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ABSTRACT

This research focuses on whether the use of a cyber-physical robotic system (CPRS)
to assist Speech and Language Pathologists (SLP) in a Special Education service is
beneficial. The research method is based on a quasi-experiment with a 2k design
and a two-way ANOVA, implemented with real high school students over 10 weeks.
It was found that the use of this CPRT could improve, preliminarily and as an initial
exploratory finding, therapeutic speech effectiveness up to 11.3 percentage points
with a statistical confidence of 95%, when SLPs work with students with mild
articulation disorder and a restricted time for therapy, but especially when the
technology is used without time constraints. It is concluded that assistive CPRT
could be a causal factor of improvement in specific treatments performed by SLPs,
with the statistical evidence being sufficiently significant (95%) to maintain scientific
and educational interest in this research line in the future.

Keywords ASSISTIVE ROBOTICS, SPECIAL EDUCATION, SPEECH AND
LANGUAGE THERAPY, CYBER-PHYSICAL SYSTEMS, EDUCATION
TECHNOLOGIES

1 INTRODUCTION
Rates of speech disorders across the world remain high. The reported prevalence ranges
widely between 1% and 25%, with variations according to the type of disorder and age
groups, and the highest prevalence being found in younger population (Choo, Smith, &
Li, 2022).

This research focuses on articulation disorders, that is, alterations in the articulation of
phonemes that may occur due to the absence or alteration of some of these, or as a result of
improper replacement by others (Chaminade et al., 2012; Kim et al., 2013; Robles-Bykbaev
et al., 2018).

The research problemwas defined as follows: Is it beneficial to use robotic cyber-physical
technology to assist the practice of special educators specialized in speech and language
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therapy for students with articulation disorders in terms of the therapeutic effectiveness of
speech over time?

As a first phase, a robotic systemwas developed based on a physical and virtualized robot
(cyber-physical robot platform) that executes a therapeutic exercise for mild articulation
disorder and which was programmed for mobile devices (Caldwell, Morales, Solis, Cazorla,
& Cañas, 2021). It is useful for three types of functional disorder therapies in professional
practice: “substitution therapy”, “omission therapy” and “phoneme change” (Flagge, 2013;
García-Vergara, Brown, Park, H, & Howard, 2014; Pennington, Saadatzi, Welch, & Scott,
2014).

The platform developed was preliminarily validated in two tests, one with pathologists
and another with real patients. We conclude that the possible practical use of a robotic plat-
form such as this has been preliminarily evidenced and that pathologists are highly con-
fident it can become a useful tool in the treatment of different types of mild functional
disorders.

This paper concerns the second phase of our research, which is the experimental explo-
ration of benefits of the platform with real users in therapeutic sessions and with statistical
rigor. The first goal is to experimentally analyze the platform as a tool to assist educators
specialized in speech and language therapies in terms of its therapeutic effectiveness. The
second aim is to determinewhether there is any difference in the effectiveness achievedwith
the use of the physical robot and the application for mobile devices, compared to the use of
the application for mobile devices alone.

In the following sections, the theoretical framework and related research works are first
described. Subsequently, the robotic platform model, the design of the experiment and
the groundings of its statistical rigor are presented. Finally, we describe the results of the
experiment implemented, suggesting conclusions and future research opportunities.

2 THEORETICAL FRAMEWORK
This section presents a brief outline of the theoretical framework and a review of works
related to this research. Various conditions may cause the need for speech or language ther-
apy, such as hearing problems, cognitive delays (intellectual, reasoning), weakness in oral
musculature, birth conditions, such as cleft lip, autistic spectrum disorders, motor or respi-
ratory problems, swallowing disorders and traumatic brain injuries (Costa, Lehmann, Daut-
enhahn, Robins, & Soares, 2015; Costescu, Vanderborght, & David, 2015; Raul & Ahyea,
2016).

Commonly found needs are those related to aphasia, apraxia or dysarthria of all types
and degrees, dementia, head trauma, cognitive impairments, and typical aging. Specifi-
cally, in the area of voice, therapies are oriented towards dysphonia, vocal education and
disabilities related to medical procedures such as laryngectomy. In relation to swallowing
and speech, disorders include dyslalia, dysphagia, atypical or adapted swallowing and oral
breathing.
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A functional disorder is one where diction errors are typically similar to those produced
by children during the stages of language acquisition. Certain analytical dimensions are
postulated as causes of functional disorders, among which there are psychological, envi-
ronmental, hereditary and cognitive factors (ASHA, 2018).

