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Abstract
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2

This paper presents the implementation and investigation of a novel user centred method, adopted to design, develop and test a
personal robot system, composed of a mobile robotic platform and a smart environment, for assisting people at home. As robots
need to work closely with humans, novel interactive engineering design approaches are required to develop service robots that
are adherent to end users’ needs and that can be quickly employed in daily life. Particularly, this paper presents a methodology
based on the simultaneous evaluation of dependability and acceptability, thus leading to an innovative approach for metrics
and benchmarks that includes not only the main technical attributes of dependability, but also the parameters of acceptability,
both implemented via a user-centered design and co-creative approach. Additionally, dependability and acceptability form the
basis for defining standardized methodologies to test and evaluate robotic systems in dedicated experimental infrastructures
(or robotic facilities), which are conceived to facilitate engineers in their studies and assessments.
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1 Introduction

The market projections foresee a remarkable growth of
service robotics for personal applications [1], particularly
considering the current demographic changes and the need
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for innovative and sustainable social and health care services
at home for individuals. In the not too distant future, robots
will actively collaborate with humans in specific daily tasks
such as, for example, management of daily activities [2],
promotion of social inclusion [3], and suggestion of healthy
activities [4]. As robots need to work closely with humans,
novel interactive engineering design approaches are required
to develop service robots that are adherent to end users’ needs
and can be quickly employed in daily life (e.g., taking inspira-
tion from the service design thinking [5], which promotes the
user-centered and co-creative design). Today, social robotics
is a well-established branch of robotics. It involves the study
of how to design, develop, and evaluate robots able to inter-
act and cooperate with humans by embodying human social
behaviors and rules and having high levels of acceptability
in providing useful and efficient services [6]. In literature,
several works focus on the analysis and evaluation of ser-
vice robotics for personal applications [7,8]. Acceptability
and dependability are fundamental parameters of the robot
design process because they influence the reliability and suc-
cess of the deployment of personal robots in real life. In this
context, the aim of this paper is to present the implementation
and investigation of a comprehensive user centred method
adopted to design, develop, and evaluate a personal robotic
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system, which included both acceptability and dependability
aspects during all the design phases. The final results of this
research demonstrate the crucial importance to consider both
of these factors and to evaluate them in a dedicated infrastruc-
ture for replicable experiments and objectively measurable
metrics and benchmarks.

2 Related works

In literature, the investigation of acceptability and depend-
ability aspects of service robotics for personal applications
represents a crucial aspect for deployability. Research results
have been published on varied associated topics including
key theories on the acceptability of technologies, socio-
emotional requirements for acceptability, and evaluation of
dependability and usability criteria in a realistic context.
Aspects concerning the acceptability of robots for per-
sonal assistance have been investigated beginning with the
first studies of robotics applied to no-industrial use (e.g.,
MovAiD Project [9,10]). Important theories on the accept-
ability of technologies, such as the Technology Acceptance
Models (TAM) [11] and the Unified Theory of Acceptance
and Use of Technology (UTAUT) [12], were applied to the
robotics context to identify which aesthetical and functional
factors could influence the reliability of service robots and
favor or inhibit the interaction and use of robots by end
users. For example, Heerink et al. [13] analyzed and elab-
orated the UTAUT concepts to develop a toolkit based on
twelve constructs (anxiety, attitude, facilitating conditions,
intention to use, perceived adaptability, perceived enjoyment,
perceived ease of use, perceived sociability, perceived use-
fulness, social influence, social presence and trust) that are
useful to measure the acceptance of assistive robots by groups
of users such as elderly people. Another interesting study
investigated the socio-emotional requirements necessary in
a shopping robot to be acceptable by users [14]. This research
highlighted that extraversion, a human trait that is typically
important in the shopping sector, is also a key feature to be
considered in the design of this type of service robot because
if favors interaction and feelings of safety for customers.
Furthermore, in one study, Matari¢ investigated the factors
for human-robot interaction (HRI) that are required to foster
the acceptability of robotic platforms used to motivate older
people during physical exercise [15]. The two experiments
conducted in this study showed a strong user preference
for the relational robot in terms of enjoyability, companion-
ship, and motivational capabilities. Moreover, the European
project Robot-Era, which was aimed at developing three ser-
vice robots to support elderly people in their everyday lives,
based the complete design process of the robotic platform
on the acceptability and usability criteria and assessed them
with older persons in a realistic context [16]. These experi-
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ments obtained positive feedback from end users in terms of
robot acceptance and provided useful suggestions to improve
the three robotic platforms and the tested services.

