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Benchmarking Usability of Assistive Robotic
Systems: Methodology and Application

Juan G. Victores, Alberto Jardén, Fabio Bonsigndvlartin F. Stoelen, and Carlos Balaguer

Abstract—Usability can be defined as the degree of a prodtis
fitting to the characteristics of a person or of agroup of people.
The concept of usability includes aspects of usirg product that
are closely linked to the user's degree of satisfaen and
preferences. As a multidisciplinary concept, definions may vary
depending upon the specific area on which one foees However,
common terms can be found throughout literature. Peameters
such as the difficulty and steepness of the learrgncurve for the
end-user, or flexibility and adaptability are commaly evaluated.
In the context of Assistive Robots, factors takemto account are
related to user acceptance, security, precision aésk execution,
and overall system efficiency. Hence, it is alsoadely linked to the
concept of dependability. Boundary conditions relad to the
environment and to the user must be taken into accmt. In this
paper, the importance of the role of benchmarkinghtie usability of
Assistive Robots is discussed, and a methodologyr fobtaining
usability data from experiments is proposed. The pposed
methodology is part of a continuous improvement frenework that
is based on the System Knowledge Space, which viié described
within the text. Then, a general view at results dxacted from
experiments performed with an Assistive Robot andeal potential
system end-users in realistic scenarios is givenhiE exemplary
usability benchmarking assessment follows the guillees of the
methodology that is proposed. The experiments thatre described
were developed as part of the ASIBOT program at the
Universidad Carlos Ill de Madrid in collaboration with the
National Paraplegic Hospital in Toledo (Hospital Naional de
Parapléjicos de Toledo). The last part of our papereals with
results of how these experiences have influencedaal and future
research efforts and discusses how this should ptigely affect the
scientific research and developer community.

Index Terms—Benchmarking, Clinical Trials, System
Knowledge, Usability.

. INTRODUCTION

able to overcome their disability by using alteivieg arising
from the development of technical aids designed dad
adapted to their needs. In the disability sectwatd is a steady
stream of new products that interact with the usea higher
or lower degree in order to meet their everydaydeetike
any product used regularly, technical aids mussfyatiser’s
expectations regarding the functions they hopeetdopm. In
the case of products designed for the field ofldésh persons,
this requirement becomes even more important, lnegahat
the functions replaced are generally essential gersonal
autonomy.

There are numerous testing procedures and/or di@iua
standards that measure how well a product perfoits
functions in terms of technical quality regulatipmgich can
evaluate properties such as hardness, durabibtyaio kinds
of safety (electrical or thermal isolation), or ethtechnical
evaluation parameters more specific to robot teldyyp such
as repeatability or manipulability. These standaraisd
procedures are related to the characteristicseofetthnical aid
itself or, at most, to the user’s relationship witle product.
These considerations are useful, but only part rofirgtial
design stage, and remain static and unchanged endeptly
of the user’s needs or preferences.

User satisfaction concerning technology, in additito
fulfilling their expectations of technological resces, is
conditioned by the emotional perception those ressu
provoke on users. This aspect is frequently foegotivhen
designing and implementing a resource. Althoughntizeket
is starting to realize how very important it is it@worporate
strategies that include the final user, these tecies are not
always applied, or at least the way they are dcaroiet is of
questionable value [1][2]. Efforts related to theakility of
user interfaces are being currently being perfornisd

HE current technological boom and the popu|ati0n,§tandardization organisms and special interestpgrd8][4].

generally high expectations of technology favor th

creation and acceptance of new products. Morepe@rd of
new technological developments within the fielddigability
than by society at large. Users believe and exghest will be

Manuscript received February 15, 2010.