Typically, in the field of speech therapy, different types of articulation disorders can be
identified. For example, developmental disorders refer to anomalies of articulation that
occur in the early stages of speech development and are considered normal, since the child
is in the process of acquiring language and still cannot accurately reproduce all of the
phonemes. Audiogenic disorders are caused by hearing impairments, in which the child
cannot receive, and therefore discriminate between similar sounds. In addition, organic
disorders are caused by organic alterations, such as genetic predisposition, insufficient psy-
chomotor control, environmental problems, muscular tension or cognitive deficits.

Specifically, this research focuses on the possibility that robotic cyber-physical technolo-
gies can assist therapies to treat functional articulation disorders. A number of factors are
postulated as causes of functional disorders, including psychological factors, environmental
factors, hereditary factors and cognitive factors.

The literature review performed reflects a growth in the use of robotics and information
and communication technologies in applications that seek the achievement of therapeu-
tic objectives in the field of speech and language skills (Caldwell, Cazorla, García, Azorin,
& Zamora, 2017; Estevez, Terrón-López, Velasco-Quintana, Rodríguez-Jiménez, & Álvarez
Manzano, 2021). However, many of these are oriented towards robot-like features, behav-
ior analysis, models, teaching or providing feedback or learning stimuli (Begum, Serna,
& Yanco, 2016; Cabibihan, Javed, Ang, & Aljunied, 2013; Diehl et al., 2014; Scassellati,
Admoni, & Mataric, 2012; Seong, Jin, & Hyun, 2016).

In addition, it is reported that the effectiveness of the treatment depends on the per-
severance of the individual and, on the other hand, the effectiveness of the human-robot
interaction depends on the degree of an individual’s acceptance of the robot. This corre-
lates with their human appearance, that is, if the robot assistant appears friendly, people are
more likely to accept it as an assistive technology (Calderita et al., 2015).

This type of research has also been conducted in other fields in which social and assis-
tive robotics is developed; for example, in the care of older adults and in the physical reha-
bilitation and care of people with cognitive disabilities (Gregor, 2016). J. C. Pulido et al.
(2017), for instance, present an application for rehabilitation of upper limbs without con-
tact and with robotic autonomy and teleoperation for children with physical disabilities
(NAOTherapist), which has been positively evaluated. However, research on social and
assistive robotics has often focused on individuals on the autistic spectrum (Tapus et al.,
2012), and thus there remains a great opportunity to apply it to other therapeutic fields of
speech and language.

Deeper analysis of this literature review can be found in Caldwell et al. (2017, 2021);
Marge et al. (2022); Vázquez-Villasuso and Diaz-Monterrey (2015).
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3 DESCRIPTION OF THE ROBOT AND MOBILE DEVICE BASED
SYSTEM

This section describes the core technical foundations of the speech-language cyber-physical
robotic platform and its essential characterization.

First, Kansei Robotic Flow (KRF) is commonly used to determine the behavioral char-
acteristics of a robot or robotic platform based on a chosen archetype (Marge et al., 2022;
Pakrasi, 2018). A robot archetype is understood as a common blueprint for character traits
that can be found in stories across cultures and are thus easily identifiable (Scassellati &
Tsui, 2016).

KRFwas used as a systematic approach to define the personality traits of the robot behav-
ior and the mobile device application that emulates the robot (Marge et al., 2022; Pakrasi,
2018; Pakrasi, Laviers, & Chakraborty, 2018). Five special educators certified in speech and
language therapies were interviewed to apply the KFR method and as Zero Archetype, the
“human-robot interaction based on trust/friendship traits” (HRI/TF) was defined with two
“Kansei” emotions: happiness and perseverant feeling.

The next phase was the engineering process. Spanish was the language selected because
scientific research in the field in this language is considerablymore limited than that in other
languages, such as English. In addition, it was decided to work on the implementation of
“substitution”, “omission” and “phoneme change” functional articulation disorders due to
their high frequency of use (Liu, Li, Chen, Goh, & Sung, 2014).

Figure 1 shows the general architecture of the system where two key interactions define
core processes related with the users.

