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Abstract

Several publications reported high prevalence cfculoskeletal issues among
medical sonographers. Only a few interventionrésfbave focused on solving the
problem from an engineering control point of viechocardiography is a specialty field
of ultrasound of the cardiovascular system, araiisently a growing field due to the
trends of longer life expectancy and rising obelataels. Further investigations of
cardiac sonographers identified recurring issueh sis prolonged probe pinching,
forceful exertion, awkward posture and maintairstegic posture. This study aims to
design an engineering intervention that can pa#yntieduce these exposure risks. The
design process includes observation, intervieerdiure review, product
conceptualization, evaluation and focus group sessi Cardiac sonographers, engineers,
ergonomists, a radiologic sciences professional ,maanufacturing technicians were
involved in various stages of the design develogmercess. A design of an articulating
arm that uses a simple locking mechanism was emasi to reduce prolonged probe
pinching, force exertion, awkward postures, antcspstures. A functional prototype
was assembled, and pilot tested among cardiac saplogys in a clinic setting. The
session revealed the concept’s potential in adishg@gseviously identified issues.
However, several design iterations and more congms&iie evaluations will be needed

before the device will be ready for implementatiochocardiography settings.
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Chapter 1: Introduction

High prevalence of Work-related Musculoskeletalddiers (WMSDs) among
health care workers has been reported in sevebdications (d'Errico et al. 2007, Li et
al. 2004, Evanoff et al. 1999). WMSDs are defiasdsoft tissue disorders of
nontraumatic origin that are caused or exacerdagedteraction with the work
environment” (Silverstein & Evanoff, 2006). Thagury rates in the health care industry,
which include musculoskeletal disorders, “are eqoar exceed the rates in traditionally
high risk occupations” such as construction andufeaturing (Li et al. 1997, Evanoff et
al. 1999). According to data from the Bureau abar Statistics (2009), the non-fatal
injuries and iliness that required medical treathwerdays off work for hospital workers
in 2009 were 7.3 cases per 100 workers. Thosarsing and residential facilities have a
higher rate of 8.4 cases per 100 workers. In coisqa there were only 4.3 cases per
100 workers in both construction and manufactungistries.

This trend has resulted in design and policy chamgenany hospitals and
nursing homes. Utilization of mechanical assestievices as well as other engineering
solutions have been shown to result in reductidnisjaries (Chhokar et al. 2005, Collins
et al. 2004, Owen et al. 2002, Garg & Owen 199Zhhokar et al. (2005), for example,

conducted a longitudinal case study to evaluatetfeet of a ceiling lift among nurses



and nursing aides. The analysis across three peaistervention and three years post-
intervention found significant improvements in aahworkers’ compensation cost, lost
day injury rates, and other direct costs assocwtddpatient handling injuries.

However, less attention has been paid to develdpiegventions for other types
of health care professionals who also experiengle fd@tes of WMSD injuries, such as
ultrasound technologists. Over the last two desag@umber of studies have
documented that over 80% of the sonographers etpeil work-related
musculoskeletal issues at some point in their cgkéenderpool et al., 1993, Magnavita
et al., 1999, Pike et al., 1997, Wihlidal & Kum&897). Vanderpool et al. (1993) in a
self report study documented that 17% of the saqgwers missed work because of
work-related symptoms. In addition, 31% of sonpbeas reported receiving treatment
for work-related injuries. Wihlidal & Kumar (199%) another self report study
documented that due to work-related musculoskedgtaptoms, 21.2% of sonographers
utilized their sick leave, 9.4% reduced their wagkhours, 14.6% reported decreased
ability to perform regular job duties, and 11% tieed workers’ compensation benefits.
Brown and Baker (2004) in a more recent publicaéstimated that 20% of the
sonographers are either leaving the professiompofoo early retirement due to work-
related musculoskeletal issues.

Ultrasound technology is essentially a high fregquyesound wave that is emitted,
reflected, and read to capture real-time visuabesanside the human body. According
to Hangiandreou (2003), ultrasound “poses no knosknto the patient” in its current

application as a medical diagnostic tool. Pa(B@06) added that ultrasound technology



is both time and cost effective compared to otivexging technologies such as the
computed tomography (CT) and magnetic resonancgiimggMRI). One of the many
applications of the ultrasound technology is taydi@se heart pathologies, and this
specific field is called echocardiography. Todaghocardiography is reported as “the
most commonly used imaging procedure for the diagnaf heart disease” (Ehler et al.,
2001).

Echocardiography technicians’ or cardiac sonogrepimeain responsibility is to
map the structure of the patient’s heart, includmgvalves and heart walls. This
procedure will then give physicians informationtww the valves are working, blood
pumping capabilities, and efficiency of blood flow.also identifies potentially
problematic heart muscles and detects possibladldtms or fluid buildup in the heart
region (echocardiography.net, 2010).

Similar to the general population of ultrasoundhtesiogists, the sub-population
of echocardiography technologists are also exptsadyh rates of work-related injuries.
Several risk factors for WMSDs are commonly seenragicardiac sonographers’ work
activities (Horkey et al., 2004, Smith et al., 1P9Kanipulating the transducer rapidly
without support may lead to repetitive and awkwapg@er extremity postures. Forceful
exertion from pushing the transducer against thiempts chest, especially when gripping
the transducer in a pinching posture is also afastor for developing WMSDs. In
addition, maintaining the exertion for a periodiofe to get stable images requires static

postures. Over time, these activities may causaiative strain leading to damage of



the muscles, tendons, and/or nerves which cantéeeldronic disorders such as Carpal
Tunnel Syndrome (CTS), tendonitis, bursitis, temasjtis, or epicondylitis.

Previous publications such as Vanderpool et aBZ)and Horkey et al. (2004)
documented relationships between cardiac sonogrsipdativities and the high
prevalence of musculoskeletal discomfort. Varimemmendations have been
proposed in the literature to address this issagding mainly on administrative and
behavioral changes in the workplace. Howevergai$ ween in the literature that
engineering intervention efforts which aim to sobreblems by tackling the root causes
are limited in number. An engineering control &sigined to eliminate or reduce
exposure to some specific risk factors, to whichkeos are exposed. Lighter weight
cables that connect the ultrasound probe to thasatind machine are an example of an
engineering control. The development of WMSDs agncardiac sonographers is
expected to be reduced if exposure to risk factoch as repetitive motions, pinching
grip, forceful exertion, awkward postures, andistabstures can be effectively reduced.

The current study seeks to address the researdlof/asing engineering
intervention as a method to reduce the work-relatddexposures to cardiac
sonographers. The issues were identified, spesgAoning activities were targeted, and
an intervening solution classified as an engingecontrol was developed. An active
intervening effort focusing on early stages ofdlesign process was undertaken to
develop a user-centered device that can be udbe ichocardiography settings.
Established design tools and methodologies were insearious design stages including

user needs identification, idea generation, conseqgening, concept evaluation,



prototype building and finally design prototypetieg and evaluation. Feedback and
expertise from experienced cardiac sonographegieering graduates, certified
professional ergonomists, a radiologic sciencefepsional, and manufacturing
technicians were sought at various stages in ¢énative design process. A refined
design prototype was then pilot tested by the eselsuto determine if the design would
work as it was envisioned and whether or not recendations could be made to go

further with the development of the design.



Chapter 2: Literature Review

2.1.Musculoskeletal injuries and disorders among scmuugrs

According to the recent Occupational Outlook Harakbpublished by the Bureau
of Labor Statistics (2009), there were 49,500 wgkamployed in 2008 as
“Cardiovascular technologist and technicians” tha future, the employment for this
particular occupation is expected to increase fast: the average for all occupations,
as fast as a 24% increase in 10 years (BLS, 20D83.increasing demand for cardiac
technologist is expected due to the increasingltcfrobesity, as well as longer life
expectancy in the modern world.

Evans et al. (2009) in a large scale survey of 52Q&tered diagnostic
sonographers and vascular technologist revealéda0%o of the respondents were
scanning in pain”. Vanderpool (1993) in a surveyyg of cardiac sonographers found
that 86% of the respondents in the United Stafesrted one or more symptoms of
musculoskeletal disorders. Case report studidarger number of sonographers in the
United States by Smith et al. (1997) and McCullethl. (2002) also found similar
associations between sonographers’ occupationsltes and the prevalence of

musculoskeletal symptoms.



The high prevalence of musculoskeletal disordersransonographers is not

exclusive to the United States. There have bebhqgations from other countries that

reported similar findings. These publications fr@anada, Israel, Australia, New

Zealand, United Kingdom and Brazil concluded that¢ is a significant relationship

between sonographers’ activities and developmentusiculoskeletal disorders. These

studies consisted of mostly clinical self repomveys, and some cross-sectional studies

from general populations of sonographers. A ligggdemiology studies is summarized

in Table 2.1.

Source (Years) Country Prevalence of
musculoskeleta
issue (%)
Vanderpool (1993) United States 86
Necas (1996) United States 66
Smith et al. (1997) United States 80
Pike et al. (1997) United States 81
McCulloch (2002) United States 82
David (2005) United States 81
Evans et al. (2009) United States 90
Wihlidal et al. (1997) Canada 88.5
British Columbia Ultrasound Sonographers Canada 80
Society (1999)

Russo (2002) Canada 91
Gregory (1998) Australia 77.8
Gregory (1999) Australia 95.4

Muirhead (2001) New Zealand 69
Magnavita et al. (1999) *(study performed on Italy 80
physician sonographers)

Schoenfeld et al. (1999) Israel 65
Ransom (2002) United Kingdom 96.4
Feather (2001) United Kingdom 98.7

Chapman-Jones (2001) United Kingdom 80

Miles (2005) United Kingdom 85

Table 2.1: Previous studies of the prevalencewdauloskeletal issues among
sonographers, adapted from Brown et al. (2004)Mordon & Delf (2008).
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The prevalence of musculoskeletal issues from thabécations ranged from
65% to 98%, with most studies reporting prevalestcaround 80%. The
epidemiological evidence shows that there is angtassociation between ultrasound
sonographer activities and the prevalence of moskeletal issues. Schoenfeld et al.
(1999) concluded that, based on available eviddgheegprevalence of upper limb
musculoskeletal disorders among ultrasound sonbgrapare etiologically related to
occupational factors”. Baker & Murphey (2006) repd that there is an increasing rate
of frequency and severity of musculoskeletal issmeng ultrasound sonographers. The
authors claimed that 84% of sonographers experieccgpational pain and 20% of this
population suffers career ending injuries.

