high tertile (13
participants). Then, we described and analysed the data collected frommultiple sources (i.e., questionnaires responses, audio-
visual recordings, and speech transcriptions) to gather multiple perspectives for understanding how children’s responses and
behaviours differ across the three clusters (low, med, vs high) and their gender (boys vs girls) for robot-assisted assessment of
mental wellbeing. Our results show that: (i) the robotised mode is the most effective in the identification of wellbeing-related
concerns with respect to standardised modes of administration (self-report and parent-report); (ii) children less likely to have
mental wellbeing concerns displayed more expressive responses than children who are more likely to have mental wellbeing
concerns; and (iii) girls who are more likely to have mental wellbeing concerns displayed more expressive responses than
boys, while boys who are less likely to have mental wellbeing concerns displayed more expressive responses than girls.
Findings from this work are promising for paving the way towards automatic assessment of mental wellbeing in children via
robot-assisted interactions.
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1 Introduction

According to theWorld Health Organization (WHO) [1], the
number of children experiencingmental wellbeing issues has
increased by about 20% during the last decade. According to
WHO(who2023), prevention and early identification ofmen-
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tal health issues in children is critical to avoid negative effects
on their self-esteem, development, and academic outcomes
[2, 3]. However, mental health services are insufficient to ful-
fil children’s needs, limiting the number of children receiving
care and assistance (Problem 1).

Socially Assistive Robots (SARs) have been shown to
have a great potential to promote mental wellbeing, for
example, in children improving their mood [4], in university
students reducing their stress [5], and in elderly provid-
ing companionship [6]. Within child-robot interaction (CRI)
literature, SARs have been used for companionship [7],
enhancement of learning [8], and improvement of social
skills for children with autism [9]. For instance, Van et al.
[10] used robots to help provide emotional support and moti-
vate children with diabetes to keep a journal. Scassellati et
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al. [9] deployed robots in the homes of children with autism
to improve their social and communication skills. Also, in
the field of education, Brown et al. [11] showed how robots
can enhance academic performance and engagement. How-
ever, none of the previous CRI studies investigated the use
of SARs to aid in assessing mental wellbeing (Problem 2).

Several works in CRI have conducted empirical stud-
ies by collecting and analysing single sources of data (e.g.,
questionnaire responses or visual cues) in varying contexts.
Such mono-modal data analysis is often reported in sepa-
rate works rather than combined [12] (i.e., authors present
results from different modalities in different works). While
machine learning literature has leveraged multi-modal data
to represent and model the complexity of human behaviours
[13], CRI has very few studies that combine multi-modal
data, for example, from questionnaires responses and audio-
visual recordings due to the privacy and recruitment barriers
in collecting children data (Problem 3).

Thus, this paper presents a novel study that uses a small
humanoid robot to aid in the assessment of mental wellbe-
ing in children (addressing Problem 2) who may or may not
have access to care (addressing Problem 1), and conducting
analyses frommultiple modalities to gather a comprehensive
overview of children’s responses and behaviours (addressing
Problem 3) during the robot-assisted assessment of men-
tal wellbeing. We conducted an exploratory study with 41
children 8–13 years old (21 females and 20 males) who
interacted with a Nao robot for 30–45min. The robot deliv-
ered four mental wellbeing tasks, namely happy and sad
memory recall, the Short Moods and Feelings Question-
naire (SMFQ) [14, 15], the picture-based task inspired by
the Children Appreciation Test (CAT) [16], and the Revised
Children Anxiety andDepression Scale (RCADS; subscales:
generalised anxiety, panic and low mood) [17]. Before the
study, we asked children (self-report) and their guardians
(parent-report) to fill out the same RCADS questionnaires.
We clustered the participants into three groups (low,med, and
high tertiles) based on their SMFQ scores. We collected data
from multiple modalities: questionnaire responses, audio-
visual recordings, and speech transcriptions.

The main contributions of this paper are summarised as
follows:

• We investigate the use of a humanoid robot for aiding the
assessment of mental wellbeing in children. To the best
of our knowledge, this is the first study that explores the
use of robots for assessing mental wellbeing in children.

• We undertake an exploratory analysis of children’s
responses and behaviours—in terms of verbal and non-
verbal behaviours, e.g., facial expressions and speech
features—using different data sources.

• We investigate the children’s responses to the RCADS
questionnaire by comparing robotised measures to stan-

dardisedmodes of administration (self-report and parent-
report).

• We compare the children’s responses and behaviours and
highlight how their behaviours differ across varying lev-
els of mental wellbeing (low, med, and high).

• We explore whether and how gender affects the chil-
dren’s responses andbehaviours during the robot-assisted
assessment of their mental wellbeing.

Compared to our earlier works presented in [18] and [19],
this paper provides the following contributions:

Sample size: First, we expanded the population to 41
children–=following the same study protocol of [18]
where only 28 children were involved. Second, we care-
fully recruited new participants to ensure gender balance
in the population (21 females and 20 males). We addi-
tionally balanced the age groups within the boys and girls
subgroups (i.e., primary and secondary schools): 6 boys
and 6 girls belonging to the 11–13 years old group (sec-
ondary school), and 14 boys and 15 girls belonging to the
8–10 years old group (primary school).
Data analysis: First, we collected data from multiple
sources (i.e., questionnaires responses and audio-visual
recordings), andwe conducted exploratory analyses from
multiple modalities (in contrast to [19] in which we
only analysed speech cues). Second,we adopted different
methodologies to extract behavioural cues in children’s
responses to the robot. Finally, we interpreted the data
collected jointly for a more comprehensive understand-
ing.
Results: First, we analysed the differences in 41 chil-
dren’s RCADS scores between robotised, self-report, and
parent-reportmodes of administration. Second,we inves-
tigated the differences in children’s responses between
varying levels of mental wellbeing. Third, we compared
the responses of boys and girls to understand the dif-
ference in their responses and behaviours during the
robot-assisted assessment of mental wellbeing. The ulti-
mate goal of this work is to pave the way towards the
automatic assessment of mental wellbeing in children via
robot-assisted interactions.

The rest of the paper is organised as follows: Sect. 2
reviews the state-of-the-art in the assessment of wellbe-
ing, CRI and robot-assisted evaluations, Sect. 3 describes the
methodology adopted for the conducted study, including the
recruitment of participants, the experimental tasks, the study
procedure, the data collected, and data preparation and anal-
ysis. Section4 presents our primary research findings, while
Sect. 5 discusses the interpretations of our results. Section6
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summarises our conclusions, the limitations and our future
works.

2 Background and RelatedWorks

2.1 Assessment ofWellbeing

Child mental health issues are important public health con-
cerns because of their far-reaching effect on the overall
wellbeing, relationships and, in general, the impact on soci-
ety. In theUS, about 5.8million children have been diagnosed
with anxiety, and about 2.7million have been diagnosed with
depression between 2016 and 2019.1 In the UK, about 10%
of children have been clinically diagnosedwithmental health
issues. Yet, about 70% of these children have not been pro-
videdwith adequate support at an early stage. 2 While several
initiatives have been created to conduct the assessment of the
mental health in children (MYHCP [20], the Oxwell survey
[21], Young Minds Matter [22]), these surveys are heavily
dependent on the assumption that the responses of children
are representative of their "true" feelings. In addition, the
accessibility of psychological services to identify mental
wellbeing concerns is restricted by limited resources, lead-
ing to increased waiting times to get the necessary support.
For example, in the UK, over a quarter of referrals for get-
ting specialist mental health support for children have been
rejected between 2018–2019. The average waiting time to
receive treatment is about 56 days.3 In addition to the above
barriers, children might provide responses that are expected
and not representative of their real feelings and emotions [23,
24]. They also do not have very advanced verbal communi-
cation skills that might hinder them in accurately explaining
their real emotions [25, 26].

2.2 Child-Robot Interaction and Robotised
Assessments

Previous works have shown that robots can be promising
tools to assess children in different contexts, such as in assess-
ing their linguistic skills [12, 27], promoting the disclosure
of their thoughts and feelings [24, 28], and evaluating writ-
ing skills [29]. Spitale et al. [12] conducted an empirical
study with 14 children (11 neurotypical and 3 with language
impairments) to assess their linguistic skills by comparing
human, virtual and robotic agents. Their results showed that

1 https://www.cdc.gov/childrensmentalhealth/features/anxiety-
depression-children.html.
2 https://www.mentalhealth.org.uk/explore-mental-health/statistics/
children-young-people-statistics.
3 https://epi.org.uk/publications-and-research/access-to-child-and-
adolescent-mental-health-services-in-2019/.

the robot’s physicality positively influences the performance
of linguistic tasks for children with linguistic impairment.
Bethel et al. [28] explored the disclosed occurrences of bul-
lying of 60 children to either a human or robot counterpart.
Their results showed that children were significantly more
likely to report that fellow students were teased about their
looks to the robot interviewer than the human interviewer.
Also, Guneysu et al. [29] involved 12 children with writing
difficulties who performed robot-enhanced writing activities
for special education. Their results showed that the use of
robot-assisted handwriting activities could positively impact
their learning.

In our previousworks [18, 19], we have conducted prelim-
inary analysis on a sample population of 28 children between
8–13 y.o. to investigate how these children with varying lev-
els of wellbeing concerns changed their response patterns
as compared to standardized wellbeing measures (i.e., self-
report or parent-report) [18], and how to computationally
model an automatic robot-assisted assessment of children’s
wellbeing from speech using this dataset [19]. We found that
the robotised measurement is more accurate in identifying
wellbeing-related concerns in children [18]. In addition, our
results showed that children of higher tertile were more neg-
ative in their responses to the robot, while the ones of lower
tertile were more positive in their responses to the robot. In
[19], we found that speech features are reliable for assessing
children’s mental wellbeing, but they may not be sufficient
on their own.

2.3 Gender Differences in MentalWellbeing

Accurate assessment of mental wellbeing is an integral part
of developing initiatives that enhance the overall wellbeing
of children. Most governmental and non-governmental ini-
tiatives in this regard heavily rely on self-reporting [20, 21].
However, females and males may have varied perceptions
of their actual wellbeing, leading to inconsistencies in their
responses and, thus, delay in timely support, if needed. For
example, St Clair et al. [30] have observed that in a young
adult population sample (14–24 years), females have higher
self-reported distress and worry than their male counterparts.
Wilkinson et al. [31] have also explored how gender affects
non-suicidal self-injury and psychological distress in young
people (14–25 years). Their findings showed that among their
population group, females exhibited a higher tendency of
non-suicidal self-injury as compared with males. However,
the difference in the tendencies of engaging in non-suicidal
self-injury between males and females as reported in [31]
or the higher self-reported distress in females as discussed
in [30] could be due to the stigma associated with boys with
regard to mental wellbeing andmental health services. Boys’
behaviour with regards to mental health has been shown to
be influenced by the societal constructs of masculinity [32],
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which might lead the male participants to provide responses
that are not representative of their actual emotions. For exam-
ple, Chandra et al. [33] have found that boys have lower
awareness ofmental health concerns andhave a higher stigma
associated with it than girls. They have also found that girls
were more willing to seek support from health services than
boys. This is also supported by Lindsey et al. [34], in their
sample population of African American boys, their partici-
pants reported reduced use of psychological initiatives due
to the stigma associated with depression. Therefore, in this
work, we have investigated how gender affects the question-
naire andbehavioural responses (in terms of facial and speech
behaviours) in children during a robot-assisted assessment of
mental wellbeing.

2.4 Analysis of Human Expressiveness as Mental
Well-BeingMarkers

Tomeasure the expressiveness of an individual, various facial
and audio features can be used as behavioural cues (Table 1).
These audio and facial behavioural cues can also be used
as markers for machine learning-based mental health predic-
tion [39].Within the affective computing literature, extensive
research [35, 36, 40] has focused on the use of facial features
for detecting mental health issues using machine learning
techniques. Facial Action Units (AUs) have been reported to
have both positive and negative depression predictive power.
For example, [39] showed that the use of facial action units
enables achieving high accuracy in predicting depression in
adults. Similarly, [41] determined Depression Anxiety Stress
Scale (DASS) levels by analyzing facial expressions using the
Facial Action Unit Coding System (FACS). Past works [37,
38] have also shown that AU14 (i.e., dimpler) in particular
enabled strong discrimination between depressed and non-
depressed individuals. Also, [36] proposed a new method
for detecting depression based on spectral representations of
facial action units. Their results suggested that AU4 activa-
tion is frequently seen in depressed patients. In addition, AU4
activation tends to last longer and bemore intense on average
in depressed individuals. On the other hand, it was reported
that AU12 activation was less common in depressed individ-
uals who also had more frequently longer AU17 activation
and shorter AU15 activation.

The development ofmachine learning has led to the design
of numerous computational models for learning representa-
tions of mental health from speech data. Previous studies
have looked into the use of speech signals for diagnosing
mental health disorders, such as depression and anxiety. This
is because from a clinical perspective speech markers, such
as duration of speech, speech tone, and pitch, usually indicate
the presence of distress [35]. Cummins et al. [42] exam-
ined the state of the art of speech analysis to determine the
likelihood of depression and suicide. They emphasised the

significance of identifying andutilising speech indicators that
can be interpreted from a clinical perspective while design-
ing automatic models. Similarly, [43] reviewed the literature
on the use of speech analysis to automatically diagnose psy-
chiatric diseases (such as depression, bipolar disorder, and
anxiety). They outlined a number of obstacles to be solved
in this area and noted the need for extensive transdiagnostic
and longitudinal investigations. Stasak et al. [44] looked into
how the speech was impacted by emotion and despair. Their
findings demonstrated that the classification of people with
despair is informed by speech-based emotional information.
Additionally, earlier research [45] investigated hownoise and
reverberation affected speech-based depression detection.
[46] focused on the cross-cultural and cross-linguistic char-
acteristics and how those aspects contributed to depressed
speech by employing verbal biomarkers.

Table 1presents the features, their descriptions and the rea-
sons for including them in our analysis as markers of mental
well-being.

3 Methodology

This section describes the methodology used for designing
and conducting the empirical study, including participants’
descriptions, the robotic platform used, the tasks delivered
by the robot, the study procedure, data collection, data clus-
tering, and data preparation and analysis methods. Given the
novelty and unexplored nature of this study (i.e., robotics
to aid the assessment of mental wellbeing in children), we
analysed the data in a more descriptive and exploratory way
without formulating hypotheses, as in [47].

3.1 Participants

The study involved 41 children (21 females and 20 males)
of 8–13 years old (M = 9.58 y.o., SD = 1.45 y.o.). 6 boys
and 6 girls belonging to the 11–13 years old group (secondary
school), and 14 boys and 15 girls belonging to the 8–10 years
old group (primary school). Further information regarding
the average ages across the tertile categorisation followed in
this work can be found in the Appendix section A. The par-
ticipants were recruited via advertising through local schools
and snowball sampling via contacts of the research team. The
Cambridge Psychology Research Ethics Committee at the
University of Cambridge approved the study. Parents signed
informed consent prior to the study. Note that we had to
exclude data from 2 children for two tasks (happy and sad
memory and picture-based task) because of technical issues
in the recordings.
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Table 1 Summary of visual and audio features that may be useful as markers for mental well-being as suggested/reported by the relevant literature

Feature name Type Description Relevant literature

AU1 Visual Inner brow raiser [35]

AU2 Visual Outer brow raiser [35]

AU4 Visual Brow lowerer [36]

AU5 Visual Upper lid raiser [35]

AU6 Visual Cheek raiser [35]

AU7 Visual Lid tightener [35]

AU9 Visual Nose wrinkler [35]

AU10 Visual Upper lip raiser [35]

AU12 Visual Lip stretcher [36]

AU14 Visual Dimpler [37, 38]

AU15 Visual Lip corner depressor [36]

AU17 Visual Chin raiser [36]

AU20 Visual Lip stretcher [35]

AU23 Visual Lip tightener [35]

AU25 Visual Lips part [35]

AU26 Visual Jaw drop [35]

AU45 Visual Blink [35]

Spectral centroid Audio Link to the impression of brightness of a sound [19, 35]

Spectral crest Audio Peakiness of the spectrum (i.e., tonality) [19, 35]

Spectral decrease Audio Amount of decrease of the spectrum [19, 35]

(e.g., Used in instrument recognition tasks)

Spectral entropy Audio Peakiness of the spectrum (e.g., regions of [19, 35]

Voiced speech have lower entropy

Compared to regions of unvoiced speech)

Spectral flatness audio Higher spectral flatness indicates noise, [19, 35]

While a lower spectral flatness indicates tonality

Spectral flux Audio Measure of the variability of the spectrum over time [19, 35]

Spectral kurtosis Audio Flatness of the spectrum around its centroid [19, 35]

Spectral roll off Audio Bandwidth of the audio signal [19, 35]

Spectral skewness Audio Symmetry around the centroid [19, 35]

Spectral slope Audio Measures the amount of decrease of the spectrum [19, 35]

of the spectrum (e.g., speaker levels of stress)

Spectral spread Audio Dominance of a tone [19, 35]

Harmonic ratio Audio Fraction of energy of the [19, 35]

dominant harmonic component of the signal

3.2 Robot andMaterials

This section describes the robotic platform adopted for the
study and the materials in terms of tasks delivered by the
robot.

3.2.1 Robotic Platform

For this study, we used the Nao humanoid robotic plat-
form equipped with sensors for object detection, human-like
movement, and voice generation because past works [48, 49]

showed that Nao is a suitable platform for human-robot inter-
action studies with children. We determined the robot’s level
of autonomy following the framework in [50] as follows:
sense (not autonomous), plan (semi-autonomous, employ-
ing pre-scripted decisions based on children’s behaviour),
and act (fully autonomous). During the experiment, Nao fol-
lowed a pre-written script, and the robot’s movements (i.e.,
arms gestures) were also pre-programmed.
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3.2.2 Tasks

The experimental session consisted of the following tasks (in
the order of occurrence):

1. Recall of happy and sad memory: The robot asked the
children about recent happy and sad memories. The main
objective of this task was to determine any outward psy-
chological issues that the child may have experienced in
recent times [51, 52].

