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HUMAN-ROBOT INTERACTION

Efficacy and effectiveness of robot-assisted therapy for
autism spectrum disorder: From lab to reality
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The use of social robots in therapy for children with autism has been explored for more than 20 years, but there still
is limited clinical evidence. The work presented here provides a systematic approach to evaluating both efficacy and
effectiveness, bridging the gap between theory and practice by targeting joint attention, imitation, and turn-taking
as core developmental mechanisms that can make a difference in autism interventions. We present two randomized
clinical trials with different robot-assisted therapy implementations aimed at young children. The first is an efficacy
trial (n = 69; mean age = 4.4 years) showing that 12 biweekly sessions of in-clinic robot-assisted therapy achieve
equivalent outcomes to conventional treatment but with a significant increase in the patients’ engagement. The
second trial (n = 63; mean age = 5.9 years) evaluates the effectiveness in real-world settings by substituting the
clinical setup with a simpler one for use in schools or homes. Over the course of a modest dosage of five sessions,
we show equivalent outcomes to standard treatment. Both efficacy and effectiveness trials lend further credibility
to the beneficial role that social robots can play in autism therapy while also highlighting the potential advantages

of portable and cost-effective setups.

INTRODUCTION

This paper reports on two large-scale clinical trials comparing
robot-assisted therapy (RAT) for children with autism spectrum
disorder (ASD) with current standard psychological interventions,
in both formal (clinical) and informal (educational) settings. The
use of the robots in the treatment of ASD has been investigated by
researchers for about 25 years (I-5), and the general idea is both
evolutionary and challenging. Considering autistic children’s gen-
eral interest in technology and the fact that interaction with social
robots is considered safe and enjoyable (6, 7), it has been argued by
several authors that the involvement of social robots in psychologi-
cal interventions can lead to better results and cost-effective inter-
ventions in achieving therapeutic and educational objectives (5, 8, 9).
However, it is challenging to include social robots in the therapeuti-
cal process because good collaboration among end users, psychologists,
teachers, and researchers is required to design and build appropriate
and beneficial interventions for children with autism. The general idea
of RAT has instilled high hopes, not least in parents, for improving
the current services for children with autism. However, when we
analyzed the effectiveness of social robots in autism therapy reported
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in randomized clinical trials, the results were mixed, meaning that
both positive and negative outcomes have been reported [for recent
reviews, see (5, 10, 11)]. Although there have been some trials with
positive results, there is certainly a need for trials that better inte-
grate robot-assisted activities in the therapeutical process, explore
the core developmental mechanisms, integrate them in educational
contexts, and explore long-term results (12). Without sufficient data,
there is a risk of instilling false hopes and causing unjustified costs
for patients and their families. A recent meta-analysis on the use of
social robots for autistic children (5) suggested that more trials are
needed to identify specific characteristics of RAT (e.g., types of robots,
clear and transparent sample selection, and settings) and better
integration techniques in the therapeutic process. This paper con-
tributes to filling that gap.

Most previous studies on RAT for children with ASD are proof-
of-concept studies, clinical cases/single-case experiments, explor-
atory studies with small samples, experimental rather than clinical
interventions, and often not guided by the evidence-based psycho-
therapy framework targeting established key mechanisms, such as
joint attention, attention, and turn taking (13). Moreover, the inter-
ventions investigated in these studies target a very broad range of
different abilities (e.g., play skills, social interaction abilities, and
engagement), which are typically defined differently in different
studies, leading to inconsistent results that are not easy to integrate.
These inconsistencies and the lack of standardized instruments in
measuring the outcomes constitute a substantial challenge for prac-
titioners trying to assess the applicability and effectiveness of RAT in
specific cases. Although there are several studies with standardized
protocols, large samples of children, and standardized measurements
[e.g., (12, 14, 15)], there is still a shortage of studies rigorously com-
paring RAT with conventional therapy for children with ASD (in
the following, we refer to the latter as “standard human therapy” or
SHT hereafter; cf. below). Moreover, as a recent systematic review
pointed out, “while significant efforts have been made to develop
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and test the technical aspects, clinical validation and implementation
lag behind” (11). A recent study by Ghiglino and colleagues (16) tested
the effects of robot-assisted activities focusing on visuospatial per-
spective taking integrated into the rehabilitation program offered in
a health care institution, and their results indicate that children with
ASD gain the most benefit from activities incorporated into inter-
actions with a humanoid robot compared with standard therapy or
other interventions.

Despite the differences observed between conventional treatment
and RAT in some previous studies, the clinical meaningfulness of
these findings is limited in the sense that the core developmental
mechanisms of change still remain unknown (14). Hence, there is
still a lot of uncertainty regarding how RAT really compares with
SHT. We addressed some of the limitations in this domain in a large
European project called DREAM (Development of Robot-Enhanced
Therapy for Children with Autism Spectrum Disorders) through
both clinical and technological innovations [see also (9, 17)], which
have been integrated and evaluated in the two clinical studies re-
ported in this paper. One of the strengths of our work presented
here, we believe, lies in the conceptualization of RAT in accordance
with the evidence-based psychotherapy paradigm in clinical psy-
chology, meaning that we used both clinical and psychometric
methods for a rigorous clinical assessment of ASD. Previous studies
focused either on clinical symptoms of ASD or only basic skills. Fur-
thermore, some recent studies tested the effectiveness of social ro-
bots in home-based therapy, an environment that is slightly different
from our approach (18, 19). We fully support the general idea of
using social robots in home environments in the future, but we also
strongly believe that, at this point, more research is needed to inves-
tigate the underlying mechanisms of RAT to be used in home set-
tings where other types of challenges can appear (20). Central to our
work is a distinction between the clinical symptoms of ASD (as
documented in DSM-5, the Diagnostic and Statistical Manual of
Mental Disorders, fifth edition) and the underlying mechanisms.
Our hypothesis, based on previous work [e.g., (21)], is that imita-
tion, joint attention, and turn-taking are crucial, fundamental abili-
ties in children with ASD. However, no previous study investigating
the use of social robots has treated these abilities as the main targets.
These fundamental abilities, we believe, also constitute a base for
developing more complex skills, such as play and social interactions,
and they contribute to the cognitive and social development of children
and predict their later communication and intellectual functioning.