These studies report a wide range of ergonomicessthat may be associated
with the prevalence of musculoskeletal disordétsbe pinching, awkward postures,
duration of scanning for each patient, cumulativeation of scanning throughout one’s
career, duration of rest, repetitive motion, statiescle activation, amount of training
received, scanning styles, furniture design, andpeaent design were among the
potential factors identified. However, the two mphysical factors that were discussed
in most of the publications reviewed are: 1) pingrand pushing the probe and 2)

awkward and static postures. These risk factolidoeidiscussed in the next section.



2.2.Risk factors and exposures

2.2.1. Forceful pinching

Cardiac ultrasound probes are generally smallsizea compared to ultrasound
probes used in other medical applications. Thdlsuze of the cardiac ultrasound
probes facilitates the pinch grip posture, whichssential for fine manipulation of the
probe. Since cardiac sonographers have to pedoams with the probe in several
different orientations, it is important that they &ble to precisely maneuver the probe in
order to locate the scanning area of interest empétient’s chest. Baker (n.d) in
testimony to OSHA stated that the transducer meagiripped tightly while the
sonographer pushes the probe forcefully againgbdlient’s chest to obtain high quality
images. Even though pinch grips allow for finegs®n control, prolonged forceful
pinching is disadvantageous as it put pressurewstia tendons of the fingers as well as
the median nerve, which may ultimately lead to aiisfort or even injury.

A self report survey by Vanderpool et al. (1993256 cardiac sonographers
identified hand grip pressure as one of the magtrfactors of WMSDs. The study
found a significant statistical association betwbgyh grip pressures and CTS
symptoms. In a study of a larger population of m@dliagnostic sonographers, Pike et
al. (1997) reported that the specific activity afénipulating the transducer while
sustaining applied force” was one of the key atiéigithat led to pain and discomfort.

In a paper published in 1997, Wihlidal and Kumarrfd that surveyed

sonographers believed that gripping the transdsmeehow contributed to their injury.



In addition, applying sustained pressure with thegducer was also an activity that they
thought contributed to injury. Evans et al. (20t0& cross-sectional study reported that
65% of the sonographers experiencing wrist-hangefirdiscomfort found that applying
the pressure during the scan aggravated disconifagrestingly, the authors also found
that cardiac sonographers reported higher wristHignger discomfort aggravation due
to holding the transducer compared to those in Mas@and other multi-credentialed
sonographers.

Another self report study by Schoenfeld et al. @98und that high grip pressure
of the transducer was positively linked with CT$gyoms in the respondents. The
paper also reported that prolonged handling optiobe contributed to occupational
injury among sonographers. The authors concluldaid‘tontinuous high grip pressure
by the sonographer on the transducer may eventiealtito the development of
musculoskeletal dysfunction”.

Armstrong & Chaffin (1979) in a biomechanical studported that pinch grip
causes higher resultant reaction force on tendompared to grasping grip. Keyserling
et al. (1991) wrote that pinch grip “produce lozad pressure on the underlying tendons
in the fingers”, increasing the risk of tissue dgmaspecially at the pressure point. The
internal pressure from point of pinch contact Wwal transmitted along through tendons
and other tissues, and will result in the “increalseontact stress on the median nerve”,
leading to a higher risk of developing musculostetlmjuries and disorders (Keir &

Wells, 1999).

10



Sonographers, especially cardiac sonographers wieawith obese patients (M.
Orsinelli, personal communication, July 29, 2010hesity is widely known to be a
major risk factor for heart disease (Eckel, 199%%ide from causing potential problems
for the patient, the adipose tissue may also posalgms for the sonographer as fatty
tissue provides a physical barrier between thastwnd probe and the heart, which may
interfere with ultrasound signals. Parhar (20@ported that ultrasound imaging quality
tends to be limited in obese patients “due to a@@ousise that occurs when the
ultrasound beam echoes from the surrounding festgué”. As a result, the sonographer
has to push the probe deeper into the skin, exehnigher forces for better readings. The
frequency of forceful pinching of the probe seembé increasing due to the current
increasing trend of obesity among the general @ijou (M. Orsinelli, personal
communication, July 29, 2010).

Ultrasound gels also play a role in exacerbatimgaimching force required by
sonographers. The water-based conductive gelballysapplied to the patient’s skin
before the scanning procedure to facilitate souadenransmission (Meador, 2007),
which usually translates to better quality of theage. However, there is a trade off in
that the gel reduces the friction between the peotzkthe gloved hand of the
sonographer, effectively reducing the efficiencytad force exertion. The slippery
surface between the probe and the sonographertsrhag result in higher level of
muscle exertion to grip the probe more firmly as giel reduces the coefficient of friction
between the sonographer’s hand and the transdiitermodel in Figure 2.1 presents a

simple force diagram of the probe handling. Thigiagreement with an earlier finding
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by Habes and Barron (1999) who reported that foneesled to grip and manipulate

probe are higher when the gel migrates to the grgppurfaces of the prot

F=2kK

F=2(uN)

So as [ decreases (c
to the effect of gel), I
increases to resis

ExternalF

Figure 2.1: A simple biomechanical model of foarel friction. N is the force exerted
thefinger while F is the resisting force from pushihg probe onto the patient is the

force of kinetic friction where | is coefficient kinetic friction. As u decreases (throu
introduction of ultrasound gel), the sonographes toeexert more N to aintain the grip

against F.
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2.2.2. Repetitive and sustained awkward postures

In addition to forceful pinching, the sonographams also exposed to
musculoskeletal injury risk due to awkward posturBsiring the scan procedure, the
probe must be oriented in various angles, andntlaig result in deviated upper extremity
postures. With eyes focusing on the display s¢réensonographers have to repetitively
move and hold the probe in various directions, gomes without realizing that they are
assuming awkward upper extremity postures.

There are a number of variables that come into iplgpsitioning the probe
during an echocardiography procedure. These iediuel amount and location of
adipose tissue, orientation of the heart, anthragonof the patient and the sonographer,
condition of the heart, the sonographer’s trainsagnning habit, scanning technique,
probe design and bed or exam table design. Sircpatient’s scanning winddis a
small area on the chest, all of these factors e tombinations may affect how the
sonographer positions the probe. The rapid repetmanipulation of the probe and
reaching activities performed during the scan iaseethe possibility of the sonographer
assuming awkward postures. In addition, the samgers’s upper extremities can be
abducted, twisted and unsupported during the sngrprocedure for a majority of the
time (Horkey & King, 2004). Figure 2.2 illustratdgese awkward, abducted and
unsupported upper extremity postures that are petvduring an echocardiography

scanning.

1 . . . . .
Scanning window is a small area on the chest where the ultrasound images can be obtained. These
windows include parasternal, apical, subcostal, and suprasternal.
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(©) (d)
Figure 2.2: Example of different postures and pigdp styles during echocardiography
scanning procedure for left hand scanning (a-kj,reght hand scanning (c-d). Figure (a)
and (b) shows awkward wrist posture and abductedidhr. Figure (c) and (d) show
unsupported prolonged upper arm posture.

Another issue that may contribute to repetitive watd postures is the loss of the
scanning window. This occurs because patients rdoedo discomfort, coughing, or
sneezing during the scanning process. This thesesathe sonographer to lose the
scanning window, which then means more probe méatipn to relocate the scanning
window. On the other hand, lapse of attentionegutar activities such as the need to get
extra ultrasound gel or management of the transtducerd may also put the

sonographer out of position. The issue with thabprgoing out of the patient’s window
14



is that the sonographer has to find the spot agdiich involves additional repetitive
motions especially at the wrist. Reducing the rtee@position and find the same
window again may help reduce fatigue due to repetinotion.

Reports in the literature suggest that there &ationship between awkward
upper extremity postures and musculoskeletal issWasderpool (1993) in a survey
study of cardiac sonographers reported the twistiogon of the wrist correlated
positively with the prevalence of CTS symptomsh&@mfeld et al. (1999) also
concluded that awkward postures, such as twistigpaishing motions of the wrist
correlated with an increased incidence of CTS. duteors also reported that
sonographers’ upper body postures were found toflieencing the level of
musculoskeletal complaints. Magnavita et al. @98ported that repetitive and
dynamic motions of the joints of the upper extrgmfitom shoulder to fingers, are
essential to manipulate and adjust the transdocattain the correct transducer position.
Similarly, Smith (1997) concluded that cardiac sgnaphers have a high prevalence of
musculoskeletal issues due to “frequent use oftitegemotion or isometric muscle
tension”.

According to Gilad (1995) repetitive motion is stw@us because the recovery
period of the musculoskeletal system is limiteds avresult, the muscles cannot fully
recuperate, and this wear and tear process widlllyskead to muscular soreness and
inflammation of muscles. A biomechanical studyAsgnstrong & Chaffin (1979) on the
causes of CTS concluded that forceful exertiongeigly combined with awkward wrist

extension or flexion, leads to compression of tleelian nerve. As a result, forceful
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exertion in certain awkward wrist positions maydeayate, precipitate or cause
occupational carpal tunnel syndrome”.

In addition to awkward and repetitive postures, stimes sonographers have to
maintain their upper body posture for extendedqgusriof time during a scanning
procedure. According to Horkey & King (2004), sasing the contraction of muscles in
certain body parts, including shoulder and uppéreexity is necessary to obtain certain
required scan images. Similarly, Magnavita e{999) reported that sustaining static
postures is necessary to maintain the transdudbeiappropriate position for the scans.
Static postures require that muscles sustain éxartions for a prolonged period of time
(Sjoogard, 2006). Previous studies have demossititaat sustained static postures can
increase the rate of muscle fatigue. The explandiehind it was that sustained
contractions lead to high intramuscular pressubechvcauses disruption in muscle blood
flow (Sjoogard, 2006). This may ultimately affesicrocirculation and foster the
formation of highly toxic free radicals. In addmi, disruption of blood flow impedes the
supply of oxygen to the muscle tissue, which raesalthe interruption of the energy
conversion process. As a result, continuouslyuitsnt muscle fibres will be
metabolically exhausted, and this will ultimatedad to localized muscle fatigue.

Other reports also connect relationships betwesdit giostures and
musculoskeletal issues. A survey study by Wihlatad Kumar (1997) found that the
respondent sonographers believed that sustainedidgn@nd trunk abduction in their
work activities strongly contributed to injury. Keiet al. (1997) reported that body parts

that are susceptible to pain during scanning weok,rshoulder, wrist, hand, fingers and
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back. The authors clarified that shoulder abductsnistained twisting of the wrist, and
maintaining constant pressure from the probe wereng the factors associated with
pain and discomfort. In a later publication, Russal. (2002) reiterated that
unsupported abduction of the arm and static cotidrato maintain arm position were
some of the factors leading to musculoskeletal $gmp. The paper summarized the
finding by reporting that there is “significant asgtion between activities involving
awkward postures, static postures and forcefubastiand degree of musculoskeletal
symptoms”.