J. G. Victores (corresponding author), A. Jard6n,AV Stoelen, and C.
Balaguer are members of the RoboticsLab researclupgmwithin the
Department of Systems and Automation, UniversidaddS Ill de Madrid,
(jcgvicto, ajardon, mstoelen, Balaguer)@ing.uc3m.es

Fabio Bonsignorio is a member of the RoboticsLal$astander Chair of
Excellence in Robotics at Universidad Carlos Il di#adrid and is
CEO/founder of Heron Robots of Genoa, Italy, fatbbmsignorio@uc3m.es

Eowever, these standards and groups are highlyecelt®

software and interfaces, much in the terrain of epur
accessibility. Examples of usability studies inatits can be
found in the domain of rehabilitation robotics. $sonet al.
were able to identify the limitations and waysgprove their
assistive wheelchair navigation system [5]. Usgpili
assessments for manipulator interfaces with patiesith
physical disabilities were performed by Buéral, Parsongt

al. and Keatest al [6][7][8]. However, a lack of methodology
for defining their experiments has been detectedyvihg
doubts in the validity of their results [9].
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This paper discusses the role and importance o User
benchmarking usability in the context of our owanfiework Knowledge
for continuous improvement of the state of theofrssistive
Robots. This framework may not be the best, angl at most 4 h
not completely mature, but is set as a startingtpoi structure User Both
our desires and needs to fulfil common goals iovjling Knows Know
efficient, usable and dependable systems. A deedlop
methodology proposal is described in the contextthaf \_ _J Developer
framework. Finally, we present our own experience a % Knowledge
assessing the usability of ASIBOT, a prototype qfeasonal ( )
assistance robot, involving users directly, as ifigelcby the SavEllEaer
methodology. This study is part of ASIBOT, a nevbatic Knowps
technology development project to benefit the degbOur
research was carried out at the National Paraplégspital in \ /

Toledo, a center that specializes in comprehensaament ) ) )

f ith inal d iniuri hvsiclib i that Fig. 1. Four subspaces of the System KnowledgeeS@ddeintention of th
or persons wi A Spnal cor 'mu”es’ a physi 1on tha diagram is to divide the space intoufosubspaces, where all poss
affects the mind’'s mechanisms of voluntary movemenielements of the space are contained, such as iheset.

generation, leading to severe disability. The stiodyised on A diagram of the Phases and Steps that compose the

planning the experiment with _pat|ents assouateth viis roposed methodology for benchmarking usabilitpssistive
Center. The ASIBOT project for developing anoﬁobots is depicted on Fig. 2

experimenting with a portable personal robot to dighbled
and elderly people with everyday activities wasrappd in .
2005 by IMSERSO as part of its scientific developtme A. Targeted Population Study Phase |
research and innovation in support technology fealdled and
elderly people.

Il. CONTINUOUSIMPROVEMENT FRAMEWORK B.1. Initial Description Phase I
Our current framework for continuous improvement is | B.2. Feedback on Capabilities
based on the System Knowledge Space (SKS). .
representation of the SKS can be seen on Fig.id thee space
of all the possible knowledge of a system, indc-?petj;i from [ C.1. User Handles the System
who possesses that knowledge. The objective of th - Phase Il
framework in this field is to devise methodologasl design C.2. Usability Feedback

patterns to transfer knowledge into the realm ef shientific
developer community. Current research efforts aceged on:
a) Methodologies for transferring End-User Knowledgmi
the Developer Knowledge subspace and quantifyiag th A- Phase I: Targeted Population Study
results. This may usually be accomplished through The description of user inclusion and exclusioneci

Fig. 2. The three Phases of the proposed methgyldtyr benchmarkin
usability of Assistive Robo.

successive phases of experiments and feedback. should be clear, concise, and explicit. If the osador
b) Design patterns for implementing successful inta$aor selection criteria should be considered not evideshould be
algorithms, for similar objectives. justified, either by means of an extended explanatior