2. SMFQ: The robot conducted the Short Moods and Feel-
ings Questionnaire (SMFQ). The task consisted of the
child responding with "Not true", "Sometimes", and
"True" to the statements made by the robot following the
SMFQ (e.g., "You felt so tired that you just sat around and
did nothing"). A screen in the experiment room provided
visual cues to the response ratings so that the child did
not need to memorise the responses. The main objective
of this task was to understand how the children might be
feeling in the last 2 weeks [14, 15].

3. Picture-based task: The robot conducted a picture task
inspired by the Child Apperception Test (CAT) [16]. The
task consisted of showing three images to the child (we
used Card 7, Card 9 and Card 10 from the CAT as they fit
with our research area). The pictures are described as fol-
lows: (1) Picture 1 (card 7 of the CAT) depicts a tiger with
claws and fangs is seen jumping towards a monkey, (2)
Picture 2 (card 9 of CAT) depicts a rabbit seated on a bed
and looks through an open door of a dark room, (3) Pic-
ture 3 (card 10 ofCAT) shows a baby dog lying on another
bigger dog, both exhibiting minimum expressions, in the
background of a bathroom. These pictures were chosen
because of the typical responses elicited by children as
described in the CATmanual [16]. For instance, the level
of anxiety present in the child becomes evident in Picture
1, while Picture 2 has been known to be associated with
themes of loneliness. Finally, Picture 3 has been known
to lead to descriptions surrounding themoral conceptions
held by the child. The remaining pictures present in the
CAT focused on more specific issues relating to food,
sibling rivalry and other familial tensions and were thus
excluded from this task. The pictures chosen to be a part
of this task were representative of some general issues
that seem to affect children like anxiety, fear of lone-
liness and also moral conceptions held by the child. In
order to help the children describe the displayed pictures,
the robot asked questions like "What do you think is hap-
pening in this picture?", "What do you think happened
before in this picture?" and "What do you think happened
after this picture?". Themain objective of this task was to
draw insight from the content created by the children and
how the children relate to the pictures shown, providing
a qualitative window into their wellbeing and behaviour.

Modifications of the above tasks have also been used in
other HRI and psychological studies [16, 53].

4. RCADS: The robot conducted the Revised Children’s
Anxiety and Depression Scale (RCADS) [17]. For the
experimental task, we have only used subscales corre-
sponding to Generalised Anxiety (GA, 6 items), Panic
(PA, 9 items) and Low Mood (LM, 10 items) as they
are most suitable for our research theme. The task com-
prised of the robot making statements like "You worry
that something bad will happen to you" or "Nothing
is much fun anymore", and the child was requested to
answer with either "Never", "Sometimes", "Often" and
"Always". The choices were displayed on the screen dur-
ing the task, so the children did not need to memorise the
response ratings. The main objective of this task was to
monitor and assess symptoms of depression and anxiety
in children [17].

3.3 Procedure

To understand how children responded to the robot-assisted
mental wellbeing assessment, we conducted an empirical
study where 41 children interacted with the Nao robot for
a one-off session that lasted 30–45min. This section reports
the study setup and protocol, data collection, data clustering,
and data processing and analysis.

3.3.1 Study Setup and Protocol

The study was conducted in a sound-proof dedicated room
where each participant interacted with the Nao robot in a
dyadic setting. The room consisted of a one-way mirror
screen where the experimenters and the guardians monitored
the interaction. Each child was requested to be seated on a
chair (about 1.5 m from the robot). The robot was positioned
in a seated position on a table in front of the participant. A
screen was also placed behind the robot so the participants
could refer to the response ratings and pictures during the
tasks. The experimental setup can be seen in Fig. 1.

Before the study,we emailed parentswho signed up for the
study with questionnaires to fill out, reported in Sect. 3.3.2.
The parents/guardians were also informed that the study was
not intended to provide any clinical diagnosis/assessment but
an exploratory study to investigate how robots can be used as
tools for providing more detailed insight into the wellbeing
of children.

The study was conducted by two researchers who mon-
itored the session. One of the researchers welcomed the
participants (the child and their guardian) and asked the child
to enter the dedicated room and sit on the chair in front of
the robot and the parents to follow her into the monitoring
room. The other researcher started the recordings of the ses-
sion. Then, both researchers left the room, leaving the child

123



International Journal of Social Robotics (2024) 16:999–1046 1005

Fig. 1 The experimental setup showing the CRI session. Actual images
from the session were not used in order to protect the privacy of the
children

alone with the robot. The one-to-one interaction with the
robot lasted 30–45min and consisted of the following steps.

(1) The robot welcomed the child and introduced itself and
the aim of the experiment session. In order to make
the child understand the robot’s functionality, the robot
tried to fist-bump the child, performed a wiping forehead
action, asked the child to press buttons in his toes so that
it could disclose its favourite colour and also asked the
child to tickle him. Then, the robot asked the child how
was their day.

(2) The robot delivered the first task.
(3) The robot listened to the child’s answers spoken aloud.
(4) The robot asked the child if he/shewanted to take a break.
(5) The robot repeated steps 2–4 until the conclusion of all

four tasks (reported in Sect. 3.2.2).
(6) The robot concluded the session by thanking the child.

During the session, children could speak with their guardians
and/or drinkwaterwhenever required. The childrenwere told
that they might stop the interaction at any time and/or skip
parts depending on how they were feeling.

3.3.2 Data Collection

This section details the data collected from different
sources gathered before (pre-study questionnaires) and dur-
ing the study (in-study questionnaires, audio-visual record-
ings, and speech transcriptions). Prior to the study ranging
from less than 2 h tomore than 3weeks), we asked the parents
and their children to fill out theRevisedChildrenAnxiety and
Depression Scale (RCADS; subscales: generalised anxiety,
panic and low mood) questionnaire [17]. During the study,
we audio-video recorded the sessions using two cameras (one
placed on the head of the robot and another located behind
the robot) and a Jabra disc microphone placed on the table
where the robotwas seated. From the audio-visual recordings
(post-processed analysis after the study), two researchers

manually transcribed the children’s speech while performing
the four tasks reported in Sect. 3.2.2 and extracted the robo-
tised measures for the happy and sad memory recall, SMFQ
[14, 15], picture-based task [16], and RCADS [17] tasks. We
extracted children’s behavioural cues using audio-visual data
and speech transcriptions.

3.3.3 Data Clustering

We divided participants into three clusters (tertiles) based
on the total scores computed from the SMFQ score (col-
lected during the session with the robot) corresponding to
the "lower tertile", "medium tertile" and "higher tertile", as
we have previously done in [18] and has also been performed
in psychology literature [60]. Since the SMFQ can be used to
monitor and assess the symptoms of depression in children,
those in the lowest and medium tertiles are very unlikely
to receive a diagnosis, while those in the highest tertile are
highly likely to receive a diagnosis. The SMFQ score is
often used to evaluate mental wellbeing over the previous
two weeks rather than identifying brief changes before, dur-
ing, or after a task. Therefore, before the data analysis, we
used the SMFQ scores to categorise the population based
on their overall wellbeing. In our previous work [19], we
split the participants into two groups ("lower wellbeing" and
"higher wellbeing") based on the median of the SMFQ score
because our preliminary analysis showed no differences in
speech features of the three clusters. In this paper, we decided
to keep the clustering of participants (using three tertiles,
namely low, med, and high) we have used in [18] because
we wanted to compare the children’s behaviours of varying
levels of mental wellbeing by analysing data from multiple
modalities.

3.3.4 Data Processing and Analyses

This work aims at understanding if and how children’s
responses and behaviours differ across varying levels of
mental wellbeing issues and gender during the interaction
with a robot via analysis of multiple modalities.This section
reports the methods adopted for conducting this comprehen-
sive analysis as collected in Table 2. We haven’t focused
on the comparison between the different conditions (e.g.,
RCADS-self vs. RCADS-robot) because this analysis has
been previously conducted and reported in [18]. In order to
make the analyses more robust and comprehensive, we have
also computed the effect sizes (using Cohen’s D) for all pair-
wise comparisons. The interpretations of the effect sizeswere
performed according to the terminology in [61].

Statistical Analyses of Questionnaires The questionnaire
responses were collected from the two questionnaires used
in the study (RCADS and SMFQ). RCADS responses were

123



1006 International Journal of Social Robotics (2024) 16:999–1046

Table 2 Data collected, nature, methodology for analysis, and motivation for the method choice

# Task name Nature of data Data analysis method Motivation for methodology chosen

1 Happy and sad Transcript Thematic analysis (A) Analysing the themes that
emerged from children’s speech

Memory recall (the task consisted of open-ended
questions) as done in [54, 55]

Video OpenFace + Stats (B) Facial expressivity analysed
similarly to [56]

Audio Audio Features Matlab + Stats (C) Speech features for depression

and anxiety analysed similarly to
[43]

2 SMFQ Questionnaire responses Stats (D) Creating clusters for mental
wellbeing as in [57]

Video OpenFace + Stats See (B)

Audio Audio Features Matlab + Stats See (C)

3 Picture-based task Transcript CAT Analysis + Stats (E)Check score for assessing chil-
dren’s

Mental wellbeing as in [58].

Did not use thematic analysis as all
the children

described similar content

Video OpenFace + Stats See (B)

Audio Audio Features Matlab + Stats See (C)

4 RCADS Questionnaire responses Stats (F) RCADS analysis to measure
children’s

Mental wellbeing as in [59]

Video OpenFace + Stats See (B)

Audio Audio Features Matlab + Stats See (C)

categorised according to the subscales corresponding to
generalised anxiety, panic and low mood. We also com-
puted the total score for each participant. Scores were
computed according to the response rating ("Never"=0,
"Sometimes"=1, "Often"=2 and "Always"=3). This pro-
cess was repeated for robot-administered, self-reported and
parent-reported responses. We conducted normality tests to
analyse our sample distribution (Kolmogorov-Smirnov test)
followed by the questionnaire responses, audio features and
video features for the overall population. Our results show
that the sample (questionnaire responses, audio and video)
did not follow the normal distribution. Thus,we have adopted
non-parametric tests to run statistical analyses. Specifically,
we conducted Kruskal Wallis tests to compare the tertiles
(between subjects) across different experimental conditions.
This was followed by correction for Type 1 error using
Tukey-Kramer correction. In order to understand differences
within subjects (e.g., between the pictures of the picture-
based task), we conducted a Friedman analysis, followed
by Tukey-Kramer correction for the post-hoc analysis. All
other comparisons were made either by Wilcoxon signed
rank test (within subjects, e.g., comparing RCADS ratings

of self-report and robotised responses) or by Wilcoxon rank
sum test (between subjects, e.g., comparing betweenRCADS
ratings of robotised, self-report ratings with parent-report
responses). Bonferroni correction was used to correct for
multiple comparisons where the same features were tested
across the tertiles (0.05/3). We have also computed Spear-
man’s correlations to understand the relationship between the
SMFQ and the total scores of the RCADS for the threemodes
of test administration. The interpretations of the correlation
coefficients were performed according to the terminology
described in [62]. We used the Matlab statistical toolbox 4 to
run the statistical analyses.

Verbal Analysis We manually transcribed the children’s
speech to get the verbal information. For the responses from
the happy and sad memory recall task, we ran a thematic
analysis to assess the responses across the twomemory recall
categories qualitatively. For the picture-based task, a psychol-
ogist in the research team assessed and marked the responses
following the protocol of the CAT manual.

4 https://uk.mathworks.com/products/statistics.html.
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Thematic Analysis: We used Thematic Analysis (TA) to
analyze qualitative data collected from the happy and sad
memory recall task. This method consists of the following 6
steps [63]: (1) getting familiar with the data (i.e., transcrib-
ing it, reading it, and making some initial notes), (2) creating
initial codes (i.e., identifying the codes within the dataset
and collating data to the corresponding code), (3) looking
for themes (i.e., collating codes into themes and collecting
all data under the relevant theme), (4) reviewing the themes
(i.e., determining whether the themes identified also work in
relation with the codes), (5) naming and defining the themes
(i.e., coming up with precise names and descriptions for each
subject that are consistent with the narrative of the entire
dataset gathered), and (6) compiling a report (e.g., extrap-
olating examples for each theme). We applied a grounded
theory approach (i.e., grounded in the data [64]) where the
themes extrapolated from the tasks were picked based on the
data collected.
Picture-based Description Analysis: For the picture-based
task, a psychologist in our research team analysed the audio
transcriptions following the instructions of the CAT man-
ual. The marking scheme consisted of response assessment
under the following themes as mentioned in the CAT man-
ual: (1) Reaction-formation, (2) Undoing and Ambivalence,
(3) Isolation, (4) Repression and Denial, (5) Deception, (6)
Symbolisation, (7) Projection and Introjection, (8) Fear and
Anxiety, (9 )Regression, (10) Controls weak or absent, and
(11) Identification [16]. The total check score was computed
depending on the number of checks received per theme for
each picture. The computed check score was calculated by
counting the number of attributes from the above themes
that were marked as "present" by the psychologist. It must
be noted that the check score used in the study was inspired
by the CAT score (which is obtained after administration of
the entire CAT consisting of 10 pictures), and has a less con-
servative marking scheme.

Video Analysis From the video recordings, we extracted the
following facial features at the frame level (30fps) using the
OpenFace 2.2.0 toolkit [65]: the intensities and the occur-
rences of 17 facial action units (FAUs), namely AU1 (inner
brow raiser), AU2 (outer brow raiser), AU4 (brow lowerer),
AU5 (upper lid raiser), AU6 (cheek raiser), AU7 (lid tight-
ener), AU9 (nose wrinkler), AU10 (upper lip raiser), AU12
(lip corner puller), AU14 (dimpler), AU15 (lip corner depres-
sor), AU17 (chin raiser), AU20 (lip stretcher), AU23 (lip
tightener), AU25 (lips part), AU26 (jaw drop) and AU45
(blink) for a total of 34 raw visual features. Occurrence rates
were computed by normalising the occurrence information
of each AU for each video clip with respect to the duration of
the video clip. We then analysed the facial action units using
the same statistical tests described in Sect. 3.3.4 but using the
action units’ intensity and presence as dependent variables.

Audio Analysis We extracted clip-level acoustic features
from audio recordings using a state-of-the-art Matlab audio
toolbox.5 Specifically, we extracted 13 features, including
interpretable features, such as pitch and speech duration,
and lower-level auditory features, namely spectral centroid,
spectral crest, spectral decrease, spectral entropy, spectral
flatness, spectral flux, spectral kurtosis, spectral roll off, spec-
tral skewness, spectral slope, spectral spread, and harmonic
ratio features. We then analysed the auditory features using
the same statistical tests described in Sect. 3.3.4 but using the
acoustic features extracted as dependent variables.

4 Results

This section presents the results from the analysis of ques-
tionnaire responses, audio-visual recordings and speech tran-
scriptions. In order to provide a modality-specific perspec-
tive, we structured this section by modality (i.e., question-
naire responses, verbal responses, visual cues, and auditory
cues) and task-related results (i.e., happy and sad mem-
ory recall, SMFQ, picture-based task, and RCADS). All
the statistical analyses underpinning this publication have
been summarised in the form of tables in the Appendix. An
alpha level of 0.05 was used throughout, all p-values are 2-
tailed. Effect sizes were computed for all the tests, and they
were reported in the Appendix. In the following sections, we
have only highlighted cases in which the effect sizes were
small (Cohen’s D <0.2) [61] and the corresponding findings
have been excluded from our interpretations. As such, unless
stated explicitly, the effect sizes in the results sections are
medium to large and can be found in Appendix sections B,
C, D and E.

4.1 Questionnaires Results

This section reports the findings obtained from the analysis
of the two questionnaires-based tasks: SMFQ and RCADS.

4.1.1 SMFQ

As in our previous study [18], we have divided our sample
population (N = 41) into 3 tertiles according to children’s
SMFQ scores. For the overall population, we assigned 16
participants to the "low tertile" group (SMFQ score <= 2),
12 participants to the "med tertile" (2<SMFQ score <=4)
and 13 participants to the "high tertile" group (SMFQ score
>4). Then, we made the same clustering procedure dividing
children by gender. For the girls, tertile-based categorisation
led to 7 participants in the "low tertile" group (SMFQ scores

5 https://uk.mathworks.com/help/audio/ref/audiofeatureextractor.
html.
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Fig. 2 SMFQ clusters computed from tertile categorisations for the overall population (a), for girls (b), and for boys (c)

<=2), 9 participants in the "med tertile" group (2 < SMFQ
score <= 5) and 5 participants in the "high tertile" group
(SMFQ score >5). Similarly, for boys, tertile categorisation
led to 9 participants in the "low tertile" group (SMFQ scores
<=2), 6 participants in the "med tertile" group (2 < SMFQ
score <= 4) and 5 participants in the "high tertile" group
(SMFQ score >4). The clustering obtained from the SMFQ
score analysis (low, med, and high tertiles) is used in the rest
of the paper to compare children’s responses across varying
levels of mental wellbeing (Fig. 2).