All these studies are only a part of the huge number of
research projects conducted to date to investigate acceptabil-
ity aspects in personal robotics. However, they are not suffi-
cient to guarantee the successful deployment of robots in real
life. Indeed, the development of personal robots must con-
sider safety issues for users, the environment, and the robot
itself [17]. For this reason, dependability is another important
factor that should be pursued in robotic development.

Service robots that work in actual environments have a
higher level of demands and requirements placed upon them
compared to industrial robots. Foremost, service robotics
requires that dependable robot systems must operate in
human-inhabited environments and must accomplish their
tasks with adequate performance and robustness in dynamic
and unpredictable environments. In studies investigating
the general dependability issues, human factors and human
errors are recognized as important but are considered sep-
arately from technical issues of dependability. Particularly
relevant is the safety requirement, because the robot actively
and dynamically engages the environment and hence takes
full responsibility in the case of hard contact with people or
objects [18]. Adaptability, which is another parameter pro-
posed by Sommerville et al., is the process of changing a sys-
tem to configure it for its environment of use [19]. In contrast
with the industrial context, robots working in the domestic
and urban environments and with different users should be
able to vary and correct their behavior in real time accord-
ing to the changing conditions. Moreover, another important
parameter to be considered in the service robotic field, data
security, is a composite of confidentiality, the absence of
unauthorized disclosure of information; and integrity, the
absence of improper system state alterations [20].

While, for acceptability studies, much literature and vari-
ous methods and models have been presented, to the best of
our knowledge, few works have been presented addressing
dependability for personal and domestic robotic applications.
Furthermore, few works have addressed both acceptabil-
ity and dependability and tried to investigate a correlation
between them.

Bischoff et al. proposed in their analysis that the most
important rule to consider is that a robot system exists for
the purpose of providing value to its users. Therefore, before
defining the specifics of any system, or determining the hard-
ware platform or development processes, a question has to
be answered: Does a planned feature contribute to the sys-
tem’s ability to provide value to the user? [21]. Scientists have
become aware that one of the most important factors that will
determine the acceptance of new technologies by the aver-
age users (and particularly elderly people) is to ensure that
they are not pressured to take on new systems in which they
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Fig.1 Scheme of the
user-centered design and
co-creative approach adopted
during the entire process.
Elderly volunteers were
involved for the needs analysis
in phase 1 and for evaluation of
the system in phase 4

Phase 4: Evalution in realistic
setting with elderly people and
feedback collection

have no interest. This means that an environment of Service
Robotics can be successful only if the potential users are
willing to adopt it [22]. A robotic system that is unusable
in a particular context by a particular user or which does not
improve the overall quality of life for a user cannot and should
not be considered to be dependable [19]. The technologies
must be able to manage numerous challenges before they
become practical and commercially viable in real life. Such
challenges include certain functionality and usability issues,
security and privacy concerns, architectural difficulties, and
cost-benefit balancing.

In this context, this paper aims to demonstrate the impor-
tance of integrating technically focused dependability and
human-oriented acceptability evaluations for deploying ser-
vice robotics in real assisted environments. This leads to an
innovative methodology for metrics and benchmarks that
includes not only the main technical attributes of depend-
ability, but also the parameters of acceptability, both imple-
mented by using a user-centered design and a co-creative
approach. With this purpose, this paper presents the process
of designing, developing, and testing a home-based system,
composed of a mobile robotic platform and a smart envi-
ronment, for assisting elderly persons. First, a dependability
model [23] was achieved to confirm technical specifications;
second, an acceptability model was used to evaluate the
human-oriented features [24]. Additionally, such a depend-
ability and acceptability duo forms the basis for defining
standardized methodologies to test and evaluate robotic sys-
tems in dedicated experimental infrastructures (or robotic
facilities), which are conceived to facilitate roboticists in their
studies and assessments.