Publications reviewed identified several risk fastthat connect sonographers
activities with the development of WMSDs. Thes&lemiological and biomechanical
studies demonstrate that there are musculoské&stads in the specific occupation of
imaging sonographers. Thus, a next step consisfimgervening effort will be required
to address these issues. The next section wdugssthe classification of interventions

and prior intervening studies performed in the gaingopulation of sonographers.
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2.3. Classification of interventions

Intervention efforts to reduce the prevalence of 3 among sonographers
have been documented by several studies. Thre® gaggories of ergonomic
interventions are engineering, administrative, lbelavioral interventions (Goldenhar et
al., 1996). Even though the primary goals of titenventions are the same, there is a
hierarchical prioritization among the three categgoof interventions. According to
Castillo et al. (2006), the most effective way effprming intervention control is
focusing on engineering factors. These are ietgrons that eliminate or reduce hazards
through new or retrofitted design of devices (tpetguipment, etc) into work systems to
provide protection. Zwerling et al. (1996) defirmtgineering interventions as those that
target the “physical work environment”.

Specific to ultrasound imaging, Murphy & Russo (@PpBecommended reducing
the exposure to musculoskeletal injury risks byimeering controls through design of
equipment and workstation. Administrative contsugh as organization of work and
work practices, as well as behavioral controls sagfob risk awareness, training, and
education were also proposed to mitigate the peexal of WMSDs issues among
sonographers.

Various interventional measures, mostly administeséind behavioral controls,
to address the ongoing musculoskeletal issues tagsdnographers have been
recommended in the literature. Examples of thesemmendations include stretching
exercises, frequent rest breaks, alternating betweng and standing during scans,

training on scanning techniques, scheduled stregoixercises, providing adjustable
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furniture, rotating between types of scans andiding educational programs on
postures (Murphy & Russo, 2000, Christenssen, 2d0ikey & King, 2004). Some of
these recommendations have been tried. For exa@plistenssen (2001) in a 12-week
study reported that the sonographers found th&ektexercise to beneficial. However, a
decrease in the number of “reported levels of sigth symptoms of musculoskeletal
injury” could not be established.

Vanderpool (1993) recommended that research stadsiddexamine equipment
design for a more effective intervention. Equiptm@anufacturers can play a role by
modifying their equipment to allow for better pagt@and probe handling experience.
Horkey & King (2004) concluded that equipment dasgjone of areas that needed more
attention for interventional study. The authdesmed that “the frequency and severity
of musculoskeletal disorders will not be reducddhere is no ergonomic intervention

effort.

2.3.1. Poor equipment design in sonographer’s occupaltgettings.

Ransom (2002) reported that half of the 55 sondwregpinterviewed in their
study believed that musculoskeletal disorders watsed by poor equipment design.
Similarly Paschoarelli et al. (2008) concluded thliiasound sonographers are currently
facing musculoskeletal problems due to the useoflp designed equipment, such as
the ultrasound transducer. The authors implietttieatraditional transducer designs are
generally uncomfortable, and require sonograpleeassume extreme wrist postures.

Magnavita et al. (1999) reported that the desigineftransducer can affect
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musculoskeletal complaints of the hands and wriSimilarly, Horkey & King (2004)
claimed that “transducer design was found to béotst predictor of hand-wrist
complaints”. Robson & Wolstenhulme (2010) propoaedethod of assessment to self-
evaluate the design of ultrasound equipment su¢taasducer, monitor, keyboards, scan
bed, and operator chair. This method is intendea guide for sonographers to audit
their scanning room, aiming to increase awarenkdsgn problems in their workplace.
It should be noted that there have been some effimaide to improve the design
of the modern ultrasound equipment. The moderasdund machines, especially the
portable ones, are generally smaller in weightsind as illustrated in Figure 2.3.
Similarly, many newer ultrasound transducers aed tords are lightweight and
balanced for easy control. In addition, the maelsimeight, especially the full size
machines can often be adjusted to accommodatetditeghand shorter sonographers.
Extra features such as larger wheels and handlesinteoduced to allow for easier
transportation of the equipment. An adjustablealdting arm supporting the display
allows wide range of motions to minimize awkwaradkgposture. Ultrasound equipment
manufacturers market their merchandise as ergomtigngesigned equipment (Siemens
Medical, 2010 & GE Healthcare, 2005). Howeverdamental issues of sonographers
having to use forceful pinch grips as well as awikdand static postures have yet to be

addressed through equipment design.
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() (b)

Figure 2.3. The differences in size/weight betwerenportable ultrasound machine
(usedultrasound.com, 2010) (a) and the tradititulbsize ultrasound machine
(medcorplic.com, 2010) (b)

Currently, the responsibility for equipment desiigs in the hands of equipment
manufacturers (Wihlidal et al., 1997). Howeveg tlesign of equipment, especially in
an endeavor to address more fundamental ergonassioss, should also involve the end
user in the product’s design process. This islee#he end user is the one who interacts
with the product on a daily basis, and is an expenmisability and real application of the
product. Thus, sonographers can point out desgpres that they face based on their
experience; this should foster designs that arepatitrle with work settings. In the
literature, the participation of sonographers i pinoduct design stage has been
recommended to address the issues associatedauitippduct design (Morton et al.,
2008, Wihlidal et al., 1997). This principle olimlving the end user in the product

design process has long been known to be a keyealanfithe participatory ergonomics
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process. Collaboration between designers, erga@tem@nd the end users has the
potential to bridge the gap between designers aacsuwhich may ultimately lead to

better ergonomic product design.

2.3.2. Previous engineering intervention studies for soaplgers

Despite the evidence of problematic equipment aesighe field of ultrasound
imaging, there has been limited research done poawe the current situation. Review
of previous literature revealed several studiesisotg on the application of engineering
interventions in the general field of ultrasoundagraphy. These studies are
summarized in Table 2.2. However, none of theseies were specifically focused on

intervention efforts for cardiac sonographers.

2.3.2.1. Design strategies in previous research

Previous studies and publications that have toeabidress musculoskeletal issues
of sonographers using the pathway of engineeritegvantion are listed in Table 2.2.
These publications were reviewed, and the three categories of strategy were
identified: 1) redesign the physical shape ofgfabe, 2) design a physical attachment
interface to the probe, and 3) provide an exteainal to assist with pushing and

maintaining force.
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N

Author Year Strategy Type of Status
publication
Lyon et al. 1999 Case handle grip | Patent Not known
surfaces
Kreofsky et al. | 2004 Two handed probe, | Student Ideation,
strap design, project concepts
mechanical arm,
memory foam
transducer
Lu et al. 2004 Handle redesign Student Mock-up model
(physical interface | project
attachment),
transducer shape
redesign, mechanical
arm
Joines et al. 2007 Transducer sleeve| &ICSU File Prototypes were
Probe ring 07-054 - created, some
Intellectual end user testing
Property was conducted
Committee:
North
Carolina State
University
Meador 2007 Transducer cover, | Graduate Controlled
transducer harness, | thesis experiment was
wide grip transducer performed
(transducer shape
redesign)
Paschoarelli et | 2008 Transducer shape | Journal article| Controlled
al. redesign experiment wasg
performed
Corbeille etal. | 2009 Ultrasound probe | Student Controlled
holder project, experiment wasg
submitted for | performed

journal article

Table 2.2: Recent publications related to engingenterventions for sonographers.
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Redesigning the shape of the body of the probe

Several publications focused on redesigning thpeslofthe probe. Manipulation
of the shape may directly change the hand posfuresonographer, allowing for a
more neutral posture. Examples include mock-upgsas discussed by Paschoarelli et
al. (2008) and Meador (2007) as shown in Figure Pdschoarelli et al. found that
redesigning the probe shape resulted in improvemestms of lower average amplitude
of wrist movements, as well as longer working tispent closer to neutral postures.
Meador reported that changing the shape of theepimlallow for a power grip instead of
a pinch grip decreased the muscle activity of tfs florsal interosseous as much as
50%.

However, redesigning the physical shape of thegrowkolves acceptance from
users and active participation from the probe mactufers. In addition, an
unconventional shape of the probe might also fesistance from experienced
sonographers who are already familiar with a tradél probe. Moreover, precision
manipulations that are needed in finding specdeations on the patient may be difficult
to perform if the shape of the probe only allowsdgower grip as opposed to a
precision pinch grip. Thus, application of thisicept in an area such as
echocardiography, where fine tuning of the probenggerative might not work well
compared to some other areas of sonography whererfanipulation of the probe is not

as important.
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Figure 2.4: Examples of the design of new prolagpsh by Paschoarelli (2008) (a - c)
and Meador (2007) (d)

Designing a physical attachment interface for thebe

Another design pathway found in previous studies armexternal interface
attached to a traditional probe. The idea is tiviole a more advantageous physical
shape, thus allowing better grip especially foksagquiring force exertion. Without
changing the current design of the manufactureod®@ an external attachment is
expected to cost less and could be retrofittedhjotygpe of existing probe. Ideas such as
providing extra padding, a harness, additionalemgrfoarriers or contours, and higher
friction gripping surface theoretically might impmthe probe gripping experience.
Extra padding acts as a damper, while a higheidricsurface, additional surface barrier
and a harness provide physical support to asggtribbe pushing task. Examples of
these concepts are shown in Figure 2.5.

Meador (2007), for example, studied the effect stidace barrier and harness on
the activity in several muscles and found thatehieterventions reduced the activity of

the first dorsal interosseous, the flexor digitorsuperficialis muscles in the forearm,
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extensor digitorum muscles in the forearm, therddteeltoid and trapezius muscles.
Lyon (1999) and Joines (2007) proposed the usdraihaducer cover made out of higher
friction materials. The cover would be slipped 0ap existing transducer and would act
as a physical interface to the sonographers’s hdnohes also proposed the use of
several elastic rings that could be easily pos#ttban traditional probes. The rings could

provide physical ridges for sonographers to holihpproviding a better grip interface.