4.1.2 RCADS

We conducted Kruskal Wallis H tests to investigate dif-
ferences in RCADS scores between the three modes of
administration (robotised, self-report, and parent-report).
The analysis conducted on the overall population has been
performed as part of the validation of our resultsmentioned in
our previous work, due to the increase in sample size from 28
participants to 41 participants[18]. For the robotised mode of
administration, our results indicated statistically significant
differences between the tertiles for generalised anxiety (GA,
χ2(2) = 12.50, p = 0.001), panic (PA,χ2(2) = 13.90, p =
0.001), low mood (LM, χ2(2) = 8.44, p = 0.015) and
total score (TO, χ2(2) = 15.06, p = 0.001), as shown
in Fig. 3. Post-hoc Tukey Kramer tests have indicated that
for the robotised mode: the GA, PA, LM, and TO scores in
the low tertile are significantly lower than respectively the
GA (p = 0.0013), PA (p = 0.001), LM (p = 0.010),
and TO (p = 0.000) scores in the high tertile. For the
self-report mode of administration, Kruskal Wallis H tests
have indicated statistically significant difference between the
tertiles for GA (χ2(2) = 8.083, p = 0.018) and for TO
(χ2(2) = 8.26, p = 0.016). Post-hoc Tukey Kramer tests
have indicated that: the GA and TO scores in the low tertile
are significantly lower than respectively the GA (p = 0.020)
and TO scores (p = 0.020) in the high tertile. There were no
statistically significant differences in RCADS scores for the
parent-report mode of administration. Further, there is no
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Fig. 3 Comparison between modes of administration (robotised, self-
report and parent-report) for the overall population (GA= Generalised
Anxiety, PA= Panic, LM= Low Mood, TO= Total, L = low, M= med,
H = high; ROBOT= robotised, SELF = self-report, PARENT = parent-
report) *p < 0.05 corrected

significant difference in RCADS scores between modes of
administration (robotised, self-report, parent-report) across
the tertiles (low, med, high).

To sum up, our results showed that for the robotisedmode,
all the RCADS scores were significantly lower in the low
tertile than in the high tertile; while for the self-report mode,
just GA and TO of RCADS scores were significantly lower
in the low tertile than in the high tertile.

We conducted the sameKruskalWallis H tests for the girls
population. For the robotisedmode of administration (Fig. 4),
the results showed statistically significant difference between
the tertiles for GA score (χ2(2) = 6.01, p = 0.049) and PA
score (χ2(2) = 8.61, p = 0.013). Post-hoc Tukey Kramer
tests have indicated that: theGAscorewas significantly lower
in the low tertile than in the high tertile (p = 0.040), the PA
score was significantly lower in the low tertile (p = 0.020)
and in the med tertile than in the high tertile (p = 0.030). For
the self-reportmode of administration,KruskalWallisH tests
also indicated statistically significant difference between the
tertiles for PA (χ2(2) = 8.19, p = 0.017). Post-hoc Tukey
Kramer tests indicated that the PA score in the med tertile
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Fig. 4 Comparison between
modes of administration
(robotised, self-report and
parent-report) for (a) girls and
(b) boys. ((GA= Generalised
Anxiety, PA= Panic, LM= Low
Mood, TO= Total, L = low, M=
med, H = high; ROBOT=
robotised, SELF = self-report,
PARENT = parent-report)
*p < 0.05 corrected
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Table 3 Pairwise correlation analysis between SMFQ and the total scores of the RCADS for (a) overall population, (b) girls, and (c) boys

Comparison SMFQ vs robotised RCADS SMFQ vs self-report RCADS SMFQ vs parent-report RCADS

(a) Overall population

Rho Value 0.671 0.512 0.159

p value 1.57E−06 0.001 0.322

(b) Girls

Rho Value 0.603 0.523 0.212

p value 3.77E−03 0.015 0.355

(c) Boys

Rho Value 0.712 0.509 0.179

p value 4.29E−04 0.022 0.449

was significantly lower than in the high tertile (p = 0.020).
For the parent-report mode of administration, there was no
statistically significant difference between RCADS scores
for girls. There was also no statistically significant differ-
ence found between the modes of administration for all three
tertiles.

To sum up, our results showed that for the robotised
mode, girls’ GA and PA of RCADS scores were significantly
lower in the low tertile than in the high tertile; while for the
self-report mode, just girls’ PA of RCADS scores were sig-
nificantly lower in the low tertile than in the high tertile of
girls.

We conducted the same Kruskal Wallis H tests for boys.
For the robotised mode of administration, the results showed
that there were statistically significant differences between
the tertiles for GA (χ2(2) = 9.4, p = 0.009), PA (χ2(2) =
9.4, p = 0.009), LM (χ2(2) = 8.56, p = 0.014) and
TO (χ2(2) = 11.17, p = 0.004). Post-hoc Tukey Kramer
tests showed that: the GA, PA, LM, and TO scores in the
low tertile are significantly lower than respectively the GA
(p = 0.008), PA (p = 0.006), LM (p = 0.010), and TO
(p = 0.002) scores in the high tertile. For the self-report and
parent-report mode of administration, there was no signifi-

cant difference between the tertiles. Analogously, there was
also no statistically significant difference found between the
modes of administration across the three tertiles for boys.

To sum up, our results showed that for the robotisedmode,
all RCADS scores for boys were significantly lower in the
low tertile than in the high tertile. We also compared the
RCADS scores between girls and boys, but we didn’t find
any statistically significant difference between them across
the tertiles for all the modes of administration (robotised,
self-report and parent-report).

4.1.3 Correlation Between SMFQ and RCADS

Wehave also conducted a non-parametric correlation (Spear-
man’s correlation) based analysis to understand the relation-
ship between the responses of the SMFQ and the total scores
of the three modes of RCADS administration (robotised,
self-report and parent-report). The interpretations of the cor-
relation coefficients were performed in accordancewith [66].
Table 3 below summarises the pairwise correlation analyses.

As seen from Table 3, strong positive correlations have
been observed for the SMFQ and the total scores of the robot-
administered RCADS and SMFQ and the total scores of self-
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Fig. 5 Word cloud showing the
themes in the memory recall task
for happy and sad memories

report responses of RCADS, for the overall population, girls
and boys. These correlation coefficientswere also found to be
statistically significant (p < 0.05). Negligible correlations,
which were not statistically significant, have been observed
between the SMFQ and the parent-reported responses to the
RCADS across all categories of population groups.

4.2 Verbal Results

This section reports the findings obtained from the analysis
of the children’s responses to open-questions-based tasks:
happy and sad memory recall and picture-based task.

4.2.1 Happy and SadMemory Recall

From the thematic analysis, six main themes emerged for
the happy memory recall task (in descending order from the
most frequent theme to the least spoken, see Fig. 5a): fun
activities, accomplishments, experiences with friends, expe-
riences with family, did not disclose and shopping and gifts.
For example, in the theme of experiences with friends, one
child had reported, "Having a water fight was so much fun,
splashing with my friends, I quite liked it a lot". While con-
sidering the theme of accomplishments, one of the children
reported, "I scored a goal at football and made some really
great saves." 6 out of 41 children did not report any happy
memory and answered with, "Well, I am not sure" or "I don’t
really know." Fig. 5b also shows the themes that emerged
from the responses of children to the sad memory recall
task (in descending order of their occurrence): experiences
at school, fighting with friends, nothing sad has happened,
fighting with family, being bullied, duties and responsibili-
ties, missing someone, feeling unwell and did not disclose.
For example, in the theme of experiences at school, one of the
children had reported, "Well there is someone at my school
who is really mean to my friends and me, and then this week,
she said something reallymean to this girl".Within the theme
of duties and responsibilities, one of the children reported
that "I had to wake up at 4 in the morning." Children (8
out of 41) also responded with "Nothing bad has happened
recently" or "No, I don’t think anything bad happened." 4 out
of 41 children did not report any sad memory and responded
with silence or sounds like "Mmm, ehm". The responses to
the children provide us with insight into wellbeing concerns
episodes that the children might like to share with the robot.
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Fig. 6 Check scores computed from the verbal responses of children
in the picture-based task. The score was inspired from the CAT manual
scoring scheme. *p < 0.05 corrected

4.2.2 Picture-Based Task

We conducted Friedman tests to compare the picture-based
task score (named Check Score) between tertiles and pic-
tures. We did not find a statistically significant difference
within pictures between the three tertiles. However, Fried-
man’s test indicated statistically significant difference for
the low tertile (χ2(2) = 13, p = 0.002) and the med ter-
tile (χ2(2) = 9.77, p = 0.007) between pictures. Post-hoc
Tukey Kramer tests have indicated that the Check Score in
Picture 2 was significantly higher than in Picture 1 (p =
0.002) and Picture 3 (p = 0.030) for the low tertile. Post-
hoc Tukey Kramer tests showed similar results for the med
tertile: the Check Score in Picture 2 was significantly higher
than in Picture 1 (p = 0.010) and Picture 3 (p = 0.030).
Overall, our results showed that the Check Score in Picture
2 was significantly higher than in the other two pictures for
the low and med tertiles.

We conducted the same analysis to compare the Check
Score between tertiles and the three pictures for girls and
boys (see Fig. 6b). We did not find any significant differ-
ence between the tertiles within the pictures. We compared
the Check Score between pictures for girls, Kruskal Wallis
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H tests indicated statistically significant differences between
the med tertile (χ2(2) = 6.25, p = 0.044) and the high
tertile (χ2(2) = 6.78, p = 0.034). During the post hoc anal-
ysis, there was no statistically significant difference between
pictures for tertiles for girls. We conducted the same Fried-
man’s test for boys and the results indicated statistically
significant differences for the low tertile between the pic-
tures (χ2(2) = 7.81, p = 0.020). Post-hoc Tukey Kramer
test has indicated that the Check Score in Picture 1 was sig-
nificantly lower than in Picture 2 (p = 0.030) for the low
tertile. We also compared the Check Score between girls and
boys across all the pictures and across all the tertiles, and we
did not find any statistically significant difference.

To sum up, our results showed that for boys in the low
tertile the Check Score in Picture 2 was significantly higher
than in Picture 1.

4.3 Visual Results

This section reports the findings obtained from the analysis
of the video collected during all the tasks (i.e., happy and sad
memory recall, SMFQ, picture-based task, and RCADS).

To analyse the results of the happy and sad memory recall
task, we decided to split the task into happy memory and sad
memory recalls to better understand children’s behaviour.
Note that all the post-hoc Tukey Kramer tests have been
reported in the Appendix Material.

For the happy memory recall task, we conducted Kruskal
Wallis H tests to compare differences in the facial AU
intensities and AU occurrence rates between the three ter-
tiles that showed no statistically significant difference. For
the sad memory recall task, Kruskal Wallis H test indi-
cated statistically significant difference for AU6 (χ2(2) =
8.73, p = 0.013) and AU12 intensities (χ2(2) = 6.53, p =
0.038). Analogously, Kruskal Wallis H tests indicated sta-
tistically significant difference for AU6 occurrence rate
(χ2(2) = 10.051, p = 0.007), AU9 occurrence rate
(χ2(2) = 6.272, p = 0.043), AU10 occurrence rate
(χ2(2) = 12.44, p = 0.002) and AU12 occurrence rate
(χ2(2) = 8.47, p = 0.014).

To sum up, our results showed that for the sad memory
recall, the cheek raiser (AU6), lip corner puller (A12) were
significantly more intense and frequent in the high tertile
than in the med tertile and also the upper lip raiser (A10) was
significantly more frequent in the high tertile than in the low
and med tertiles.

Then, we conducted Wilcoxon signed rank to compare
AU intensities between happy and sad memory recall and
the results showed that: (i) for the low tertile, AU20 inten-
sity was significantly higher in the sad memory than in the
happy memory recall (W = 115, p = 0.045); (ii) for the
med tertileAU6,A12 andAU25 intensitieswere significantly
higher in the happy memory than in the sad memory recall

(AU6: W = 77, p = 0.003; AU12: W = 78, p = 0.001;
AU25: W = 63, p = 0.010); and (iii) for the high tertile,
AU25 intensitywas significantly higher in the happymemory
recall than in the sad memory recall (W = 63, p = 0.010).
Wilcoxon signed rank tests for AU occurrence rates between
happy and sad memory recall showed that: (i) for the low
tertile, AU10 occurrence rate was significantly higher in the
happy memory than in the sad memory recall (W = 58, p =
0.048); (ii) for the med tertile, AU6 and AU12 occurrence
rates were significantly higher in the happy memory than in
the sad memory recall (AU6: W = 43, p = 0.035; AU12:
W = 52, p = 0.030); and (iii) for the high tertile, AU12
occurrence rate was significantly higher in the happy mem-
ory than in the sad memory recall (W = 60, p = 0.029).

To sum up, our results showed that: (i) children in the
low tertile performing the happy memory recall task showed
significantly more intense lip stretcher (AU20) and more fre-
quent upper lip raiser (AU10) than in the sad memory recall
task; (ii) children in the med tertile performing the happy
memory recall task showed significantly more intense cheek
raiser (AU6), lip corner puller (A12) and lips part (AU25) and
more frequent cheek raiser (AU6), lip corner puller (A12)
than in the sad memory recall task; and (iii) children in the
high tertile performing the happy memory task showed sig-
nificantly more intense lips part (AU25) and more frequent
lip corner puller (A12) than in the sad memory recall task.

We have also investigated how gender affects children’s
display of facial expressions across the three tertiles (see
FigS.7 and 8) during the happy and sad memory recall task.
For girls performing the happy memory recall task, Kruskal
Wallis H tests indicated statistically significant differences
for (see Fig. 7): AU1 intensity (χ2(2) = 8.75, p = 0.012),
AU2 intensity (χ2(2) = 11.22, p = 0.003), AU4 intensity
(χ2(2) = 6.56, p = 0.038), and AU5 intensity (χ2(2) =
7.81, p = 0.02).However, the effect sizes of the tests related
to the AU1 intensity were small (<0.2 [61]). There was no
statistically significant difference across theAU’s occurrence
rates between the tertiles for girls during the happy memory
recall task.

For boys, there was no statistically significant difference
across the AU’s intensities between the tertiles during the
happy memory recall task. However, Kruskal Wallis H tests
indicated statistically significant differences for (see Fig. 8f)
AU12 occurrence rate (χ2(2) = 7.67, p = 0.020).

We conducted Wilcoxon rank sum tests to compare facial
expressions for happy memory recall task between boys and
girls and our results showed statistically significant differ-
ences: (i) for the low tertile, AU1 intensity was significantly
higher in boys than girls (W = 33, p = 0.001), AU2 inten-
sity was significantly higher in boys than girls (W = 34, p =
0.015), AU4 intensity was significantly higher in boys than
girls(W = 35, p = 0.024); and (ii) for the med tertile,
AU14 intensity was significantly higher in girls than boys
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(W = 68, p = 0.014). The same tests conducted for the
AUs’ occurrences rates showed that: (i) for the low tertile,
AU4 occurrence rate was significantly higher in boys than
girls (W = 34, p = 0.016), AU12 occurrence rate was sig-
nificantly higher in girls than boys (W = 67, p = 0.025); (ii)
for the med tertile, AU14 occurrence rate was significantly
higher in girls than boys (W = 67, p = 0.025); and (iii)

for the high tertile, AU45 occurrence rate was significantly
higher in girls than boys (W = 39, p = 0.048).

To sumup, our results showed that in performing thehappy
memory recall task girls displayed a more intense inner brow
raiser (AU1) in the med tertile than in the low tertile, a more
intense outer brow raiser (AU2) in the high and med tertiles
than in the low tertile, and a more intense upper lid raiser
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(AU5) in the low tertile than in the high tertile. While, our
results showed that in performing the happy memory recall
task boys displayed a more frequent lip corner puller (AU12)
in the high tertile than in the med tertile. When comparing
the facial expressions between boys and girls, our results
showed that: (i) for the low tertile, boys displayed more
intense inner brow raiser (AU1), outer brow raiser (AU2),
and brow lowerer (AU4) and more frequent brow lowerer
(AU4) than girls, while girls displayed a more frequent lip
corner puller (AU12) than boys; (ii) for the med tertile, girls
displayed more intense and frequent dimpler (AU14) than
boys; and (iii) for the high tertile, girls displayed more fre-
quent blink (AU45) than boys.

For girls performing the sad memory recall task (see
Fig. 7), Kruskal Wallis H tests indicated statistically signif-
icant differences for: AU4 intensity (χ2(2) = 6.18, p =
0.040), AU5 intensity (χ2(2) = 6.34, p = 0.040), AU6
intensity (χ2(2) = 6.97, p = 0.030). We also conducted
Kruskal Wallis H tests for AU occurrence rates. Our results
showed statistically significant differences for: AU6 occur-
rence rate (χ2(2) = 10.46, p = 0.005), AU7 occurrence
rate (χ2(2) = 8.82, p = 0.012) and AU9 occurrence rate
(χ2(2) = 9.01, p = 0.011).

For boys performing the sad memory recall task, Kruskal
Wallis H tests indicated statistically significant differences
for: AU6 occurrence rate (χ2(2) = 6.09, p = 0.048), AU10
occurrence rate (χ2(2) = 6.24, p = 0.044) andAU25occur-
rence rate (χ2(2) = 7.05, p = 0.029). We also conducted
Wilcoxon rank sum tests to compare facial expression inten-
sity for the sad memory recall task between boys and girls
and our results showed statistically significant differences for
the low tertile, AU4 intensity was significantly higher in boys
than girls (W = 30, p = 0.002), AU7 intensity was signif-
icantly higher for boys than girls (W = 35, p = 0.024),
and AU20 intensity was significantly higher for boys than
girls (W = 36, p = 0.035). We conducted the same tests for
facial expression occurrence rates, and our results showed
that: (i) for the low tertile, AU4 occurrence rate was signifi-
cantly higher for boys than girls (W = 36, p = 0.034), AU9
occurrence rate was significantly higher for boys than girls
(W = 66, p = 0.024), AU15 occurrence rate was signifi-
cantly higher in boys than girls (W = 36, p = 0.035); (ii)
for the med tertile, AU7 occurrence rate was significantly
higher in boys than girls (W = 30, p = 0.014), AU14
occurrence rate was significantly higher in girls than boys
(W = 66, p = 0.042), AU25 occurrence rate was signifi-
cantly higher in girls than boys (W = 68, p = 0.014) and
AU26 occurrence rate was significantly higher in boys than
girls (W = 67, p = 0.025).