One interaction is between pathologists and the physical robot and mobile devices soft-
ware. The second interaction is between students (speech language users who must to
interact with supervision) and the physical robot and mobile devices software. Patholo-
gists define topic of the exercise, threshold, phonemes and complexity level of the words
and pictograms. These parameters can be changed remotely if the pathologist decides to
make adjustments.

Figure 2 shows an overview of the schematic roles of the architecture components.
Pathologists work with speech language users (SLU) managing the selected technology
(robot with app or the app alone). If the selected technology is the app alone, users can
operate the app with the pathologist training. On the other hand, speech language users
can run themobile devices application with a username and password that parents or tutors
must to control, because the therapeutic exercises should be supervised.

It is important to clarify that the platform follows international speech therapeutic prac-
tice and standards. For example, the database with words associated with pictograms is
ARAWORD (an element of the ARASUITE system) which is an internationally recognized
framework developed in Spain by the Government of Aragon (http://www.arasaac.org/sof
tware.php?id_software=2).

As shown in Figure 1, the design of the Robotic Platform Model is based on a humanoid
NAO v.6, chosen for its flexibility, Python language compatibility and friendly appearance.
Specifically, it is based on CMU Sphinx (Carnegie Mellon University, CMU, https://cmu
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Figure 1 General architecture of the system

sphinx.github.io/wiki/download/) with an integration toolset for Apache CORDOVA (h
ttps://cordova.apache.org/), which works with an Internet connection and is compatible
with Python and NAO robot platform. Apache CORDOVA, owned by Adobe Systems, is
a platform that uses tools such as JavaScript and HTML5, among others, as an alternative
framework when hybrid architectures are required.

The speech/language users can interact directly with the physical robot, as well as with
the emulated robot, using a mobile device application. When the user speaks, the physi-
cal robot has the functionality of voice recognition. It can assist an educator with a speech
and language specialization (or Speech Language Pathologist) by finding previously defined
speech failures to provide feedback about words previously organized by themes and ther-
apeutic goals. In addition, the user can interact with the mobile device application and a
similar process is executed, but which uses a virtual emulation of the Robot designed with
Kansei robotic archetype parameters.

The speech recognition algorithm was programmed using an Application Programming
Interface (API) and an integration of Python and Apache CORDOVA. This algorithm was
programmed to be able to identify specific phonemes provided by the pathologist. As in
the humanoid robot in the physical world, this API works with a “threshold” assignment to
perform the recognition. Python is used in order to control the robot and execute specific
movements or therapeutic routines as an assistant of the speech and language pathologist
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Figure 2 Schematic roles of the Robotic Platform components

(or special educator).
Further details about the platform design and its functional validation can be found

in Caldwell et al. (2021).

4 RESEARCH METHOD AND IMPLEMENTATION APPROACH
This section describes the foundations of the design of a full factorial 2k quasi-experiment,
as a research method to explore possible advantages of the platform developed. It is worth
clarifying that the platform is designed to assist the special educator (speech and language
pathologist or SLP) in their work, and not in the sense of substituting robots for humans.
The platform can remotely give specific assistance, but special educators or speech and lan-
guage pathologists must diagnose, and define and supervise the therapeutic process, ana-
lyzing the data that can be generated through the system.

The experiment was carried out in Costa Rica, at the Heredia Special Education Centre.
We worked with students (young men and women) supervised by their parents and pro-
fessional therapists responsible for their treatment. They were all aged between 15 and 20
years. The selection of participantswas based onhomogeneous diagnoses ofmild functional
articulation disorders, a socioeconomic status above the poverty line (to ensure they had
sufficient Internet services and mobile devices to participate in the experiment) and their
being able to read and identify pictograms correctly. All the students gave their consent
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and, due to legal requirements, the parents and tutors of the students signed their consent
for participation advised by the SLPs. Additionally, this research project is registered at the
University of Costa Rica and complies with all the respective ethical requirements.

In this research, a specific therapeutic exercise was defined by the SLPs and was exe-
cuted as part of a therapeutic strategy defined for each participant in the experiment. This
basic exercise consists in presenting an individual with a sequence of pictograms that are
related one by one with a word that contains specific phonemes to improve pronunciation
or functional articulation in a speech process. The patient must listen to the pronunciation
and then pronounce the word to be evaluated.

