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ABSTRACT

Inthisarticle,theauthorsaimatfindingawaytoeffectivelycommunicatesituations
ofriskrelatedtoworksafety,bycatchingworkers’attentionwithoutinterruptingtheir
maintask.Theydesignedamultimodalalarmsolutionspecificallyconceivedfora
biomedicallab,whereworkersmightbeintoxicatedduetothepossibleleakofreagents
ortoexcessiveexposuretopotentiallytoxicsubstances.Theauthorsproposeanovel
multimodalalarmsystemwhichmakesuseofdifferentsensorymodalities,touchand
vision.Inparticular,itexploitswearabletechnologiestoimprovetheeffectivenessof
thealarminthecontext.Indetails,itoffers1)tactilealarmtocatchuserattention,2)
differentalarmmodalitiesforcollectiveandpersonalrisks,3)visualcuetoprovide
immediatediagnosticinformationontherisksource,andmoredetailedinformation
ontherisknature.Inthisarticle,theauthorsdescribeapilottestintherealcontextof
usetoinformthedesignofthesystem.Theresultsarepromisingforthedevelopment
ofthesolution.
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1. INTRodUCTIoN

An alarm works in a very simple way: it attracts attention and asks for human
intervention.Fromacognitivepointofview,alarmeffectivenessincapturingattention
isinfluencedbyphysicalsalience,“thedegreetowhichastimulusislikelytoattract
attentionbasedonitslow-levelpropertiesandindependentlyofthementalstateofthe
observer”(Awh,Belopolsky,&Theeuwes,2012).Itstrictlydependsonthesensory
modalitythatisactivated.

Themostsalientandwidelyusedalarmmodalityistheauditoryone(Edworthy
&Hellier,2006).Itisusedinmanyhigh-workloadsafety-criticalenvironments,such
asduringsurgery(Edworthy&Hellier,2006).Overthelastthirtyyears,theirusehas
becomeevenmorewidespreadalsoinothercontextsbecauseofagreaterattention
tosafety(Edworthy&Hellier,2006;Shahetal.,2015;Sousaetal.,2016).Auditory
alarmsshowedmanycriticalities:theycouldbeconfusing,obtrusiveanduninformative
(Edworthy,1994;Schmidt&Baysinger,1986;Meredith&Edworthy,1995).Instead
ofbeingamechanismforimprovingthesafetyoftheworker,thiskindofalarms
oftenincreasesworkload,andproducesahostileworkenvironmentduetohighrates
offalse,annoying,andinopportunealarms(Xiao&Seagull,1999).

Giventhelimitationofauditoryalarms,differentalarmmodalitieshavebeen
used.Inparticularthetactilemodalitythatshowedtobeespeciallyeffectivewhen
cognitiveloadissplitonseveralsensorychannels,likeindrivingcollisionavoidance
tasks(Chunetal.,2012;Meng&Spence,2015).Tactilealarmsseemtomaintainthe
efficiencyandomni-directionalityoftheauditorystimulus,grantinganadequatelevel
ofsalienceeveniftheyarenotsuitableforcollectiverisk(Wickens&McCarley,2007).

Ingeneral, ithasbeenproventhat thedesignofanalarmsystemshouldbe
customizedtothespecificconditionofuse,inordertoimprovethehuman-alarm
interaction,analyzingthewaysalarmsareintegratedintotheworkingplacesina
systemic perspective (Amaldi et al., 2007, Haas &Van Erp, 2014;Van Erp,Toet, &
Janssen,2015).Thegoalofthepresentworkwastoprovideanalarmsystemthatwas
effectiveinthespecificworkingenvironmentofatoxicologylabofamajorhospitalin
Torino,Italy,inthecontextofanIOT-basedsafetyproject(Antonini,Boella,Calafiore
etal.,2016).Inthisenvironment,workersmightbeintoxicatedbyharmfulreagents
leakedfromtheircontainers,ormightbeoverexposedtopotentiallytoxicsubstances.
Existingsensorsdetectdatarelatedtotheleveloftoxicityoftheenvironment,andgo
offoncethethresholdisovercame.Thus,inordertobetterknowthecontextwhereto
situatethealarms,theauthorsstartedwithaparticipatoryactivityanalysistohighlight
risksanddiscomfortexperiencedbytheoperatorsincurrentworkingpractices(Trizio,
Occelli & Re, 2017).The analysis highlighted the specificities of the lab working
conditions: (1) the workers might be doing critical activities that should not be
interruptedifnotstrictlynecessary;(2)theyarepotentiallyexposedtocollectivebut
alsotopersonalrisks,theirperformanceoftendivergesfromtheexpectedprocedures.
Specifically,thenon-compliancewithorganizationalpoliciesandproceduresmight
causepersonalrisksthatcanbeunder-estimatedevenbytheexperiencedoperators.
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Moreover,theworkersmusthavebothhandsfree,thereforecannotmanipulateaphone
orotherdevices.Finally,thestudyevidencedalackofacustomizedmanagementof
emergencysituations,withnodifferentiationofthetreatmentofdifferenttypologies
ofrisks,firstlypersonalorcollectiverisks.Asauditorystimuliarecurrentlymainly
usedforallkindsofrisks,itemergestheneedofadifferentaidformanagingalarms,
moresophisticatedandadaptedtothespecificconditionsofthelab,capableto:

• catchtheuserattentioninanimmediateway,withoutinterruptingthemaintask
(goal1)

• makeworkersdistinguishbetweencollectiveandpersonalrisks,withoutannoying
workersthatarenotpersonallyinvolved(goal2)

• increaseworkers’awarenessaboutrisks(goal3).