(@)

,] ] Side View

Figure 2.5: Examples of external probe attachmeristwo handed probe holder
(Kreofsky et al. 2004), b) transducer sleeve (LyI#99), c) probe harness (Meador,
2007), d) probe ring Kreofsky et al. (2004), ejface barrier (Meador, 2007), f) probe
grip (Civco Worldwide, 2010)
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Kreofsky et al. (2004), in a student project, pregabdifferent designs of a two-
handed probe holder, intended to distribute pusfarges to both hands. Another design
proposed by the authors was a visco-elastic foazasament to provide padding which
would minimize pressure on the tips of the gripdingers. A similar product already
available in the market is a probe grip manufacture Civco Worldwide as shown in
Figure 2.5f. The challenge with designing an exdkinterface is that it must fit
different sizes and shapes of probes, from diffeneemufacturers. Thus, a one size fits
all device is desirable. Other issues that migbvent wide adoption are unacceptable

cleaning and set-up times.

Application of external arm to assist probe holdargl force augmentation

Kreofsky et al. (2004) proposed several conceptapplying the use of a
mechanical arm in the field of sonography. A meatel arm consisting of mechanical
and electrical structures may solve some problesssaated with sustained upper body
postures. Since the technology required to cneatehanical arms is available, the
application creating an arm for use in ultrasoundging opens up a new research
opportunity. A mechanical arm could be expectedssist sonographers with force
exertion tasks using mechanisms such as a motangspr hydraulics. The
sonographer could initially manipulate the arm tdeaired location, and once in position,
the mechanical arm could take the role of exering maintaining force. Lu et al.
(2004) suggested the use of an arc over the patiesd, as shown in Figure 2.6a. The
arc would hold a slider, ball and socket joint, amdarm to allow for fine adjustment of
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the probe. Once the arm is at the correct locatimarm would be locked in place to
sustain forces. The initial non-functional prefm of this design has been made, but
further work is needed to address issues relatsthtulity and the locking mechanism.
Corbeille et al. (2009) proposed the use of am@eting arm with a gooseneck
for vascular reactivity studies. This set-up a$ tthesign is illustrated in Figure 2.6b.
The design also tackles the static upper body postaue as the articulating arm would
hold the probe after it was placed correctly. Tagible gooseneck provides more probe
manipulation options and a simple locking mechanigild lock everything in place.
The prototype was tested in a controlled study,tand study and usability testing
showed that comparable time and image quality cbeldchieved compared to the
conventional scanning method. Further researcthasiping control, adjustability,
portability and usability of the external arm iseded as safety and image quality are

essential to every ultrasound scan procedure.

(b)

Figure 2.6: Articulating arm designs by Lu et(@004) (a) and Corbeille et al. (2009)
(b).
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2.4.Research objectives

The publications reviewed in this chapter demotstaaneed to focus on solving
musculoskeletal issues among sonographers. Tée itimervention methods,
engineering, administrative, and behavioral methbdse been studied and reported in
various academic publications. However, the mffisttve type of intervention, the
engineering intervention, was seen to be very échih numbers of reports. In addition,
those publications that proposed some design iettion were mostly in a conceptual
stage, and a very limited number of these have gotiee prototyping stage. Moreover,
there has been very limited experimentation peréatto evaluate these designs. More
research efforts on conceptual designs, prototygrebscontrolled experimentation are
needed before an intervention product can be imatéed in a clinical setting.

The current study aims to address this void of megjiing intervention
application in echocardiography settings. The figwé engineering controls that
address the fundamental issues such as reductmmoloé gripping, pushing force,
sustained exertion, and repetitive awkward bodyues reveals a significant limitation
in current interventions available to sonographetéis study involves the early stages
of the design process in addressing these issdethodologies such as observation,
interview, and focus group sessions were conducteticit user needs. These needs
were then translated into product specificationsl, gotential solutions were generated
through creative endeavors. Involvement was solught the end users, the experienced
cardiac sonographers, as well as certified ergostsmm the design stage, consistent with

suggestions by Wihlidal et al. (1997) and Horkei&g, (2004). Collective efforts
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from engineers, ergonomists, a radiologic sciepcefessional, engineering graduate
students, and manufacturing technicians lead taévelopment of a detailed design, and
later, a functional prototype. Several cardiacogwaphers were then gathered for a pilot
evaluation of the new design. The evaluation fedysimarily on potential usability,
usefulness, and desirability of the proposed desRgsults and feedback from this

session gave the design team a direction to maveafd with the proposed concept.
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Chapter 3: Design Process

3.1.Introduction

When talking about the field of product design,jbetgonomists and product
design practitioners share a common value, whith @eliver beneficial products to their
respective clients. However, different approadbagesign are generally taken by these
two parties. This is because they were trainatifferent ways; ergonomists usually
from a scientific background, where they work basedjuantitative evidence, while
designers are primarily from an art-based disogliinerein they usually work with data
that are more qualitative in nature (Green, 1998ach discipline has its own strengths
and weaknesses, and integration of knowledge frotm &reas might complement each
other, potentially leading to a better design ooteo Thus, communication and
collaboration between these two areas is essastitiley both can contribute expertise in
their respective fields to a common goal.

Stanton (1998) reported that the field of ergon@piomotes the study of
interaction between the product and end users whitérs a unique perspective on
design”. Ergonomists are trained to look at systavith a special focus on the end user.
Compatibility of a product or a system to fit thentan’s capability is important, as it

may reduce the risk of injury as well as potenfiathprove productivity. This
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complements the work of the industrial designeitsp wsually focus more on the
functionality and aesthetic aspects of the prodé&drter (1999) reported that “designers
may not have an understanding of both physicalpnydiological characteristics of the
population for whom they are designing” thus patdlyt causing injuries or serious
safety implications.

Green (1999) reported that considering ergonomigstiin the design process is
seen by the manufacturers to give products a cotiveeddvantage in the market. Porter
(1999) proposed that the design process incorporiemation and data from various
disciplines such as industrial design, ergonongogjneering, and manufacturing in the
early design process as it might be a benefidiatexjy. There is usually more than one
dimension in product design, such as aesthetitilitgatechnology, quality, cost, etc.
These variables and their interactions play impantales in determining the success of
the product, and having design involvement fromores disciplines from the earliest
stages of the process may contribute to the addiee wf the product. Stanton (1998)
argued that it is easier to integrate data in estdges as “the design is relatively fluid”
and is more open to changes and modification.| @®99) reported that high quality
decisions made in the early design stages areibethals these reduce cost and minimize
design improvements after the product is releasedthe market.

This chapter will start by reviewing the producvel®pment cycle as a general
starting point of the design process. The next aii# involve discussion of the design
models proposed by several authors. This is aoitapt step as it lays out the general

pathway of the design process utilized in this gtull short overview on the steps taken
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in this study will then be presented to providedexa with a general framework of all the
major milestones achieved. This chapter will tpesvide detailed discussions on the

major phases of the product design process usidsistudy.

3.2.Design models

Looking at the bigger picture, the model in FigBrg summarizes how the author
understands the product development cycle. Thersia main stages involved in a
product cycle: 1) Problem Identification, 2) Intention Research, 3) Translational
Research, 4) Marketing and Commercialization, BBct Usage / Implementation, and
6) Product Iterations.

Incompatible interactions between products andsysénether physical or
cognitive, usually lead to Problem Identificatiatage 1). This can be in the form of
complaints, injuries, sales returns, results fresearch studies, etc. Identification of
problems usually leads to intervening effort, theetvention Research stage (stage 2)
which involves further corrective measures to soheesidentified problems. An existing
product might be redesigned, or a new design nlighgroposed in a newly defined
context. The product development process, invglamultidisciplinary team with
backgrounds in engineering, ergonomics, designketiag, and manufacturing will then
be assembled to perform this task. Refinementtiraterations of design and
collaboration with end users will then go throughial lab and field testing.

The next step, which involves strategic collabammtetween marketing, supplier,

and relevant organizations aims to disseminatenmdtion and receive constructive
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feedback. This third stage is called Translatidedearch and one of its main objectives
is to translate product from research to practiéth a special focus on studying the
dynamic acceptance of the market. Output fromdtage is used for further iterations
before the design of the product is finalized arassnproduced later. The fourth stage
(Marketing and Commercialization) involves mairthpse from manufacturing, sales and
marketing departments, as the product is mass peadand made available in the
market. Manufactured products will be packagedsimgped to local and internet
retailers, and those in the service sectors suchstemer service, sales representatives,
and marketing officials will play a major role &ig stage.

The last two stages involve interaction of the picidvith the end users. The
fifth stage, Product Usage / Implementation, is iehltbe new product is being used in
real settings by real users. Acceptance or rejedf the new product can be evaluated
through sales, effectiveness (pre-post) marketuetiain, survey, merchandise return
rate, and product recall rate. The last stagejRitdteration, involves a product being
used in different contexts and settings for whtohas originally designed. Product
misuse by the user is also considered to be irsthge. The misuse of a product, as well
as its application in different contexts, mightdea different problems and the product

development cycle begins again.
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Stage 1. Problem Identification

e Statistics, complaints,
literature reviews, etc.

Stage 6. Product Iterations Stage 2. Intervention Research
*Product misuse by user eConceptualization of redesigns or
eApplication of product in different new design
context eAssessment of solutions
¢ |ab testing

¢ field testing
ePublish report

Stage 5. Product Usage / Implementation Stage 3. Translational Research

eProduct success is also based upon eDissemination of information gained
product usability, availabilty, etc. through lab and field testings

eUser acceptance or rejection will be eStudy dynamic acceptance of the
revealed at this stage market

eComprehensive effectiveness evaluation eStrategic collaborations focused on
can be performed at this stage product implementation

Stage 4. Marketing,
Commercialization, etc.

*Responsibility of company
(manufacturing, distributor,
etc.)

Figure 3.1. A model of the generic product develept cycle.