Regarding the design of experiments, factorial designs can be unifactorial or multifacto-
rial (two ormore factors) and in research with humans, “intrasubject” designs are common,
where the same individuals participate in all the conditions of the variables, as are “intersub-
ject” designs where the participants are different. Likewise, mixed designs can be defined
with intra and intersubject procedures (Creswell & Creswell, 2017) .

The 2k design responds to a scientific tradition where its use is widespread, taking into
account different variants in positivist research in fields such as biology, chemistry, agron-
omy and engineering (G. Pulido, Vara, & Salazar, 2012). Such experimental designs are also
widely recognized and used in the social sciences, especially since the publication of Harley
& Harley in the 60s (W F Harley & Harley, 1968).

Factorial designs are uncommon in the literature on research in special education. How-
ever, such experiments are effective and highly accepted when conducting comparative
and exploratory studies in the field of speech and language therapy, specifically when the
demand of the statistical requirements can be met (Collins, Dziak, & Li, 2009; Glogowska,
2011; Jackson & Cox, 2013; Kirk, 2014; Medina-Varela & López-Reyes, 2011; A. A. Mont-
gomery, Peters, Little, & L, 2003).

Like all scientific research methods, regardless of the underlying epistemology, the
experimental method and particularly the complete factorial design has advantages and
disadvantages that have been well documented in various studies in speech and language
therapy (Lewison & Carding, 2003; Smith, Williams, & Karen, 2017).

Multifactorial designs are the most widely used because they have the advantage of
allowing for the study of more complex and interactive phenomena such as those that fre-
quently involve humans. Consequently, they are typically selected for studies that involve
human behavior and especially when the aim is to simultaneously evaluate the effects of the
factors. According to Medina-Varela and López-Reyes (2011), the factorial design “allows
the interaction effect (the combined effect of both variables) to be assessed, that is, it allows
the main effect of A, that of B and the combined effect of both to be determined”. Another
advantage reported is that such experiments enable a better use of resources (Smith et al.,
2017).

According to A. A. Montgomery et al. (2003), the completely randomized 2k design “is
particularly useful in the initial stages of experimental work, when the effect ofmany factors
is likely to be investigated. This design provides the lowest number of runs with which k
factors can be studied in a complete factorial design.
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D. C. Montgomery (2002) also explains that in a factorial design with two levels, the
levels of the factors are conventionally called “low” and “high”. Additionally, also by con-
vention, the effects are denoted using capital letters A, B and AB.

In addition, ν is used to denote that two factors are in the low level and, on the other
hand, “ν,α,β andαβ ” represent the totaln replications implementedwith the combination
of the treatments.

The average effect of a factor can be calculated by means of the change in the response
variable produced by a change in the level of that factor averaged for the levels of the other
factor.

Effect A at the low level of B is [α - ν]/n and the effect of A with the high level of B is
[αβ - β] / n.

By averaging these two quantities, the main effect of A is obtained: the average principal
effect of B is found from the effect of B with the low level of A and the effect of the AB
interaction is defined as the average difference between the effect of A with the high level of
B and the effect of A with the low level of B.

The combinations for this factorial design are established and identified as follows,
becoming the responses for n replicas:

(0,0) : ν
(1,0) : α
(0,1) : β
(1,1) : α β

Therefore, the average effects of A and B are (Figure 3):

Figure 3 Average effects of A and B

Additionally, average effect AB (average difference between the effect of A at level 1 of B
and the effect of A on level 2 of B) can be calculated as follows (Figure 4):

Figure 4 Average effect AB

Where, again, ν, α, β and αβ represent the total n replications carried out with the
combination of the treatments.

Specifically, for this research project, the factors and levels were defined as follows:
Factor 1: Time of exposure to therapeutic exercise
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• Level 1: Fixed time of 30 minutes maximum per session; 2 sessions per week in pre-
viously established time. (0)

• Level 2: Fixed time of 30 minutes maximum per session; two or more sessions per
week at the time the user wants. (1)

Factor 2: Technology

• Level 1: Collaborative Humanoid Robot (CHR) and, in addition, a virtual emulation
of the CHR using a mobile device application. (0)

• Level 2: Virtual emulation of the CHR using a mobile device application. (1)

In addition, the combinations for the experimental design can be described as follows:
(0,0) : ν
Group that uses the collaborative humanoid robot (CHR) and its virtual emulation with

a fixed time of 30 minutes maximum per session and 2 sessions per week at a previously
established time. One of the sessions will always be face-to-face with the supervision of the
special educator who supervises the therapeutic process.