To sum up, our results showed that in performing the sad
memory recall task girls displayed a more intense brow low-
erer (AU4) in the high tertile than in the low tertile, a more
intense upper lid raiser (AU5) in the med tertile than in the

high tertile, a more intense and frequent cheek raiser (AU6)
in the high tertile than in the low tertile, a more frequent lid
tightener (AU7) in the high tertile than in the low and med
tertiles, and a more frequent nose wrinkle (AU9) in the high
tertile than in the low tertile. While our results showed that
in performing the sad memory recall task boys displayed a
more frequent upper lip raiser (AU10) in the high tertile than
in the med tertile and a more frequent lips part (AU25) in the
low tertile than in the med tertile. When comparing the facial
expressions between boys and girls, our results showed that:
(i) for the low tertile, boys displayed more intense brow low-
erer (AU4), lid tightener (AU7) and lip stretcher (AU20); and
more frequent brow lowerer (AU4), nosewrinkler (AU9), and
lip corner depressor (AU15) than girls; (ii) for the med ter-
tile, girls displayed more frequent dimpler (AU14), lips part
(AU25), and jaw drop (AU26) and less frequent lid tightener
(AU7) than boys.

We also conducted Wilcoxon signed rank tests to com-
pare AU intensities and occurrence rates between happy
and sad memory recall tasks in boys and girls. Our result,
while investigating the video features of girls, showed only
a statistically significant difference for AU7 occurrence rate
(W = 28, p = 0.047) that was higher in the happy memory
than in the sad memory for the low tertile and AU12 occur-
rence rate (W = 28, p = 0.047) that was higher in the happy
memory than in the sad memory for the med tertile. There
was no statistically significant difference found when com-
paring AU intensities and occurrence rates between happy
memory and sad memory recall tasks for boys.

To sum up, our results showed that girls displayed more
frequent lid tightener (AU7) and lip corner puller (AU12) in
the happy memory than in the sad memory tasks.

4.3.1 SMFQ

We conducted Kruskal Wallis H tests and we did not find
any statistical differences in the AU intensities and the AU
occurrence rates between the three tertiles for the overall
population during the SMFQ task. We conducted Kruskal
Wallis H tests to check if and how gender affects chil-
dren’s display of facial expressions across the three tertiles
during SMFQ task. For girls, the results indicated statis-
tically significant differences (Fig. 9) for: AU4 occurrence
rate (χ2(2) = 6.84, p = 0.033) and AU9 occurrence rate
(χ2(2) = 6.163, p = 0.046). For boys,KruskalWallisH test
indicated statistically significant difference forAU1 intensity
(χ2(2) = 7.69, p = 0.020) across the three tertiles. How-
ever, post-hoc analysis revealed no statistically significant
difference for boys in AU1 intensity.

We conducted Wilcoxon rank sum tests to compare facial
expressions for SMFQ task between boys and girls and our
results showed statistically significant differences: (i) for the
low tertile, AU1 intensity was significantly higher in boys
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Fig. 9 Intensities and
occurrence rates were computed
for seventeen AUs during the
SMFQ task and compared
across the three tertiles for girls
vs boys (G = girls, B = boys).
*p < 0.05 corrected
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than girls (W = 33, p = 0.010), AU4 intensity was sig-
nificantly higher in boys than girls (W = 32, p = 0.006),
and AU4 occurrence rate was significantly higher for boys
than girls (W = 32, p = 0.006); (ii) for the high tertile,
AU5 intensity was significantly higher in girls than boys
(W = 40, p = 0.024).

To sum up, our results showed that, in SMFQ task, girls in
the med tertile displayed a more intense brow lowerer (AU4)
than girls in the low tertile. In comparing facial expressions
between boys and girls, our results showed that: (i) for the
low tertile, boys displayed more intense inner brow raiser
(AU1) and more intense and frequent brow lowerer (AU4)
than girls; and (ii) for the high tertile, girls displayed more
intense upper lid raiser (AU5) than boys.

4.3.2 Picture-Based Task

We conducted statistical analysis to investigate differences in
facial expressions between children of different tertiles dur-
ing the picture-based task for all the pictures. For Picture 1,
KruskalWallis H test indicated statistically significant differ-
ences for AU15 occurrence rate (χ2(2) = 7.06, p = 0.029).
For Picture 2, Kruskal Wallis H tests indicated statistically
significant difference for AU25 intensity (χ2(2) = 7.1, p =
0.030),AU26 intensity (χ2(2) = 6.1, p = 0.047), andAU26
occurrence rate (χ2(2) = 7.24, p = 0.027). For Picture 3,
no statistically significant difference was found between the
tertiles.

WeconductedFriedman tests to compare the facial expres-
sions between pictures for all the tertiles. For the low
tertile, the results indicated statistically significant differ-

ences for: AU4 intensity (χ2(2) = 9.37, p = 0.009),
AU7 intensity (χ2(2) = 6.5, p = 0.040), AU25 inten-
sity (χ2(2) = 7.87, p = 0.019), AU23 occurrence rate
(χ2(2) = 11.38, p = 0.003) and AU25 occurrence rate
(χ2(2) = 7.12, p = 0.028). For the med tertile, Fried-
man’s test indicated statistically significant differences for
AU6 intensity ((χ2(2) = 6.5, p = 0.038). For the high
tertile, Friedman’s test indicated statistically significant dif-
ference for AU5 intensity (χ2(2) = 7.8, p = 0.020), AU25
intensity (χ2(2) = 15.27, p = 0.000), AU25 occurrence
rate (χ2(2) = 6.72, p = 0.035) and AU7 occurrence rate
(χ2(2) = 6.84, p = 0.033). Even if we found statistically
significant differences between pictures, the effect sizes cor-
responding to the tests related to AU4, AU7, and AU6 were
small (<0.2 [61]).

To sum up, our results showed that in the picture-based
task: (i) for Picture 1, children displayed more frequent lip
corner depressor (AU15) in the med tertile than in the low
tertile; (ii) for Picture 2, children in the med tertile displayed
more intense lips part (AU25) and jaw drop (AU26) than in
the low tertile, and more frequent jaw drop (AU26) than in
the low tertile. When comparing across pictures, our results
showed that: (i) for the low tertile, Picture 2 have elicited
more frequent lip tighterner (AU23) and less intense and less
frequent lips part (AU25) than Picture 1; and (ii) for the high
tertile, children displayed less intense and less frequent lips
part (AU25) in Picture 3 than in Picture 1.

We conducted Kruskal Wallis H tests to check if and
how gender affects children’s display of facial expressions
across the three tertiles during picture-based task (Figs. 10
and 11). For girls, Kruskal Wallis H test indicated statis-
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Fig. 10 Intensities were computed for seventeen AUs during the picture task and compared across the three tertiles for girls vs boys. Only AUs
that showed statistically significant differences are shown in the figure (L = low tertile, M = med tertile, H = high tertile) *p < 0.05 corrected

tically significant difference for AU1 intensity (χ2(2) =
7.52, p = 0.023) and AU2 intensity (χ2(2) = 6.91, p =
0.032) in Picture 1. In Picture 2, Kruskal Wallis H tests
indicated statistically significant difference for: AU2 occur-
rence rate (χ2(2) = 6.43, p = 0.040), AU6 occurrence
rate (χ2(2) = 6.92, p = 0.031), AU25 occurrence rate
(χ2(2) = 6.65, p = 0.036) and AU26 occurrence rate
(χ2(2) = 7.78, p = 0.020). In Picture 3, Kruskal Wallis
H tests indicated statistically significant difference for AU26
intensity (χ2(2) = 7.66, p = 0.022) and AU25 occurrence
rate (χ2(2) = 6.05, p = 0.048).

We conducted Friedman’s test to compare girls’ facial
expressions between pictures across the three tertiles. For
the low tertile, our results indicated statistically significant
difference for: AU7 intensity (χ2(2) = 8, p = 0.018),
AU26 intensity (χ2(2) = 6.0, p = 0.049), AU23 occur-
rence rate (χ2(2) = 6.0, p = 0.049) and AU25 occurrence
rate (χ2(2) = 7.142, p = 0.028). For the med tertile, Fried-
man’s test indicated statistically significant differences for
AU4 intensity (χ2(2) = 6.0, p = 0.049), AU2 occurrence
rate (χ2(2) = 6.0, p = 0.049). For the high tertile, there
was no statistically significant difference found between the
pictures for girls.

For boys in Picture 1, there was no statistically signif-
icant difference found between the tertiles. In Picture 2,
Kruskal Wallis H tests indicated statistically significant dif-
ferences for: AU14 intensity (χ2(2) = 9.82, p = 0.007)

and AU14 occurrence rate (χ2(2) = 7.96, p = 0.019).
We conducted Friedman’s test to compare the boys’ facial
expressions between picture across tertiles. For the low ter-
tile, the results indicated statistically significant differences
AU4 intensity (χ2(2) = 6.0, p = 0.049). For themed tertile,
Friedman’s test indicated statistically significant difference
for: AU10 intensity (χ2(2) = 6.33, p = 0.042) and AU23
intensity (χ2(2) = 6.33, p = 0.042). For the high tertile,
Friedman’s test indicated statistically significant difference
for: AU25 intensity (χ2(2) = 8.4, p = 0.015), AU5 occur-
rence rate (χ2(2) = 7.6, p = 0.022) and AU7 occurrence
rate (χ2(2) = 7.89, p = 0.019).

We conducted Wilcoxon rank sum tests to compare facial
expressions for picture-task between boys and girls and
our results showed statistically significant difference: (i)
for the low tertile, in Picture 1, AU1 intensity was signif-
icantly higher in boys than girls (W = 35, p = 0.023),
AU4 intensity was significantly higher in boys than girls
(W = 34, p = 0.016), AU4 occurrence rate was signif-
icantly higher in boys than girls (W = 34, p = 0.016);
in Picture 2, AU4 intensity was significantly higher in boys
than girls (W = 44, p = 0.035), AU6 intensity was sig-
nificantly higher in boys than girls (W = 66, p = 0.035),
AU10 intensity was significantly higher in boys than girls
(W = 77, p = 0.048); (ii) for the med tertile, in Picture 1,
AU14 occurrence rate was significantly higher in boys than
girls (W = 68, p = 0.014); in Picture 2, AU14 intensity was
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Fig. 11 Occurrence rates were computed for seventeen AUs during the picture task and compared across the three tertiles for girls vERSUs boys.
Only AUs that showed statistically significant differences are shown in the figure (L = low tertile, M = med tertile, H = high tertile) *p < 0.05
corrected

significantly higher in girl than boys (W = 69, p = 0.007),
AU14 occurrence rate was significantly higher in girl than
boys (W = 70, p = 0.003).

To sum up, our results showed that: girls belonging to the
med tertile displayed higher intensity of inner brow raiser
(AU1) as compared to the low tertile in Picture 1. In Picture
2, girls belonging to the high tertile displayed more frequent
outer brow raiser (AU2) as compared to the med tertile, more
frequent cheek raiser (AU6) as compared to the low tertile.
Moreover, girls in themed tertile displayedmore frequent lips
part (AU25) and jaw drop (AU26) as compared to the low
tertile. Finally, girls in the high tertile displayed more intense
jaw drop (AU26) as compared to the low tertile. While con-
sidering boys, the med tertile displayed less intense and less
frequent dimpler (AU14) as compared with low tertile and
high tertile for Picture 2. When comparing the facial expres-
sions between boys and girls, our results showed that: (i) for

the low tertile, boys displayed more intense inner brow raiser
(AU1) and more intense and frequent brow lowerer (AU4)
than girls in Picture 1; in Picture 2, boys displayed signifi-
cantlymore intense brow lowerer (AU4), cheek raiser (AU6),
and upper lip raiser (AU10) than girls; and (ii) for themed ter-
tile, in Picture 1, girls displayed significantly more frequent
dimpler (AU14) than boys; in Picture 2, girls displayed more
intense and frequent dimpler (AU14) than boys.

4.3.3 RCADS

We conducted Kruskal Wallis H tests to investigate differ-
ences across tertiles of children’s facial expressions during
the RCADS task. The results indicated statistically sig-
nificant difference between the tertiles for: AU2 intensity
(χ2(2) = 7.4, p = 0.025) and AU26 occurrence rate
(χ2(2) = 6.93, p = 0.031).

123



International Journal of Social Robotics (2024) 16:999–1046 1017

To sum up, our results showed that, in the RCADS task,
children displayed more intense outer brow raiser (AU2) in
the med tertile than in the low tertile.

We conducted Kruskal Wallis H tests to check if and how
gender affects children’s display of facial expressions across
the three tertiles during the RCADS task (Fig. 12). For girls,
Kruskal Wallis H tests indicated statistically significant dif-
ferences between the tertiles for AU14 intensity (χ2(2) =
7.71, p = 0.021), AU26 intensity (χ2(2) = 7.62, p =
0.022), AU4 occurrence rate (χ2(2) = 7.93, p = 0.019),
AU25 occurrence rate (χ2(2) = 9.49, p = 0.009) andAU26
occurrence rate (χ2(2) = 6.33, p = 0.042). For boys, there
was no statistically significant difference found between the
tertiles across AU intensities and occurrences.

We compared the children’s facial expressions between
girls and boys within tertiles during RCADS task. Wilcoxon
rank sum tests indicated statistically significant difference: (i)
for the low tertile, AU4 intensity was significantly higher in
boys than girls (W = 36, p = 0.035) and AU4 occurrence
was significantly higher in girls than boys (W = 36, p =
0.035).; (ii) for the high tertile, AU20 intensity was signifi-
cantly higher in boys than girls (W = 15, p = 0.024).

To sum up, our results showed that girls in the med tertile
displayedmore intense dimpler (AU14) and jawdrop (AU26)
than in the low tertile, and more frequent lips part (AU25)
and jaw drop (AU26). When comparing boys and girls, our
results showed that: (i) for the low tertile, boys displayed
more intense brow lowerer (AU4); and (ii) for the high tertile,
boys displayedmore intense lips stretched (AU20), andmore
frequent brow lowerer (AU4) than girls.

4.4 Auditory Results

Analogously, this section reports the findings obtained from
the analysis of the audio collected during all the tasks (i.e.,
happy and sad memory recall, SMFQ, picture-based task,
and RCADS).

4.4.1 Happy and SadMemory Recall

For the happy memory recall task, we conducted Kruskal
Wallis H tests to compare differences of auditory features
between the three tertiles that showed (see Fig. 13) statisti-
cally significant difference for: spectral kurtosis (Fig. 13g)
(χ2(2) = 5.99, p = 0.049), pitch (Fig. 13l) (χ2(2) =
7.85, p = 0.020), and harmonic ratio (Fig. 13m) (χ2(2) =
6.18, p = 0.045). However, there was no statistically sig-
nificant difference after correction for the post-hoc analysis
between the tertiles for spectral kurtosis. Post-hoc Tukey
Kramer tests showed that: the pitch was significantly higher
in the high tertile than in the low tertile (p = 0.020), and
the harmonic ratio was significantly higher in the high tertile
than in the low tertile (p = 0.048).

For the sad memory recall task, Kruskal Wallis H tests
have indicated statistically significant difference between
the three tertiles for: spectral centroid (Fig. 13a) (χ2(2) =
7.25, p = 0.026), spectral decrease (Fig. 13b) (χ2(2) =
11.18, p = 0.004), spectral roll-off (Fig. 13h) (χ2(2) =
7.054, p = 0.029), and pitch (Fig. 13l) (χ2(2) = 10.85, p =
0.004). Post-hoc Tukey Kramer test showed that: the spec-
tral centroid was significantly higher in the high tertile than
in the low tertile (p = 0.048), the spectral decrease was
significantly higher in the low tertile than in the med tertile
(p = 0.003), the pitch was significantly lower in the low
tertile than in the med tertile (p = 0.021) and the high tertile
(p = 0.01). There was no statistically significant difference
after correction for the post-hoc analysis between the tertiles
for spectral roll-off.

We conducted Wilcoxon sign rank test for comparing the
audio features in the happy memory and the sad memory
recall task. The results have indicated that the spectral flatness
was significantly higher in the happy memory recall than in
the sad memory recall (Fig. 13e) for the low tertile (Z =
2.43, p = 0.043).

To investigate if gender affects audio features across the
three tertiles, we compared the audio features between girls
and boys for the happy and sad memory recall task. For girls
in the happymemory recall, a KruskalWallis H test indicated
statistically significant difference between the three tertiles
for spectral skewness (Fig. 14p) (χ2(2) = 7.26, p = 0.026).
Post-hoc Tukey Kramer test showed that the spectral skew-
ness was significantly higher in the high tertile than in the
med tertile (p = 0.030). For boys in the happy memory
recall task, there was no statistically significant difference
for the audio features. For girls in the sad memory recall
task, a Kruskal Wallis H test indicated statistically signifi-
cant difference for pitch (Fig. 14w) between the three tertiles
(χ2(2) = 6.45, p = 0.039). However, there was no statis-
tically significant difference found after correction for the
post-hoc analysis. For boys, again, there was no statistically
significant difference for the audio features in the sad mem-
ory recall task. When comparing the happy and sad memory
recall tasks, there was also no statistically significant differ-
ence for the audio features for both girls and boys. When
comparing the audio features between girls and boys, no sta-
tistically significant differences were found for the happy
memory recall task. However, a Wilcoxon rank sum test
indicated that for the med tertile, the pitch (Fig. 14w) was
significantly higher in girls than boys (W = 68, p = 0.014)
for sad memory recall.