A more precise understanding of the possible ugihgyl reference to previous scientific publications. liwiplin the
mechanisms that can be invoked when applying ontimmoous ~ selection of a targeted population study is thednéer
improvement framework may be achieved throughow ttmembers inside the developer group with a certagree of
description of the proposed methodology. expertise in the matter of the subjects with whaeytwill be

treating. This may call for the need of specialipsgichiatrists
when treating with users with mental disorders,perhaps
Ill.  PROPOSEDMETHODOLOGY pediatricians if treating with infants, children adolescents. A

The proposed methodology for benchmarking usabitity COMmon language is also a necessary element thatiity
composed by three phases. Phases Il and Il atedigiced UMes overlooked. . '
into two steps, according to the different typesrahsference AIthough Fh's Phase does not lmply t.ransfer gf'IdMﬂge n
of knowledge that should occur in the SKS. Therarisnitial  the SKS, it is worthy of mention, as it is a pransge for the

phase in which no transference of knowledge inSke is Performance of the successive Phases of the médgydo
intended. Poor decisions in this Phase can later result fficdlity or

inefficiency of the performed experiments.
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B. Phase Il: Initial Description, Feedback on Capatiés

In this Phase, the system should be explained eoetid-
users, and feedback received. It is composed tepsSt

B.1. Phase IlI, Step 1: Initial Description

In this Step, the flow of knowledge from the “Demgér
Knows” subspace to the “Both Know” subspace of 8i€S
should occur. An initial description of the systamd system
components is given to the targeted population. ldtmxed
elements of the system should include the possildafaces
to the system, and a global view of the detailmt#rest of the
actual Assistive Robot. Media included for this qmetation
may be slide-show presentations, videos, or
demonstrations of the real working robot. Variowsagaligm
approaches can be used for this phase, where mpsttant
variables are time and distance. Demonstrations b&ayin
situ’, which means same time and place, or may roacu
different time or distance slots using modern tedbgies such
as on-line video streams of pre-recorded presentatior
video-conference.

B.2. Phase I, Step 2: Feedback on Capabilities

This Step is where the transition of knowledge frim
“User Knows” subspace to the “Both Know” subspatedhie
SKS occurs. It is important to notice how the dttivf the
previous step allows this otherwise impossible fla#
information (unless the system is known from thedimgetc.,
which would mean there was a previous flow of krexge
analogous to the last Step). Here, end-users avengi
questionnaires designed by the developers payiregiap
attention to the recommendations set by the expmrtshe
target population group. The scope of the questivas is to
gather information about the possibilities the esdr can
devise in the product. The scope should be op&wiah the
user to express current need and also futuristisireke
However, the total length of the test should not tbe
extensive, to avoid stress and boredom. Questim®)ai
especially in the case of users at a distance,bagyerformed
on-line. The process may be optimized by the autiomapf
the transference of results into a centralized -date. This
data-base should be shared by the community oflojeses
and serve for comparing and learning from each rsthe
results, a fundamental part of benchmarking.

C. Phase llI: User Handles the System, Usability Festétb

From the previous Phase, we have information ofwhgs
the end-users would like to interact with the systand have
generated a list of preferred user tasks. In PhHsehe
scenario is set to fit with the users’ desires fasch as
technically possible) and interact with the systekfier the
trial, they provide feedback. The following is a maletailed
explanation of the two Steps that compose the Phase

C.1. Phase lll, Step 1: User Handles the System

Here, knowledge flows from the unknown subspacéhé&
“User Knows” subspace in the SKS. It is vital toderstand
that this one of the fundamental mechanisms toimlie final

actu

benchmarks of usability.