(1,0) : α
Group that uses a virtual emulation of the collaborative humanoid robot (CHR) with a

fixed time of 30 minutes maximum per session and two sessions per week at a previously
established time. One of the sessions will always be face-to-face with the supervision of the
special educator who supervises the therapy.

(0,1) : β
Group that uses the collaborative humanoid robot (CHR) and its virtual emulation with

a fixed time of 30 minutes maximum per session and two or more sessions per week in a
schedule that the user determines. One of the sessions will always be face-to-face with the
supervision of the special educator who supervises the therapy.

(1,1) : α β

Group that uses a virtual emulation of the collaborative humanoid robot (CHR) with a
fixed time of 30 minutes maximum per session and two or more sessions per week at the
time the user determines. One of the sessions will always be face-to-face with the supervi-
sion of the special educator who supervises the therapy.

The response variable (ϕp) is the speech effectiveness in weekly periods from an initial
level previously established by a special educator certified in speech therapy and in accor-
dance with an accepted international standard. This effectiveness is calculated as the total
number of words pronounced correctly in weekly periods divided by the total number of
words reviewed by the user. In addition, the ratio of words pronounced correctly perminute
of therapy (ρt) is analyzed.

Furthermore, statistical data is collected for performance analysis, such as words failed
and their frequency of failure per period of time (week, day, minute). Additionally, indica-
tors such as number of sessions, time lapse of active therapy per session, total time lapse of
active therapy per period of time (day, week, month, etc.) number of different words used,
number of sessions per period (day, week, month) are also collected and analyzed.
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Regarding the number of replicas, it is typical to define this based on the test of the dif-
ferences between the treatment means and the Fisher (F0) statistic. The number of replicas
needed is primarily influenced by four variables that are required for the calculations Kuehl
(2001), as follows:

1. The variance (σ2)
2. The size of the difference (which has physical significance) between the two means.
3. The level of significance of the test or the probability of type I error.
4. The power of the test or the probability of detecting the difference between means

(1-probability of type II error).

Using these calculation parameters, the number of replicas is estimated as follows (Figure 5):

Figure 5 Estimation of the number of replicas of the experiment

Where:

• r: number of replicas
• γ: the size of the difference (which has a physical meaning) between the two means
• σ: population deviation
• α: level of statistical significance or type I error probability
• β: type II error probability
• Zα/2: statistic for a standard normal distribution at a level of significance α
• Zβ: statistical for a standard normal distribution at a probability level β

It is also possible to estimate the number of replicas if the coefficient of variation (CV) is
known, by dividing the population deviation by the population mean multiplied by 100.
The CV replace σ equation (4) (Kuehl, 2001).

Table 1 shows the number of replicas estimated according to the above criteria and
parameters (Kuehl, 2001). As can be seen, Table 1 shows that using a number of replicas
between 7 and 26, we can get inferences with 95% of confidence (α=0.05), with percentage
differences between averages of 10% and 20% and covering good probability values (1- β)
for coefficients of variation of 5 % and 10% (considering parameters for experiments with
human beings).

For a completely randomized 2k experiment, it is recommended to establish the number
of replicas presented in Table 2. This is widely used because it is constructed based on Table
1 (Kuehl, 2001) and the statistical study of reliability and internal validity of multiple 2k
design experiments reported in the literature on factorial design of experiments (G. Pulido
et al., 2012).
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Table 1 Number of replicates
required for a given coefficient of
variation and probability (1- β) to
obtain a significant difference of%
γ between two treatment means,
with a bilateral test at a level of
significance α (Kuehl, 2001)

α= 0.05 α =0.01
% γ % γ

%CV 1- β 10 20 10 20
5 0,8 4 1 6 2

0,95 7 2 9 3
10 0,8 16 4 24 6

0,95 26 7 36 9

For the proposed quasi-experiment, it was decided to work with groups of 4 users (repli-
cas), entailing 16 runs for this experiment. This number of runs is the maximum recom-
mended presented inTable 2 for a completely randomized experiment with two factors and
two treatments, rendering this proposal robust and yielding a well recommended level of
statistical significance for this type of study.