To sum up, our results showed that for the happy memory
recall task, the spectral skewness was significantly higher in
the high tertile than in the med tertile. When comparing boys
and girls, the pitch of girls in the sad memory recall task was
significantly higher than in boys belonging to the med tertile.
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Fig. 13 Thirteen audio features were extracted during both happy and sad memory recall and compared across the three tertiles for the overall
population. *p < 0.05 corrected

4.4.2 SMFQ

We compared the audio features between the three tertiles
during the SMFQ task (see Fig. 15). Kruskal Wallis H tests
indicated statistically significant difference between the three
tertiles for: spectral centroid (Fig. 15a) (χ2(2) = 11.09, p =
0.004), spectral decrease (Fig. 15c) (χ2(2) = 10.69, p =
0.005), spectral entropy (Fig. 15d) (χ2(2) = 6.35, p =
0.042), spectral flatness (Fig. 15e) (χ2(2) = 8.94, p =
0.011), spectral kurtosis (Fig. 15g) (χ2(2) = 7.62, p =
0.020), spectral roll-off (Fig. 15h) (χ2(2) = 11.81, p =
0.002), spectral skewness (Fig. 15i) (χ2(2) = 6.01, p =

0.049), spectral spread (Fig. 15k) (χ2(2) = 9.33, p =
0.009), and pitch (Fig. 15l) (χ2(2) = 10.55, p = 0.005).

Post-hoc Tukey Kramer tests showed that: the spectral
centroid was significantly lower in the low tertile than in the
med tertile (p = 0.040) and in the high tertile (p = 0.006),
the spectral decrease was significantly higher in the low ter-
tile than in the med tertile (p = 0.040) and the high tertile
(p = 0.006), the spectral flatness was significantly higher
in the high tertile than in the low tertile (p = 0.008), the
spectral kurtosis was significantly higher in the high tertile
than in the med tertile (p = 0.037), the spectral roll-off was
significantly lower in the low tertile than in the med tertile
(p = 0.037) and in the high tertile (p = 0.003), the spectral
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Fig. 15 Thirteen audio features were extracted during the robot-administered SMFQ task and compared across the three tertiles for the overall
population. *p < 0.05 corrected

skewnesswas significantly higher in the low tertile than in the
med tertile (p = 0.040), the spectral spreadwas significantly
higher in the high tertile than in the low tertile (p = 0.006),
the pitch was significantly higher in the high tertile than in
the low tertile (p = 0.004). There was no statistically signif-
icant difference for spectral entropy after the post-hoc tests
between the tertiles.

To sum up, our results showed that children during the
SMFQ task showed significantly: higher spectral centroid in
the high tertile and med tertile than in the low tertile, higher
spectral decrease in the low tertile than in the med and high
tertiles, higher spectral flatness in the high tertile than in the
low tertile, higher spectral kurtosis in the high tertile than in
the med tertile, higher spectral roll-off in the med and high
tertiles than in the low tertile, higher spectral spread in the
high tertile than in the low tertile, and higher pitch in the high
tertile than in the low tertile.

To investigate if gender affects audio features across the
three tertiles, we compared them between girls and boys for
the SMFQ task. For girls, Kruskal Wallis H tests indicated

statistically significant differences between tertiles for: spec-
tral centroid (Fig. 16a) (χ2(2) = 7.84, p = 0.020), spectral
decrease (Fig. 16c) (χ2(2) = 8.05, p = 0.018), spectral
entropy (Fig. 16d) (χ2(2) = 6.17, p = 0.045), spectral flat-
ness (Fig. 16e) (χ2(2) = 6.417, p = 0.040), spectral roll-off
(Fig. 16h) (χ2(2) = 7.85, p = 0.020), spectral skewness
(Fig. 16i) (χ2(2) = 8.45, p = 0.014), spectral spread (Fig.
16k) (χ2(2) = 7.00, p = 0.030), and pitch (Fig. 16l)
(χ2(2) = 7.49, p = 0.024). Post hoc Tukey Kramer tests
showed that: the spectral centroid was significantly higher
in the med tertile than in the low tertile (p = 0.018), the
spectral decrease was significantly higher in the low tertile
than in the med tertile (p = 0.013), the spectral entropy was
significantly higher in the med tertile than in the low tertile
(p = 0.044), the spectral flatness was significantly higher
in the med tertile than in the low tertile (p = 0.031), the
spectral roll-off was significantly higher in the med tertile
than in the low tertile (p = 0.010), the spectral skewness
was significantly higher in the low tertile than in the med ter-
tile (p = 0.030), the spectral spread was significantly higher
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Fig. 16 Thirteen audio features were extracted during the robot-administered SMFQ task and compared across the three tertiles and segregated
according to gender (girls = 21, boys = 20). *p < 0.05 corrected

in the med tertile than in the low tertile (p = 0.020), and
the pitch was significantly higher in the med tertile than in
the low tertile (p = 0.020). For boys, there were no audio
features that were statistically different between the three
tertiles. When comparing girls and boys, a Wilcoxon rank
sum test indicated that for the med tertile, the spectral flat-
ness (Fig. 16e) was significantly higher in girls than boys
(W = 93, p = 0.035).

To sum up, our results showed that girls performing the
SMFQ task displayed significantly: higher spectral centroid,
spectral entropy, spectral flatness, spectral roll-off, spectral
spread and pitch in the med tertile than in the low tertile,
higher spectral decrease and spectral skewness in the low
tertile than in the med tertile. Our findings also showed that
girls have significantly higher spectral flatness than boys.

4.4.3 Picture-Based Task

We compared the audio features between the three tertiles
during the picture-based task (see Fig. 17). For Picture 1,
Kruskal Wallis H tests indicated statistically significant dif-
ferences for spectral kurtosis (χ2(2) = 15.25, p = 0.000)
and spectral skewness (χ2(2) = 8.17, p = 0.017). Post-
hoc Tukey Kramer tests showed that: the spectral kurtosis
was significantly higher in the high tertile than in the low
tertile (p = 0.010) and the med tertile (p = 0.000), the
spectral skewness was significantly higher in the high ter-
tile than in the med tertile (p = 0.010). For Picture 2,
Kruskal Wallis H tests indicated statistically significant dif-
ferences for spectral kurtosis (χ2(2) = 7.37, p = 0.025)
and spectral skewness (χ2(2) = 6.641, p = 0.030). Post-
hoc Tukey Kramer tests showed that the spectral kurtosis
was significantly higher in the high tertile than in the low
tertile (p = 0.040), and the spectral skewness was sig-
nificantly higher in the high tertile than in the med tertile
(p = 0.030). For Picture 3, Kruskal Wallis H tests indi-
cated statistically significant differences for spectral kurtosis
(χ2(2) = 7.16, p = 0.029). Post-hoc Tukey Kramer test

showed that the spectral kurtosis was significantly higher in
the high tertile than in the med tertile (p = 0.030). We then
conducted Friedman tests to compare audio features between
pictures. The results indicated statistically significant differ-
ences for spectral decrease (χ2(2) = 6.5, p = 0.040) and
spectral roll-off (χ2(2) = 7.13, p = 0.030) for the low ter-
tile. Post-hoc Tukey Kramer tests showed that the spectral
decrease was significantly higher in Picture 2 than in Pic-
ture 1 (p = 0.036) and the spectral roll-off was significantly
higher in Picture 3 than in Picture 2 (p = 0.022). However,
the effect sizes of the tests related to the spectral decrease
and spectral roll-off were small (<0.2 [61]). There was no
statistically significant difference found between the three
pictures for the med and high tertiles.

To sum up, our results showed that in the picture-based
task: the spectral kurtosis was significantly higher in the high
tertile than in the med and low tertiles in Picture 1, than low
tertile in Picture 2, and than med tertile in Picture 3, the
spectral skewness was higher in the high tertile than in the
med tertile in both Picture 1 and 2 (Fig. 18).

We have also investigated the effect of gender on audio
features during the picture-based task. For girls in Picture 1,
Kruskal Wallis H tests indicated statistically significant dif-
ferences across the three tertiles for spectral flux (χ2(2) =
6.65, p = 0.030), spectral kurtosis (χ2(2) = 7.6, p =
0.020) and spectral skewness (χ2(2) = 9.01, p = 0.010).
Post-hoc Tukey Kramer tests showed that: the spectral flux
was significantly higher in the med tertile than in the low
tertile (p = 0.036), the spectral kurtosis was significantly
higher in the high tertile than in the med tertile (p = 0.017),
and the spectral skewness was significantly higher in the high
tertile than in the med tertile (p = 0.007).

For boys in Picture 1, Kruskal Wallis H test indicated a
statistically significant difference between the three tertiles
for spectral kurtosis (χ2(2) = 7.04, p = 0.030). Post-hoc
Tukey Kramer test showed that the spectral kurtosis was
significantly higher in the high tertile than in the med ter-
tile (p = 0.030). When comparing girls and boys in the
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Fig. 17 Thirteen audio features were extracted during the robot-administered picture task and compared across the three tertiles for the overall
population. *p < 0.05 corrected
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Fig. 18 Thirteen audio features were extracted during the robot-administered Picture 1 task and compared across the three tertiles for girls vs boys.
p < 0.05 corrected

med tertile, Wilcoxon signed rank tests indicated that the
spectral centroid was significantly higher in girls than boys
(W = 69, p = 0.007), the spectral roll-off was significantly
higher in girls than boys (W = 68, p = 0.013), and the
spectral skewness was significantly higher in boys than girls
(W = 30, p = 0.014). For boys and girls during Picture 2,
there were no statistically significant differences between the
three tertiles.

For girls during Picture 3, there was no statistically signif-
icant difference between the three tertiles. For boys during
Picture 3, Kruskal Wallis H tests indicated statistically sig-
nificant differences for spectral kurtosis (χ2(2) = 7.11, p =
0.030) and pitch (χ2(2) = 6.2, p = 0.04). Post-hoc Tukey
Kramer tests showed that the spectral kurtosis was sig-
nificantly lower in the med tertile than in the low tertile
(p = 0.042) and then the high tertile (p = 0.048), and
the pitch was significantly higher in the high tertile than in
the low tertile (p = 0.049) for pitch. However, the effect
sizes of the tests related to the spectral kurtosis were small
(<0.2 [61]). When comparing girls and boys, Wilcoxon
signed rank tests showed that the spectral centroid was sig-
nificantly higher in girls than boys(W = 68, p = 0.014), the
spectral roll-off was significantly higher in girls than boys

(W = 67, p = 0.024), the spectral skewness was signifi-
cantly higher in boys than girls (W = 32, p = 0.042), pitch
(W = 69, p = 0.007), and the harmonic ratio was signifi-
cantly higher girls than boys (W = 66, p = 0.042) for the
med tertile. When comparing between pictures for girls, we
conducted Friedman’s test to compare the pictures for girls
and the results indicated statistically significant differences
for med tertile for spectral crest (χ2(2) = 6, p = 0.049)
and spectral flux (χ2(2) = 6, p = 0.049). Post-hoc Tukey
Kramer tests showed that the spectral crest was significantly
higher for Picture 3 than Picture 1 (p = 0.043), and the spec-
tral flux was significantly higher in Picture 1 than in Picture 3
(p = 0.042). There were no statistically significant findings
between pictures for low tertile and high tertile for girls.

When comparing between pictures for boys for low tertile,
Friedman’s test indicated statistically significant differences
between spectral decrease (χ2(2) = 6.0, p = 0.049) and
spectral kurtosis ((χ2(2) = 6.2, p = 0.044). Post hoc Tukey
Kramer tests indicated that spectral kurtosis was statistically
significantly higher in Picture 3 as compared with Picture 2
(p = 0.048). However, the effects sizes of the tests related
to the spectral decrease were small (<0.2 [61]). There was
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no statistically significant difference found between pictures
for med tertile and high tertile in the case of boys (Fig. 19).

To sum up, our results showed that in Picture 1, girls dis-
played significantly higher spectral flux in the med tertile
than in the low tertile, higher spectral kurtosis in the high
tertile than in the med tertile, higher spectral skewness in the
high tertile than in the med tertile, while boys displayed sig-
nificantly higher spectral kurtosis in the high tertile than in
the med tertile. When comparing boys and girls for Picture
1, we found that girls in the med tertile displayed signifi-
cantly higher spectral roll-off, and special centroid than boys
and lower spectral skewness than boys. For Picture 3, boys
displayed significantly higher spectral kurtosis in the high
tertile than in the med tertile, and higher pitch in the high ter-
tile than in the low tertile. When comparing boys and girls in
Picture 3, we found that girls in the med tertile displayed sig-
nificantly higher spectral centroid, pitch, and spectral roll-off
than boys, while boys displayed significantly higher spectral
skewness than girls. While investigating the effect of the pic-
tures on the speech cues, we found that girls in themed tertile
have higher spectral crest for Picture 3 as compared with Pic-
ture 1 and higher spectral flux for Picture 1 as compared with
Picture 3 (Fig. 20).

4.4.4 RCADS

We conducted Kruskal Wallis H tests to investigate the
audio feature between tertile during the RCADS task. The
results indicated statistically significant differences for the
spectral centroid (χ2(2) = 7.03, p = 0.029) and pitch
(χ2(2) = 9.49, p = 0.009). Post-hoc Tukey Kramer tests
showed that the spectral centroid was significantly higher in
the high tertile than in the low tertile (p = 0.030) and the
pitch was significantly higher in the high tertile than in the
low tertile (p = 0.010).

To sumup, our results showed that in theRCADS task chil-
dren in the high tertile displayed significantly higher spectral
centroid an pitch than in the low tertile (Fig. 21).

We investigated if and how gender affects the audio fea-
tures between tertiles during the task RCADS. For girls,
Kruskal Wallis H tests indicated statistically significant dif-
ferences for spectral centroid (χ2(2) = 8.631, p = 0.013)
and pitch (χ2(2) = 8.09, p = 0.018). Post-hoc Tukey
Kramer tests showed that the spectral centroid was sig-
nificantly higher in the med tertile than in the low tertile
(p = 0.010), and the pitch was significantly higher in the
med tertile than in the low tertile (p = 0.020). There was no
statistically significant difference between the tertiles across
all the audio features for boys. There was also no statistically
significant difference in the audio features between girls and
boys.

To sum up, our results showed that girls performing the
RCADS displayed significantly higher spectral centroid and
pitch in the med tertile than in the low tertile.

5 Discussion

This section discusses the results from this study high-
lighting three main contributions as follows: (i) the results
of this additional study and the extensive analysis con-
ducted using multiple modalities support our earlier findings
reported in [18, 19] that modes of administration of question-
naires (self-report vs parent-report vs robot-administered)
and experiment stimuli affect the evaluation of wellbeing
in children, (ii) children’s verbal responses (obtained from
responses to the tasks) and non-verbal behaviour (computed
from the speech cues and facial cues) differ between varying
levels of mental wellbeing, and (iii) boys responded differ-
ently to the robot-assisted assessment as comparedwith girls.

5.1 Mode of Administration and Experimental
Stimuli Related Differences

Our results showed that the RCADS results conducted with
the whole population of 41 children support the prelimi-
nary results obtained in our previous study [18]. We found
that the robotised measurement is the most effective in
the identification of wellbeing-related concerns in children
than standardized modes of administration (self-report and
parent-report). We also found, as reported earlier in [18],
that the robotised measurement is followed by self-report
and then the parent-report modes. However, further research
is needed to determine whether/how this finding would be
affected when the standardised questionnaires and the robo-
tised assessments are administered at the same temporal
interval from the reference test (SFMQ).

Analogously, in this paper, we found that the scores of
the picture-based task corresponding to Picture 2 were sig-
nificantly higher than in the other pictures for the low and
med tertiles. These results are also in line with our previous
findings [19], where Picture 2 had been shown to elicit the
most negative responses. It is also interesting to note that
the observed trend shows the highest check score (scores
obtained from computing the frequency of occurrence of
the behavioural and personality attributes as described in the
CAT scoring scheme [16]) to always corresponds to the high
tertile across all the pictures. Higher check scores can have a
direct relation to higher overall CAT scores which is an indi-
cator of wellbeing-related concerns in children. The higher
the overall CAT score, the higher is the likelihood of the child
experiencing wellbeing-related concerns [16]. Since the par-
ticipants belonging to the high tertile are highly likely to
have wellbeing related concerns, their interpretation of the

123



International Journal of Social Robotics (2024) 16:999–1046 1023

400

600

800

1000

1200

low med high low med high

BoysGirls

180

200

220

240

low med high low med high

BoysGirls

0.08

0.1

0.12

0.14

0.16

0.18

low med high low med high

BoysGirls

0.32

0.34

0.36

0.38

0.4

0.42

0.44

low med high low med high

BoysGirls

0.5

1

1.5

2

10-3

low med high low med high

BoysGirls

0

1

2

3

10-3

low med high low med high

BoysGirls

200

400

600

800

low med high low med high

BoysGirls

1000

1500

2000

2500

3000

low med high low med high

BoysGirls

6

8

10

12

low med high low med high

BoysGirls

-5

-4

-3

-2

-1

0

10-9

low med high low med high

BoysGirls

600

700

800

900

1000

low med high low med high

BoysGirls

140

160

180

200

220

240

low med high low med high

BoysGirls

(a) Spectral Centroid (b) Spectral Crest (c) Spectral Decrease (d) Spectral Entropy (e) Spectral Flatness (f) Spectral Flux

(g) Spectral Kurtosis (h) Spectral Roll-off (i) Spectral Skewness (j) Spectral Slope (k) Spectral Spread (l) Pitch (m) Harmonic Ratio

0.4

0.45

0.5

0.55

0.6

0.65

low med high low med high
BoysGirls

*
*

*

*
* * *

Fig. 19 Thirteen audio features were extracted during the robot-administered Picture 3 task and compared across the three tertiles for girls vs boys.
p < 0.05 corrected
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Fig. 20 Thirteen audio features were extracted during the robot-administered RCADS and compared across the three tertiles for the overall
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low med high low med high

400

600

800

1000

1200

1400

BoysGirls

150

200

250

low med high low med high
BoysGirls

0.1

0.12

0.14

0.16

0.18

0.2

low med high low med high
BoysGirls

0.3

0.35

0.4

0.45

low med high low med high
BoysGirls

0.5

1

1.5

2

2.5

3

10-3

low med high low med high
BoysGirls

0

5

10

15

10-4

low med high low med high
BoysGirls

0

500

1000

low med high low med high
BoysGirls

500

1000

1500

2000

2500

low med high low med high
BoysGirls

6

8

10

low med high low med high
BoysGirls

-3

-2

-1

0

10-9

low med high low med high
BoysGirls

500

600

700

800

900

1000

low med high low med high
BoysGirls

120

140

160

180

200

low med high low med high
BoysGirls

0.4

0.45

0.5

0.55

0.6

low med high low med high
BoysGirls

(a) Spectral Centroid (b) Spectral Crest (c) Spectral Decrease (d) Spectral Entropy
(e) Spectral Flatness (f) Spectral Flux

(g) Spectral Kurtosis (h) Spectral Roll-off (i) Spectral Skewness
(j) Spectral Slope

(k) Spectral Spread (l) Pitch (m) Harmonic Ratio

*

*

Fig. 21 Thirteen audio features were extracted during the robot-administered RCADS and compared across the three tertiles for girls vs boys.
*p < 0.05 corrected

pictures could also be different from the children belonging
to the lower tertiles.