In this Step, the paradigm place of time or distashift
may also be applied, but its implementation may |dss
evident or more difficult. If long-distance teleegtion is
unavailable or undesired, emulated interfaces andlations
of robot behavior in immersive 3D scenarios may be
necessary. The modes of operation experimentedhdoyiser
should be as abundant as possible. This way, @&higinge of
information about system usability will be receivétbwever,
it is important to vary only one parameter at aetieind clearly
tag the information related to each experimenttdfacsuch as
%?x, skill, age, or degree or kind of disability ynereate
systematic bias and interfere with the final result

C.2. Phase lll, Step 2: Usability Feedback

This is the Step of flow of the Usability knowledge
Knowledge is transferred from the “User Knows” quéose to
the “Both Know” subspace. For this purpose, quesiires
similar to the ones described for the Feedback apagilities
Step should be handed to be filled by users. Temjzes to be
taken are similar. Here, on-line questionnaires highly
recommended, as they can easily be adapted téaiceenith a
global knowledge of Usability data-base. Agains ttiata-base
should be publically available through permanemidifor the
benefit of the community. While this kind of datade is
temporarily unavailable or non-existent, it is cenient to
publish results in an orderly fashion as articlesrelevant

. journal or conference publications.

A summary diagram of the flow of knowledge in th€SS
throughout the different Phases and Steps of tlopgsed
methodology can be seen in Fig. 3.

B.2. Feedback on Capabilities
C.2. Usability Feedback
A

l\[

~
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Fig. 3. Flow of knowledge that occur throughthe Phases of the propo
methodology for benchmarking usability.

B.1. Initial
Description

LA

the System

C.1. User Handles( :[ )

IV. EXPERIMENT(METHODOLOGYAPPLICATION)

In this section, an application of the proposedhméblogy
for Usability Benchmarking will be explained. It ian
elaboration on gathering information from the iatdions of
selected users with the robot in a structured foramimplicit
in the proposal.
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Details of our research procedure were plannecigwing
the relevant bibliography and evaluating seversgkteelated to
developing a methodology for assessing user setisfawith
devices for assisting disabled people [10][11]Jolm approach
to the design, we incorporated the concept of ligabiVe
decided that the technique or tool used to evaliletgoroduct
should provide information about individual repnetsgive
users via consecutive interventions by severahefit These

users would benefit directly from the assistanced an

information would be gathered in their presencg[[13. In
the end, out of all the techniques we reviewed plesinit user
participation and given the lack of a system toleat@ user
satisfaction that was appropriate for our needsgde@ded to
base our design on the following techniques: “Usgittiests”
supported by “Creating settings” and the applicatiof
evaluation criteria as defined in what is knowri"Hise K.I.U.
Test” [14]. The main aims of these techniques rdfer
identifying frequent major problems; detecting esfoneeds,
or requirements; generating design criteria andl finser

" 4
Fig. 4. Initial presentation to users about ASIBOT

B.1. Phase 2, Step 2: Feedback on Capabilities

After gathering data in the first face-to-face smssvith six
users who met the inclusion criteria, informatioasvelicited

requirements; as well as a global usability assestmjg questions on a questionnaire, in order to faaussequent

(detecting lacks, possible causes, and proposihgisus) of
the product, which allows us to identify which asfgeneed to
be modified in the new design. The main deficiencie
usability refer to criteria of ease of learninguse it, utility,
functionality, ease of use, and user satisfactjfip][16].

A. Phase I: Targeted Population Study

The target population studied was people who hadshaal
cord injuries for at least a year. No cases withte@dnjuries
were considered. We looked for users who, once fiest
initial phase, had spent regular periods of timé&ir homes,
which gave them a perception of the main diffi@dtito be
found in their daily lives. Because of their dadlyperience in
facing numerous problems of dependency, they wblke t®@
evaluate the functionality of technical aids withone
objectivity.

The robot was designed to assist severely disgidegle.
For that reason, people affected at the cervicadllevere
chosen, from C4 to C8 neurological levels, becanfs¢he
resulting limitations in their upper extremitiesdatihe chance
of doing the different tests without problems diaVicapacity.
Exclusion criteria  were: epilepsy, mental retamiati
uncorrected visual deficiency, or psychiatric peshs. The
group analyzed in the final tests consisted of users who
fulfilled the above criteria.