Phase 1: End users’ requirements
and service model analysis

Phase 2: Technical guidelines
identification and design of the
ASTROMOBILE system

Phase 3: Development and
prototyping of the
ASTROMOBILE system

3 Methods and instruments

This paper focuses on the design, development, and evalua-
tion of the ASTROMOBILE system [25], a system conceived
for favorable independent living, improved quality of life,
and efficiency of care for senior citizens in domestic envi-
ronments.

The development of the ASTROMOBILE system and its
relative services were performed using a user-centered design
and co-creative approach that have been demonstrated to
be crucial for plausible deployment and exploitation in real
socio-medical contexts [13]. In particular, the project was
conducted using the four steps described in Fig. 1 [26].

With the use of ad-hoc structured questionnaires and
focus-group sessions with elderly people, the functions of
the system and the favored interfaces for the use and appear-
ance (shape human-like, not human-like, dimensions, colors,
materials) of the ASTRO robot to be perceived safe, friendly,
and acceptable by senior citizens, were consolidated.

Concerning functions, elderly individuals deemed that the
most useful robotic services are bringing and transporting
objects, helping them to stand up from chairs and sofa, work-
ing as a calendar to remind them of appointments and times
to take medicines, consulting with doctors or caregivers and
home surveillance for security reason.

For the question, “How do you prefer to interact with the
robot?” most elderly people chose the vocal interface and
the remote controller because, for them, speaking is the most
natural way to communicate. They would like the robot to be
able to understand their vocal commands and also to reply
with vocal messages. Furthermore, concerning the remote
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Fig.2 The initial concept of the ASTRO robot in different versions

controller, most seniors are familiar with using a TV remote
controller, so they suggested the use of a similar tool to con-
trol the robot.

During the focus groups with elderly individuals, four pos-
sible versions of the ASTRO robot (Fig. 2) were sketched to
reach a consensus on the final version of the robot.

Most of the people commented that if the robot has char-
acteristics similar to humans, it is perceived as friendlier.
Regarding the size of the robot, elderly persons stated
that they preferred medium dimensions (maximum height
1.50 m) so they could watch the robot monitor easily with-
out experiencing neck and cervical stress. Concerning the
colors of the robot, the most popular colors chosen were
blue and gray (Fig. 3). For the cover materials, the elderly
subjects touched various types of materials (plastic, rubber,
metal) having different consistencies (soft, rigid) and textures
(smooth, rough). Then, the subjects were asked to choose the
material for the cover. Most of the individuals preferred the
combination of rigid material and spongy areas.

@ Springer

3.1 System overview

The ASTROMOBILE system was composed of two main
coexisting agents that cooperated together and with end
users: a mobile robotic platform, called ASTRO, and an
Ambient Intelligent (Aml) infrastructure, implemented via
wireless sensor networks for environmental monitoring and
user localization. The ASTRO robot was built on the com-
mercial mobile platform SCITOS G5 (Metralabs, Germany),
which, based on a differential drive and a weight and pay-
load of 60 and 50 kg, respectively, was able to move at a
rate of up to 1.1 m/s. ASTRO was equipped with a laser
range sensor SICK S300 and a 9-axis inertial measurement
unit (IMU) that allowed it to safely navigate in the domes-
tic environment, avoiding obstacles and planning trajectories.
The aesthetics, accessories, and interfaces were appropriately
designed on the basis of the end users’ requirements analy-
sis, preliminarily identified in the first development phase.
As a matter of fact, the ASTRO robot (Fig. 3) was designed
with a human-like shape and stylized eyes and mouth. It was
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Fig.3 ASTRO, the mobile
robotic platform developed on
the basis of acceptability and
dependability requirements

ColorLEDs

Microphone
Touch Screen

Speakers

Spongy
Textiles

ABS Cover

Laser sensor

made of a gray rigid thermoplastic ABS material and some
lateral interchangeable spongy textiles on the chest and head.
To favor the interaction with end users, ASTRO included an
adjustable touch screen, red/blue/green-colored LEDs inside
the eyes, and a flexible microphone and a set of speakers for
the speech recognition.

The Aml infrastructure was implemented via two wireless
sensor networks, suited to monitor the environment (sensor
network, SN) and localize the users (localization network,
LN). SN and LN were designed as two different modular
mesh networks on the ZigBee channels 26 and 20 (Ember
ZigBee-Pro stack), respectively, to improve the robustness
and reliability of the networks.