Our previous experimental results also showed that the
experimental stimuli influence the sentiment and behaviours
in children [19]. This has been further supported by the analy-
sis of facial and speech cues. We have observed that different
pictures (Picture 1, Picture 2 and Picture 3) have impacted
the facial expressions of children differently (from low and
med tertile). This is evident from the differences observed in
the facial action units (AU5, AU23 andAU25) across the pic-
tures. Further, from the speech cues, we have also observed

that the auditory attributes (differences in spectral skewness
between happy and sad memory, differences in spectral kur-
tosis, spectral crest, spectral flux, spectral roll-off and spectral
skewness between the pictures) of the children were influ-
enced by the experimental stimuli of the study.

5.1.1 Implications

The findings from this study support the notion that robot-
assisted assessment is a very promising avenue for conduct-
ing an automatic evaluation of mental wellbeing in children.
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As compared to current techniques of questionnaire report-
ing and online (digitised) methods and tools, robots offer
many advantages due to their embodiment (e.g., child-like
appearance) and behaviour. For example, unlike the standard
methods of questionnaire reporting that are the same across
boys and girls, and are heavily based on the assumption that
the provided answers are representative of children’s true
feelings [23], robots can be equipped to take into account the
non-verbal behavioural cues [67], which is crucial for a popu-
lation such as children that do not have fully developed verbal
communication skills. As compared to digitized assessment
methods, robots also provide a unique advantage in terms
of embodiment that has been shown to impact perception,
engagement and task performance in participants [68, 69].

5.2 Tertile Related Differences Across Multiple
Modalities

This work aims at understanding if and how children belong-
ing to different levels of mental wellbeing (clustered by their
SMFQ score) respond differently to a robot-assisted assess-
ment.

Our results showed a significant difference in responses
(both verbal and non-verbal) to the robot-assisted assessment
between children of the low, med and high tertiles. Specif-
ically, we found that children belonging to the high tertile
displayed more intense and frequent facial expressions than
children belonging to the med and low tertiles during the
sad memory recall task. Regardless of their mental wellbe-
ing level, children when asked to recall a happy memory
were more expressive than children when asked to recall a
sad memory. This result implies that the happy memory task
can elicit in children more informative and discriminative
behaviours than the sadmemory task for the purposes of auto-
matic mental wellbeing assessment. Analogously, the facial
analysis of children performing the picture-based task and
RCADS task supported the previous findings. We found that
in the picture-based task, children in themed tertile expressed
more than in the low tertile and in the RCADS task where
children of the high tertile displayed more intense and fre-
quent facial expressions than in the low tertile. Again, the
auditory analysis results strengthen and support these find-
ings. In fact, across all the tasks (happy and sad memory
recall, SMFQ, picture-based task, and RCADS), our results
showed that children belonging to the high tertile showed
higher auditory and vocal features than ones in the med and
low tertiles.
Overall, our results suggest that children who were less
likely to experience mental wellbeing showed more expres-
sive responses to the robot than childrenwhoweremore likely
to experience mental wellbeing.

Past works support these results [35, 42, 70, 71]. For
example, Trémeau et al. [71] conducted a study with healthy,

depressed and schizophrenic patients to compare their ability
to express emotions. Their results showed that schizophrenic
and depressed patients exhibited fewer spontaneous facial
expressions of emotion than healthy people, and compared to
schizophrenic patients, depressed patients showed a greater
deficit. Also, previous studies looked into the usage of speech
signals to identify mental health disorders in people, such as
depression and anxiety. From a clinical perspective, speech
markers-like speech duration, tone, and pitch-usually help
diagnose distress [35]. The review in [42] examined the state
of the art in utilising individuals’ speech to detect depression
and suicide. Their review showed that patients with depres-
sion demonstrated prosodic speech abnormalities, such as
reduced pitch, reduced pitch range, slower speaking rate and
articulation errors.

However, the aforementioned studies only investigated the
expressivity of adults with mental wellbeing concerns—they
do not focus on children. Also, they are limited to linking
vocal and visual expression data with the clinical data of
patients, given the difficulties involved in collecting such
expression data in clinical practice [72].

5.2.1 Implications

The work presented in this paper is the first of its kind to
investigate children’s behaviours during the robot-assisted
assessment of mental wellbeing with the ultimate goal of
developing automatic prediction models for mental wellbe-
ing assessment in children.Ourfindings indicate that children
with different levels ofmental wellbeing concerns are in need
of different methods of assessment taking into account non-
verbal behavioural cues such as facial expressivity which
our analyses have shown to vary across different tertiles.
Therefore, to accurately identify mental wellbeing concerns
in children, assessment procedures should take into account
multimodal cues and should be tailored to different tertile
groups. Robot-assisted assessment will further benefit from
advances in the machine learning and deep learning fields
for developing adaptive mental wellbeing assessment mod-
els tailored to different tertile groups (low vs. medium vs.
high tertile).

5.3 Gender Related Differences

Non-verbal behaviours like speech cues and facial action
units can be reliable indicators of depression and provide
valuable insight into the mental health of the participants
[42, 70, 72, 73]. This work investigated the differences in
children’s responses (i.e., the questionnaire responses, facial
cues and speech features) between the two genders (boys
vs girls) in relation to their mental wellbeing. In our study,
we found that, in the high tertile and the med tertile, girls
weremore expressive (AU14 andAU45) than boys and in the
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low tertile, boys were more expressive (AU1, AU2, AU4 and
AU12) than girls while performing the happy memory task.
Boys in the low tertile were also found to be more expressive
as compared with girls in the low tertile while performing the
RCADS task. In other words, girls who might be experienc-
ing wellbeing-related concerns tend to be more expressive
than boys who might also be experiencing wellbeing-related
concerns. This pattern is also observed in the facial cues
expressed during the SMFQ task. In addition, we have also
found gender-related differences among the speech cues
between girls and boys—i.e. girls in the med tertile have
a higher pitch than boys. Higher pitch has been previously
associated with more feminine attributes [74]. Even from
a psychological perspective, girls have been shown to have
higher self-report worry [30] and distress [30, 31] as com-
pared with boys. Boys have also been reported to be less
receptive to psychological support services and have more
stigma associated with seeking help using mental health-
related services [33, 34]. Boys have also been observed to
have less knowledge of mental health issues and show more
discomfort and more avoidance in relation to mental health
as compared with girls [75]. Overall, in children that might
be experiencing wellbeing related concerns, girls respond in
a very different manner by tending to be more expressive, as
compared to boys.

For children in the low tertile that are not experiencing any
wellbeing related concerns, boys aremore expressive as com-
pared to girls belonging to a similar wellbeing group. This
could be because boys are more excited to meet and talk to
the robot, which leads to more expressive behaviour in them.
Since these children are not experiencing any wellbeing
related concerns, their reactions could be due to excitement-
inducing motivations [76]. Many studies have shown that
males tend to be more interested in robots than females [77–
83]. For example, Stafford et al. [78] have reported that
men tend to provide higher approval ratings to the robot
as compared with women. Men have also shown to have
more positive feelings towards interacting with a robot in
a healthcare setting [79] and identify less with robophobic
attitudes [80] as compared with women. Previous work has
also shown that when a robot was placed in a public envi-
ronment, men were seen to approach closer to the robot as
compared with women [81]. Studies have also investigated
how the gender of the participants affects their interac-
tion with robots [82, 83]. For instance, Strait et al. [82]
have found that the positive perceptions of the robot dur-
ing language-based HRI were affected more by the gender
of the participants as compared with the age of the partic-
ipants. Flandofer et al. [83] have reviewed 40 works and
have observed that sociodemographic factors such as gen-
der must be taken into account while designing HRI studies
for increased user acceptance. From a broader technologi-
cal perspective, previous work has shown that boys are more

frequent users of technology like video gaming as compared
with girls because of gender-related motivations [84]. Thus,
their familiarity with technology, their positive attitude and
their excitement towards robots could be the major reasons
for their more expressive behaviour reported in our findings.

5.3.1 Implications

Our work is the first one to shed light on the gender-related
differences that occur during child-robot interaction in rela-
tion to wellbeing assessment. Our findings indicate that
robot-assisted assessment will further benefit from advances
in the machine learning and deep learning fields for develop-
ing adaptive mental wellbeing assessment models tailored
to the gender of children (girls vs. boys). This opens up
exciting avenues for research in customization and adapta-
tion to account for gender-related variability in child-robot
interactions, directly linked to the emerging research area of
gendered HRI.

5.4 Limitations and FutureWork

Although our work contributed extensively to the HRI com-
munity, it has several limitations that will be addressed in our
future studies. First, the robot interaction was pre-scripted
and simplistic, not adaptive and does not implement com-
putational models in the assessment of mental wellbeing. In
our future work, we will focus on designing and developing
automatic robot-assisted mental wellbeing assessment tools
for children with varying levels of mental wellbeing. Second,
our analysis usingmultiplemodalities did not include a cross-
modal analysis (e.g., correlation analysis between visual and
vocal cues). We will investigate cross-modal relations in our
future work. Third, we only investigated how gender impacts
the children’s responses to the robot-assisted assessment
without taking into account other demographic factors like
age and socio-economic background. In our future study, we
will investigate how children from different age groups and
socio-economic backgrounds respond to robot-assistedmen-
tal wellbeing assessment. Fourth, we acknowledge that the
analyses on behavioural signals would be more powerful if
the grouping was based on clinical significance, however, the
study conducted is a feasibility study investigating the use of
robots for wellbeing assessments and has not considered the
validity of the mode of task administration (comparison with
clinician-administered tests). Fifth, the time lapse between
the online questionnaire filling and the interaction session
has varied across participants. Thus, our future work would
focus on conducting self-report and parent-report measure-
ments alongside the robotised evaluations to avoid possible
confounds with regard to the fluctuation of mental health in
children. Sixth, we also acknowledge that the order of the
experiment tasks might have affected the participants’ mood
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and thus, their responses to the subsequent tasks. In future,
we aim to randomise the order of the tasks in order to avoid
any task-based effects on the responses of the participants.
Finally, we have applied the same clustering procedure sep-
arately for boys and girls to obtain three balanced clusters
for each gender population. Although we have not found any
differences between these clusters, this could have been a
confound for the results.

6 Summary and Conclusion

This work investigated how robots can help in the assessment
of mental wellbeing in children.We conducted a study where
41 children (8–13years old) interactedwith theNao robot and
undertook four tasks over a single session lasting 30–45min.
We undertook an extensive and exploratory analysis via mul-
tiple data modalities to explore how children with varying
levels of mental wellbeing responded to the robot-assisted
mental wellbeing assessment and how gender impacted chil-
dren’s responses and behaviours. Our results show that: (i)
the robotised mode of administration is the most effective in
identifying wellbeing concerns in children; (ii) children less
likely to havemental wellbeing concerns aremore expressive
than children who are more likely to have mental wellbeing
concerns; and (iii) girls more likely to have mental wellbeing
concerns are more expressive than boys, on the contrary to
boys less likely to have mental wellbeing concerns are more
expressive than girls. We discussed our findings in relation
to existing relevant literature and highlighted the implica-
tions of our findings for future research in the areas of child
mental wellbeing and child-robot interaction. The ultimate
goal of our work is to develop automatic, machine learn-
ing methodologies for the assessment of mental wellbeing
in children, that can be deployed on robots and delivered via
robot-assisted interactions. Our future work will focus on
making this goal a reality.

A Appendix: Age Across Tertile
Categorisation

The average and the standard deviation of the ages of partic-
ipants have been reported in the Table 4 below:

Table 4 Age across the tertile categorisation for (a) overall population,
(b) girls, and (c) boys

Tertile Mean S.D.

Overall population

Low tertile 9.69 1.70

Med tertile 9.67 1.37

High tertile 9.38 1.26

Overall age 9.59 1.45

Table 4 continued

Tertile Mean S.D.

Girls

Low tertile 9.64 1.69

Med tertile 9.53 1.3

High tertile 9.67 1.32

Overall age 9.59 1.45

Boys

Low tertile 9.54 1.73

Med tertile 9.83 1.31

High tertile 9.6 1.39

Overall age 9.59 1.46

B Word Frequency

B.1 SMFQ

Figure22 depicts a decrease in the occurrence of the "Not
true" response rating between the tertiles. While, for the
responses "Sometimes" and "True", there is a steady increase
between the tertiles. Thus, "Not true" is the most frequent
response for the low tertile while the responses "Sometimes"
and "True" are most frequently occurring for the high tertile.
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Fig. 22 Response frequency for each response rating for the SMFQ

B.2 RCADS

As seen from Fig. 23, for the response rating "Never", the
highest occurrence is in the low tertile, followed by the med
tertile and then the high tertile. For all the other response
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Fig. 23 Response frequency for each response rating for the RCADS
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Table 5 Statistical results of the questionnaire responses for RCADS

Population Task Feature Mean Std Dev χ2(2) p Post Hoc p Cohen’s D

Overall Task 4 Robot mode Low = 2.19 Low = 2.26 12.5 0.0012 Low vs −1.55

RCADS-GA Med = 4.17 Med = 2.59 high = 0.0013

High = 7.31 High = 4.25

Overall Task 4 Robot mode Low = 1.5 Low = 1.75 13.9 0.0009 Low vs −1.52

RCADS-PA Med = 2.92 Med = 2.84 high = 0.0006

High = 6.31 High = 4.33

Overall Task4 Robot mode Low = 3.56 Low = 2.73 8.44 0.015 Low vs −1.27

RCADS-LM Med = 5.67 Med = 3.47 high = 0.01

High = 8.23 High = 4.57

Overall Task 4 Robot mode Low = 7.25 Low = 5.45 15.06 0.0006 Low vs −1.7

RCADS-TO Med = 12.75 Med = 7.79 high = 0.00032

High = 21.85 High = 11.36

Overall Task 4 Self report Low = 3.38 Low = 2.31 8.083 0.018 Low vs −1.29

RCADS-GA Med = 6.08 Med = 3.58 high = 0.02

High = 6.54 High = 2.63

Overall Task 4 Self report Low = 9.38 Low = 4.95 8.26 0.016 Low vs −1.23

RCADS-TO Med = 16.08 Med = 8.9 high = 0.02

High = 18.31 High = 9.34

Girls Task 4 Robot mode Low = 2.14 Low = 2.73 6.01 0.049 Low vs −1.73

RCADS-GA Med = 4 Med = 2.55 high = 0.04

High = 9.6 High = 5.94

Girls Task 4 Robot mode Low = 2.29 Low = 2.14 8.61 0.013 Low vs −2.25

RCADS-PA Med = 3 Med = 2.78 high = 0.02

High = 9.2 High = 4.09 Med vs −1.89

high = 0.03

Girls Task 4 Self report Low = 4.29 Low = 2.29 8.19 0.017 Med vs −2.11

RCADS-PA Med = 5.78 Med = 2.73 high = 0.02

High = 7.2 High = 3.42

Boys Task 4 Robot mode Low = 2.22 Low = 1.99 9.4 0.0091 Low vs −2.19

RCADS-GA Med = 4.5 Med = 2.07 high = 0.008

High = 6.8 High = 2.28

Boys Task 4 Robot mode Low = 0.89 Low = 1.17 9.4 0.0091 Low vs −1.93

RCADS-PA Med = 2.5 Med = 2.35 high = 0.006

High = 5.8 High = 4.09

Boys Task 4 Robot mode Low = 3.56 Low = 2.7 8.56 0.014 Low vs −2.31

RCADS-LM Med = 5.17 Med = 2.64 high = 0.0098

High = 10.6 High = 3.65

Boys Task 4 Robot mode Low = 6.67 Low = 4 11.17 0.004 Low vs −2.84

RCADS-TO Med = 12.17 Med = 6.43 high = 0.0024

High = 23.2 High = 8.35

ratings ("Sometimes", "Often" and "Always"), the trend is the
opposite with the lowest group being the low tertile, followed
by the med tertile and then the high tertile.

The results of the statistical analysis have been shown in
Table 5

C Verbal Results: Picture-Based Task

The statistical results for the Check score for the picture task
are shown in the Table 6.
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Table 6 Statistical results of the verbal responses for the picture-based task

Population Task Feature Mean Std Dev χ2(2) p Post Hoc p Cohen’s D

Overall Task 3 Check score pic1 = 2 pic1 = 1.03 13 0.002 Pic 1 vs −1.83

Low tertile pic2 = 3.56 pic2 = 0.63 pic 2 = 0.002

pic3= 2.44 pic3= 0.89 pic 2 vs 1.46

pic 3 = 0.03

Overall Task 3 Check score pic1 = 2.25 pic1 = 0.75 9.77 0.007 pic 1 vs −1.55

Med tertile pic2 = 3.75 pic2 = 1.14 pic 2 =0.01

pic3 = 2.75 pic3 = 1.06 pic 2 vs 0.91

pic 3 = 0.03

Girls Task 3 Check score pic1 = 2 pic1 = 1 6.25 0.044 Not significant N.A.