Table 2 Recommended replicas in 2k designs (J. C. Pulido et al.,
2017)

Design 2k Recommended replicas Number of runs
k= 2 3 o 4 12,16
k= 3 2 16
k= 4 1 o 2 16,32
k= 5 Fraction 25-1 or 1 16,32
k= 6 Fraction 26-2 or fraction 26-1 16,32
k= 7 Fraction 27-3 or fraction 27-2 16,32

The sample of 16 users (4 groups with 4 students of the Special Education Secondary
School) comes from different randomly selected male and female by special educators cer-
tified in speech and language therapy (each student is linked to one previously assigned
pathologist). The systematic process to select and assign individuals to each group is shown
inFigure 6. As observed, a double randomization is executed for the assignment of users
to each group in such a way that the assumption of independence of the observations
can be met, and such that the methodical parsimony does not distort the evidence of the
homoscedasticity assumption in the analysis of variability (ANOVA) to be performed in
the experiment. In addition, a group of control patients were selected and assigned with 10
weeks of conventional therapy.

The special educators (speech language pathologists) It is worth noting that each user has
no interaction with other users nor do the therapists interact with each other, thus avoiding
extraneous variables being introduced into the experiment.
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Figure 6 Systematic process for full factorial 2k experiment sample assignment

Professional recommendation is that therapy should be repeated cyclically for at least
10 weeks to see plausible results in advancing speech skills. Accordingly, the experiment
is conducted over that period of time. This allows for the analysis of variability (ANOVA)
with the weekly observations and the results obtained in the response variable for the total
of 10 weeks.

5 RESULTS AND DISCUSSION
The analysis of the experimental results is presented in this section. It should be noted the
results refer to the factorial design cyclically repeated over the 10weeks. Thedata is analyzed
from the following perspectives:

1. The differences between groups of individuals (which are characterized by the treat-
ments associated with the causal variables) in each of the 10 weeks with respect to the
response variable (therapeutic effectiveness).

2. The evolution of the response variable over time, that is, over the 10 weeks of experi-
mentation with the four groups of participants.

3. All the participants were supervised and followed the therapeutic strategy of a special
educator certified as a speech and language pathologist authorized by law, who was
trained in the use of the assistive robotic platform.

With the data obtained for 10 weeks, a non-parametric test known as the “Mann Whitney
U Test” was performed, which allows two statistically small samples to be compared when
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it is not possible to verify normality or homoscedasticity. This test is equivalent to the com-
parison of t-Student averages, which are typically used for normality assumptions.

The null hypothesis is the equality of the groups, that is, the assumption that therapeutic
effectiveness is no different for the groups that worked with the restricted time (two therapy
sessions per week) and the groups that worked without time restriction.Table 3 shows the
results of this test and, as can be seen, the value p> α, that is, p-value > 0.05, and so, in this
case, the null hypothesis cannot be rejected.

Table 3 Mann-Whitney Test for Factor 1 in 10 weeks.

Mann-Whitney Test for Factor 1 over
10 weeks

Sum of
ranks

2 therapy sessions per week (max.30 min per
week)

10 92

Time without restrictions in the use of mobile
device APP

10 118

TOTAL 20 210

Note: 105.00 expected value; 13.23 standard deviation; 0.344 p-value (two-tailed)

Table 4 shows the results of this test for Factor 2. The null hypothesis is also the equality
of the groups, that is, the assumption that the therapeutic effectiveness is not different for
the groups that worked with the robot and the application and the groups that worked only
with the application, regardless of the time of use. Unlike the previous case, it was found
that “p-value” <α, that is, “p-value” <0.05, and so, in this case, the null hypothesis must be
rejected.

Table 4 Mann-Whitney Test for Factor 2 over 10 weeks

n Sum of ranks
Robot with app 10 55
APP 10 155
TOTAL 20 210

Note: 105.00 expected value; 13.23 standard deviation; 0.0002 p-value (two-tailed)

The results of the first week’s experiment are shown inTable 5 and represent the initial
state of the experiment on which the findings are analyzed and data collection performed.