This study will focus mainly on stage 2 of the cepitial model depicted in
Figure 3.1, the Intervention Research stage, wigoets will be concentrated on
corrective measures to mitigate problems identiffrestage 1, the Problem Identification
stage. Previous and ongoing research focusinggomemics issues affecting several

imaging technologist populations have been condugyea group of researchers from
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The Ohio State University and North Carolina Stameversity. Tha research has
identified a number of ergonomics issues throughraber of activities including
literature review, observations, discussions, aadi$ group sessions. This report aim
focus on the next phase of that research and pkatig on oneaspect of work performe
by cardiac sonographers. In short, some of thairfgs from the larger study provid
the foundation for this stud

Another conceptual model that is more detailed, atrttie same time, relevant
the Intervention Researctage of the product development cycle model is shiov
Figure 3.2. This model by Ulrich and Eppinger (@DpProvides a generic pathw
applicable to the product design process. The mpdjases described in this model w

used as a framework to guidee product development process in this stu

Concept System level Detail Testing and Production

Planni :
e development design design refinement ramp-up

Figure 3.2.A model of the phases of the product developmentess (Ulrich &

Eppinger, 2000)

The model starts with phase 0 which is essent@bwackground study ar
planning such as checking the feasibility, resosirogarket demands, and time neede
complete the project. Phase 1 which is the condeyptlopment is a major step wh

initial data collection takes place. Observation, intevy@iscussions and focus gro

36



sessions are conducted to identify needs and déffenproblem statement. Based on the
outcomes of this phase, initial ideations and cptxare generated. Phase 2, which is a
system level design, involves a higher level eféarimore relevant factors need to be
considered. The integrated system consistingtefaetions of the product’s interface
with the environment, user, culture, and work orgation are all important design
factors that need to be considered. The thirdghasich is the detailed design phase,
includes the methodology to systematically evalusgéect, and iterate design versions.
In addition, technical specifications such as podieometry, material and tolerances
will all be defined. Phase 4 of their model, whishesting and refining, includes
building prototypes and testing them. This chaptehe report will partly discuss
building prototypes and refinement of the modet, teating the functional prototype will
be discussed in Chapter 4. This study in genenagrs the first four phases of Ulrich and
Eppinger’'s model and would recommend the last pfassommercialization purposes.

Another relevant model proposed by Norris & Wilg@899) showed how
ergonomics practitioners can contribute to majasals of the product development
process. The authors argued that incorporati@rggnomic knowledge in all major
phases of product development is possible, andtthedmotes a safer interaction
between products and end users. Figure 3.3 shostkexr generic model that integrates
the two fields of ergonomics and product design.

This model describes the product development psoagfaving five major
phases. In the first phase, which is defining pobabjectives, ergonomists can

contribute by identifying problems of incompatilaiéeractions between a product and
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the users. Ergonomists are trained to identgyes such as awkward working postures,
repetitive motions, and high force exertions thitoogservation and measurement. In
addition, epidemiological and occupational healbadare used by ergonomists to
identify health related problems including occuoenf musculoskeletal disorders,

injuries, job turnover, and error rates while opiegaa product (piece of equipment, tool,

software or other).

INPUTS PRODUCT DEVELOPMENT PROCESS
User needs, Objectives

; ; — .
market intelligence

Engineering constraints,

hazard analysis,

manufacturing costs B — e
legal and regulatory

controls

Requirements
and constraints

Ergonomics guidelines.
ergonomics data, Concept design
safety criteria

Ergonomics evaluation Detailed design

Manufacture, market,
continually improve

Monitoring and evaluation o

Figure 3.3. Ergonomics input to product develophpeacesses (Norris & Wilson, 1999)
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The second phase in Norris & Wilson’s model is agghwhere in the design team
is defining the product requirements and constsaiituman factors / ergonomics
practitioners can be involved in the product spea&iion stage by providing information
on how the human body and mind work, as a frameviark more user-centered design.
Consultation on limitations and capabilities of #rel users, as well as how they might
interact with the product will be a specific areighin the expertise of ergonomists. The
third phase, which is the concept design phasejveg developing conceptual ideas of
how the product will look. In this stage, ergonstmnay offer their skill in using well
established ergonomics guidelines and other ressuiecluding anthropometry
databases, lift/lower/push/pull psychophysical isnpor maximum exposure limits to
vibration, noise, or other relevant environmentqasures.

The detailed design phase is the fourth phasesisd in Norris & Wilson’s
model. Ergonomics specialists can contribute is1 $hage by providing quantitative
biomechanical and physiological evaluations ofggheduct. Biomechanical evaluation
of the force and load handled can be estimatedigjiirdiomechanical modeling and
calculation, and be compared against competitoslycts. A product’s physiological
effect on a user’s body can be quantified by meagunuscles activity, heart rate,
oxygen consumption, and/or energy expenditureppsogriate. In addition, general
assessment tools such as Rapid Upper Limb Asses$RlghA), Rapid Entire Body
Assessment (REBA), NIOSH Lifting Equation (NLE), &w Working Posture Analysis
System (OWAS), Strain Index, and Occupational RepetAssessment (OCRA) may be

used to systematically compare work tasks perforwiddthe newly designed product to
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work performed with other benchmarked productse [Hst stage discussed in the model
is when the product is out in the market. Ergorsbrm@an be actively involved in
surveillance and epidemiological study on the ltrgn effect of the product.

The conceptual models of Ulrich & Eppinger (20009 &Norris & Wilson (1999)
provide similar frameworks for the design developtpaocess. Design methodologies
and tools proposed by those authors were constdtgdide the design effort in this
study. Figure 3.4 below gives an overview of thigansteps taken to summarize the

overall design process in this specific study.
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Background review of:

g Initial observation Idea generation (20 rough
*Design models concepts) from:
eliterature on injury and

intervention

eResults from the parent
study (NIOSH RO1)

*2 hours of real time

passive observation eInternet search
e|nterview session with 2 ePatents search
sonographers eDiscussions

Second observation More detailed discussion

. . . . . . session focusing on:
Discussion sessions with eInteractive session

sonographer instructor and Bl « Author as a sonographer *Usability issues
two certified ergonomists eAuthor as a patient *Work environment setting

eDesign specifications

Focus group 1

Concept screening Concepts development 3 e SRS

eDiscussion on important eDesign iterations of the 8 (Ergonomics major) as
criteria concepts participants

eNarrow down to 8 eDiscussion, evaluation &
concepts narrowing down to 3
concepts

Focus group 2 Focus group 3 (Part of the
eAttended Cardiac parent study - NIOSH R01)

Mock up models Sonographers' staff *6 cardiac sonographers as
development meeting participants
ePresentation, discussion ePresentation and
and informal evaluation evaluation of the 3
concepts

Pre-pilot testing Focus group 4

¢|nvolving two cardiac *6 cardiac sonographers as
Prototyping sonographers participants

eInformal discussion e|ndividual testing and
evaluation

Figure 3.4. An overview of the design process &b the current study.
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3.3.Needs assessment

Otto & Wood (2001) argued that there is a linetatrenship between fulfilling
customer needs and customer’s satisfaction. Thigsmportant to conduct a needs
assessment to identify issues that really mattdré@nd user. However, precautions
should be taken as needs are divided into two neaji@gories: expressed needs and
latent needs. It is the responsibility of the dedieam to identify both types of needs as
they are the foundation of why a new product dgwalent is needed.

Earlier stages of design include collection of daeinent to actual end users,
which in this case are the cardiac sonographehschl& Eppinger (2000), Popovic
(1999), Stoll (1999), Stanton (1998), and CushmaRa&enberg (1991) discussed
several different methods that were used by desgoeelicit and document end users’
needs. The common methods that are used by @esigrclude reference to previous
relevant studies, literature review, checklistseylation (with notes & video recording),
interview, questionnaires, benchmarking, and cotidgdocus group sessions. This
section will discuss the user needs assessmeattedrmainly from the first stage of the
parent study. A more detailed needs assessment wtis further pursued in the later
stage, and will be discussed in the next section.

This study is a part of a larger project (NIOSH RBID09253) undertaken by an
interdisciplinary research team from the Ohio Staneversity (OSU) and North Carolina
State University (NCSU). There have been repartadculoskeletal problems among
imaging technologists, including cardiac sonograpméhe literature. This larger study

aims to work with imaging technologists to identifgk factors associated with those
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problems and develop recommendations for intergeaation to mitigate several of
them. The first phase of the parent study prilpanvolves identification of ergonomics
problems. The problem statement of this constitatrdy is derived from the parent
study, but specifically focuses on addressing ssumong cardiac sonographers, a sub-
population of the larger population of imaging teclogists.

A first stage of the parent (NIOSH RO10H009253§gtuncluded a series of
interactive workshops that were held for each# fypes of imaging technologist,
including a workshop for cardiac sonographers.e Whrkshops were designed to elicit
information from the technologists about the kegllgnges they face in performing their
jobs and to provide them with opportunities and msefar generating solution concepts
to their top priority challenges. Within the metlodogy employed, the solution concepts
are also viewed as expressions of needs ratheettpitit solution ideas.

Five full time professionals participated in therkshop for cardiac
sonographers. The participants were varied in égpee, ranging from 6 months to 27
years of experience. All in all, the cumulativeayef experience of these 5 participants
is 77.25 years. A methodology named “Make-Toolaswitilized to facilitate the
exchange of thought and experience between thessrdand the design team in the
latter portion of the workshop. The purpose of thiethod is to “discover as-yet
unknown, undefined, and/or unanticipated user rigbdsugh creation of concept
solutions made from a tool kit provided by the ezsh team (Sanders, 1999).

The five cardiac sonographers were given a workbhduo&re they documented

issues that they were having at work. In additdisposable cameras were given so that
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they could take pictures to complement what theytevabout in the workbook. The
information provided in the workbook, including aldy procedures diary and the
workplace photos were then reviewed by the NIOSH®8009253 research team to
identify the common themes from the various sestioithe workbooks.

The contents of the workbook confirmed the inifegmise that the cardiac
sonographers were exposed to some degree of makeldtal risks due to the current
configuration of their work. Among the issuesttvare listed in the workbook include
awkward postures when positioning the probes, lyptdrgrip the transducer firmly, and
having to apply forces on the probe to get betterges. Figure 3.5 shows an example of

a picture that was taken by one of the participtmtomplement her point on the issue of

uncomfortable gripping of the transducer.

Figure 3.5. Example of a picture taken by a card@ographer to point out the issue of
uncomfortable pinching posture.
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Discussion during the workshop revolved aroundgbees that were previously
reported in the workbook. The participants welkeddo elaborate and share their
experience on those issues. Among the issuesvdratdiscussed include awkward
working postures, requirement to exert high foressuming prolonged pinching
postures, and maintaining static postures whilarsicg. These issues were summarized
and sorted accordingly as shown in Figure 3.6. r€barring issues of prolonged
pinching, forceful exertion, repetitive motionsstined exertion, and unsupported
postures were then translated as problem statenamtgheir needs for interventions that

will minimize the magnitude of these issues.

Figure 3.6. Some of the issues identified by #reliac sonographers during the
workshop
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3.4.Design formulation

3.4.1.Initial data collection

Using information gained from the first stage of farent study, a more focused
area for in-depth study was identified. Thus, aarfocused needs assessment analysis
was needed to comprehensively understand the miyimentified issues. In addition
to the information obtained from the workbook anatkeéhop, a more involved effort
was conducted for further needs analysis. Sewestablished methodologies used by
designers including literature review, observatiaterview, and focus group sessions
were employed to elicit the needs from the card@wgraphers.