Some previous studies have investigated the robot-mediated re-
sponse to joint attention in a small sample (21) of young children
with ASD (22), with small but not significant group differences be-
ing observed when using a Nao robot to elicit joint attention responses.
The study took place in a clinical setting, and all participants under-
went four sessions of 10 min each. Two recent studies implemented
by the same research group investigated the effectiveness of pivotal
response treatment with or without robot assistance for improving
social skills in children with ASD (12, 23). One of the studies inves-
tigated the effectiveness of robot-assisted pivotal response treatment
compared with pivotal response treatment in improving general so-
cial communication skills and self-initiations measured with both
standardized questionnaires and observational grids (23). Fifty-two
children were assigned to one of the groups and participated in 20
intervention sessions in which self-initiations were targeted using
motivational techniques from pivotal response treatment. Their
results showed no significant differences between the two groups,
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although both interventions were effective in improving children’s
general socio-communication skills. No significant associations were
found between the self-initiations and overall communication skills.
Therefore, future studies are needed to further investigate the pre-
requisites and underlying mechanics of the social deficits in ASD.
Similar results were identified when comparing robot-assisted pivotal
response treatment with treatment as usual (12) in a study involving
73 children with ASD. Both studies were conducted in clinical set-
tings and limited their intervention protocols to self-initiations (e.g.,
asking for objects and asking for help by using utterances).

Another important issue that we try to address in our studies is
the generalizability of the results, given that our final goal is to en-
hance social skills of autistic children in real-world human-human
social interactions (3, 24). Considering that the focus of our inter-
vention is on hypothesized underlying mechanisms (imitation, joint
attention, and turn-taking), which support social skills acquisition
(i.e., learning directly various social/communication behaviors),
rather than on clinical symptoms as such, we are conceptualizing
the intervention as targeting core developmental mechanisms rather
than symptoms. We believe that this can support flexibility and gen-
eralizability in learning new social communication behaviors. Con-
sequently, the intervention here is not conceptualized as a series of
experimental sessions but as a minimum clinical sequence, which
could then be generalized to a full long-term or intense treatment.
On that account, we expect to identify differences in the clinical
symptoms, although our approach is not a direct and long-term one.
Another strength of our approach is that we compare RAT and SHT,
both in an efficacy study (i.e., in well-controlled lab conditions) and
in an effectiveness study (in a school setting, i.e., in more ecological,
real-world conditions), in line with the most rigorous conditions of
evidence-based therapy. The work presented here—documenting
two complementary clinical studies and addressing efficacy and
effectiveness, respectively—contributes to the integration of both
these needs: a highly rigorous methodology and effectiveness in real-
world settings.

Furthermore, considering the approach to target core develop-
mental mechanisms, we aim to clarify the active elements from the
interventions that could help children with autism improve their
abilities and reduce their social difficulties. We propose an approach
that allows us to identify and confirm the hypothesized underlying
mechanisms (imitation, joint attention, and turn-taking) of change
in a controlled efficacy study and subsequently to maximize those
active elements in an effectiveness study. This approach allows us to
clarify what abilities are most important to train in RAT.

In this process, the robot is used as a mediator. As previously men-
tioned, we strongly believe that if social robots are to be part of the
therapeutic process, they need to be adopted by practitioners in their
daily activities, and practitioners should be enabled to actively partici-
pate in the design of the robot-assisted activities (25). The mechanisms
and skills learned in interaction with the robot should be generalizable
to human-human interactions with the help of the therapist and should
not remain limited to human-robot interactions only.

In the development of our studies, we followed a participatory de-
sign with the following steps: First, the initial concepts were devel-
oped by the psychologists and engineers, after which feedback from
teachers, parents, and children was gathered. The tasks in pilot studies
[see (26, 27)] were then tested, refining the prototypes on the basis of
the feedback and results from these pilot studies. Last, the interven-
tion program was adapted and scaled to include more children.
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RESULTS

Our approach moved from a Wizard-of-Oz paradigm, in which the
robot was controlled by a human operator, to a semi-autonomous one,
in which the robot’s autonomous decision-making was supervised by
a human therapist. Our platform for delivering semi-autonomous
RAT for children with ASD has been made available as an open-
source and reusable platform (17).

More specifically, to carry out the studies reported here, we devel-
oped two technical platforms (see Fig. 1): a stationary system used in
controlled clinical trials to evaluate the efficacy of RAT (hereafter re-
ferred to as the clinical trials platform) and a smaller, more portable
system that was used to evaluate the effectiveness of RAT in real-life
educational settings (the educational platform). The clinical trials
platform (9, 17, 26, 27) consisted of a sensorized table (Fig. 1A) on
which the robot was placed, equipped with several cameras that re-
corded aspects such as the pose, movement, and facial expressions of
the child. This sensory information was used by the system to assess
whether the behavior of the child was in accordance with the expecta-
tions of the clinical intervention scripts. That information, in turn, was
used to automatically decide the next actions of the robot, thereby en-
abling the robot’s semi-autonomous behavior. However, therapists
always retained the ability to override the system’s decisions. The edu-
cational platform (28), on the other hand, omitted the sensorized ta-
ble, and the robot was instead controlled via a tablet (Fig. 1B). This

Robot assisted therapy

made the educational platform more portable, but all clinically rele-
vant attributes were retained, as discussed in more detail below.

Study 1: Efficacy of RAT

Intent-to-treat analysis on all outcomes indicated that the two inter-
ventions (RAT versus SHT) were equivalent on all primary outcomes
and on clinical outcomes. However, the RAT intervention was supe-
rior on several secondary outcomes, reflecting engagement with the
intervention (see Fig. 2). Statistical analysis and results are described
in more detail in the Supplementary Materials.