B.1. Phase I, Step 1: Initial Description

A general information hand-out about ASIBOT wa
distributed among the attendants,

presentation, the users could ask questions tadéveloper
team to clarify details they considered necességutthe

system. Since the presentation had been simultaheou

streamed on-line, users who had not been able yeigaily
attend were able to ask questions thanks to acteiference
mechanism. This assured the group of users coutdirob
sufficient knowledge about this climbing and poléab
Assistive Robot, ASIBOT.

and a multimed
presentation session was held (see Fig. 4). Aftes t

real tests with the robot on the most frequentlynaeded
activities. In one of the first questions about ithmain
demands for independence, the users were ablat®shich
activities they find most unpleasant and would likebe able

to do without depending on another person, regssdlef
whether the robot could do them. Ranked in order of
importance, lists were compiled of the main adtsitthe user
finds most unpleasant where the user depends otheano
person. Users were also asked how useful they fdabhad
presentations and videos, for future improvement.

B.1. Phase lll, Step 1: User Handles the System

The tests were held in a hospital context, cardatin a
setting appropriate for carrying out the activitiede studied.
Facilities at the hospital's Occupational TherapgitUvere
used that partially simulated an everyday homerenwent.
We tried to create settings for the actual testh wie robot
that met users’ demands as close as possible atdvtdre
within the robot’'s performance capabilities. Suhssyly,
depending on each setting, the most appropriatethef
available functions were chosen for the tests. fEselts from
the previous Phase showed that personal hygien¢hewasnost
appropriate for the tests carried out with the toddat was
why an assessment was carried out in a bathrodingsethe
assessment of available resources for the tesidedsto our
decision to use the bathroom facing the mirror,egivthe
chances it offered to assess a larger number of haxtions
n everyday life. We proposed four functions instlsietting:
be}inking, putting make-up on, brushing one’s teetind
washing one’s face. Fig. 5 depicts the Bathroomtirget
created.

The work team made up of staff from both partidipgt
entities thought it best to carry out a pilot gesgor to the tests
in real settings in order to assess different wayimteracting
with the robot-user interface implemented in a Pi#ere, in
the shape of large visual-tactile buttons, sixeddht options
(four related to the bathroom setting) were given the
response or function the robot was to perform. fitlewing
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Fig. 5. User commanding the robot.

made through two specific questions with answersain
ordinal scale format.

V. RESULTS FROMEXPERIMENT
This section is a survey on most important resektsacted

from the experiment. The following is a descriptiof the
feedback
methodology.

received from each feedback step of the

A. Feedback from Phase Il, Step 2: Possibility et
The majority of users demanded getting dressed and

washing themselves, in that order. The results rifeio of
importance when asked to prioritize four settingsituations
that we proposed where using the robot would bet nmeful
were the following.

1. Daily hygiene (washing their face and handssking

their teeth, combing their hair, shaving, or appdymake-up).

choice modes were offered ranked from the largesthe
smallest mobility requirements to activate them:

2. Lying in bed (bringing objects near...)

“Tactile, via the user's touch or a pencil 3. In the wheelchair (eating, drinking, bringing jexdis

- Joystick, to choose the option with a buttonatidate. nejr...l)n the kitchen (opening cupboard doors, movin

- Voice recognition, different options for activati and uteﬁsils ) P g P ' g
choice by voice. , . .

- Lighted sequence, where the options are higtdifjone at ~ After evaluating the different interfaces offerethe

a time. User selection is performed by pressingngles chin
selection button, joystick top button, or commangday voice
when the desired option is lit.