Literature review was done as a first step tofyushie need of this study.

Previous studies relevant to the topic were sedrahe analyzed to get an overall
background of the problem. In addition, reviewmblished materials informs the
researcher about what has been done in the paspodential opportunities that have not
been tried by others. A review of the relevamrdture was summarized in Chapter 2 of
this report. The common recurring themes foundughout the literature review process
were probe pinching, repetitive motions, awkwar@ermextremity postures, and static
postures. The data and information collected ftio@se published papers may be used to
justify the need to do this research, complemerttiegheeds expressed by the end users
in the parent study.

Another method of identifying users’ need is byarig them performing

actual work themselves in real work settings. fdsearcher may appreciate and be
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made aware of the issues in more effective way®altime observation. This is
supported by Ulrich & Eppinger (2000) where thegimtied that ideally, observation
should be done in an actual environment. Theaasthlso claimed that direct
observation of how a user performs a task “canaleweportant details about customer
needs”. Popovic (1999) reported that observatamhelp a design team to understand
the dynamics of the interaction between users laagtoduct that they are using. Thus,
observation on how cardiac sonographers performwuegk was seen to be essential as
it gave the opportunity to the author to havingrstfiand understanding of the job.

Observations of two cardiac sonographers were adadun the Ohio State
University’s Ross Heart Hospital, while they penfigd scanning procedures on three
patients. In addition, information noted includidation of each scanning activity,
postures adopted by the sonographers, and envirdaho®nstraints that affected the
sonographers’ movements. The Table 3.1 summateegeneral scanning procedure
observed.

It was observed that the patients are always atskieel on their left side while the
examination is performed. Both sonographers weaiarsing with their left hand and
performed the task while seated on a wheeled chidie patients’ examination bed,
sonographer’s chair, and the ultrasound machine aiheight adjustable. After
adjusting the height of the furniture and machthe,sonographer attached the electrodes
on to the patient, looked at the physician’s ndteged in the patient’s information,

chose the appropriate probe, applied ultrasoundagel begin scanning.
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Time Task

5-10 min . Set-up patient

. Set-up machine

5 min . Positioning transducef

. Push + pinch

. Repeat within the
“window”

7. Enter data in the
computer

1
2
3
15-20 min 4. Maintain posture
5
6

5 min 8. Change probe
9. Position transducer

10 min 10.Maintain posture
11.Push + pinch
12.Repeat within the
“window”
13.Enter data in the
computer

5 min 14 Wrap up — clean up

Table 3.1. Cardiac sonographer’s activities obs@iduring a standard examination.

Starting with two hands, the sonographer locatedsttanning location of interest
with several rapid, repetitive movements of thechand wrist. It was observed that
awkward wrist and shoulder postures were preval@mice the location of the scanning
window of interest was found, the repetitive movatretopped. However, the probe was
then firmly pushed against the patient while theogwapher was in an awkward posture.
The forceful pushing is necessary because losintacowill result on loss of the
scanning window. The next 15 to 20 minutes weemnspinching and pushing the probe
using one hand, while the other hand operateddhea panel of the ultrasound
machine. The sonographer’s left shoulder andvelvere seen to be supported by the
patient’s bed. It was also seen that the inteemily, the hand that was operating the

machine was used to support the other hand torek§ye the pressure. It was also
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observed that during the scanning procedure, theggaphers took one long duration
rest, but was still holding the transducer in plsg&s to not lose the scanning window.
After about 20 minutes of using the first probes #onographer changed the probe to a
larger, heavier 3D probe, and repeated the proedduabout 10 minutes.

Among the main points that caught the author'snéitia were pinching, exerting
and maintaining force, and awkward upper extreipiytures. These activities were also
reported in the workbooks from the parent studyyel as in the literature.

Interviewing is an important form of informationtharing that was employed in
this study. McClelland (1995) reported that intewing is a common method used in
the design process. According to the author, weer can be a very productive way of
collecting information, if approached in the rigtiy. Otto & Wood (2001) discussed
the technique of conducting interviewing sessioith wustomers. Like and dislike
guestions were recommended as the user demongtoatehiey usually perform the task
at the actual site of usage. Like and dislike tjaes ensure comprehension on what is
expected and bothers the user. In addition, tHeoasialso recommended the interviewer
follow up with “why” questions as these can uncokgent customer needs that were not
verbally expressed before. Popovic (1999) repdtiatlinterviewing can provide
insights and “gives better knowledge about usexteptability of design concepts. In
addition, it also clarifies user needs”. Similamobservation, Ulrich & Eppinger (2000)
recommended that interviews be conducted in theusads environment, because that
environment may trigger expressions from the ubeutrelevant experiences and

emotions during the interview session.
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An informal interview session with two cardiac sgrephers was conducted to
better understand the nature of their work. Thestjans included how they would
usually hold and operate the transducer, as weliags that they liked and disliked with
the current method of scanning. In addition, woeste scenarios were also asked about
to provide an overview of what is expected durirtyeme conditions. As part of
defining problem, questions relevant to pain, lmgabf pain, and causes of pain were
asked. A perception of pain ratings was also tsdeblp the sonographers convey their
perception of the pain that they were experiengthde scanning. According to Borg
(2005), this type of subjective assessment methade used to quantify subjective
experience of both physical and mental work.

The two sonographers who patrticipated in the inBdnmterviews had 10 and 3
years of experience, respectively. One of theronteg that he had an intermittent
throbbing pain in his upper extremity for the fifstv years of working. Specifically, the
locations of pain included the left side of thempalvrist, upper arm and shoulder. The
severity of pain was so great that he reportednigehe pain throughout some nights.
He claimed to have developed a higher tolerancedor after a few years. The other
sonographer interviewed was bigger physically, atitbugh he did not encounter
serious pain, he did mention discomfort felt wisiganning the patient.

When asked about their biggest issue that theikddslvith current work
conditions, they replied that having to push tla@s$ducer into the patient, and
maintaining the upper extremity posture to obtaahear image were the most

challenging parts of scanning. A cardiac sonogeaphthat hospital typically handled
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seven to eight patients on a busy day, with eatkngaequiring about 50 minutes of
scanning. Thus, the majority of the working timasspent on scanning, and localized
muscle fatigue built up rapidly if they were worgiwith overweight patients. With
verbal anchor of 10 as excruciating pain, 3 beingl@enate pain, and 0 as no pain at all, a
perception of pain rating of 6 was estimated foaa@rage size patient. Another point
made was that the majority of the sonographergeanale, so it would be logical to
deduce that they may generally feel more pain vdoanning a patient. The
sonographers interviewed never tried any kind efaeor mechanism that provided
them physical supports, but they were open to iy ibavailable.

Another method of collecting data to guide the giesffort is the focus group.
Langford & McDonagh (2003) defined a focus grou@dsarefully planned discussion,
designed to obtain the perceptions of the group lbeesnon a defined area of interest”.
Popovic (1999) reported that focus groups helpderitify issues that are important for
the user but not taken into consideration by desgjn The discussion lead by
facilitators allows participants to demonstrate ahdre their firsthand experiences and
voice opinions on things that they think are bagmigicant or not. A well conducted
focus group can facilitate the making of a framedwfor a design team to work on, as
well as guide the team to focus more on thingsriedter to end users instead of relying
on their own experiences, which could be biasexpré&ssed and latent needs and issues
can also be discovered through a series of follpwliscussions. However, the focus
group session has also disadvantages as discug$apbvic (1999) and Langford &

McDonagh (2003). Among the drawbacks of a focasigrsession are the tendencies of
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discussion straying out from the topic, the bideatfof dominant members, the quality
of the discussion, and the difficulty of managihg group dynamics.

Focus groups can be performed at various stagie giroduct development
process, from understanding potential end useesititying problems, to generating new
concepts, evaluation of concepts, and usabilityngglLangford & McDonagh, 2003).

As discussed in the previous section, focus gresgiens (workshops) to identify
problems had been conducted as part of the pareht. sHowever, it should be noted
that several focus group sessions have been cawlurcseveral different phases of this

study. Those sessions will be discusses latdrisnchapter.

3.4.2.Data decomposition

Information collected from observation, interviditgrature review, and focus
group sessions can be huge in number and disorghnithe qualities of information
collected were usually mixed in terms of their uéséss, and systematic categorization
of these data is important to filter out irrelevdata. In addition, an orderly
categorization of data is important for effectiméormation retrieval in the later design
stages. In this study, the data collected froendiiure review, observation, interview,
and information from the earlier focus group sassiere sorted, filtered, and

categorized through a series of steps.
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3.4.2.1.Discussion and Validation

The information collected through all of the metblogjies above was filtered
through several discussion sessions. The weekbudsion sessions participants were
two associate professors from the Ohio State Usityés College of Engineering and
College of Medicine. The associate professor fteenCollege of Engineering is also a
certified professional ergonomist (CPE) while tksaxiate professor from college of
medicine is the Chair of the Department of Radim@&giences. From time to time,
another faculty member who is also a certified @ssfonal ergonomist from the College
of Engineering was also consulted. These thre&eading experts in their respective
fields, and are all members of the parent studdsearch team. Ulrich and Eppinger
(2000) recommended consultation sessions withgaekperts as part of the design
process. The reasoning behind this was that therescmay contribute by approving or
“redirecting the design process to a more fruigfitda”.

The discussion sessions during this stage werelyrfaicused on trying to narrow
down the focus of this constituent study. Isseg®rted by observation, interview and
literature review were identified, elaborated, dssed, and prioritized. In addition to
verbal discussion, the information gained was aédmlated through an interactive
session with an experienced cardiac sonographbeihospital clinic where she is
currently working. A certified professional erganigt, a radiologic sciences
professional and the author participated in this®®. The purpose of this session was
to confirm what was previously seen in the eagi@ssive observation of the two

sonographers. However, this session was a bérdift in that it was an active
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observation, where informal question and answeraexahanged while the author was
being guided in performing an actual echocardidgysgran. In addition, the issues that
were earlier identified based on the literatureae@vand workshop from the parent study
were reiterated to gauge the accuracy of what auasd, from this sonographer’s point
of view. Very specific information and experiengere gained in this session regarding
how the sonographer holds and pushes the transdUceler the guidance of the
sonographer, the design team switched roles ofjldamobserver, the sonographer, and
the patient. Switching roles allowed the designerlsok at the problems from different
perspectives.