Toreachsuchgoals,theauthorsproposeanovelmultimodalalarmsystemwhich
makesuseofdifferentsensorymodalities,i.e.touchandvision,andthatisintegrated
intheexistingonebutwithadvancedfunctionalities,i.e.abletoprovide:

• tactilealarmbymeansofwearabledevicestocatchuserattention(goal1)
• differentalarmmodalitiesforcollectiveandpersonalrisks(goal2)
• visualcuetoprovideimmediatediagnosticinformationontherisksource,and

moredetailedtextualinformationontherisknatureforlaterfruition(goal3).

Inthepaper,wedescribeapreliminarypilottestintherealcontextofuseof
thesolution.Wedesigneditfortherealworkersofthelab,thusconsideringtheir
anthropometricmeasuresandtheirhabits,inordertofindthebestsolutionforthem.
Theresultsarepromisingforafurtherdevelopmentofthesolution.

Thepaperisstructuredasfollows.Section2presentsthebackgroundandrelated
work,whilesection3describesthespecificcontextforwhichthealarmsolutionneeds
tobedesigned.Section4presentsthealarmsolutiondesignedforthecontext,while
Section5and6presentsrespectivelytheusabilitystudyandtheresults.Section7
concludesthepaper.

2. BACKGRoUNd ANd ReLATed woRK

Wearable technologies are accessories, such as watches, bracelets, etc., that
incorporateadvancedelectronics,whilesmartfabricsarematerialsthatconsistofa
setofconductivefiberscapableofdetectingenvironmentalstimuliandinteract,via
Bluetoothorwireless,withacomputerorasmartphone.

One of the major fields of application of wearable technology is healthcare.
Severalsystemsbasedonwearablewirelesssensorshavebeendevelopedtomeasure
physiologicalparameterssuchasheartrate,temperature,andbloodpressure(Lukowicz,
Kirstein,&Tröster,2004).Intheassistivetechnologycontext,wearabletechnologyis
usedtomonitorelderlypeople,especiallytheirgeneralhealthstatusoreventualfalls.
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Thesesolutionsarealsocurrentlyused to improveworkers’ safety,mainly in
situationswhereoperatorsrisktheirlivesandneedconstantmonitoringoftheir
wellbeing,wherethesubjectsareoftendrivers,firemenandarmedforces.Oneexample
istheSmartCap1,adevicethatexploitselectroencephalographytoproviderealtime
measurementsofthefatigueofvehicledriversoroperatorsofheavyequipment;remote
operatorswillbealertedviabothaudioandvisualalarms;Optalert’sglasses2measure
thefrequencyoftheoperator’sblinkstoidentifytheearliestsignsofdrowsinessand
providereal-timeinformationtothedriverandthesupervisor.

Suchexistingsystems,inalldomains,aimatdetectingdangerousconditionsand
providealarmstothirdparties,whileinthenewsystemthetargetuserisanactive
subjectatwork.Thesystemaimsatbeingnotonlyanalarm,butalsoaninformation
system,withthegoalofimprovingawarenessaboutinadequateworkingconditions
andthepotentialrisks.Inthissense,thesolutionismoresimilartotheQuantified
Self(Li,Dey,&Forlizzi,2010),wherewearabletechnologiesareadoptedbyusersto
gatherdataaboutdifferentaspectsoftheirlives(steps,sleep,heartrate,etc.).Onelast
differenceisthatthesystempresentedinthispaperprovidesuserswithinformation
abouttheenvironmentandnotbodilyfunctions.

TheTable1summarizestheproposedsystem’sfeatures(rows)withrespectto
solutionsindifferentfields(columns).

Forwhatspecificallyconcernsthehuman-alarminteractionmodality,asmentioned
intheintroduction,auditoryisthemostfrequentlyusedtypologyofalarm(Edworthy
& Hellier, 2006, Shah et al., 2015; Sousa et al., 2016), but it presents several
limitations,especiallyforwhatconcernscognitiveworkload(Schmidt&Baysinger,
1986;Edworthy,1994;Meredith&Edworthy,1995).