B.1. Phase lll, Step 2: Usability Feedback

We incorporated the techniques referred to at #ggriming
of this section into the design of our own questaire, made
by the biomechanics and technical aids research
development staff at the National Paraplegic Hasépih
Toledo. In a pilot study, the validity of the datnd
understanding of the questions were verified. Thestjons
were analyzed to be certain they were appropriateofir
objectives and we verified that the total lengththaf test was
not more than 30 minutes, in order to prevent €egigpr
distraction. Questions that evoked negative stinmuthe user
were eliminated and explanations on how to fill time
guestionnaire were included. The user was instdudte
answer quickly, without spending much time thinkialgout
each answer. The questionnaires were anonymougeted,
the health care staff at the Biomechanics Unit éeblfo fill it
in. No personal data were gathered which identifady/
patient except for the level of spinal cord injufhis fact
might be of interest in identifying the patient'ssidual
capacities and relating them to the answers. Tlestopnnaire
for the tests had three parts: A first part withseld questions,
with answers given on a Likert summative five point
satisfaction scale (from +2 to -2) and focused massessment
of the functions or activities suggested for thieatato perform
during the tests. The second part consisted oftigmssin the
former format focused on an assessment of the ’'mobot
characteristics. In the third part, four open doest were
asked about its use, utility, and needs for assistaf each
individual. Lastly, a general assessment of tectirgéged was

HANDLING ON THEIR OWN the different
offered: voice recognition (with different optiongpystick,
tactile, and lighted sequence with a selectiondoutt

following conclusions were drawn from the six usarswers:

- Except for one person, they were all seen todpalle of
interfaces

- Regarding EASE OF USE, they chose in order of
reference: tactile, voice recognition, joystickydalighted

quuence

- The most PRACTICAL interface turned out to betitac

followed by voice and tactile in the same numberesponses,
and lastly, the lighted sequence.

- The interfaces based on VOICE recognition and the

JOYSTICK were preferred regarding APPROPRIATENESS
of the interface given their MOVEMENT ABILITIES.

EATING PICK & PLACE DRINKING
OBJECTS
33% 24% 5% 24% 28%

38% 5%

9%

14%

10% 19% 2000 19% 24%
[ EssenTiAL
SHAVING MAKE UP -
IMPORTANT
5% 14%
29% 9% [] INTERESTING
24% 14% [] NOT SURE | wouLD
0 72% LIKE FOR ME
24008 g m

Fig. 6. User Feedback regarding Possibilities @$.U
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B. Feedback from Phase 3, Step 2: Usability Feeklbac

Four of the six users from the previous day weres@nt,
plus one new user who met all the inclusion citealthough
he wasn't there for Phase II. They were all matee Tunctions
of drinking, brushing their teeth, and washing tHaces were
assessed. For each of the functions, they wereuatst to
assign a response score to a set of statements Lokewd
satisfaction scale from -2 to +2, where +2 is “ctatgly
satisfied”, +1 is “satisfied”, 0 is “not sure”, {4 “dissatisfied”,
and -2 is “completely dissatisfied”.

The global results for each of the three functiomse as
follows:

- In the function ofDRINKING , the average score was
0.750n the Likert scale. One of the users did not ansor
this function.

- In the function ofBRUSHING ONE'S TEETH, the
average score wés46

- In the function o WASHING ONE'S FACE, the average
score was0.86

CONCLUSIONS

Benchmarking is not only a “hot topic”, it is extnely
necessary. Usability, on the other hand, is anemeéty
necessary benchmark for Assistive Robots.
proposes a methodology for benchmarking Usabilitythie
context of a continuous
methodology can be used as a design pattern thmatbea
merged with other important parameters in AssisRabotic
Systems such as timing, number of user events dsk t
achievement, tolerance to dimensional errors,/&iesr's ratio,
or steepness of learning curve. However, as estsdali from
the beginning of this text, we believe that therissepinion
counts and is actually an empirical data sourceghauld be
formally collected and shared throughout the conityiulVe
are optimistically hoping the union of sufficienttcal mass
to devise portals and data-bases with collectivability
benchmarks in an open-source project way, wellrpaterized
and permanently linked. CAD models of the dispositof
elements used during experiments could be uploaiibd.
exposed example case is based on a climbing rblootever,
we foresee soon visioning comparisons of our sigisith
those of researchers working with relevantly défertypes of
robots, all in the field of Assistive Robotics.
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