SHT was structured as a behavioral teaching program rooted in
applied behavior analysis (ABA) discrete trial training methods, an
approach well established in autism interventions in Romania. The
treatment directly targeted core social cognitive domains—imitation,
joint attention, and turn-taking—ensuring alignment with the RAT
condition. Sessions consisted of structured play tasks facilitated by a
human therapist, where learning followed the discriminative stimulus
— child response — contingent reinforcement format. Correct
responses were reinforced through positive social feedback (e.g.,
praise, smiles, and gestures), whereas incorrect or no responses were
supported through shaping, modeling, and prompting. These skills
were practiced through repetitive, reinforcement-based exercises
embedded in natural play contexts to promote consolidation,
motivation, and engagement. The structure and dosage of sessions

Standard human treatment

&

Interaction Partner

T —

Mediator

Sensorized table

Participant

Interaction Partner

,— Mediator

N Participant

—— Supervisor

Fig. 1. RAT research platforms. (A) Clinical trials platform used in study 1. (B) Educational platform used in study 2.
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Fig. 2. Study 1 results: Efficacy of RAT using the clinical trials platform—primary outcomes (social skills, clinical outcomes, satisfaction, and perceived effective-
ness) and secondary outcomes (eye contact and smiling, i.e., engagement). The comparison of RAT with SHT on social skills, clinical outcomes, and satisfaction
(A) using Cohen’s d effect sizes and their 95% confidence intervals indicated a significant difference between RAT and SHT for imitation, d = 1.48, 95% confidence interval
(0.91; 2.05). All other assessed criteria fell within equivalence limits. The comparison of RAT with SHT on engagement (B) using Cohen’s d effect sizes and their 95% confi-
dence intervals indicated a significant difference between RAT and SHT on eye contact in the joint-attention task when the scores were not adjusted for baseline differ-
ences, d = 1.38, 95% confidence interval (0.83; 1.93). All other assessed criteria fell within equivalence limits. Cohen’s d effect sizes for all comparisons were computed

using the estimated marginal means and their standard errors from a hierarchical linear model.

(12 in total, with evaluation, training, and postevaluation phases;
each lasting 45 min) were intentionally matched to the RAT con-
dition, ensuring comparability in treatment intensity and exposure.

Regarding imitation, our results revealed that children from the
RAT group significantly improved their imitation ability compared
with those from the SHT group [F;g457 = 23.44, P < 0.001]. Also,
the results showed that they significantly improved their perfor-
mance from initial assessment to final assessment [Fo 11995 = 5.38,
P < 0.001], and they improved their performance with the increase
in difficulty from level 1 to level 2 [F,g48; = 4.03, P = 0.021]. Com-
parisons for the group and time interaction indicate that the scores
for the participants in the SHT group did not change from baseline
assessment during the intervention, whereas participants in the RAT
group reported significant improvements starting with session 3
(P = 0.004), and performance remained significantly higher until
the final assessment (P < 0.001). Comparisons conducted between
groups suggested that children in the RAT condition had significantly
better performance starting with intervention session 2 (P = 0.032)
and maintained this advantage until the end of the study (P < 0.001).
In the case of joint attention, there were no significant differences
between the SHT and RAT groups. Comparisons within the SHT
group showed decreases in scores when comparing initial assess-
ment with intervention session 5 (P < 0.001), session 7 (P < 0.001),
session 8 (P < 0.001), and final assessment (P = 0.003). No within-
group differences emerged for the RAT group when comparing
intervention sessions and the final assessment with baseline scores.
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The RAT intervention had better scores for the two final interven-
tion sessions compared with SHT; however, the difference was no
longer apparent in the final assessment.

For turn-taking, both groups improved their performance dur-
ing the interventions starting with the first half of the sessions. The
overall performance was lower in the information sharing task
[mean = 0.48, standard error (SE) = 0.03] compared with categori-
zation (mean = 0.66, SE = 0.3) and pattern completion (mean = 0.65,
SE = 0.30). The SHT group showed some advantages, especially in
the pattern completion task, but there were no significant overall or
final assessment differences between the two groups.

Regarding the results for the secondary outcomes (eye contact
and smiling) in the imitation tasks, children maintained eye contact
better in RAT sessions (mean = 8.01, SE = 0.53) compared with
SHT (mean = 5.54, SE = 0.53). Similar results were obtained for
smiling: Children in the RAT group smiled more (mean = 7.72,
SE = 0.58) compared with children in the SHT group (mean = 3.80,
SE = 0.54). In the joint-attention tasks, children also seemed to en-
joy the RAT sessions more, showing increased levels of eye contact
(mean =4.21, SE = 0.33) compared with SHT sessions (mean = 2.94,
SE = 0.32), and they smiled more (RAT sessions mean = 4.25,
SE = 0.34; SHT sessions mean = 2.60, SE = 0.33). The same pattern
emerged in the turn-taking tasks: Although there were some differ-
ences between the types of turn-taking tasks, overall, children were
more engaged in the RAT tasks, showing more eye-contact episodes
(mean = 12.12, SE = 0.98) compared with SHT sessions (mean =
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6.93, SE = 0.96), and smiled in RAT sessions (RAT mean = 15.33,
SE = 1.27; SHT mean = 8.44, SE = 1.24).

When investigating the differences in clinical symptoms, as il-
lustrated in Fig. 3, we did not find any significant differences be-
tween the SHT and RAT groups [F} 6075 = 3.15, P = 0.381]; however,
our results revealed that the scores decreased from pretest (mean =
14.23, SE = 0.48) to posttest (mean = 12.60, SE = 0.52) for both
groups. A similar pattern was observed when analyzing the Social
Communication Questionnaire (SCQ) results: Scores decreased
from pretest (mean = 16.20, SE = 0.70) to posttest (mean = 14.56,
SE = 0.81). Both the scores from the Autism Disorder Observation
Schedule (ADOS) and from the SCQ were very close to the cutoft
scores (for autism diagnoses) reported in some studies.