Moreover,theuncontrolledproliferationofalarmingdevicescreatesasortof
cacophonythatincreasestheriskofalarmdesensitizationandomissionofappropriate
reactions.Thisphenomenonofapatheticresponsesisknownasalarmfatigue(Johnson
et al, 2017, Xiao & Seagull, 1999), it often appears as a human adaptation to a
significantamountoffalsepositivealarms,andcanleadtodangerousandevenlife
riskingcircumstances.Itisworthtomentionthatpreviousstudiesproposedesign
guidelinestopreventtheappearanceofalarmfatigueinmedicalstaff(Cvach,2012),
butagainwhiletheycommunicateadangerrelatedtoathirdparty,inthiscasepatients,
thecurrentworkisaboutsensingtheworkersthemselves.

Thesystemherediscussedshouldbeabletodiscerntwokindsofalarm:collective
andpersonalones.Whiletheformercouldbeeffectivelyconveyedwithauditory
alarms,thelatterneedstobecommunicatedonlytothetargetworker,bothtorespect
her/hisprivacyandtoavoidannoyingotherworkers.HerringandHallbeck’s(2010)
studyonalarmdesigncametotheconclusionthatthebesttypeofalarmsystemfor
awearableneutrondetector,acasewhichisverysimilartoours,is“amulti-modal
visual-tactilealertsystem,withtheprimaryalertbeingtactile,tonotifytheuserin
anefficient,non-startling,non-irritatingway”.Takingthemovefromthisstudy,we
optedforawearabledevicewithatactilemodalitycomponent(vibration)andavisual
one(light).
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3. CASe STUdy: A CLINICAL LABoRAToRy

Inthissection,thespecificcontextwherethesolutionneededtobepositionedis
presented.ItisthetoxicologylabofamajorhospitalinTorino,Italy(Figure1).

The12workersattheLabperformanalysesforthecontrolofpollutionlevels
intheenvironment,aswellasforthemonitoringofindividualexposurestometals,
solvents,pesticidesandothertoxicsubstances.Theactivity isstructured in four
differentsectors(lettersinFigure1):

• Chemical-BiologicalAnalysis:Suchasblood,urineandotherbiologicalsamples
(A)

• Chemical-Environmental Analysis: Sampling and analysis of environmental
chemicalpollutants(B)

• MetalAnalysis:Withbothbiologicalandenvironmentalsamples(C)
• FiberandDustAnalysis:I.e.asbestosandcrystallinesilicaanalysis(D)

Table 1. Features of the proposed system with respect to different fields

Features Assistive
Technologies

WorkersSafety QuantifiedSelf MultimodalAlarm
System

User passiveuser
(patient)

activeuser(worker) activeuser activeuser(worker)

Typologyofalarm personal collective-personal personal personal-collective

Target(whoreceivesthe
communication)

thirdparties user-thirdparties user user

Information aboutusers aboutusersand
environment

aboutuser aboutenvironment

Goal emergency
management

emergency
management

information
system

informationsystem
forriskmanagement

Context dailylife work dailylife work

Figure 1. Toxicology lab map
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Three kinds of risks can occur at theToxicology Lab (sorted by frequency of
occurrence):

• Chemical Risk: Inhalation or skin contact or due to leaks of methanol or
acetonitrilefromoverfilledtanks

• Biohazard:Contaminationfrombloodorotherbodyfluids
• ClimaticRisk:Noise,temperature,humidity,lighting,aeration

Moreover,thedistinctionisbetween:

• CollectiveRisks:Involvethewholeworkingspace,andthusallthepeoplewho
workthere,andcanbecausedbymicroclimatechangesaswellasgeneralpresence
oftoxicsubstancesintheworkplace

• PersonalRisks:Involveasinglepersoninaspecificareaofthelab,acombination
ofwheretheworkerisandwhattoxicsubstancesareinthespecificspotwhere
thepersonis.Thepersonaloverexposurecouldbeduetoapeakvalueortothe
persistenceofatoxicsubstanceovertime

Suchrisksdonotrequireimmediateresponseorintervention.Theaimofthis
workwastodesignanalarmsystemthatisintegratedinthecurrentprocedure,it
doesnotreplaceit.Thus,inthecaseofclassicdangersituations,traditionalauditory
alarmisactivated.

4. A PRoPoSAL FoR A MULTIModAL ALARM SoLUTIoN

Inthisworkingenvironment,thegoalwastodesignanalarmsolutionableto:

1. catchusers’attentioninanimmediateway
2. distinguishbetweencollectiveandpersonalrisks
3. increaseworker’sriskawareness

Toreachthesegoals,theauthorsproposeto:

1. conveythealarmbythevibrationofsomewearabledevices.Theauthorsconsidered
auditoryalarmas too intrusiveandunfitting forsituations, since iturges for
immediateresponse(Pirhonen&Tuuri,2010)andmightneedtobesettoahigh
leveltoovercometheexistingnoise

2. implementtwodifferenttypesofalarm:acollectivealarmincaseofenvironmental
risks,andanindividualalarmincaseofpersonalrisks.Inbothcases,thealarms
consistofavibration,butincaseofacollectivealarm,thestimuliarealsovisual:
alightappearsonthewearabledeviceswhileanenvironmentalsystembaseon
projectorslightsthesourceofdanger(e.g.aleakingcontainer).Again,noauditory
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alarmsareused,alsoforamatterofprivacyofthepeopleinvolvedintheindividual
risk

3. providevisualdiagnosticinformationaboutthesourceoftheriskinanimmediate
waybygivingvisuallightscomingfromtheenvironmentalsystem.Moreover,
furtherinformationrelatedtothekindofriskisconveyedwithadailyreport,
providedbyamobileapp

Inordertotestourideainthecontext,theauthorsdevelopedafirstprototype,
composedof1)awearablesolution,2)anenvironmentalsolutionand3)areport
system(Figure2).