The localization cycle (5 Hz) consisted of the measure-
ment of the received signal strength indication (RSSI) from
all anchor nodes (ANs) of the LN, in occasion of the recep-
tion of a message from the mobile node (MN), and next in the
transmission of such RSSIs to the data logger (DL), where
the position of the MN was computed. SN monitored the
environment by means of appropriate sensor nodes on doors,
beds, and sofas. Particularly, the information from these sen-
sors was used to identify the presence of end users on beds
or sofas, and this information was then combined with data
from LN.

3.2 Experimental setting

Fifteen elderly people (3 male and 12 female), between 66
and 84 years of age (74.87 £ 6.48), were involved in the
experimentation. Seven participants had a low educational
level and eight had a high level of education; eight of them
were married and seven were widowed. All participants com-
pleted the test session and the questionnaire.

IMU

Handle

Emergency
Buttons

Glove Box

Table 1 The standard actions behind a service

Actors Actions

User, ASTRO The User is somewhere in the home; ASTRO is
in the standby position in the home

Aml The Aml reveals an event and triggers ASTRO to
start the service for the User

Aml The Aml calculates the User’s position by means
of the two sensor networks and sends it to
ASTRO

ASTRO ASTRO calculates the path to reach the User and
navigate in the home, avoiding any obstacles

User, ASTRO When ASTRO reaches the User, the service is

provided

The work was performed in the permanent infrastructure
of the DomoCasa Lab, which reproduces a fully furnished
apartment of approximately 120 m? and represents an appro-
priate workplace to test and measure benchmarks, allowing
replication and comparison for robot performance.

Two scenarios were considered for the experimental set-
ting. In the first scenario, the user calls ASTRO because
he/she needs it to carry out some daily activities (i.e., stand
up from the sofa, call a friend, etc.). In the second scenario,
ASTRO autonomously helps the user as consequence of a
particular event (i.e., remind them to take a medicine, notify
of an alert in the home, etc.). In both cases, the scenarios are
composed of the actions presented in Table 1.

3.3 Dependability evaluation

Dependability is defined as the property or the ability of a sys-
tem to deliver a service that can justifiably be trusted, to avoid
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failures that are more frequent or more severe and outage
durations that are longer than is acceptable to the users [5].
A systematic exposition of the concepts of dependability
consists of three parts: impairments affecting dependabil-
ity, means for pursuing dependable systems, and attributes
that comprise dependability [27]. The term “dependability” is
here conceived with such attributes as reliability, availability,
safety, adaptability, maintainability, and security. Depending
on the specific application context, more emphasis has to be
placed on each of the attributes included in the concept of
dependability.

In this work, the dependability model was defined by iden-
tifying appropriate metrics and benchmarks that describe
some technical means that are the basis of the implementation
of the standard actions described in Table 1. The technical
requirements for dependability of the social robot are:

e Navigation capability to move from a starting point to the
target user with maximum efficiency (as quickly as pos-
sible), avoid any obstacle (without delaying the service
delivery time), move gently (perceived safe by the user).

e Accuracy in measuring the user’s position in the home
environment so the robot can safely and effectively inter-
act with the user.

3.4 Acceptability evaluation

Acceptability is defined as “the demonstrable willingness
within a user group to employ technology for the tasks it
is designed to support” [28]. The most used model for the
acceptability evaluation is the Unified Theory of Acceptance

PUB
| PEOSU | PEOIU|

PUF
SAT

Ll

Fig.4 Overview of the model used to evaluate the acceptability

Use of Technology (UTAUT) [29]. The UTAUT aims to
explain user intentions to employ a technological system and
subsequent usage as the result of the interaction of several
key constructs. However, UTAUT was developed for tech-
nology acceptance evaluation at work, so the questionnaire
should be adapted to a robot usage in a domestic environment
by adapting, omitting, or adding questions [30]. Among the
different techniques used to evaluate the acceptability, we
used the evaluation kit proposed by [13]. To assess the pro-
posed system acceptance, a proper model was designed and
applied (Fig. 4) in which three main factors, perceived usabil-
ity (PUB), perceived usefulness (PUF), and attitude (ATT),
influenced the intention to use (ITU). The validation of the
model was based on analysis of the data collected during the
experiment to relate the data to scores showing the indicated
intention to use the proposed system.