In summary, the results indicate that RAT is as effective as SHT
in changing some of the symptoms and underlying mechanisms

Estimated Marginal Means of ADOS scores Module 1

—

20,00

15,00

10,00

5,00

0,00

Initial assessment Final assessment

(joint attention, imitation, and turn-taking) of ASD. This is impor-
tant for both RAT and SHT, taking into account the low psychological
treatment (two initial evaluation sessions, eight intervention ses-
sions, and two final evaluation sessions). RAT was more effective
than SHT in improving various engagement mechanisms. Consid-
ering that treatment protocols for ASD are intense or long, our results
suggest using RAT independently or as an additional alternative to
SHT (e.g., when there is a decrease in motivation during SHT).

Study 2: Effectiveness of RAT

Having established the efficacy for some mechanisms in RAT in the
laboratory in study 1, we turned to investigating stability and gener-
alizability in real-life settings in study 2. We conducted an effective-
ness study implemented in 10 special education institutions and
therapy centers for ASD children in Cluj-Napoca, Romania. The

Estimated Marginal Means of ADOS scores Module 2
20,00

15,00

10,00

5,00

0,00

Initial assessment Final assessment

Estimated Marginal Means of SCQ parent assessment

20,00

15,00

10,00

5,00

0,00
Initial assessment

Final assessment

~#-SHT -#-RAT

Fig. 3. Study 1 results: Efficacy of RAT using the clinical trials platform—clinical outcomes (ADOS and SCQ). ADOS scores for module 1 (A) were analyzed using a
hierarchical linear model that included fixed effects for time (pretest versus posttest), group, group X time interaction, and a fixed intercept. Results indicated a significant
effect for time [Fy 3075 = 21.46, P < 0.001]. No significant effects for group [F 6075 = 3.15, P = 0.381] or interaction [F; 3975 = 0.30, P = 0.586] were found. The estimated
marginal means for the time effect indicated that scores decreased from pretest (mean = 14.23, SE = 0.48) to posttest (mean = 12.60, SE = 0.52). SCQ parent assessments
(C) were analyzed using a similar hierarchical linear model including fixed effects: intercept, time (pretest versus posttest), group, and group X time interaction. The results
indicated a significant effect for time [F; 372, = 7.80, P = 0.008] but no significant effects of group [F1,6981 = 0.27, P = 0.607] or interaction [F; 3722 = 0.01, P = 0.966]. The
estimated marginal means for the time effect indicated that scores decreased from pretest (mean = 16.20, SE = 0.70) to posttest (mean = 14.56, SE = 0.81). ADOS scores
for module 2 (B) were not analyzed statistically because of low statistical power; see Supplementary Materials for details.
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children were randomly allocated to one of two conditions: RAT
intervention delivered via the educational platform (including treat-
ment as usual) and a control group receiving only treatment as usu-
al. All children were recruited from special education institutions,
meaning that they all followed regular therapeutic and educational
programs outside of the study protocol. Participating children had a
history of diagnosed ASD symptoms and were able to understand
the instructions required for assessment and for delivering the RAT
intervention. Therefore, in contrast with study 1, here, we tested
RAT in real-life conditions, for a larger age range, and in a transdi-
agnostic framework (i.e., symptoms of ASD are often comorbid with
other clinical conditions). Moreover, this study was conducted as a
superiority study, and we expected that the addition of RAT to the
standard treatment-as-usual intervention would improve outcomes.

Treatment as usual in the special schools from Romania, where data
were collected, entails a structured approach that combines individual-
ized educational programming with therapeutic and social support ser-
vices. Typically, children benefit from daily participation in small-group
and one-on-one instructional activities led by specialized teachers and
therapists. The curriculum is adapted to each child’s developmental
level, focusing on core educational domains (such as communication,
social skills, self-care, and academic abilities) and integrating estab-
lished intervention models such as ABA, speech and language ther-
apy, occupational therapy, and social skills training. Intervention
strategies may include structured teaching, visual supports, rep-
etition, reinforcement-based learning, and the use of clear routines
and predictable schedules to enhance adaptation and learning. The
intervention environment typically emphasizes low student-teacher
ratios; individualized supports; and collaboration among educa-
tors, therapists, and families to maximize developmental gains and
social inclusion.

The results indicated that the RAT group outperformed the con-
trol group on imitation abilities. No significant differences between
the two groups appeared for joint attention and turn-taking. Results
regarding the hypothesized underlying mechanisms are presented
in Fig. 4. Results regarding social interaction difficulties, as rated by
parents and teachers, are provided in Fig. 5.

Children improved their imitating ability from initial evaluation
to final evaluation in the RAT group (pretest mean = 2.18, SE =0.10
to posttest mean = 2.45, SE = 0.10). However, there was no signifi-
cant difference between the RAT group and the treatment-as-usual
group [F) 6144 = 0.64, P = 0.427]. Similar results were obtained for
turn-taking skills, meaning that there were significant improve-
ments from initial to final assessment (pretest mean = 2.20, SE = 0.12
to posttest mean = 2.53, SE = 0.12) but no significant differences
between the treatment-as-usual group and RAT group [F 6077 =
0.07, P = 0.789]. For joint attention, there were no significant differ-
ences from initial to final assessment [F 5964 = 3.20, P = 0.079] in-
dividually or between groups [Fj 6091 = 0.01, P = 0.933]. Regarding
emotion recognition, the results indicated no significant effects for
time [Fi60.15 = 0.83, P = 0.367], group [Fi 6279 = 0.15, P = 0.703],
or their interaction [F g.15 = 0.449, P = 0.506].

The results revealed a significant effect for time and interaction
skill perceived both by parents [F; 5,5, = 4.88, P = 0.032] and by
teachers [F) 5386 = 12.14, P < 0.001] but no significant effect between
the treatment-as-usual control group and RAT, either for parents
[Fy,57.17 = 3.60, P = 0.063] or for teachers [F] 576, =0.001, P=0.971].