4.1. The wearable Solution
Theauthorsdesignedanddevelopedthreeprototypesofwearabledevices:awristband
(W),anarmband(A)andanecklace(N)(Figure4)inordertotestwhichisthemost
acceptableforusersinthespecificcontext.Whileawristbandisthemostcommon
kindofwearabledevice,itcouldhindertheactivitiesperformedinthelaboratory.
Thisproblemexistsinthecaseofthenecklaceaswell,thatinadditionisnoteasily
visibleeither.Thearmband,onthecontrary,isarrangedinapositionwherenoother
accessoriesareusuallyplaced,butitdoesnottouchtheskin,andthatcanpreventthe
detectionofthevibration.Alsoitisnotcompletelyvisiblefortheuser,butithasthe
advantagethatitdoesnotobstructworkers’task.

Thedevices’purposeistoinformusersaboutsituationsofriskwhichanywaydo
notrequireimmediateresponseorintervention.Incaseofrisk(eithercollectiveor
personal),awarningsignalintheformofatactilevibrationisemittedtocatchthe
attentionwithoutforcingtheworkerstointerrupttheirtaskorlookawayimmediately.
Incaseofcollectiverisk,thewearablealsoemitsavisualsignal(awhiteLED)that
theuserslookatoncetheycandivertthesightfromtheirwork.

Figure 2. Architecture of the prototype
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Figure3showshowtheinteractionbetweentheuserandthesystemflows.
Implementationdetails.Thethreeprototypedevicesarecomposedof:

• AWi-Fimodule(Wi-FimoduleESP8266-01)
• Aled(aLilypadwhiteLED)
• AVibeboard(aLilypadVibeboard)
• ASwitch(Lilypadswitch)

TheLilypadcomponentisconnectedtotheESP8266(Figure5,Figure6).The
circuitischargedbyarechargeableLIPO3.7V-4.400mAhbatteryorbyanUSB
powerbank.

Duringthetest,thebatterywasarrangedintotheworkers’whitecoatpocket,
hencetheconnectingwireswereproperlyshaped:longerforthewristbandandshorter
forthearmbandandthenecklace.Moreover,thedeviceswereresizabletofiteach

Figure 3. Interaction flow
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Figure 5. Wearable device scheme

Figure 6. Wearable device electronics

Figure 4. Wristband (a), Armband (b), Necklace (c)
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user’sphysicalcharacteristicsandwerepositionedinawaythattheLEDwasvisible
totheworker(Figure4).

4.2. The environmental System
Theenvironmentalsystemisanarrayofstations,spreadaroundthelaboratory,all
connectedtoacentralserverthatsendsinformationtothestationsregardingcollective
environmentalrisks.Everystationincludesaportableprojector,thankstowhichthe
systemprovidesvisualstimuli.Thestationsarecompactandbarelyvisibletothe
workers.

Thesystemretrievesfromsomesensorstheexactpositionofthesourceofthe
dangerouseventinthelab,and,throughtheuseoflights,providesomeinformation
totheusers.Specificcolorsareprojectedonthephysicalobjectsinthelabthatare
thelocationofthesourceofthedanger.Yellowandredlightswereusedduringthe
experiment,toshowtheuserswherethesourceoftheriskwas.

Itisdesignedastheprototypeofasystemcapableofmappingthewholelab.For
thesakeoftheexperiment,though,theauthorsdidnotneedtodevelopthewhole
system,butonlyimplementedtwostationsclosetothemostprobablesourcesofrisk.

Implementationdetails.IneverystationoftheEnvironmentalSystem,aportable
projector is directly connected to a mini iPad through the lighting port.Via the
mirroring function,everystationprojects thecontentsof thescreenof the iPad
(Figure7).

ThesystemappisrunningontheiPadandismanagedbyaPHPcustomizedserver.
Theenvironmentalstationreceivesfromtheserveracoloredbackgroundscreenfor
theiPadthatisshownbytheprojectorinwhichthecolorrepresentsthecurrentstatus
ofthealarm.Inadefaultstatus,norisksaredetected:theserversendstothestations
ablackbackground.Theprojectorvisualizesablackimageandthusitdoesnotemit
anylight,whichsimulatestheOFFstateoftheprojector. Incaseacollectiverisk
appears,theserversendsacoloredbackgroundtothestationthatmonitorsthespecific
sourceoftherisk.Inthatcase,theconnectedprojectoristurnedONanditprojects
overthesourceoftheriskthecoloredbackgroundoftheiPad.