Starting from the UTAUT model and the results achieved
in [13], an ad-hoc questionnaire for the ASTROMOBILE
system was developed to investigate the constructs included
in our model. The constructs and the interrelations between
them, assumed as hypothesis, are shown in Table 2 and Fig. 4,

Table2 Constructs used to

. o Cod Construct Definiti
build the acceptability model oce onstue D—

PUB Perceived usability Usability is the perceived quality of a user’s
experience when interacting with the system

PEOIU Perceived ease of interface use The degree to which the user believes that using
the interface system would be free of effort

PEOSU Perceived ease of service use The degree to which the user believes that using
the services would be free of effort

SAT Satisfaction Pleasure or contentment derived from such system
usage

PT Perceived time Perceived time spent by the robot to perform the
service

PUF Perceived usefulness The degree to which a person believes that using
the system would enhance his or her daily
activities

ATT Attitude Positive or negative feelings about using the
technology

AEST Aesthetics Positive or negative feelings about the aesthetics
of the robot

ITU Intention to use The intention to use the system at the present or in

the future

@ Springer
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Table 3 The main parameters

- . Kitchen Kitchen with obstacle Bedroom
for dependability evaluation
Mean SD Mean SD Mean SD
Ts (s) 18.833 0.723 20.460 0.404 29.40 0.346
PL [m] 9.601 0.046 10.260 0.169 14.76 0.118
Vi, (m/s) 0.510 0.064 0.501 0.418 0.502 0.341
Sp (%) 98.988 0.110 93.511 1.393 88.42 0.636
Jp/106 0.023 0.011 0.013 0.002 0.02 0.003

respectively. Furthermore, statements about gender, age, edu-
cation, and marital status were added to enable investigation
of their influence on the other constructs of the model. Each
user involved in the experiment replied to the statements on
a 5-point Likert type scale, in which a participant’s high rate
of agreement corresponded to 4 or 5 points and a low one to
1 or 2 points, while 3 points indicated that the user did not
form an opinion.

The processing of questionnaire data included the follow-
ing steps:

e The Cronbach’s alpha was calculated to understand the
reliability of the construct. An alpha of at least 0.7 is
considered acceptable [31].

e Basic descriptive statistics were employed to initially
assess the statement results.

e The Pearson test was applied to verify the hypothesis
presented in the model.

e The Mann—Whitney U-test was performed to compare
different conditions or users.

4 Dependability measurements
4.1 Social navigation parameters

The presence of humans in the robots’ workspace requires
novel approaches that consider the constraints of human com-
fort as well as social rules. In the literature, several navigation
methods have been proposed [32], analyzing social conven-
tions (i.e., proxemics), human-like behaviors for robots that
are used to define design and development guidelines for
socially acceptable robots. The aforementioned methods are
based on the assessment of how motion is perceived regarding
different conditions such as speed, distance, and orientation.
Starting from this approach, three possible parameters were
identified to test the robot performance:

e Time to delivery service (T;): the time it takes the robot
from the trigger of the service from the planner to initial
provision of the service. Mainly, it is the time for the robot
to move from the starting point to the user’s position.

e Straightness of path (S,): the ratio of the straight line
connecting the starting point of the robot in its workspace
(position ‘0’) and the target point (user position), and the
actual path length (PL) (total distance traveled to reach
the target). In the case of complex paths, where the start-
ing and target points are not in sight, then a broken line
is considered.

e Mean velocity (V,,): the ratio between PL and T;.

e Jerkof the path (J,): ameasure of the motion smoothness;
it is a rate of change in acceleration. It is normalized for
different task durations and path lengths:

T
T> d3x? d3y2 d
= |— | | = +—= |at
s 2*02/ @ ar

0

Five experimental trials were performed with the robot mov-
ing from the starting position to each of the selected end
positions in the DomoCasa Lab. The first position was
selected in the kitchen and was reached twice, with and
without an obstacle along the path. The second position was
selected in the bedroom. Table 3 depicts the measured param-
eters for the three different trials (Fig. 5a).