We found in study 2 that RAT was well accepted among children,
parents, teachers, and therapists. Both RAT and treatment as usual led
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to improvements from pre- to posttest on some of the mechanisms
(imitation and turn-taking) and in the evaluation of social skills by
both parents and teachers. This is an important finding considering the
low psychological treatment dosage in study 2 (one initial assessment,
three interventions, and one final evaluation session). RAT had a great-
er effect than the control group (treatment as usual) on imitation.

DISCUSSION

The two studies aimed to investigate the efficacy and effectiveness of
RAT for children with autism compared with conventional SHT and
treatment as usual. Here, we have proposed and evaluated an ap-
proach that bridges the gap between theory and practice, with a focus
on training the underlying mechanisms (imitation, joint attention,
and turn-taking) that can make a difference in autism interventions.
This work validated a standardized protocol for RAT for children
with autism that can improve their imitation skills. Although some
previous studies demonstrated the effectiveness of social robots in
developing joint attention (29, 30), we did not find any significant
difference compared to SHT in our work. One important finding
from investigating joint attention performance during the RAT ses-
sions in comparison with SHT sessions is that, in the latter, children
tended to lose interest and could even perform worse after several
sessions than in the initial evaluation because of the repetitive tasks,
whereas with RAT they maintained their interest. Their increased
interest can be observed in their performance in the joint-attention
tasks, their increased positive emotions (e.g., smiling), and their
prolonged eye contact. One possible explanation is that our inter-
vention protocol used standardized tasks, and recent studies have
shown the need to personalize the intervention according to children’s
needs (15, 31) to obtain a better influence on children’s abilities. A
recent study (12) reported similar results as ours: no significant dif-
ferences between SHT and RAT in a large sample after treatment
measures. One possible explanation is that we included intensive
interventions in our treatment-as-usual conditions, which is different
from previous studies, where control groups (32) or community-based
or ABA-focused interventions (33, 34) were used.

Another important finding pertains to the measured decrease in
clinical symptoms of ASD after RAT in study 1. The results highlight
significant improvements in core developmental mechanism-level
skills—imitation, joint attention, and turn-taking—that served as
our primary outcomes. However, generalization to broader, functional
domains was not directly assessed. Although reductions in clinical
symptom scores on ADOS and SCQ approached relevant cutofts,
promising potential improvements observed in trained tasks do not
necessarily equate to generalized social or clinical gains. The lack of
group-level differences on validated distal clinical scales further
suggests that RAT’s effects in this study primarily reflect task-specific
learning rather than broad clinical change. We acknowledge this
limitation and concur with the need for future studies to incorporate
independent generalization measures and assessments of real-world
social functioning in diverse, naturalistic environments. Nonetheless,
our approach—focused on repeated engagement and systematic
training of core social cognitive skills—may offer an innovative path-
way for targeted skill acquisition and technology-based interven-
tion development for children with autism. These findings invite
further research into how the presence of robotized supports, even
in school settings and for short periods, can facilitate foundational so-
cial learning, which will require additional validation through
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Fig. 4. Study 2 results: Effectiveness of RAT using the educational platform—performance in imitation, joint attention, turn-taking, and emotion recognition.
All four measures (imitation, joint attention, turn-taking, and emotion recognition) were analyzed using hierarchical linear models including a fixed intercept and fixed
effects for time (pretest versus posttest), group, and group X time interaction. For imitation (A), significant effects for time [F; 5634 = 21.25, P < 0.001] and interaction
[F1,56.34 = 8.97, P = 0.004] were found, but the group effect was not significant [Fy ¢1.44 = 0.64, P = 0.427]. The estimated marginal means for the time effect indicated that
scores increased from pretest (mean = 2.18, SE = 0.10) to posttest (mean = 2.45, SE = 0.10). The estimated marginal means for the interaction effect indicated that the
scores increased significantly in the RAT group from pretest (mean = 2.01, SE = 0.14) to posttest (mean = 2.46, SE = 0.15), P < 0.001, but no significant change was ob-
served in the control group, P = 0.247. For turn-taking (C), results indicated a significant effect for time [Fy 5511 = 11.63, P = 0.001]. The effects for group [F; 6077 = 0.07,
P =0.789] and interaction [F; 5311 = 0.08, P = 0.775] were not significant. The estimated marginal means for the time effect indicated that scores increased from pretest

(mean = 2.20, SE = 0.12) to posttest (mean = 2.53, SE = 0.12). No significant differences for joint attention (B) and emotion recognition (D) were found.

generalization-focused, ecologically meaningful outcome measures.
Overall, our results indicate the effectiveness of our approach to
RAT both in controlled and real-life conditions.

As previously seen in other studies (35), RAT outperforms SHT
in controlled conditions (study 1) for various engagement measures,
which is important from a long-term perspective, to keep children
engaged. Also, the engagement and the novelty effect were thoroughly
investigated in previous studies in the domain of RAT, and our
results reveal that, even if the tasks are repetitive, children were still
motivated and interested to continue in the RAT sessions. In real-
world conditions (study 2), RAT was found to outperform SHT (in
the form of treatment as usual) in the case of imitation. This result
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can contribute to future development of RAT interventions, suggesting
that some of the underlying mechanisms are more appropriate to be
trained using social robots.