Otto & Wood (2003) recommended that the design taeinas the end user in an
actual location where the product will be used. dBing this, the designers will have a
better appreciation of the issues that they aradrp solve. Simulating the actual task
with the goal of taking good quality images gave designers a different perspective
from the previous passive observation activity.e fibagnitude of force exertion was
experienced first-hand, and the fatigue that acdat®si while sustaining the awkward
and static postures gave the designers informé#tiains nearly impossible to be gained
by passive observation and could otherwise onlgdieed through objective
measurement using electromyographic techniquesddition, trying out the different
gripping techniques used by the real sonographeers g better understanding of the
dynamic nature of the scanning procedure. By sating the sonographers’ work
procedure, the designers gained a better app@tiatithe need for having a free range

of movement for the hand and probe. This is aronagmt customer need that was not
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realized before this session. By acting as theptatthe designer may see other issues
from the perspective of the patient. In this sessihe designer acting as a patient was
able to experience how much force was againstiantat body during this type of
examination. The designer as a patient can afsa fetter picture of what the

sonographer is focusing on when performing the gpcacedure.

3.4.2.2.Categorization of data through a Morphological Natr

The information collected was also classified adoay to the major scanning
activities for better data management. The sydierokssification will provide a
foundation for the management of alternative sohgi(Otto & Wood, 2001). Stoll
(1999) claims that design problems can usuallyibieel into several sub-problems, and
he proposes the use of simple matrices to orgdéinedata collected for easy information
retrieval. A Morphological Matrix is one of theetthods that is used to systematically
categorize possible alternatives in a structuregl wable 3.2 shows the Morphological
Matrix that was developed for this study.

Decomposing the scanning procedure into the mdivitaes performed is a first
step when building the matrix. The sonographelgomscanning activities were listed
under the first column in Table 3.2, while the setcolumn describes the current
approach adopted by the sonographers. The thivehecocontains a list of possible
alternative solutions. These potential solutioesergenerated from various methods
including brainstorming, discussion, interview, ahd designers’ imagination.

However, such a list at this stage is explored anlye surface, a mere few words about
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each idea without going into the details of howdtbacepts operate or look. The

purpose of this activity is just to provide a grdumrk for the next step, which is design

conceptualization.

hed

(=

Function Current Possible Solutions
Method
Push Manual push | Solution 1 Solution 2 Solution 3
Lever system Two hands Hydraulic
Solution 4 Solution 5 Solution 6
Gear/ crank Fulcrum/pivot Spring/ elastic
based /wedge based mechanism
based
Solution 7 Solution 8 Solution 9
Magnet Additional Handle/posture
weight redesign
Grip Pinch grip Solution 1 Solution 2 Solution 3
Palmar grip Power grip External grip
(no grip from
user)
Arm/ shoulder | Some Solution 1 Solution 2 Solution 3
Support sonographers,| Line hanging Foam support Support attac
especially the to bed rail
shorter ones | Solution 4 Solution 5 Solution 6
use the Roller ball Exoskeleton Support attache
patient’s bed structure to ultrasound
for elbow machine
support
360 degrees | Manual free | Solution 1 Solution 2 Solution 3
handling + handling Socket with Lever Robotic control
control lock
Solution 4 Solution 5 Solution 6
Redesign Line hanging Ball head
handle

Table 3.2. The Morphological Matrix developed gzdmpose data and provide a
framework for concept generation in this constitustndy.
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3.4.3.Design specifications

Stoll (1999) stated that “design specificationhis foundation of the product

development program”. According to Cushman & Rbgeg (1991), this is because the

specifications provide the design team with a ‘tusof what to build”. These

specifications usually provide both qualitative ¢tional characteristics and quantitative

performance of the product. In a way, the desegjuirements provide a framework for

the design development team to develop a more éoctezhnical design and features.

Information gained from previous activities wasgiied down to more refined issues

intended to be tackled. It was concluded fromlitleeature review, observation,

interview, and discussion sessions that this stualyld focus on the interventional

design that could mitigate the issues of:

1.

2.

Prolonged pinch grip of the transducer
Prolonged push force exertion
Awkward upper extremity postures

Maintaining static posture

These four issues were the recurring themes thadeveified throughout the

previous inquiry activities. A design that can ek the four issues above is expected to

reduce the cardiac sonographers’ risk exposureveldping work-related

musculoskeletal disorders. Thus, it was conclutlatithe design specifications will be:

1.

2.

Reduce the duration of pinch grip of the transducer

Reduce the duration of force exertion from pushasik
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3. Reduce the duration of awkward upper extremity yrest

4. Minimize the need to maintain static posture

3.5.Design

3.5.1.Conceptualization of designs and theoretical basis

The concept generation stage as discussed by Otttoé&d (2001) is intended to
explore as many conceptual alternatives as possiliies is the stage where knowledge
from various fields needs to be brought togetheyetoerate potential solutions to the
identified problems. Those authors claimed thatabncept generating process starts
with understanding user needs, decomposng datctedl, searching for solutions, and
lastly combining solutions into concept variaritlirich & Eppinger (2000) defined
concept generation as a “process that begins wa#t af customer needs and target
specifications and results in a set of product eptefrom which the team will make a
final selection”. The authors also proposed a-fitep concept generation method which
is 1) Clarify the problem, 2) Search externallyS&arch internally, 4) Explore
systematically, and 5) Reflect on the solutions @uedprocess.

Based on the information that was previously ga&ti@nd filtered from user
needs analysis, alternative solutions are actiegplored by creative endeavors. This
process starts right after the initial observatiod interview sessions, after the design

team had some understanding of how the scannircggguoes are performed.
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Conceptual ideas were searched for externally ustegnet search engines, patents
available online, considering products that arealy in the market, discussion with
peers, benchmarking against the current methodpbogy literature reviews. Internal
searches included brainstorming with simple sket@ral words, imagination, and mind
mapping of thoughts. Using the morphological nxadis a summary table, the
conceptual solutions were explored systematicaltpaling to the alternatives generated
from earlier brainstorming. Those potential sao§ that were previously only written
down in simple words were further explored by cqtealizing how they might look,

how they might interact with the user, and gengiadiw they would work in cardiac
sonography settings.

Twenty different concepts were generated at tlaigest The sketches were at this
point very rough, with each sketch only representire main mechanism of how it
potentially would work. The concepts were genetdtem several perspectives: how it
could change the grip posture, how it could afteetupper extremity posture, how it
could augment force, and how it could provide supp®hese perspectives were based
on the design specifications discussed earlienvéd¥er, the design team does not
consider only the concepts that meet all four dmations at once at this stage, because
that will limit the creative exploration of ideafstead, the concepts that were generated
focused on addressing one or two specificatiomstabe. By doing this, a rough main
mechanism can be assigned to each concept, adeésign team can always combine the
different ideas generated in the later stagesioyamechanisms that were explored

included exoskeleton structural systems, a spriaghanism, an articulating arm, a gear
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system, a cam shaft lever system, a fulcrum-bassghamism, a two handed system, and
an elastic material system. Figure 3.7 shows bBkstof some of the concepts that were
explored.

Discussions with two certified professional ergoigimand the radiologic
sciences professional on the how these conceptsaemsisioned to work resulted in
further development on some of the design conceptsne concepts were combined to
be a single concept, while some were eliminatetbgkther. Constraints were
continuously added to make the design more praciwhfeasible with every design
iteration. After several conceptual iterationotigh discussion sessions, these concepts

went through the next stage, which is the concegpluation and selection stage.

== Y

Figure 3.7. Example of concepts generated duriagtimcept generation stage. From
upper left clockwise: elastic mechanism systemerad articulating arm, pistol grip
probe attachment, spring/screw mechanism systemsbaft lever system, and gear
mechanism system.
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3.5.2.Concept Screening

A lot of ideas are generated in the conceptuatimegtage. However, these ideas
have to be examined, evaluated, filtered and firaibsen to be pursued further. There
are many screening and evaluation approaches destus the literature. Stoll (1999)
reported that these approaches “range from usiogqn lists, following intuitive feel,
decision made by concept champion, using custoorgegs, to structured rating
schemes”. The author argued that the structutetyrecheme is the best approach as it
strikes a balance between evaluation through cdmepsave engineering analysis and
intuitive feel. Popovic (1999) also discusses s@vaoncept evaluation techniques such
as focus group, mock-up evaluations, and prototgpeng. Mock-up evaluation helps
by providing a physical structure for designergvaluate. Simulation of the mock-ups
in the contextual environment may reveal advantagelsdisadvantages of one concept
versus another. In a later stage, when the contepte been narrowed down to one or
two designs, working prototypes may be built andleated to verify the design outcome
under the real conditions. This may be more inedlthan mock-up evaluation, and is
considered to be the “most effective method of ssag the usability of an artifact or
system” (Popovic, 1999).

The 20 concepts discussed above were screenedudmga screening matrix
developed by Stuart Pugh in the early 1990s. PRuggreening method has been
recommended by Ulrich & Eppinger (2000) to narraawd the number of concepts,
allowing the designers to focus on a smaller nunolbeoncepts for further improvement.

Stoll (1999) claimed that this screening methodeftective and easy to use, especially
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when a large number of alternatives are to be densd”. The screening matrix consists
of two main columns, the first one lists the satecttriteria based on the customer needs,
while the second one indexes the twenty conceptsndependent columns. Stoll

(1999) summarized the screening matrix as follows:

“ 1. All evaluation criteria are assumed to beeqtial importance.
2. The alternatives (concepts) are scored utiegeference based scoring
method.
3. Instead of a point scale, concepts are scoettive to the reference using a
“better than” (+), “same as”(0), or “worse than” () system.
4. The overall score is determined by simplyntiog the plusses, minuses, and

“sames” for each alternative. "

The modified screening matrix for this projectli®&n in Table 3.3. The only
change that was introduced was in the scoring systastead of a 3 level scoring
system (+, 0 and -), the modified scoring systesduws5 level scoring system (++, +, 0O, -
, and --). The reasoning behind this modificaticas that it provides a more detailed and
thorough evaluation. For example, an exoskeleystem is expected to perform much
better in augmenting force compared to an artiowdedrm that can lock into place.
However, the articulating arm is expected to penfbetter than the current method,
which is manual exertion. Thus, the five levelrsog system recognizes that there are

gradations of difference between the conceptsdaam criteria.
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Concept

level?