Med tertile pic2 = 3.86 pic2 = 1.35

pic3 = 2.71 pic3 = 1.25

Girls Task 3 Check score pic1 = 1.8 pic1 = 1.92 6.78 0.034 Not significant N.A.

High tertile pic2 = 4 pic2 = 1.22

pic3 = 4.4 pic3 = 2.19

Boys Task 3 Check score pic1 = 2.11 pic1 = 0.93 7.81 0.02 pic 1 vs −1.73

Low tertile pic2 = 3.56 pic2 = 0.73 pic 2 = 0.03

pic3 = 2.22 pic3 = 1.09

D Visual Results

D.1 Happy and SadMemory Recall

The statistical results for the happy and sad memory recall
task have been summarised. Please note, only results that
were significant have been included in the Table 7. Figure24
depicts AUs that showed statistically significant differences
during the happy and sad memory recall task.

The paired wise comparison cab be found in Table 8.

D.2 SMFQ

The results of the statistical analysis can be found in Table 9.
The results of the paired analysis can be found in Table 10.

D.3 Picture-Based Task

The results have been summarised in Table 11. The results of
the paired analysis have been summarised in Table 12. Fig-
ure25 depicts respectively the intensities of the significant
AUs during the robot-administered picture task and com-
pared across the three tertiles for the overall population.

D.4 RCADS

The results have been summarised in Table 13. The results
of the paired analysis have been summarised in Table 14.

Figure26 depicts the intensities and occurrence rates of the
significant AUs during the robot-administered RCADS and
compared across the three tertiles for the overall population.

E Auditory Results

E.1 Happy and SadMemory Recall

The results have been summarised in Table 15. The results
of the paired analysis have been summarised in Table 16.

E.2 SMFQ

The results have been summarised in Table 17. The results
of the paired analysis have been summarised in Table 18.

E.3 Picture-Based Task

The results of the statistical analysis have been summarised
in Table 19. The paired analysis can also be found in Table
20

E.4 RCADS

The results of the statistical analysis can be found in Table
21.
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Table 7 Statistical results of the visual responses for happy and sad memory recall task

Population Task Feature Mean Std Dev χ2(2) p Post Hoc p Cohen’s D

Overall Task 1- AU6 intensity Low = 0.02 Low = 0.08 8.73 0.013 Med vs −1.26

sad memory Med = 0 Med = 0.03 high = 0.009

High = 0.11 High = 0.2

Overall Task 1- AU12 intensity Low = 0.02 Low = 0.16 6.53 0.038 Med vs −1.06

sad memory Med = 0.01 Med = 0.14 high = 0.03

High = 0.22 High = 0.26

Overall Task 1- AU6 occurrence Low = 1.07 Low = 1.61 10.051 0.007 Med vs −1.02

sad memory Med = 0.16 Med = 0.23 high = 0.005

High = 4.46 High = 6.09

Overall Task 1- AU9 occurrence Low = 2.83 Low = 2.74 6.272 0.043 Not significant N.A.

sad memory Med = 1.89 Med = 1.4

High = 5.52 High = 4.24

Overall Task 1- AU10 occurrence Low = 0.64 Low = 1.55 12.44 0.002 Low vs −0.86

sad memory Med = 0.73 Med = 2.26 high = 0.013

High = 4.12 High = 6.07 med vs −0.75

high = 0.003

Overall Task 1- AU12 occurrence Low = 1.86 Low = 2.83 8.47 0.014 Med vs −1.22

sad memory Med = 0.57 Med = 1.26 high = 0.012

High = 3.27 High = 2.9

Girls Task 1- AU1 intensity Low = 0.18 Low = 0.07 8.75 0.012 Med vs 0.02

happy memory Med = 0.37 Med = 0.15 high = 0.024

High = 0.37 High = 0.13 Low vs −1.94

high = 0.040

Girls Task 1- AU2 intensity Low = 0.09 Low = 0.02 11.22 0.003 Low vs −1.89

happy memory Med = 0.16 Med = 0.05 Med = 0.02

High = 0.21 High = 0.12 Low vs −1.57

high = 0.007

Girls Task 1- AU4 intensity Low = 0.04 Low = 0.05 6.56 0.038 Not significant N.A.

happy memory Med = 0.19 Med = 0.19

High = 0.18 High = 0.09

Girls Task 1- AU5 intensity Low = 0.08 Low = 0.03 7.81 0.02 Low vs −1.61

happy memory Med = 0.12 Med = 0.03 high = 0.015

High = 0.16 High = 0.06

Girls Task 1- AU4 intensity Low = 0.04 Low = 0.05 6.18 0.04 Low vs −1.86

sad memory Med = 0.21 Med = 0.3 high = 0.04

High = 0.27 High = 0.19

Girls Task 1- AU5 intensity Low = 0.1 Low = 0.03 6.34 0.04 Med vs 1.15

sad memory Med = 0.12 Med = 0.07 high = 0.04

High = 0.06 High = 0.01

Girls Task 1- AU6 intensity Low = 0.03 Low = 0.05 6.97 0.03 Low vs −1.57

sad memory Med = 0.02 Med = 0.04 high = 0.031

High = 0.28 High = 0.24

Girls Task 1- AU6 occurrence Low = 0.44 Low = 0.6 10.46 0.005 Low vs −1.44

sad memory Med = 0.23 Med = 0.28 High = 0.015

High = 4.33 High = 4.2 Med vs −1.54

High = 0.009

Girls Task 1- AU7 occurrence Low = 0.89 Low = 1.42 8.82 0.012 Low vs −1.72
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Table 7 continued

Population Task Feature Mean Std Dev χ2(2) p Post Hoc p Cohen’s D

sad memory Med = 0.6 Med = 0.79 High = 0.03

High = 5.09 High = 3.43 Med vs −1.99

High = 0.02

Girls Task 1- AU9 occurrence Low = 0.98 Low = 1.66 9.01 0.011 Low vs −2.24

sad memory Med = 2.64 Med = 2.15 High = 0.008

High = 5.86 High = 2.77

Boys Task 1- AU12 occurrence Low = 2.45 Low = 3.47 7.67 0.02 Med vs −2.17

happy memory Med = 0.42 Med = 0.73 High = 0.015

High = 5.04 High = 3.09

Boys Task 1- AU6 occurrence Low = 1.56 Low = 2 6.09 0.048 Not significant N.A.

sad memory Med = 0.05 Med = 0.09

High = 5.49 High = 8.3

Boys Task 1- AU10 occurrence Low = 1.28 Low = 3.29 6.24 0.044 Med vs −1.05

happy memory Med = 0.36 Med = 0.44 High = 0.0455

High = 4.68 High = 6.13

Boys Task 1- AU25 occurrence Low = 7.76 Low = 2.43 7.05 0.029 Low vs 0.39

sad memory Med = 3.72 Med = 2.23 High = 0.023

High = 6.68 High = 3.42
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Fig. 24 Intensities and occurrence rates were computed for seventeen
AUs during the happy and sad memory recall task and compared across
the three tertiles for the overall population. Only AUs that showed sta-

tistically significant differences are shown in the figure (L = low tertile,
M = med tertile, H = high tertile) *p < 0.05 corrected
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Table 9 Statistical results of the visual responses for the SMFQ task

Population Task Feature Mean Std Dev χ2(2) p Post Hoc p Cohen’s D

Girls Task 2-SMFQ AU4 occurrence Low = 1.18 Low = 1.19 6.84 0.033 Low vs 0.89

Med = 8.69 Med = 7.55 Med = 0.025

High = 3.06 High = 2.63

Girls Task 2-SMFQ AU9 occurrence Low = 1.25 Low = 1.14 6.16 0.046 Not significant N.A.

Med = 2.91 Med = 2.02

High = 3.55 High = 1.41

Boys Task 2-SMFQ AU1 intensity Low = 0.35 Low = 0.08 7.69 0.02 Not significant N.A.

Med = 0.23 Med = 0.06

High = 0.24 High = 0.05

Table 10 Statistical results of
the visual responses for SMFQ
task (paired tests)

Population comparison Feature Mean Std Dev W p Cohen’s D

Girls vs Low tertile AU1 intensity Girls = 0.21 Girls = 0.05 33 0.01 −1.84

boys Boys = 0.35 Boys = 0.08

Girls vs Low tertile AU4 intensity Girls = 0.03 Girls = 0.03 32 0.006 −1.33

boys Boys = 0.4 Boys = 0.36

Girls vs Low tertile AU4 occurrence Girls = 1.18 Girls = 1.19 32 0.006 −1.22

boys Boys = 9.89 Boys = 9.41

Girls vs High tertile AU5 intensity Girls = 0.12 Girls = 0.05 40 0.024 1.14

Boys Boys = 0.07 Boys = 0.01

Fig. 25 Intensities were
computed for seventeen AUs
during the robot-administered
picture task and compared
across the three tertiles for the
overall population. Only AUs
that showed statistically
significant differences are
shown in the figure (L = low
tertile, M = med tertile, H = high
tertile) *p < 0.05 corrected
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Table 11 Statistical results of the visual responses for the picture task

Population Task Feature Mean Std Dev χ2(2) p Post Hoc p Cohen’s D

Overall Task 3 AU15 occurrence Low = 4.83 Low = 2.08 7.06 0.029 Low vs −1.09

picture 1 Med = 7.7 Med = 3.26 med = 0.021

High = 6.19 High = 4.32

Overall Task 3 AU25 intensity Low = 0.39 Low = 0.16 7.1 0.03 Low vs −1.03

picture 2 Med = 0.58 Med = 0.26 med = 0.02

High = 0.44 High = 0.2

Overall Task 3 AU26 intensity Low = 0.4 Low = 0.14 6.1 0.047 Low vs −0.78

picture 2 Med = 0.58 Med = 0.53 med = 0.03

High = 0.51 High = 0.12

Overall Task 3 AU26 occurrence Low = 5.06 Low = 2.37 7.24 0.027 Low vs −1.13

picture 2 Med = 7.98 Med = 2.85 med = 0.029

High = 7.2 High = 2.69

Overall Between pictures AU4 intensity pic1= 0.09 pic1= 0.34 9.37 0.009 pic1 vs −0.09

Low Tertile pic2= 0.14 pic2= 0.29 pic2= 0.02

pic3= 0.13 pic3= 0.31 pic1 vs −0.11

pic3 = 0.02

Overall Between pictures AU7 intensity pic1= 0.03 pic1= 0.09 6.5 0.04 pic2 vs −0.13

Low Tertile pic2= 0.05 pic2= 0.1 pic3 = 0.03

pic3= 0.06 pic3= 0.12

Overall Between pictures AU25 intensity pic1= 0.63 pic1= 0.19 7.87 0.019 pic1 vs 1.02

Low Tertile pic2= 0.39 pic2= 0.16 pic2= 0.02

pic3= 0.5 pic3= 0.13

Overall Between pictures AU23 occurrence pic1= 2.44 pic1= 3.37 11.38 0.003 pic1 vs −0.42

Low Tertile pic2= 3.7 pic2= 2.59 pic2 = 0.002

pic3= 3.46 pic3= 3.98

Overall Between pictures AU25 occurrence pic1= 8.83 pic1= 2.12 7.12 0.028 pic1 vs 0.98

Low Tertile pic2= 6.36 pic2= 2.85 pic2= 0.02

pic3= 8.38 pic3= 3.42

Overall Between pictures AU6 intensity pic1= 0.01 pic1= 0.07 6.5 0.038 pic1 vs −0.16

Med Tertile pic2= 0.01 pic2= 0.1 pic3 = 0.038

pic3= 0.02 pic3= 0.08

Overall Between pictures AU5 intensity pic1= 0.07 pic1= 0.03 7.8 0.02 pic1 vs −0.77

High Tertile pic2= 0.08 pic2= 0.04 pic2 = 0.01

pic3= 0.08 pic3= 0.05

Overall Between pictures AU25 intensity pic1= 0.72 pic1= 0.2 15.27 0.0004 pic1 vs 0.98

High Tertile pic2= 0.44 pic2= 0.2 pic2 = 0.0003

pic3= 0.59 pic3= 0.24 pic1 vs 0.29

pic3 = 0.028

Overall Between pictures AU25 occurrence pic1= 9.41 pic1= 2.06 6.72 0.035 pic1 vs 0.67

High Tertile pic2= 7.46 pic2= 3.54 pic2 = 0.049

pic3= 9.15 pic3= 3.15
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Table 11 continued

Population Task Feature Mean Std Dev χ2(2) p Post Hoc p Cohen’s D

Overall Between pictures AU7 occurrence pic1= 1.81 pic1= 3.19 6.84 0.033 Not significant N.A.

High Tertile pic2= 2.6 pic2= 4.99

pic3= 3.15 pic3= 5.13

Girls Task 3 AU1 intensity Low = 0.17 Low = 0.07 7.52 0.023 Low vs −2.13

picture 1 Med = 0.32 Med = 0.08 Med = 0.024

High = 0.29 High = 0.14

Girls Task 3 AU2 intensity Low = 0.1 Low = 0.06 6.91 0.032 Not significant N.A.

picture 1 Med = 0.17 Med = 0.05

High = 0.19 High = 0.1

Girls Task 3 AU2 occurrence Low = 8.79 Low = 4.1 6.43 0.04 Med vs −2.75

picture 2 Med = 7.45 Med = 1.22 High = 0.03

High = 10.6 High = 1.02

Girls Task 3 AU6 occurrence Low = 0.05 Low = 0.09 6.92 0.031 Low vs −0.83

picture 2 Med = 0.28 Med = 0.28 High = 0.036

High = 3.75 High = 7.08

Girls Task 3 AU25 occurrence Low = 5.31 Low = 1.91 6.65 0.036 Low vs −1.6

picture 2 Med = 8.86 Med = 2.49 Med = 0.036

High = 9.12 High = 4.58

Girls Task 3 AU26 occurrence Low = 3.97 Low = 2.31 7.78 0.02 Low vs −2.25

picture 2 Med = 8.56 Med = 1.73 Med = 0.031

High = 8.44 High = 3.34

Girls Task 3 AU26 intensity Low = 0.44 Low = 0.13 7.66 0.022 Low vs −1.87

picture 3 Med = 0.65 Med = 0.18 High = 0.029

High = 0.7 High = 0.16

Girls Task 3 AU25 occurrence Low = 6.86 Low = 2.88 6.05 0.048 Not significant N.A.

picture 3 Med = 10.39 Med = 2.55

High = 10.09 High = 2.71

Girls Between pictures AU7 intensity pic1= 0.04 pic1= 0.04 8 0.018 pic2 vs −0.42

Low Tertile pic2= 0.04 pic2= 0.05 pic3 = 0.02

pic3= 0.06 pic3= 0.07

Girls Between pictures AU26 intensity pic1= 0.54 pic1= 0.2 6 0.049 pic1 vs 0.63

Low Tertile pic2= 0.42 pic2= 0.19 pic2 = 0.043

pic3= 0.44 pic3= 0.13

Girls Between pictures AU23 occurrence pic1= 2.12 pic1= 2.43 6 0.049 pic1 vs −0.43

Low Tertile pic2= 3.36 pic2= 3.26 pic2 = 0.043

pic3= 2.14 pic3= 2.7

Girls Between pictures AU25 occurrence pic1= 8.81 pic1= 2.56 7.142 0.028 pic1 vs 1.55

Low Tertile pic2= 5.31 pic2= 1.91 pic2 = 0.021

pic3= 6.86 pic3= 2.88

Girls Between pictures AU4 intensity pic1= 0.18 pic1= 0.26 6 0.049 pic2 vs −0.19

Med Tertile pic2= 0.17 pic2= 0.26 pic3 = 0.043

pic3= 0.22 pic3= 0.24
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Table 11 continued

Population Task Feature Mean Std Dev χ2(2) p Post Hoc p Cohen’s D

Girls Between pictures AU2 occurrence pic1= 9.78 pic1= 2.54 6 0.049 pic1 vs 1.17

Med Tertile pic2= 7.45 pic2= 1.22 pic2 = 0.043

pic3= 7.8 pic3= 1.88

Boys Task 3 AU14 intensity Low = 0.14 Low = 0.07 9.82 0.007 Low vs 2.04

picture 2 Med = 0.03 Med = 0.02 Med = 0.01

High = 0.23 High = 0.21 Med vs −1.37

High = 0.03

Boys Task 3 AU14 occurrence Low = 4.71 Low = 3.76 7.96 0.019 Low vs 1.29

picture 2 Med = 0.86 Med = 0.71 Med = 0.03

High = 5 High = 3.41 Med vs −1.77

High = 0.04

Boys Between pictures AU4 intensity pic1= 0.37 pic1= 0.4 6 0.049 Not significant N.A.

Low Tertile pic2= 0.38 pic2= 0.33

pic3= 0.4 pic3= 0.35

Boys Between pictures AU10 intensity pic1= 0.17 pic1= 0.22 6.33 0.042 Not significant N.A.

Med Tertile pic2= 0.14 pic2= 0.23

pic3= 0.16 pic3= 0.16

Boys Between pictures AU23 intensity pic1= 0.2 pic1= 0.04 6.33 0.042 Not significant N.A.