4.3. The Report Module
Userscantakeadvantageofanonlinereport(Figure8),whichoffersinformation
suchasthedailylogofthealarms,dataregardingthecurrentandpastrisks,dateand
timeofthealarms,type(intermsofpersonalorcollective),nameandquantityof
thedangeroussubstance.ThereportcanbeaccessedusingtheAlarmreportmodule
oftheiOSapp.

5. USABILITy STUdy

Giventhecomplexityandvariabilityoftheworksystem,theauthorsoptedforafield
studytoassesstheprototypeintherealworkingconditions(Rogers,2011).Giventhe
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smallgroupofworkers,theyfollowedawithin-subjectdesign,askingoperatorstowear
thethreedevices(oneatatime,indifferentorder)whileperformingtheiractivities.

The usability evaluation had two goals: diagnosis (Was the wearable device
compatiblewiththeactivitiescarriedoutbytheoperators?Wastheappoffering
alltheinformationtheyneeded?)andcomparison(Whichofthethreealternative
wearabledevicewasthebest?).Thefinalgoalistohaveinsightforthedevelopment
ofeventualfinalsolutions.

5.1. Participants
Theaimof thiswork isnot to findastandarddesign foranaverageuser,but to
designthedevicesonthespecificusersinvolvedinthespecificenvironment.Among
the12labworkers,8participantswereinvolved,3femaleand5male,distributed
onthe4indooractivitysectors.Table2summarizestheparticipants’demographic
characteristicsbygenderandage,anthropometricaspectslikeheight,weight,wrist
andneckcircumferences,andtheirworksectors.Anthropometricmeasurementswere
relievedtotakeinaccountboththesample’svariabilityandtheadjustabilitydegree
ofthedevicesinthedifferentplacements.Measurementswerecollectedfollowing
anthropometricinternationalstandard(ISO/TR7250-1,2010;Peebles&Norris,1998).

Comparing participants’ anthropometric characteristics with national and
internationaldatabase(ISO/TR7250-2,2010)thesamplewasratherrepresentativeof
variability:aboutheightItalianmalesvariabilityfrom5thto95thpercentiles,while
femaleswereallover50thtomorethan95thpercentiles;aboutweightmaleswereover
5thtomorethan95thwhilefemalesalllowerthan50thpercentile.Differently,wrist
andneckcircumferenceshaverathersmallmeasurementscomparingwithnational
andinternationaldatabaseandtherewerenot95thEuropeanandUSApercentiles
participants’values.

Figure 7. iPad screen
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5.2. evaluation Scenarios
Theauthorsdefinedthreescenariosforthetest:

1. Personalexposuretoacutelytoxicchemicals.Thesensorsdetectthepresence
ofbenzeneintheareainwhichtheoperatorworks.Thewearableisactivated
throughvibration.Lookingatthewearable,theworkerdoesnotseethelight
signal.Theyrealizethatitisapersonalwarningandleavetheworkplacetogo
tothetablettocheckontheappthecausesofthealarm.Outsidetheworkplace,
theapphighlightsexposuretobenzene.Thesituationisserious,thepersonhas
tointerveneinaccordancewiththeemergencyprocedures.Whenthealarmstops,
theoperatorgoesbacktowork.

2. Collective exposure to acutely toxic chemicals.The sensors placed in close
proximitytothetanksforchemicaldisposaldetectacetonitrileintheenvironment,
andthealarmsystemsetson.Atthesametimethewearableactivatesvibration

Figure 8. The online report

Table 2. Participants features

Participants’Codes P1 P2 P3 P4 P5 P6 P7 P8

Gender M M F M M F F M

Age 49 50 59 54 55 59 24 25

Height(cm) 178 184 174 185 160 174 160 179

Weight(kg) 104 113 62 72 66 61 40 67

Wristcircumference(cm) 18.5 18.4 16 17 15.2 15.5 13 17

Neckcircumference(cm) 42 44.2 34 38 35 36.4 27 34

Indoorworkingsector B A D C A D B C
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andaLEDlight.Theworkersfeelthevibrationand,lookingattheirownorothers’
wearable,seethelightandunderstandthatitisanenvironmentalalarm.Looking
around,theysearchforthesourceofriskandseethattheprojectorconnectedto
theiPadislightingthetankswithaspecificcolor:thankstotheclue,theuser
detectsthetankoverflow.Peopleareexpectedtoemptythedisposaltanksfollowing
thesafetyprocedures.Theconsultationoftheappisnotrequiredinthiscase,
unlesstheworkersdecidetolookforfurtherinformation.Whenthevalueoftoxic
chemicalsintheairfallsbacktonormalvalues,thealarmstopsandoperatorsget
backtowork.

3. Personalcumulativeexposuretotoxicchemicals.Aworkerfeelsthevibration
fromthewearableandthenknowsthatthereisanalarmcurrentlyunderway.
Lookingatthewearable,(s)hedoesnotseethelightsignal,thenthewarningis
personaland(s)heleavesthelocationtogatherfurtherinformationqueryingthe
apponthetabletplacedoutsidetheworkplace.Theappreportsthattheperson
hasremainedtoolonginalabareawherethereisacriticalamountofethanol.
Thepersonintervenestoreducetheethanollevel.Whenthereagent’stoxicvalue
intheairdecreases,thealarmstopsandtheworkrestartsregularly.