The ANOVA inferential analysis shows that there is insufficient statistical evidence to
reject the hypothesis of equality in effectiveness due to the time in the use of the robotic
platform compared to the use of themobile device application, considering a 95% statistical
confidence. This is because the “p-value” (0.33) is greater than 0.05 when the data for Factor
1 (time in the use of technological resources) are correlated with the robot and application
scenario and the mobile device application scenario.

The two-way ANOVA analysis shows there is sufficient statistical evidence to reject the
hypothesis of equality in the effectiveness of the use of the application for mobile devices
compared to the use of the robotic platform (robot and application).
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Table 5 Two-Way ANOVA Results for Week # 1.

Factor 2
p-value = 3.89E-06

Robot
with app

App Global
Average

Two therapy sessions per week
(max. 30 min. per week)

35,70 60,50 48,10
Factor 1
p-value= 0.330 Time without restrictions in the

use in the use of mobile device
App

29,30 29,80 44,60

29,30

Global Average 32,50 60,20 46,30

Note: 4 replications per cell; Interaction p-value= 0.428

This means that, with a 95% statistical confidence (“p-value” = 3.89E-06; less than 0.05),
groups that used the application alone started the experiment with a higher level of thera-
peutic effectiveness. This is shown in Figure 7, where “mean level” of “App” is higher than
“Robot with App” on the graph.

Figure 7 Interaction Plot by Factor 2: Technology Tool

Figure 8 shows the overall effectiveness for 10 weeks associated with the exposure time
factor using mobile devices application. An improvement in effectiveness of approximately
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12.4 percentage points can be observed taking into account the complete data series from
week 1 to 10 for groups that have no time restrictions and approximately 8 percentage points
for groups that use technology with the restriction of 2 sessions per week (the absolute devi-
ation of “mean of means” was calculated following Central Limit Theorem principles).

Figure 8 Overall effectiveness graph for factor 1 (time of exposure to therapeutic exercise) in weeks 1-10

Furthermore, Figure 9 shows the overall effectiveness for factor 2 (use of technologies),
where an increasing trend in the effectiveness of the groups that use the physical robot with
the mobile device application can be observed. This allows for an approximate increase of
13.2 percentage points, meaning an appreciable result of improvement in speech skills of the
patients in these groups. It is important to clarify that the randomization of the systematic
process to select and assign individuals to each group cause a specific level of effectiveness
of the group from the beginning, but the trend of improvement is the core of the analysis.
In this specific case, in groups that use only the mobile device application, the effectiveness
is randomly higher than the use of robot with app, but remains stable over 10 weeks, due to
the two factors having a statistical interaction and the time restriction possibly significantly
affecting the use of the mobile device application.

Figure 10 shows the evolution of the groups that used “robot with app” over the 10weeks.
In both groups, there is an increasing trend in effectiveness for any time of use and the
group that increased the most over time was the group without restriction of time of use of
the platform (from 29.3% to 44.8% for an improvement of 15.5 percentage points). In the
case of the group that worked with restricted time, the improvement in effectiveness was a
little lower (11 percentage points) but still significant in that it rose from 35.7% to 46.7% in
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Figure 9 Overall effectiveness graph for Factor 2 over weeks 1-10

only10 weeks.

Figure 10 Effectiveness of the groups that used robot / app over weeks 1-10.
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Figure 11 shows the evolution of the groups that used “only the app” over the 10 weeks.
In this case, there is an increasing trend in effectiveness for the group without time of use
restrictions (from 59.8% to 69.1% for an improvement of 9.2 percentage points), while the
group with a restricted time showed no increasing trend.

Figure 11 Effectiveness of the groups that used only the mobile device app over weeks 1-10

Table 6 shows the analysis of variance (ANOVA) for the 10 weeks of experimentation.
From week 5, behavioral changes are evident in the experimental groups and this evolution
is clearer in the following weeks up to week 10.