One important limitation of our work is the absence of a no-
treatment control group. Therefore, our results should be interpreted
with caution because the outcomes could be also influenced by other
factors. Future studies should consider including a treatment-as-usual
group (which we did not include in our study 1) and a no-treatment
control group. Despite this limitation, the findings provide valuable
insights and serve as a foundational basis for further exploration into
the use of robot-assisted intervention for children with neurodevelop-
mental disorders. Moreover, children from our treatment-as-usual
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Fig. 5. Study 2 results: Effectiveness of RAT using the educational platform—performance in social interaction assessed by parents and teachers. Interac-
tion skill assessments (by both parents and teachers) were analyzed using hierarchical linear models including fixed effects for the intercept, time (pretest versus
posttest), group, and group X time interaction. Results for parents’ assessments (A) indicated a significant effect for time [F; 5152 = 4.88, P = 0.032] but not for group
[F1,57.17 = 3.60, P = 0.063] or interaction [Fy5152 = 1.742, P = 0.193]. The estimated marginal means for the time effect indicated that scores increased from pretest
(mean = 13.45, SE = 0.45) to posttest (mean = 14.38, SE = 0.48). Results for teachers’assessments (B) indicated a significant effect for time [F; 5386 = 12.14, P < 0.001]
but not for group [Fy,5767 = 0.001, P = 0.971] or interaction [F;,5386 = 0.52, P = 0.472]. The estimated marginal means for the time effect indicated that scores in-
creased from pretest (mean = 12.27, SE = 0.49) to posttest (mean = 13.46, SE = 0.49).

group received evidence-based interventions, so when compared with
evidence-based interventions, even a similar performance or a small
effect on the RAT group represents an important and relevant gain.

The fact that the training program used here specifically targeted
mechanisms such as imitation, joint attention, and turn-taking, subse-
quently used as metrics to evaluate improvement, could also be consid-
ered a drawback. This overlap between the intervention focus and the
assessment metrics may introduce bias, potentially influencing the per-
ceived effectiveness of the training. This limitation underscores the need
for future research to incorporate a broader range of outcome measures,
including those that assess generalized and functional improvements
beyond the directly targeted skills. The measurements used in this study
for clinical symptoms were ADOS and SCQ, instruments that were not
so sensitive to the improvements made by children in RAT sessions to
show the difference between the two groups.

Another limitation of our studies, as for most other studies, is
related to the reduced dose of the treatment (intensity or duration).
In future work, these protocols should be tested in more intense
clinical interventions for longer durations. On the other hand, this
can also be considered a strength because it has allowed us to test
both our RAT approach’s internal validity (in the efficacy study) and
the external validity (in the effectiveness study).

An important limitation of study 2 is the small number of inter-
vention sessions provided. With only three intervention sessions, it
is challenging to determine the long-term effectiveness and sustain-
ability of the observed improvements. The short duration of the in-
tervention may not have been sufficient to evaluate lasting changes
or fully capture the potential benefits of the training. Consequently,
the results might reflect initial gains rather than enduring improve-
ments in the targeted outcomes.
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A final limitation of the work presented here lies in the stan-
dardized approach used for all participants, as mentioned above.
Recent studies highlight the importance of tailored intervention,
and future studies should consider the codesign of the interven-
tion session together with end users (36, 37). Effective treatment
for ASD often requires personalized interventions tailored to indi-
vidual needs, especially because ASD encompasses a wide range of
characteristics and varies substantially from individual to indi-
vidual. Rigid protocols may fail to provide the personalized atten-
tion necessary for effective intervention, potentially leading to
suboptimal outcomes.

A critical consideration in evaluating the effectiveness of RAT is de-
termining whether the observed increase in children’s engagement is
due to the unique features of the robot itself or simply the novelty of the
activity. In our study, it is unlikely to be a novelty effect because we saw
an increase in engagement over several sessions. Rather, the robot’s de-
sign and interactive capabilities, and the way the tasks are built, appear
to intrinsically motivate and sustain engagement. This suggests a more
durable and substantive therapeutic benefit, demonstrated by children
showing increased engagement over several intervention sessions.

Overall, the results contribute to an understanding of the rele-
vance of technological solutions in treating children with ASD and
reducing the human workload that traditional therapies impose.
Evidence-based psychological treatments for ASD (e.g., derived from
applied behavioral analysis) are intense and of long duration. Many
patients with ASD and their families do not have access to necessary
treatments, cannot afford the costs, do not respond well, or relapse. In
the absence of available therapy, many children diagnosed with ASD
are treated solely with medication despite the lack of persistent effects.
In summary, the work presented here constitutes one of the largest
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studies on RAT in autism treatment, further extending the existing
clinical evidence base, and it provides a systematic approach to evalu-
ating both efficacy and effectiveness in an integrated manner through
the combination of complementary clinical studies using a unified
approach. Future studies could consider more than the three skills
addressed here (or others) in their protocols, and there is still scope to
personalize the interventions according to children’s needs.

MATERIALS AND METHODS

Study 1: Efficacy of RAT using the clinical trials platform

In study 1, using the clinical trials platform, we investigated the effi-
cacy of RAT compared with SHT in an equivalence trial design. We
established an equivalence margin of Cohen’s d = 0.79, meaning that
the maximum standardized difference between the two groups should
not be larger than a medium effect size. The clinical trial protocol was
registered on ClinicalTrials.gov with the number NCT03323931. The
study received prior ethical approval from the Scientific Council of
Babes-Bolyai University in Cluj-Napoca, Romania, where the trial was
conducted (record no. 30664/10 February 2017). A letter of consent
was signed by at least one parent before the study, expressing their
consent to record assessments and interventions and to use the data
and recordings for scientific purposes in an anonymous fashion.
Sample

Participants were between 2.5 and 7 years and had a formal diagno-
sis of autism in their medical record, confirmed by an assessment
with the ADOS (38) carried out by clinical psychologists with an
ADOS certification (and blind to the study design). Most of the chil-
dren had a score of 12 or above (51 children), meaning that they
have a moderate to substantial need for support (39). Eighteen chil-
dren had scores from 7 to 11, meaning that they only need minimal
support from the caregivers. Children were excluded if they had
other comorbid neurodevelopmental or learning disorders; if they
had high levels of social skills at the initial assessment, as indicated
by perfect performance on all of the assessment tasks; or if they
lacked the ability to understand the task requirements and follow
the instructions in a session of about 10 to 15 min. Figure 6 presents
a CONSORT (Consolidated Standards of Reporting Trials) diagram
providing details on the study participants. The final sample includ-
ed 69 participants, of which 12 were female (17.4%), with a mean
age of 52.58 months (SD = 11.66).