Table3resumesthealarmsexperimentedforeachscenario.

5.3. Procedure
Duringthetest,toavoidanyinterferences,theresearchersremainedoutsidethe
laboratory.Theworkersknewthataprocesshadbeenactivatedinthelaboratoryto
assessandmonitorchemicalrisks.Differentdevicesequencesweretested(wristband,
necklace,armband/armband,wristband,necklace/necklace,armband,wristband)
randomlyontheeightparticipants.Eachparticipanttestedthethreescenariosin
thesameorder:apersonalacuteexposure,acollectivealarm(airdispersion),anda
cumulativepersonalexposure.Onesingleworkeratatimewaswearingonedevice.

Whenthealarmstarted,theoperatorwasaskedtogoandlookattheapportothe
lightedzone,takingthenecessaryprocedurestoreturntonormal.Asafinalstep,at
theendoftheexperienceeachoperatorwasaskedtofilloutaquestionnaire.

Table 3. Experimented alarms

Alarm Information Technologies

Collective Thesensorsinthelabnearbinsdisposaldetect
acetonitrile

•wearable(vibration+light)
•environmentalsystem
•app

Personal Ahighlevelofbenzenehasbeendetectedin
theair,neartheperson

•wearable(vibration)
•app

Thepersonremainedtoolonginalabarea
wherethesensorsdetectacriticallevelof
ethanol.

•wearable(vibration)
•app
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5.4. The Questionnaire
Theauthorschosetorealizeaquestionnairespecificallyfocusedonthesituationtobe
evaluated,tosupportdiagnosisforimprovementandcomparisonforthechoiceofthe
mosteffectiveprototype.Followingthegeneralindicationsgivenbytheinternational
standard(ISO9241-11:1998(ISO,1998),theycreatedaframeworkwherethecolumns
includethethreedimensionsofusabilityevaluation(effectiveness,efficiency,and
satisfaction),whiletherowspresentthecomponentsofthecontextofuse(user,task,
equipment,environment).IntheTable4,theauthorsprovidethemacro-categories
theyusedasamatrixtoformulatetheitemsforeachsection.

Comparingthemostknownusabilityquestionnaires(SUS,Brooke,1996;QUIS,
inShneidermanandNorman,1992;USE,Lund,2001;IsoMetricsUsabilityInventory,
Gediga,Hamborg,andDüntsch,1999;SUMI,Mansor,Kasirun,Yahya,andArshad,
2012),theauthorsselectedtheitemsthatareconsistentwiththespecificsystemtobe

Table 4. The usability framework

Effectiveness Efficiency Satisfaction

User Isthesystemperceivedashelpful
andinlinewithneeds/expectations?
3items

Isthesystemeasytouse
andtheprocedureeasyto
remember?
3items

Thesystemisintuitive
andeasytouse.
AtsomepointIforgotI
waswearingthedevice
Overall,Iamsatisfied
withtheuseofthe
device.
Ithinkthatthedeviceis
toocomplicatedtouse.
Iwouldrecommendthe
systemtomycolleagues.
AttimesIfelttension
becauseofthedevice.
Thedevicelooks
aestheticallypleasant.

Task Doesthesystemproveeffectiveinall
theperformedtasks?
1item

Isthedeviceuncomfortable
insomeofthetasks?
1item

Equipment Doesthesystemproveeffectivewhen
operatorsinteractwiththeequipment
indifferenttasks?
2items

Isthedeviceinterfering
withsomeactivitiesor
equipment?
2items

Environment Doesthesystemproveeffective
inoftenchangingenvironmental
conditions?
2items

Isthedeviceuncomfortable
ingivenenvironmental
conditions?
1item

Figure 9. Item example
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tested.Someitemshadtoberephrased,someotherswereadhoccreated.Thefinal
versionofthequestionnaireprovides25statementswith5responseoptionsranging
from“stronglydisagree”to“stronglyagree”.

Followingthethreeusabilitydimensions,wealsoprovidedthreeitems(onefor
eachdimension)toevaluatetheinteractionwiththeEnvironmentalSystem.

Whennecessary,inthesamestatementthe5-pointLikertscaleisrepeatedfor
eachdevice,inordertocollectcomparabledata.OneexampleisgiveninFigure9.

Inthequestionnaire,theauthorsusedallpositivestatements,askingoperatorsto
ratetheirlevelofdisagreementoragreement,accordingtoSauroandLewis(2011).

Finally,fouropenquestionsaskedtheoperatorstolistthemostpositiveand
negativeaspectsoftheirexperienceandtogivesuggestionsforimprovements.

Aconclusiveitemconcernedtheimportanceattributedtothesystemforsafety
purposes,witha4-pointscalefrom“greatimportance”to“worthless”,toobtaina
morepolarizedansweronthedeviceusefulnessexcludingtheneutraloption.