Table 6 Two-Way ANOVA: results for week # 1 to 10

Week
1

Week
2

Week
3

Week
4

Week
5

Week
6

Week
7

Week
8

Week
9

Week
10

Source p-
value

p-
value

p-
value

p-
value

p-
value

p-
value

p-
value

p-
value

p-
value

p-
value

Factor 1 0,330 0,474 0,795 0,894 0,537 0,019 0,028 0,037 0,021 0,044
Factor 2 3,89E-

06
5,73E-

07
5,22E-

07
1,30E-

06
1,69E-

06
4,04E-

06
1,94E-

05
2,64E-

06
1,45E-

06
1,27E-

06
Interac-
tion

0,428 0,279 0,309 0,278 0,002 0,029 0,045 0,008 0,012 0,007

In addition, behavioral changes are evident in the experimental groups and this evolu-
tion is clearer in the followingweeks until week 10. The groups that use the technologywith-
out time restrictions have an increasing tendency in their therapeutic effectiveness, which
means that they improve for any amount of exposure time whether they use the physical
robot with the application or only the computer application.
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Finally, a control group was implemented with the same selection and assignment crite-
ria, working over 10 weeks using the traditional method of speech therapy, 2 sessions per
week, 30 minutes per session. The effectiveness of this group randomly begun on the range
of 60% and 70% and remained the same over the experimental period, whichmeans that no
trend in therapeutic effectiveness (positive or negative) was found in this group. In other
words, compared to the results obtained with the randomized control group, the statisti-
cally reliable changes evidenced in the experiment (with 95% of statistical confidence) were
sufficiently meaningful to maintain scientific and educational interest in the use of assistive
robotic technologies in the future.

This means that having found a difference between groups from week 5 onward, using
supporting technologies, is a significant experimental finding.

6 CONCLUSIONS
The research problem focuses onwhether the use of a cyber-physical robotic system (CPRS)
to assist to assist the practice of special educators specialized in speech and language therapy
for students with articulation disorders is beneficial.

After the design and implementation of a full factorial 2k quasi-experiment cyclically
repeated over 10 weeks, some conclusions can be drawn in terms of the therapeutic effec-
tiveness as a response variable, and two casual factors: time restriction and technological
resources, with 95% statistical confidence:

1. Robotic and cyber-physical technologies may be experimental causal factors (that is,
they may cause statistically significant differences in the central tendency) of greater
therapeutic effectiveness on speech skills of patients, when they assist speech and
language pathologists or specialized special educators in professional practice. This
is important given that experimental research in this type of assistive robotics appli-
cations is not so common.

2. Over 10 weeks, the use of the platform may be advantageous for speech and language
therapeutic practice to improve effectiveness. In this specific case, this improvement
could be up to 11.3 percentage points, with this change being significant considering
that traditional therapy without the use of these technologies and represented in the
control group of patients in that same period of time, exhibits no statistically signifi-
cant change.

3. Time restrictions in some types of speech therapy strategies could be a key factor.
In this specific case, the longer the entire platform is used or only the application
for mobile device, the better is the expected effectiveness. The positive results are
significantly greater if the time of exposure to the therapeutic exercise through the
assistive technology is not restricted to a number of weekly sessions and, in contrast,
can be flexible and at any time of the day, reaching an improvement of 10.4 percentage
points in 10 weeks. In addition, there is an increasing trend in effectiveness for the
group that used only the mobile device application without time restrictions (from
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59.8% to 69.1% for a 9.2 percentage points improvement) while the group with a
restricted time showed no trend.

4. The use of these assistance technologies could have positive impacts but time is
needed to see an improvement trend. In this specific case, it did not generate a statis-
tically significant change during the first 4 weeks of use, but, from 5 weeks onward,
statistically significant changes can be expected. A very important element of this
research is that this finding is statistically proven at a 95% confidence level.

Regarding scientificmethodologies, factorial experiment designswith real patients and data
analysis over 10 weeks are unusual in the literature on research in speech therapy with
robotic applications. However, it is possible to conclude that this kind of experiment and,
specifically, the full factorial 2k designs are effective and highly accepted when conducting
comparative and exploratory studies in the field of speech and language therapy, especially
when the statistical requirement demands can be met.

Finally, in this specific case, compared to the results obtained with the randomized con-
trol group, the statistically reliable changes evidenced in the experiment were sufficiently
meaningful to maintain scientific and educational interest in the use of assistive robotic
technologies in the future. For example, it was clearly found that in groups using only the
mobile device application, the effectiveness remains stable, due to the two factors having a
statistical interaction and the time restriction possibly significantly affecting the use of the
mobile device application.

This finding opens up a research question for future works. In addition, a key opportu-
nity would be to improve and clinically validate the use of this platformwith a virtual reality
experience and in combination with a digital twin of the physical robot to improve the real
life experience of the users.
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