Med Tertile pic2= 0.11 pic2= 0.05

pic3= 0.2 pic3= 0.05

Boys Between pictures AU25 intensity pic1= 0.64 pic1= 0.2 8.4 0.015 pic1 vs 1.38

High Tertile pic2= 0.43 pic2= 0.07 pic2 = 0.012

pic3= 0.57 pic3= 0.2

Boys Between pictures AU5 occurrence pic1= 18.89 pic1= 4.99 7.6 0.022 pic2 vs 1.1

High Tertile pic2= 20.43 pic2= 4.65 pic3 = 0.03

pic3= 15.93 pic3= 3.47

Boys Between pictures AU7 occurrence pic1= 3.32 pic1= 4.47 7.89 0.019 pic1 vs −0.34

High Tertile pic2= 3.78 pic2= 7.43 pic3 = 0.04

pic3= 5.36 pic3= 7.26 pic2 vs −0.22

pic3 = 0.04

Fig. 26 Intensities and
occurrence rates were computed
for seventeen AUs during the
robot-administered RCADS and
compared across the three
tertiles for the overall
population. Only AUs that
showed statistically significant
differences are shown in the
figure (L = low tertile, M = med
tertile, H = high tertile)
*p < 0.05 corrected -0.5
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Table 12 Statistical results of the visual responses of the picture task (paired tests)

Population Comparison Feature Mean Std Dev W p Cohen’s D

Girls vs pic1 AU1 intensity Girls = 0.17 Girls = 0.07 35 0.023 −1.3

boys Low tertile Boys = 0.32 Boys = 0.14

Girls vs pic1 AU4 intensity Girls = 0.04 Girls = 0.04 34 0.016 −1.07

boys Low tertile Boys = 0.37 Boys = 0.4

Girls vs pic1 AU4 occurrence Girls = 1.53 Girls = 2.36 34 0.016 −1.27

boys Low tertile Boys = 9.73 Boys = 8.28

Girls vs pic2 AU4 intensity Girls = 0.08 Girls = 0.11 44 0.035 −1.16

boys Low tertile Boys = 0.38 Boys = 0.33

Girls vs pic2 AU6 intensity Girls = 0.01 Girls = 0.01 66 0.035 −1.03

boys Low tertile Boys = 0.06 Boys = 0.06

Girls vs pic2 AU10 intensity Girls = 0.01 Girls = 0.01 77 0.048 −0.94

boys Low tertile Boys = 0.07 Boys = 0.09

Girls vs pic1 AU14 occurrence Girls = 9.04 Girls = 4.9 68 0.014 1.98

boys Med tertile Boys = 1.51 Boys = 1.7

Girls vs pic2 AU14 intensity Girls = 0.25 Girls = 0.23 69 0.007 1.31

boys Med tertile Boys = 0.03 Boys = 0.02

Girls vs pic2 AU14 occurrence Girls = 7.62 Girls = 3.99 70 0.004 2.26

boys Med tertile Boys = 0.86 Boys = 0.71

Table 13 Statistical results of the visual responses for the RCADS task

Population Task Feature Mean Std Dev χ2(2) p Post Hoc p Cohen’s D

Overall Task 4 AU2 intensity Low = 0.127 Low = 0.049 7.4 0.025 Low vs −0.82

Med = 0.162 Med = 0.041 med = 0.018

High = 0.136 High = 0.041

Overall Task 4 AU26 occurrence Low = 5.514 Low = 2.253 6.93 0.031 Not significant N.A.

Med = 6.734 Med = 1.173

High = 6.937 High = 2.157

Girls Task 4 AU14 intensity Low = 0.11 Low = 0.184 7.71 0.021 Low vs −0.68

Med = 0.263 Med = 0.254 med = 0.02

High = 0.094 High = 0.071

Girls Task 4 AU26 intensity Low = 0.398 Low = 0.086 7.62 0.022 Low vs −1.77

Med = 0.579 Med = 0.113 med = 0.016

High = 0.592 High = 0.35

Girls Task 4 AU4 occurrence Low = 1.379 Low = 2.055 7.93 0.019 Low vs −1.24

Med = 7.836 Med = 6.682 med = 0.016

High = 5.187 High = 3.912

Girls Task 4 AU25 occurrence Low = 5.449 Low = 2.162 9.49 0.009 Low vs −1.83

Med = 8.932 Med = 1.674 med = 0.006

High = 7.307 High = 1.297

Girls Task 4 AU26 occurrence Low = 4.976 Low = 2.288 6.33 0.042 Low vs −1.11

Med = 7.012 Med = 1.401 med = 0.036

High = 6.664 High = 1.974
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Table 14 Statistical results of the visual responses for the RCADS task(paired tests)

Population comparison Feature Mean Std Dev W p Cohen’s D

Girls vs Low tertile AU4 intensity Girls = 0.06 Girls = 0.09 36 0.035 −1.22

boys Boys = 0.38 Boys = 0.34

Girls vs Low tertile AU4 occurrence Girls = 1.38 Girls = 2.06 36 0.035 −1.29

boys Boys = 10.66 Boys = 9.38

Girls vs High tertile AU20 intensity Girls = 0.1 Girls = 0.02 15 0.024 −1.9

boys Boys = 0.19 Boys = 0.06

Table 15 Statistical results of the auditory responses for the happy and sad memory recall task

Population Task Feature Mean Std Dev χ2(2) p Post Hoc p Cohen’s D

Overall Task 1- Spectral kurtosis Low = 282.066 Low = 149.669 5.99 0.049 Not significant N.A.

Happy memory Med = 235.297 Med = 185.968

High = 503.289 High = 215.142

Overall Task 1- Pitch Low = 169.048 Low = 25.5 7.85 0.0196 Low vs −1.12

Happy memory Med = 188.747 Med = 25.388 high = 0.02

High = 210.729 High = 27.656

Overall Task 1- Harmonic ratio Low = 0.519 Low = 0.063 6.18 0.045 Low vs −0.96

Happy memory Med = 0.551 Med = 0.056 high = 0.048

High = 0.608 High = 0.07

Overall Task 1- Spectral centroid Low = 608.352 Low = 238.587 7.25 0.026 Low vs −0.81

Sad memory Med = 862.378 Med = 184.718 high = 0.048

High = 1019.987 High = 250.312

Overall Task 1- Spectral decrease Low = 0.134 Low = 0.025 11.18 0.004 Low vs 1.47

Sad memory Med = 0.088 Med = 0.02 med = 0.003

High = 0.103 High = 0.025

Overall Task 1- Spectral roll-off Low = 1323.783 Low = 448.058 7.054 0.029 Not significant N.A.

Sad memory Med = 1852.707 Med = 374.007

High = 2054.208 High = 447.961

Overall Task 1- Pitch Low = 172.565 Low = 25.147 10.85 0.004 Low vs −1.15

Sad memory Med = 209.279 Med = 41.649 med = 0.021

High = 214.852 High = 27.545 Low vs −1.36

High = 0.01

Girls Task 1- Spectral skewness Low = 7.659 Low = 1.057 7.26 0.026 Med vs −1.74

Happy memory Med = 6.123 Med = 0.774 high = 0.03

High = 8.605 High = 2.047

Girls Task 1- Pitch Low = 189.191 Low = 18.581 6.45 0.039 Not significant N.A.

Sad memory Med = 226.06 Med = 37.997

High = 211.357 High = 21.327

Table 16 Statistical results for the paired analysis of the auditory responses for happy and sad memory recall task

Population comparison Feature Mean Std Dev W p Cohen’s D
Low tertile

Overall Happy memory vs Spectral flatness Happy memory = 0.001 Happy memory = 0.001 Z = 2.43 0.043 0.58

Sad memory Sad memory = 0.001 Sad memory = 0

Girls vs boys Med tertile pitch Girls = 226.06 Girls = 37.997 68 0.014 1.99

Sad memory Boys = 168.236 Boys = 10.877
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Table 17 Statistical results of the auditory responses of the SMFQ task

Population Task Feature Mean Std Dev χ2(2) p Post Hoc p Cohen’s D

Overall Task 2 Spectral centroid Low = 495.9683 Low = 159.671 11.09 0.004 Low vs −1.01

Med = 693.4881 Med = 114.8212 med = 0.04

High = 814.4543 High = 174.8179 Low vs −1.25

high = 0.006

Overall Task 2 Spectral decrease Low = 0.1653 Low = 0.0252 10.69 0.005 Low vs 1.25

Med = 0.1254 Med = 0.0215 Med = 0.04

High = 0.1216 High = 0.0287 Low vs 1.2

High = 0.006

Overall Task 2 Spectral entropy Low = 0.3482 Low = 0.0378 6.35 0.042 Not significant N.A

Med = 0.3909 Med = 0.0293

High = 0.3785 High = 0.0443

Overall Task 2 Spectral flatness Low = 0.001 Low = 0.0007 8.94 0.011 Low vs −0.83

Med = 0.0013 Med = 0.0005 High = 0.008

High = 0.0017 High = 0.0005

Overall Task 2 Spectral kurtosis Low = 213.6869 Low = 75.9915 7.62 0.02 Med vs −0.69

Med = 142.5335 Med = 91.4885 High = 0.037

High = 316.4181 High = 537.7127

Overall Task 2 Spectral roll-off Low = 1064.7604 Low = 501.2352 11.81 0.002 Low vs −0.83

Med = 1651.4201 Med = 312.6713 Med = 0.037

High = 1566.1548 High = 624.5682 Low vs −1.07

High = 0.003

Overall Task 2 Spectral skewness Low = 8.4416 Low = 1.5526 6.01 0.049 Low vs 1.03

Med = 6.8412 Med = 1.1085 Med = 0.04

High = 7.5104 High = 2.3687

Overall Task 2 Spectral spread Low = 620.6508 Low = 149.795 9.33 0.009 Low vs −1.07

Med = 744.6642 Med = 99.2751 High = 0.006

High = 822.8716 High = 121.9621

Overall Task 2 Pitch Low = 145.1531 Low = 16.0259 10.55 0.005 Low vs −1.3

Med = 162.4531 Med = 11.1842 High = 0.004

High = 169.2586 High = 14.475

Girls Task 2 Spectral centroid Low = 559.9923 Low = 131.3841 7.84 0.02 Low vs −0.68

Med = 780.5795 Med = 122.0183 Med = 0.018

High = 744.5774 High = 149.958

Girls Task 2 Spectral decrease Low = 0.1599 Low = 0.0297 8.05 0.018 Low vs 1.35

Med = 0.1147 Med = 0.0169 Med = 0.013

High = 0.134 High = 0.0319

Girls Task 2 Spectral entropy Low = 0.3673 Low = 0.0303 6.17 0.045 Low vs −1.44

Med = 0.4171 Med = 0.0373 Med = 0.044

High = 0.3825 High = 0.0312

Girls Task 2 Spectral flatness Low = 0.0012 Low = 0.0004 6.417 0.04 Low vs −1.45

Med = 0.0018 Med = 0.0005 Med = 0.031

High = 0.0016 High = 0.0006

123



International Journal of Social Robotics (2024) 16:999–1046 1041

Table 17 continued

Population Task Feature Mean Std Dev χ2(2) p Post Hoc p Cohen’s D

Girls Task 2 Spectral roll-off Low = 1232.9737 Low = 378.4704 7.85 0.02 Low vs −1.38

Med = 1972.4868 Med = 626.5087 Med = 0.01

High = 1648.8434 High = 300.2011

Girls Task 2 Spectral skewness Low = 7.9157 Low = 1.0851 8.45 0.014 Low vs 1.62

Med = 6.0952 Med = 1.148 Med = 0.03

High = 7.7822 High = 0.9637

Girls Task 2 Spectral spread Low = 684.7219 Low = 87.9059 7 0.03 Low vs −1.62

Med = 858.4385 Med = 120.1953 Med = 0.02

High = 761.4514 High = 96.0184

Girls Task 2 Pitch Low = 144.2339 Low = 14.746 7.49 0.024 Low vs −1.84

Med = 167.8279 Med = 11.2028 Med = 0.02

High = 162.4633 High = 14.4305

Table 18 Statistical results of the auditory responses for the SMFQ task (paired tests)

Population Comparison Feature Mean Std Dev W p Cohen’s D

Girls vs Boys Med tertile Spectral flatness Girls = 0.0018 Girls = 0.0005 93 0.035 1.64

Boys = 0.0011 Boys = 0.0003

Table 19 Statistical results of the auditory responses for picture task

Population Task Feature Mean Std Dev χ2(2) p Post Hoc p Cohen’s D

Overall Task 3 Spectral kurtosis Low = 228.887 Low = 157.741 15.25 0.001 Low vs −1.48

picture 1 Med = 194.545 Med = 111.132 high = 0.01

High = 558.205 High = 132.136 Med vs −2.38

high = 0.0004

Overall Task 3 Spectral skewness Low = 7.928 Low = 1.563 8.17 0.017 Med vs −1.57

picture 1 Med = 6.554 Med = 1.468 High = 0.01

High = 8.547 High = 1.219

Overall Task 3 Spectral kurtosis Low = 239.189 Low = 260.295 7.37 0.025 Low vs −0.89

picture 2 Med = 250.915 Med = 102.268 high = 0.04

High = 529.956 High = 292.671

Overall Task 3 Spectral skewness Low = 8.075 Low = 1.989 6.641 0.03 Med vs −1.21

picture 2 Med = 6.858 Med = 1.461 high = 0.03

High = 8.805 High = 1.91

Overall Task 3 Spectral kurtosis Low = 312.581 Low = 160.536 7.16 0.029 Med vs −1.22

picture 3 Med = 267.998 Med = 112.403 high = 0.03

High = 534.305 High = 214.438

Overall Between pictures Spectral decrease pic1= 0.124 pic1= 0.029 6.5 0.04 pic 1 vs −0.13

Low Tertile pic2= 0.124 pic2= 0.029 pic 2 = 0.036

pic3= 0.122 pic3= 0.028

Overall Between pictures Spectral roll-off pic1= 1646.88 pic1= 552.631 7.13 0.03 pic 2 vs −0.18

Low Tertile pic2= 1476.271 pic2= 579.323 pic 3 = 0.022

pic3= 1661.991 pic3= 584.867
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Population Task Feature Mean Std Dev χ2(2) p Post Hoc p Cohen’s D

Girls Task 3 Spectral flux Low = 0 Low = 0 6.65 0.03 Low vs −1.23

picture 1 Med = 0.001 Med = 0.001 med = 0.036

High = 0 High = 0

Girls Task 3 Spectral kurtosis Low = 282.289 Low = 191.76 7.6 0.02 Med vs −3.06

picture 1 Med = 213.947 Med = 109.959 high = 0.017

High = 531.471 High = 94.087

Girls Task 3 Spectral skewness Low = 6.864 Low = 1.66 9.01 0.01 Med vs −2.94

picture 1 Med = 5.757 Med = 0.924 high = 0.007

High = 9.231 High = 1.49

Girls Between pictures Spectral crest pic1= 192.418 pic1= 18.655 6 0.049 pic 1 vs −0.48

Med Tertile pic2= 202.132 pic2= 24.271 pic 3 = 0.043

pic3= 203.069 pic3= 25.455

Girls Between pictures Spectral flux pic1= 0.001 pic1= 0.001 6 0.049 pic 1 vs 0.22

Med Tertile pic2= 0.002 pic2= 0.003 pic 3 = 0.042

pic3= 0.001 pic3= 0.001

Boys Task 3 Spectral kurtosis Low = 304.741 Low = 137.211 7.04 0.03 Med vs −1.93

picture 1 Med = 258.264 Med = 119.208 high = 0.03

High = 531.12 High = 164.92

Boys Task 3 Spectral kurtosis Low = 339.269 Low = 120.027 7.11 0.03 Low vs 0.11

picture 3 Med = 326.947 Med = 99.339 med = 0.042

High = 591.677 High = 157.179 Med vs −2.06

high = 0.048

Boys Task 3 Pitch Low = 170.444 Low = 28.504 6.2 0.04 Low vs −1.51

picture 3 Med = 174.449 Med = 16.881 high = 0.049

High = 210.071 High = 20.838

Boys Between pictures Spectral decrease pic1= 0.137 pic1= 0.028 6 0.0497 Not significant N.A

Low Tertile pic2= 0.142 pic2= 0.029

pic3= 0.135 pic3= 0.027

Boys Between pictures Spectral kurtosis pic1= 304.741 pic1= 137.211 6.2 0.045 pic 2 vs −0.17

Low Tertile pic2= 299.114 pic2= 309.752 pic 3 = 0.048

pic3= 339.269 pic3= 120.027

Table 20 Statistical results of the auditory responses for picture task (paired tests)

Population Comparison Feature Mean Std Dev W p Cohen’s D

Girls vs boys Picture 1 spectral centroid Girls = 1037.746 Girls = 88.35 69 0.007 2.88

med tertile Boys = 645.349 Boys = 177.651

Girls vs boys Picture 1 spectral roll-off Girls = 2167.794 Girls = 204.863 68 0.013 2.15

med tertile Boys = 1455.626 Boys = 437.331

Girls vs boys Picture 1 spectral skewness Girls = 5.757 Girls = 0.924 30 0.014 −2.06

med tertile Boys = 7.781 Boys = 1.051
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Table 21 Statistical results of the auditory responses for the RCADS task

Population Task Feature Mean Std Dev χ2(2) p Post Hoc p Cohen’s D

Overall Task 4 Spectral centroid Low = 526.18 Low = 199.677 7.03 0.029 Low vs −0.66

Med = 604.469 Med = 174.489 high = 0.03

High = 659.715 High = 248.953

Overall Task 4 Pitch Low = 145.852 Low = 16.733 9.49 0.009 Low vs −1.15

Med = 166.155 Med = 13.392 high = 0.01

High = 173.956 High = 19.124

Girls Task 4 Spectral centroid Low = 536.32 Low = 41.762 8.63 0.013 Low vs −1.33

Med = 730.264 Med = 189.098 med = 0.01

High = 668.594 High = 156.805

Girls Task 4 Pitch Low = 143.761 Low = 14.358 8.09 0.018 Low vs −2.03

Med = 171.567 Med = 13.148 med = 0.02

High = 166.082 High = 20.558
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