6. ReSULTS

Firstly,theauthorspresentareportonsomeobservationdatatheywerecapableto
collectastheglasswallofthelaballowedtorecordworkers’reactiontothealarm.
Secondlythesubjectivequantifieddataresultingfromthefinalquestionnaire,filled
justafterconsultingtheapp.

6.1. observation data
Theauthorscollectedperformancedataregardingthetimeintervalbetweenthe
activationofthealarmandtheinterruptionofthetask;theamountoftimenecessary
to localize the source of risk ( just in case of collective alarm); the quality of the
interactionwiththetablet.

Alltheoperatorsrespondedtothealarminatimebetween2and17seconds,
dependingontheactivitytheywereperformingwhenthealarmwentoff.Onlyone
didnotrespondtothevibrationandaskedtostopthealarminordertocompletethe
task.AsfortheEnvironmentalSystem,alltheoperatorsquicklylocatedthesource
oftherisk.

Alltheoperatorsinteractedwithouterrorswiththetabletprovidedoutsidethe
laboratoryandhadnoproblemsinunderstandingwhatwasgoingon.Afterthe
consultation,theysaidtheyhadobtainedalltheinformationneededtoeffectively
managethealarmcondition.Onetesterspontaneouslyaskedtodownloadtheappon
hissmartphoneandwasimmediatelyimitatedbytwoothers.

6.2. Questionnaire
Theauthorscarriedoutadescriptiveanalysisbothfordiagnosisandcomparison
purposes.
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6.3. diagnosis
Theevaluationofthesystemispositive,withregardtobothrelevanceforsafety(4-point
scale, 0-3, M = 2.50, SD = 0.53) and usability, with higher values for“wristband”.
Thesystemisratedtoprovideadequateinformation(M=4.38;SD=0.51),tobe
easytouse(M=4.57;SD=0.53), intuitive(M=4.63;SD=0.91)andsimple(M=
4.75;SD=0.46).Onlytheaestheticsreportsnegativescores(wristbandM=2.38SD
=1.40;necklaceM=2.50SD=1.51;armbandM=2.25SD=2.25),probablydue
totheprototypestateofdevices.Theevaluationofcomfortofuseshowsvariability
(wristbandM=3.25SD=1.66;necklaceM=3.00SD=1.69;armbandM=3.25SD
=1.48)suggestingthatthecompatibilitybetweentheproductandsometasksneeds
furtherattention.Furthermore,theanswersonthecorrectperceptionofthefunctional
stateofthesystemshowaveragemeansinthedifferentconditions,withsomenegative
evaluations(M=3.00;SD=1.51).Inthefinalopen-endedquestionsonthepositive
andcriticalaspectsofthesystem,twoparticipantsreportedsomeproblemsrelatedto
theuseofthearmbanddevice,highlightingdifficultiesinperceivingthevibration.
Oneofthetwouserssuggestedalsotoincreaseledlightintensity,vibrationandrange
ofactionofthewearablesystem.Itwasalsoadvisedtoconnectthewearablesystem

Figure 10. Usability Dimensions and Clusters Results (The Error Bars Refer to Standard Deviation)
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tootherpersonalmobiledevices.Noothercriticalaspectsofthedevices,norneed
ofadditionalinformationonthealarmreportwereindicated.

Theanalysisofperceivedusabilityoftheenvironmentalsystemispositiveas
well.Boththequestionsoneffectiveness(M=4.63;SD=0.74)andefficiency(M
=4.38;SD=0.74)indicatehowtheadoptedsolutionsimplifiestheindividuation
ofthesourceofthecollectiveexposureandresultsinafasteralarmresponsetime,
withoutinterferingwithusualtasks.Satisfactionalsoshowspositiveevaluations(M
=4.13;SD=0.99).Twoparticipantssuggestedtoaddtotheactualenvironmental
systemspecificinformationontheexposure’scausethroughtheprojectionofthe
reagentnameorchemicalsymbol.

6.4. Comparison of the wearable devices
Results of the study comparing the three devices are reported in Figure 10.The
wristbandreceivedthemostpositiveevaluationbyalltheparticipantsandinallthe
usabilitydimensions.

Astheauthorsanalyzeeachclusterindetail,someadditionalindicationsemerge.
In“user-effectiveness”significantmeandifferencesbetweentheconditionswerefound
intheanswerstotheitem“IfIhadthedeviceIwoulduseitregularly”,wherethe
condition“armband”showsthelowestscoresalsowithnegativestatements.

Nostatisticallysignificantdifferencesemergeintheanalysisoftheinteraction
withthetasks.Themeansgenerallyindicatepositivevalues,higherforthewristband
condition(M=3.88;SD=1.12).Nevertheless,inallconditionsthewearabledevice
cancausediscomfortperformingsometasks.