Measures

Primary outcomes were measured in terms of imitation perfor-
mance, joint attention performance, and turn-taking performance.
Imitation performance was measured using a dichotomic scale (cor-
rect or incorrect answer). A good performance rating was achieved
when the child had correctly imitated the behavior of the play partner
(human or robot), including both the movement and the sound made
by the partner. For each session, an average score was calculated for
each child and used in data analysis by dividing the number of cor-
rect behavioral imitations by the number of attempts.

Joint attention performance was measured on the same dicho-
tomic scale. Children received a positive rating if they followed the
cues shown by the interaction partner. A correct answer counted if
the child looked at an object displayed on the left or the right side of
a large touchscreen placed in front of them. The eye-tracking algo-
rithms of the clinical trials platform were used to detect the eye gaze
of the child (40), whereas the observing clinician used visual input
coming from the left and right cameras (positioned with respect to
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the child) to decide the rating of the behavior. Similar to imitation,
an average score was calculated for each child in each session.

Turn-taking performance was also measured as correct or incorrect
for each trial with the help of the sensorized table and supervised by
the clinician. Children received a positive performance rating if they
waited for the partner’s turn in the game without touching the screen
while the partner performed the action. The semi-autonomous super-
vised system determined whether the child waited their turn by means
of skeleton and posture analysis based on the video and depth cameras
in the setup (40-42). An average score for each child for each session
was also used for turn-taking in data analysis.

Secondary outcomes included the engagement of the child, mea-
sured in terms of eye gaze and smiling at the play partner during the
sessions. Engagement measures were chosen so that they offer an esti-
mate of the degree to which the child was focusing on the treatment
activities and enjoying them, rather than being distracted, getting in-
volved in other activities, or feeling distressed during the intervention.
Eye contact with the play partner was measured in real time (40). An
eye-contact event was defined by the eye gaze of the child directed
toward the head of the play partner for at least 200 ms. The presence
or absence of an eye-contact event was determined using eye-tracking
algorithms. Smiling during sessions was also considered an indicator
of engagement and was measured in real time by the sensorized table
detecting smiling expressions on the basis of the facial landmarks col-
lected from the cameras during the intervention (43).

ADOS (38) is a set of standardized activities designed to cue be-
haviors that are relevant for the diagnosis of ASD and related to so-
cial behavior and communication (e.g., responding when one’s name
is called, asking for help to get access to food, responding to social
signals such as smiles, etc.). ADOS comprises four modules that
have different activities adapted to the age and the level of verbal
abilities of the child. In the current study, only module 1 (for chil-
dren who do not use phrase speech) and module 2 (for children who
make spontaneous use of meaningful short phrases of up to three
words) were used. ADOS offers a coding and rating system tied to
clinical criteria for the diagnosis of ASD, allowing the clinician to rate
the level of severity and establish a likely diagnosis by comparing the
score of the child with the cutoff scores established by research.

The SCQ (44) is a questionnaire consisting of 40 items on which a
parent of the child rates the presence and the absence of normal and
abnormal behaviors that are relevant for ASD. Two forms are available:
“current” and “lifetime” The former looks at the child’s past 3 months,
whereas the latter looks at the child’s entire developmental history. The
current symptoms version of the questionnaire, which we used to assess
parents’ perceptions over the changes in ASD symptoms, has shown
poorer diagnostic utility in children under 4 years (45), and thus we
did not use its cutoff scores. Instead, following other studies (46), we
used this scale as a continuous measure of symptoms as reported by
parents to gather information about the generalizability of the inter-
vention effects beyond the interaction with the therapist.

To determine parents’ perceptions of child improvements and satis-
faction, at the end of the intervention, we asked one parent of each child
to rate the perceived improvements of the child overall (one item) and
on the three specific skills (three items) using a self-report scale from 1
(“I didn’t see any progress”) to 5 (“The progress was very good”). We
also asked parents to rate their satisfaction with the treatment that the
child received using 10 items, each asking about satisfaction with a spe-
cific component (e.g., how assessment was conducted, the assessment
reports they received, and the degree to which the intervention was

90f13

920z ‘Gz ARe|Nl uo (noyzbuens)) ABojouyde | pue 8duB 1S Jo A1sieaiun Buoy BuoH ay] e Hi0:eousios mmmy/sdiy woly papeojumoq


http://ClinicalTrials.gov

SCIENCE ROBOTICS | RESEARCH ARTICLE

[ Enroliment J

| Assessed for eligibility (n=78)

A 4

Excluded (n=9)

*  Not meeting inclusion criteria (n=9)
»  Declined to participate (n= 0)

*  Otherreasons (n=0)

A 4

Randomized (n = 69)

[ Allocation ] \ 4

Allocated to SHT (n= 34) Allocated to RAT (n= 35) .

+  Received allocated intervention (n=31) *  Received allocated intervention (n=30) _

+  Did not receive allocated intervention (n = 3) (parents + Did not receive allocated intervention (n = 5) (distress
decided to stop intervention - 1; could not complete during skills assessment - 1; could not complete skills
skills assessment - 1; maximum performance on skills assessment - 1; maximum performance on skills
assessment - 1) assessment - 1; anxiety towards the robot when

conducting skills assessment - 2)
v { Follow-Up ] A
Lost to follow-up (give reasons) (n=17)

Lost to follow-up (give reasons) (n= 8) *  Were excluded because they did not complete initial

*  Were excluded because they did not complete initial assessment (nN=5)
assessment (n=3) *  Discontinued intervention (n = 12) (had to leave

+  Discontinued intervention (n = 5) (schedule town - 1; medical reasons - 2; distress during
conflict - 1; progress was very slow - 4) intervention - 1; progress was very slow - 8)

4 [ Analysis ] 4

Analyzed (n=34)
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Fig. 6. Study 1: Efficacy of RAT using the clinical trials platform. CONSORT flow diagram showing how participants were enrolled, allocated to the SHT and RAT groups,

excluded or discontinued, and analyzed.

tailored for the needs and skills of the child). The satisfaction for each
item was rated on a scale from 1 (not at all satisfied) to 5 (very satisfied).
Both scales were adapted for the current study and showed excellent
reliability, with Cronbach’s alphas of 0.88 for perceived improvements
and 0.93 for satisfaction.