4.2 User localization

The user localization provides fundamental information so
robots can promptly deliver the service inside the working
place. Over the past decades, the indoor localization tech-
nologies based on wireless sensor networks (WSNs) have
gradually increased their importance in different aspects
of people’s daily lives [33], including assisted living, nav-
igation, emergency detection, surveillance, shopping, and
many other location-based services (LBS). The accuracy of
measuring the user position is one of the most important
parameters used to evaluate the performance of a robot in
delivering a service. Particularly with service robotics, it is
not necessary to have millimeter scale accuracy, but an appro-
priate standard must be achieved to favor the interaction of
human and robot during the provision of the service. For
example, in [34] it was stated that the user positions should
be provided with at least room-level localization resolution

@ Springer
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Fig.5 a The path covered by
the robot to test the navigation
capabilities. b The circular
pre-planned path users were
asked to follow, starting from
and finishing at the sofa, passing
through the kitchen (twice),
bathroom, and bedroom. The
localization accuracy was
measured at the fixed points,
highlighted by the small circles

(granularity), while in the EVAAL (Evaluating AAL Sys-
tems through competitive benchmarking) competition [35],
the localization accuracy was positively evaluated only if
lower than 4 m. Because the ASTROMOBILE system uses a
Kinect motion-sensing input device for human robot interac-
tion, and considering that the optimal distance between robot
and user consists of between 1.2 and 3.5 m [36], it was defined
to reach a localization accuracy of 2 m so the robot would
be working in the middle of the optimal Kinect depth range.
Starting from these considerations, one possible parameter
was identified to test the robot performance:

e Localization accuracy (LA): the accuracy was measured
as the difference between the actual and the estimated
user position.

The user localization module (ULM) provided a multi-user
localization service to collect and fuse data from the LN and
SN. A sensor fusion approach based on a Kalman filter [37]
for user localization was implemented by exploiting both
range-free [38] and range-based [39] localization methods,
according to [16]. Presence sensors were used to improve
positioning accuracy and perform host detection. Numeric
values (X, y) and semantic information on user position were

@ Springer

provided to the robots as a service. To investigate the accuracy
of the localization service, users wore an MN and moved
over a pre-planned trajectory, from the living room to the
bedroom and back within an overall localization workspace
of 92m?. Start and end points of the trajectory coincided;
the user crossed the kitchen and the bathroom standing on 18
specific positions of interest, marked as dots in Fig. 5b.

Seven experimental trials were performed to provide a
consistent dataset and highlight the advantages of the pro-
posed sensor fusion approach and system architecture. The
mean localization error was 0.98 m, and the root mean square
error (RMSE) was 1.22 m.

5 Acceptability analysis

The evaluation of the main constructs, defined in the model
of Fig. 4, were positive with an average value always higher
than 3.4 (Table 4). The perceived usefulness (PUF) achieved
the best result, demonstrating that the services provided by
the robot could positively influence the users’ lives. Both
the perceived ease of interface use (PEOIU) and perceived
ease of service use (PEOSU) are positive, leading to a good
perceived usability (PUB). Slightly lower is the attitude to
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Table 4 Cronbach’s alpha and descriptive statistics

Construct ~ Alpha Cronbach MIN MAX MEAN SD
ATT 0.920 2 5 3.8000  0.9579
PUF 0.426 1 5 4.3667 1.0128
PUB 0.826 1 5 3.9267 1.1179
PEOIU 0.855 1 5 3.9334 1.2505
PEOSU 0.891 1 5 3.9238 1.0624
SAT 0.957 2 5 3.7334  0.9433
ITU 0.646 1 5 3.4000 1.3797
Table 5 Correlational scores

Independent Dependent Pearson Sig. (2-tailed)
variables variables correlation < 0.05

ATT ITU 0.304 0.270

PUF 0.506 0.054

PUB 0.510 0.052

PUB PUF 0.135 0.631
PEOIU SAT 0.489 0.064
PEOSU 0.633 0.011

use the services (ATT is 3.8) and even lower is the intention
of use, which achieved the lowest value (ITU is 3.4).

To verify the constructs’ reliability, the Cronbach’s alpha
was calculated. Table 4 shows that five constructs out of seven
were reliable because they have alpha values of at least 0.7.
Nevertheless, alpha over 0.6 can be considered acceptable,
as shown in [40], so the ITU construct could be considered,
as well.