Armbandresultedpreferredbothformalesandfemales,whetherornottheyhad
watch,braceletsorelasticonthewrist.Onlyonesubject(female)judgednecklace
asfavouriteandthebestoneinefficacy.Anotherfemaleandonemalewithjewelry-
necklace,attheendofthequestionnaire,expressedtheirpreferencefortheneckdevice
but,evaluatingthephysicalinteractionqualityandthesignalperceptionlevel,anyway
attributedbettervaluestowristbandcondition.

Talking about the device’s adjustability and adaptability to anthropometric
variability, the wrist choice seems to be preferable because the inter-individual
variabilityismorelimitedcomparedtotheothers(Peebles&Norris,1998).

Thewhitecoatprovestobeapotentiallycriticalaspectoftheequipmentasit
canreducethealarmperception,inparticularinthenecklaceandinthearmband
condition.Onlyinthewristbandconditionthemeanvalueispositive,evenifwith
twonegativeevaluations.

Theevaluationoftheinteractionwiththeenvironmentshowsingeneralpositive
scoreswithaconstantpreferenceforthewristbanddevice.InrelationtotheLED
lightvisibility,onlythenecklaceconditionprovestobeineffective(M=2.63;SD
=1.18)withastatisticallysignificantdifferencewiththewristband(M=4.13;SD
0.99)andthearmbandscores(M=3.75;SD=0.70).

Theanalysisofsatisfactiondidn’tshowstatisticallysignificantdifferencesbetween
thethreeconditions,ratheratendencytoperceivewristbandasthemostsatisfying
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withverypositivescores(M=4.50;SD=0.75),higherthannecklace(M=4.00;SD
=0.92)andthearmband(M=3.75;SD=1.16),stillgloballysatisfying.

Also,intheanswerstotheitem“AtsomepointIforgotIwaswearingthedevice”
thewristbandconditionreportsthehighestscores.Theitemreportsmediumvalues
withhighvariability,highlightingastillcriticalaspectthatconfirmstheprevious
considerationsontheprototypicalstateoftheproducts.

7. CoNCLUSIoN

Inthispaper,theauthorsproposeanovelmultimodalsolutiontocommunicatein
effectivewaysituationsofriskinbiomedicallabs.Giventhespecificfeaturesofthis
context,theyproposetointegrateexistinggeneral-purposeauditoryalarmsystem
with a combination of other modalities, i.e., wearable devices combined with a
projection-basedenvironmentalsystemandamobileapplication.Themainnovelty
ofthiscontributionwithrespectofthestateoftheartistheparticularcombination
ofsuchmultimodalalarmstoprovidedifferenttypesofalarmincaseofpersonalor
collectiverisk.

Thepaperdescribesapreliminaryusabilitytestoftheprototypetohavesome
insightforthefulldevelopmentofthesystem.

Accordingtothetest,mostofthetimethesolutionwasperceivedasdiscreet.The
usabilitytestingandthequestionnaireresultsgiveapositiveevaluationofthealarm
system,aswellassuggestionsforimprovement.Thesystemprovedtoofferaclear,
unobtrusiveandusefulinformation(Stanton,1994)onthedifferentriskspotentially
presentintheworkenvironment,increasingoperators’awarenessandarapidand
punctualdiagnosisthroughtheenvironmentalsystemortheappsolutions.Thetestsdid
notrevealanyfailureinresponsetothealarm:withoneexception,alltheparticipants
interruptedtheirtasksandfollowedtheprocedures.Thisimmediatereactionseems
toconfirmthatthephysicalsalienceofthealarmwasreached(Wickens&McCarley,
2007),notonlybecauseoftheemploymentofdifferentsensorychannelsbutalso
becauseofitsconsistencywiththeactivitiesperformedinthelab.

Limitationsoftheworkarerelatedtotheartificialnatureoftheexperiment,due
totheobjectiveimpossibilitytorecreatearealriskconditioninthehospitallab.Of
course,dangeroussituationswerejustsimulated,andthiscouldbeabiasintheway
peoplereactedtothealarms.Moreover,theprototypeisonlyasimulationforthetest
andourprototypeisnotintegratedinthecompletesystematthisstage.

Inconclusion,somefutureworkcouldbetoredesignthedevicesaccordingto
thetesters’suggestions,withaspecialattentiontoaesthetics.Sincethewristband
prototypereceivedthemostpositiveevaluationbyalltheparticipants,theauthors
chosethisconfigurationtobeadoptedinthesystem.Theyplantoinvestigatemore
indetailthissolutionandtheintegrationoftheprototypeinasmartwatchwiththe
possibilitytoconveyallthethreetypesofalarmanalyzed:vibration,acousticsignal
andvisualstimuli.Moreover,peoplecouldbetteracceptthatkindofdevice.The
authorsalsoplantoinvestigatehowchangesonvibrationpulsedurationandinter-pulse
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intervalaffecttheperceivedurgencyandannoyance.Theyalsoconsidertore-design
theenvironmentalsystembringingattentiontokeyspotsthatmighthavedifferent
meanings.Moreover,theauthorsplantoperformotherteststomeasurethecognitive
loadinmanagingthemultimodalalarm.
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