Procedure

All recruited participants were required to attend 12 sessions: 2 ini-
tial evaluation sessions (i.e., preintervention), 8 intervention sessions,
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and 2 final evaluation sessions (i.e., postintervention). The 45-min
sessions were held biweekly. The overall structure of the 12 sessions
was similar for both groups. Sessions 1 and 2 were designed to carry
out a comprehensive psychological evaluation and to determine the
baseline level of the three fundamental social abilities (imitation,
joint attention, and turn-taking). ADOS was administrated to each
child to assess the social and communicative behavior associated with
ASD. In addition, the SCQ was completed by the children’s parents
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or caregivers. Sessions 3 to 10 were used for training imitation, joint
attention, and turn-taking. Sessions 11 and 12 first determined the
level of the three abilities after the interventions through tasks in
which the targeted behaviors were preceded by a stimulus but not
followed by any feedback. In the postintervention assessment, ADOS
and SCQ were used to determine whether the benefits of the inter-
ventions were generalized.

Intervention sessions with the robot assistant had a similar struc-
ture and followed the principles of discrete trial training (47). Inter-
vention tasks were introduced as gameplay activities. The interaction
partner presented a discriminative stimulus and waited for the child’s
response. If the child response matched the expected one, then the
robot provided positive social feedback (e.g., praise). If the child’s
performance was below the expected one, then the robot provided
encouragement to try again. The child was given three opportunities

to respond to each exercise. After the third failure, the therapist
guiding the intervention prompted the child’s behavior.

Study 2: Effectiveness of RAT using the educational platform
Sample

The study sample included 63 participants, of which 7 were females
(11.11%), with a mean age of 5.89 years (SD = 2.63). The sample size
was calculated using G*Power with the following specifications:
a = 0.05, 1 — B = 0.80, and an estimated effect size (Cohen’s d) for
the population of at least 0.80. Children were included if their ages
were between 3 and 12 years, if they had a history of diagnosed ASD
symptoms, and if they were able to understand the instructions
required for assessment and for delivering the RAT intervention.
Figure 7 presents the CONSORT flow diagram providing details on
the participants.

Enroliment

—

Assessed for eligibility (n= 98)

A

Excluded (n= 35)

«  Not meeting inclusion criteria (n= 18)
"l < Declined to participate (n=0)

«  Other reasons (n=17)

4

Randomized (n = 63)

l

)

Allocation
L Allocated to RAT (n=32)
Allocated to TAU (n=31) *  Received allocated intervention (n=32)
*  Received allocated intervention (n=31)
A 4 [ Follow-Up ]
Lost to follow-up (give reasons) (n = 0) Lost to follow-up (give reasons) (n = 3)
+ Discontinued intervention (n = 3) (anxiety towards the
robot - 3)
4 ( Analysis ]
L

Analyzed (n=31)
»  Excluded from the analysis of primary and secondary
outcomes (n = 0)

Fig. 7. Study 2: Effectiveness of RAT using the educational platform.
usual group and RAT group, excluded or discontinued, and analyzed.
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Analyzed (n=32)

*  Excluded from the analysis of primary outcomes
(n=0)

*  Excluded from the analysis of secondary outcomes
(n = 3) (missing pre-test data on parents and/or
teacher assessment - 3)

CONSORT flow diagram showing how participants were enrolled, allocated to the treatment-as-
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Measures

The primary outcomes were constituted by the same basic underly-
ing mechanisms as in study 1 (imitation, joint attention, and turn-
taking), measured with specific tasks derived from ADOS. Moreover,
we added an additional emotion recognition measure related to the
recognition of emotional expressions. As secondary outcomes, we
measured the difference between initial assessment and final assess-
ment of the clinical symptoms of social interaction, as rated by par-
ents and teachers.

Emotion recognition was measured during the interaction ses-
sions when children had to indicate the emotions expressed by the
robotic play partner: happy, sad, scared, or angry. Children who
were verbal could do so by naming the emotion, whereas nonverbal
children were given a set of photo cards to express each of the four
possible emotions.

To assess the interaction skills as perceived by parents and teachers,
for each child in each group, we asked one parent and one teacher to
assess the child’s ability to interact with others using a set of items
extracted from the TRIAD Social Skills Assessment that we used for
parents and teachers [(48); specifically, we used items 44 to 49 from
the parent’s module and items 45 to 50 from the teacher’s module].
The items were identical for both raters, and we asked them to indi-
cate how competent the child was, on a scale from 1 (not very com-
petent) to 4 (very competent), in expressing feeling, understanding
the perspective of others, initiating social interaction, among others.
Both raters filled out the items before and after the intervention. The
scale was translated and adapted into Romanian language for the
present study. The internal consistency, a measure of reliability that
evaluates how closely related the items in a questionnaire are, was
very good, with Cronbach’s alphas of greater than 0.80 for both par-
ents and teachers at both points in time.

Procedure

The intervention was a shortened and simplified version of the one
implemented in study 1. We started with a behavioral assessment of
imitation, joint attention, turn-taking, and emotion recognition skills.
After the initial assessment, we offered children three intervention
sessions of ~30 min each, performed daily or every second day, that
targeted these skills. This was followed by a final evaluation session
identical to the initial one.

In study 2, the robot was controlled by a research assistant pres-
ent in the room using a DREAM Lite tablet application. The coding
of the child’s behavior (the degree to which the child imitated, initi-
ated joint attention, and took turns) was made by a graduate-level
clinical psychologist specifically trained for this purpose. All sessions
were recorded with a video. Each team delivering the intervention,
consisting of the therapist, the observer coding child’s responses, and
the research assistant controlling the robot, had weekly meetings with
a supervisor who was a PhD-level experienced clinical psychologist
or a special education specialist. During supervision meetings, each
individual case was discussed, and intervention sessions were reviewed
on the basis of the video.
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