To evaluate the hypothesis of the model presented in
Fig. 4, the Pearson test was used to show all the correlations
between constructs (Table 5). By analyzing the correlations
with the right significativity, it is possible to highlight that
the SAT derives more from PEOSU than from PEOIU. Alter-
natively, even at the limits, PUF and PUB imply ITU.

Considering external factors such as gender (male or
female), age (under or over age 75), education (low or high
level), and marital status (married or not) and applying the
Mann—Whitney U-test, we found a significant difference
between the two conditions that influenced all constructs

Table 6 Mann—Whitney U-test (Sig. < 0.05)

except for the marital status, as shown in Table 6. Further-
more, a positive or negative judgment on aesthetics of the
robot influenced the score of ITU and ATT, and the user’s
satisfaction was significantly related their perception about
time spent by the robot to perform the service.

6 Discussion and conclusions

This paper presents a comprehensive analysis of dependabil-
ity and acceptability of a personal robotic system integrated
in smart environments to assist the aging population at home.
To the best of our best knowledge, no literature has been
published addressing both issues and their relationships.
Dependability and acceptability are two crucial properties
that should be considered for a successful design and conse-
quent adoption of personal service robotics. This has been
proved in the past separately with works focusing on or
exclusively covering the analysis of dependability, claim-
ing safety and robustness of robotic systems, or exclusively
on the analysis of acceptability, promoting human-oriented
interaction, social requirements, and graceful appearance as
the basis of their acceptance. For acceptability, the Unified
Theory of Acceptance Use of Technology (UTAUT), whichis
aconsolidated standard [28,29] and that has extensively been
investigated in the field of service robotics by Heenrink [13],
was used as starting point of this study. For dependability,
instead, enlightenment was taken from those works [17-24]
that defined appropriate metrics, aiming at measuring social
navigation capabilities of robots working close to humans,
robustness of systems to engage with users and delivery time
of services. Additionally, the ISO/DIS 18646-1 and the ISO
13482 standards, respectively related to requirements and
guidelines for the inherently safe design, protective mea-
sures, and information for use of personal care robots and the
locomotion performance of wheeled robots in indoor envi-
ronments, were used as reference to conduct dependability
measurements.

In our opinion, these two aspects are intimately related,
and their relationship is at the basis of a user-centered and co-
creative design approach in the personal robotics sector [5].
In our approach, a multi-stakeholder working group [41],

Gender Age Education Marital status Aesthetics Perceived time
ATT 1.47 x 1070 2.23 x 107% 2.14 x 1079 0.767 1.1 x 10796 -
PUF 1.53 x 10706 2.32 x 107% 2.23 x 10700 0.768 - -
PUB 1.53 x 1079 2.33 x 1079 2.23 x 107% 0.768 - -
ITU 248 x 107% 1.50 x 107%4 9.65 x 1079 0.375 2.37 x 1079 -
SAT - - - - - 3.75 x 10795
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composed of end users, care professionals, technical devel-
opers, and producers, has contributed in the main phases of
the development and evaluation.

The high rate obtained in most of the constructs high-
lights that the general acceptability of the system from
subjects is positive (Table 4). The co-creative and user-
centered approach, used from the beginning of the design
phase to identify functional specifications and appearance of
the robot [42], was at the basis of the positive perception of
the usefulness of the system. However, a bit lower accept-
ability performance was identified in terms of usability of
the system, which led to a lower rate in ITU. For example,
a moderate positive relationship is seen between PUF/PUB
and ITU, confirming that the usefulness and usability of the
system could influence the intention to use the system. This
moderate result could be better explained in terms of con-
struct by the fact that a lower correlation is found between
the use of interfaces (PEOIU) and satisfaction (SAT) with
respect to the usefulness of services (PEOSU). Concretely,
subjects found difficulties in using the system and, from their
comments, we noted that it was not easy to push small but-
tons on the graphical interfaces, the quality and volume of
speakers of the robot were not easily understandable (some-
time they asked to raise the volume), and the robot was slow
in navigation.

This latter point, concerning the low speed of the robot,
could be better analyzed considering the dependability met-
rics in Table 3. The maximum speed of the robot, set via
software, was 0.6 m/s. This value was defined on the basis
of experience gained by Knight et al. [43], which demon-
strated that a robot navigating in fast conditions in office
environments with a speed of 0.75 m/s was better accepted
and used than the same robot navigating in slow conditions
with 0.3 m/s speed. In our work, we decided to set the max-
imum speed of the robot a bit lower because of the stricter
spaces of the home environment and the presence of older
subjects for safety issues. As a matter of fact, Table 3 shows
that the mean speed of the robot during the three experimen-
tal scenarios was approximately 0.5 m/s due to the presence
of obstacles or irregular paths. This value of speed was con-
sidered unacceptable, because the time to reach the user after
the call was perceived as too long. To improve the SAT, it is
necessary to explore other navigation approaches that permit
the robot to move with higher speed while maintaining the
safety of users.

On the other hand, the smoothness of navigation along
the home paths was fairly good, with high values of Sp and
low values of Jp. This is confirmed also by the acceptability
point of view, because for the question asking if the robot
was perceived to be safe during the testing phase, the users
answered that the robot appeared friendly and innocuous.

Socio-demographic factors have a significant impact on
the evaluation of the acceptance of personal care robots from

@ Springer

elderly people, but experience with technology could mit-
igate their effects on acceptance [44]. In our case, elderly
subjects were involved in the users’ needs analysis, in the
definition of functionalities and characteristics of the sys-
tem, and in the testing phase (i.e., involved in almost all the
co-creative approaches). This enabled elderly subjects with
a low technological familiarity, particularly with robots, to
more easily interact with the robot, thus leading to a general
positive acceptability.

These results, however, could be affected by some restric-
tions due to the limited number of subjects involved and
the short time the subjects interacted with the robot during
the experimental phase. In particular, the significativity of
the acceptability results could suffer in terms of Cronbach’s
alpha for validation, and the short-time experiments could
have given an inaccurate perception of the robot working
conditions. Nevertheless, these results give a promising, even
if preliminary, confirmation that a comprehensive methodol-
ogy to design and develop personal care robots, including
dependability and acceptability, is an essential element of
the user-centered and co-creative design approach. In future
studies, a longer-term experiment and a larger group of test
subjects will be arranged.

Finally, it should be noted that, from the point of view
of engineers, the proposed evaluation framework is based
on the possibility to have an experimental infrastructure that
allows permanently maintaining and updating a number of
integrated robotic platforms and pervasive sensors in the
environment. Indeed, this framework exploits a system archi-
tecture composed of different layers, each of them provided
by a software interface that enables engineers or scientists to
collect experimental data and implement appropriate evalua-
tion models and algorithms for benchmarks. The importance
of a permanent infrastructure revolves also around the possi-
bility to attract any stakeholder or customer, proving realistic
scenarios to measure benchmarks. This facilitates the exper-
imental procedures, including possible training phases for
users.

Appendix

The following questions were used for each basic construct
of the acceptability model, with answers ranked according to
the Likert scale from O to 5:

ITU
QI Do you think ASTRO robot can integrate itself with

your habits and your lifestyle?
Q2 Would you buy ASTRO robot, now or in the future?
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PEOIU

Ql
Q2
Q3

Was the Touchscreen Interface easy to use?
Was the Microphone Interface easy to use?
Was the Smartphone Interface easy to use?

PEOSU

Ql
Q2
Q3
Q4
Q5
Qo6
Q7

Was the Support in standing up service easy to perform?
Was the Object transport service easy to perform?

Was the Communication service easy to perform?

Was the Entertainment service easy to perform?

Was the Reminder service easy to perform?

Was the Environmental alert service easy to perform?
Was the Remote control for caregiver service easy to
perform?

PUF

Ql
Q2
Q3
Q4
Q5
Q6
Q7
Q8

Was the Support in standing up service useful?

Was the Object transport service useful?

Was the Communication service useful?

Was the Entertainment service useful?

Was the Reminder service useful?

Was the Environmental alert service useful?

Was the Remote control for caregiver service useful?
Do you think a service robot, such as ASTRO, is useful?

SAT

Are

Q1
Q2
Q3
Q4
Q5
Q6
Q7

you satisfied in:

Support in standing up service?
Object transport service?
Communication service?
Entertainment service?

Reminder service?

Environmental alert service?

Remote control for caregiver service?
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