Arch glider |Exoskeleton | Cranking |Articulating|Articulating|Articulating| Weight |Customizable | Handle Handle
Selection criteria system screw arm rest with [ armwith | augmented length attachment|attachment
mechanism spring spring system articulating | (pronation | (neutral
arm posture) posture)
Augment force + ++ ++ + ++ ++ ++ + 0 0
Avoid prolonged + + + + + + ++ + + +
pinching posture
Avoid prolonged + - + + + + + + + +
awkward upper
extremity posture
Provide support + + 0 0 ++ 0 - 0 - +
Providing rest + + + + + + - + - -
Ease of handling (& fine + - + ++ - ++ 0 ++ - -
motor adjustment)
Set up time - - - 0 - 0 - 0 ¥ +
Procedure time - - - 0 - 0 - - - -
Development time ( + - -- + - - - + 4 4
complexity + expertise)
Cost - - - - - - - - ++ ++
Portability - + + + + + -- ++ ++ ++
Maintenance - -- - - - - - 0 R R
Total score 0 -5 2 4 2 5 -6 7 0 3
Proceed to the next
level? yes no ves yes yes yes no yes yes yes
Concept
Bicycle gear| Cam shaft | Fulcrum/ | D-shape | Movable Elastic |Modification|Augmentation| Foot pedal | Two hands
Selection criteria mechanism lever pivot | griphandle [ board string / of on elbow system system
mechanism | system interface [mechanism bow keyboard's system
system arm rest
Augment force ++ ++ + 0 + ++ + + ++ 0
Avoid prolonged + + + + + + - - 0 +
pinching posture
Avoid prolonged + + + - + + - R 0 -
awkward upper
extremity posture
Provide support 0 - 0 -- 0 0 + + - -
Providing rest 0 - + -- 0 + -- - R -
Ease of handling (& fine - - - - - - - - - -
motor adjustment)
Set up time -- - - + -- - + - - +
Procedure time - - -- - - - 0 - R -
Development time ( + - - - ++ - - + - - +
complexity + expertise)
Cost - - - + + + - - - +
Portability - - + ++ + + + + - ++
Maintenance - - - - - - - - - ++
Total score -5 -5 -3 -4 -2 -1 -3 -10 -9 -1
Proceed to the next
no no no no no no no no no no

Table 3.3. Screening matrix used to evaluatenitial 20 concepts.
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The eight best concepts were selected for furdf@grament based on positive
scores from this activity. These eight concepteeviiee arch glider, screw based system,
articulating arm, spring system, arm rest systaratanizable joint system, handle
attachment system, and another iteration of a leagitthchment system. The screening
activity performed does not consider every singlaill It was meant as a rough
evaluation method to narrow down the alternatiees $maller number. However,
focusing the detail design effort on eight differeancepts is not a simple undertaking.
These concepts will have to go into a second lefsetreening, which should be more
involved compared to the screening matrix methatius the first level.

The next method that was utilized to screen dowiléu the existing concepts
was conducting focus group sessions. Nelson (2@ported that designer usually is too
“immersed in the problem and is unable to see nodtlye possible issues” with the
current concepts in hand. Thus having a discussittnpeers might help to give a new
insight on how to move these eight concepts chomdrther refinement. Five
engineering graduate students majoring in physiggdnomics were gathered in a room
for a concept discussion and evaluation sessitme ehgineering students came from
different engineering backgrounds, including bioh@edcal, mechanical, cognitive, and
industrial engineering. All participants haveeddt taken an ergonomic design course at
the Ohio State University.

A short demonstration highlighting musculoskelgt@blems was presented to
the group of graduate students. The eight screemrecepts were then presented, and a

discussion focusing on usability, usefulness, @agdibility of each concept was
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conducted. Comments and design improvements efeEreed and debated among the
students. The students provided some useful cotsmegarding some of concepts that
required two hands to scan, suggesting that thgiptmvolve resistance among
sonographers due to significant changes in how pleefprm the scanning procedure.
Another example is that while some students argio@deven though the articulating arm
idea was interesting, precaution on how it migkeifere with the end user’s line of
sight, as well as requiring extra space in an dirdéianited space. Feedback from this
exercise was important as it highlights the neeid¢as on usability issues from a fresh
perspective.

Before the session ended, quick votes on the desigre conducted. Each of the
participants was asked to vote on the three coadkpt they liked the most. This
“multivote technique” was proposed by Ulrich & Epger (2000) to evaluate the
concepts as a team. Itis an evaluation methadewach team member
“simultaneously votes for three to five conceptsapyplying ‘dots’ to the sheet describing
their preferred concepts”. The three conceptshhdtthe most votes were 1) articulating
arm 2) articulating arm rest 3) U-ring glider. €Be three holder concepts and three push
assist mechanism concepts that can be incorparated; of the three holder designs are

shown in Figure 3.8 and Figure 3.9, respectively.
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A flexible articulating
arm consisted of severa
ball joints that could be
locked into place was
envisioned to reduce the
duration of pinch grip,
force exertion, awkward
posture, and static
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(a) Concept 1- Articulating arm
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(c) Concept 3- Arch-glider.
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Figure 3.8. The three holder designs with highestber of votes from focus group

participants.
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Glider

An articulating arm rest
was envisioned to
provide arm support.
When it is locked in
place, the device was
expected to reduce the
duration of pinch grip,
force exertion, awkward
posture, and static
posture.

An arch clamped on botl
side of the patient’s bed
was envisioned to
provide a structure to
support a gliding
articulating arm. This
articulating arm could bg
locked into place, and
was expected to reduce
the duration of pinch
grip, force exertion,
awkward posture, and
static posture.
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(c) Articulating arm with crank-screw mechanism

A handle connected to
the articulating arm was
envisioned to provide a
physical interface for
manual force exertion
task.

A compression spring
inside the articulating
arm was envisioned to
provide force
augmentation. The
magnitude of exertion
can be controlled using i
control knob.

<2

A handle connected to &
crank screw mechanism
was envisioned to
provide fine adjustment
control of the force
exertion.

Figure 3.9. Example of alternative push assisthaeisms integrated into Concept 1

(articulating arm). Any of these mechanisms cao &k integrated into Concept 2 and

Concept 3.
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3.5.3.Mock-up models

A large number of concepts were generated duriegtimcept generation stage,
and the only methods of communicating those idesre wketches and verbal
descriptions. In the later stage, after the nurolbeoncepts was screened down to the
best eight concepts, the method of communicatiatved from sketches to more
detailed drawings. However, the next stage invibleliscussion session with graduate
students who had no background in echocardiographg. detailed drawings will not
make sense to the novices if the issues are natigldefined. Thus, a simulation of the
scanning procedure was chosen as a method of coization. The ultrasound
transducer was seen as an important componeng airtiulation. Since ultrasound
transducers are very expensive, the use of a neailnoa discussion session might not be
a good idea. Thus, we decided to use a mock-updtecer to replicate the scanning
procedures. At the end of the discussion sessitinte students, the concepts were
narrowed down further to three concepts. The st&ges involved direct interactions
with the end users, so a more effective methoaofraunication to raise the fidelity of
their interaction with the concepts was requirBthysical mock-ups of the concepts were
created to assist us in communicating the condggaisi more effectively to the
sonographers.

Ulrich & Eppinger (2000) claimed that a physicaldebis a better
communication tool compared to verbal descriptsketches and detailed drawings.
This is because the three dimensional representatithe product allows the end user to

physically interact with the concepts in additiortheir mental understanding of how the
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concepts work. Thus, information gained throughriacting with a physical model has a
higher level of data “richness” compared to vida&raction gained through sketches
and detailed drawings.

Mock-up models using PVC pipe, foam, and clay wesed in this study. The
mock-up of the transducers such as those showigind=3.10 were especially helpful in
focus group and discussion sessions, where intendoétween the concepts and the
transducer can be demonstrated physically. Intiaddithe mock-ups of the transducer
also helped at the later stage when we were degighe probe holder attachment for the
functional prototype. The communication and exgieaof ideas with the people from
the machine shop were made easier by having th@gathynodels of the transducer, as
the mock-up transducer models were used to tesabmeated probe holder prototype

model.

)

Figure 3.10. Mock-up models of the cardiac tragedunade from molding clay (a) and
foam (b).
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The mock-up model of the three concepts presentdtetcardiac sonographers in
the departmental meeting and a focus group evaluagssion were built using PVC
pipe, foam, tape, cardboard, and clamps. Thesé&-mog as shown in Figure 3.11 were
made to approximate the envisioned dimensionsyaand intended to give a general idea
of how the interventions might look. Detailed i@&is such as a functional locking
mechanism were omitted in the mock-up models, edldfack from the sessions with the
sonographers would help to determine if it wouldatmethwhile to pursue any of the

concepts in more detail at later stages.

(c)
Figure 3.11. Mock-up models of the articulatinggn), articulating arm rest (b), and
arch-glider (c).
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3.5.4.Concept Evaluation

After narrowing down the concepts to the top thdesigns, the next step was to
discuss the short list of concepts with potentna asers. Feedback from them would
pave the way to gauge the acceptance of any of t@wepts. The three main ideas
were presented to a group of about ten cardiacgsapbers at the start of their biweekly
departmental meeting. In addition, the three a#teve push assist mechanisms that can
be incorporated into any of the main concepts \&ése presented. Drawings of the
designs were shown, with the help of mock-up PV@giypes. This semi-informal
session allowed the sonographers to ask questsowelaas permitted some discussion.
The session was well received, with new ideas andifioations suggested by them.
Informal evaluation of the concepts was performga show of hands. Information

gained from the session included:

* Proposal of a combination hybrid of Concept 1 anddept 2.

* Rejection of the Concept 3, due to issues suclodalplity and set-up time.

» Spilt vote between Concept 1 and Concept 2, whereé€pt 2 had a slightly
more votes.

» Concern about time it would take to “crank” thed®raugmentation mechanism.

» Concern that the spring mechanism would take atwaiy tontrol of how much
pressure to exert on a patient.

» Concern that the handle might be in the way whéatirg the transducer around,
resulting an awkward posture when using it.

» Foldable physical barrier to replace the exteraaldhe.
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* Most of the sonographers perform this task leftdeai

» Portability is a big issue since half of the scagnprocedures were performed in
the patient’s room in this facility.

* Majority of the sonographers do not like force aegtation for the fear of losing
control.

Further design constraints were then added aftesélsion, such as focusing
only on the left handed scanning technique sineethjority of the cardiac sonographers
are scanning with their left hand. In additionyés also perceived that having full
control of the pushing magnitude is an importastigsto them.

The next step was conducting another focus groapneept review session
which provided a formal evaluation of the threeaepts. The session was held as a part
of the parent project, and the probe holder coscepte one of several interventional
concept categories that were reviewed by the [aati¢s in that session. The session
consisted of six cardiac sonographers from tweaedziit medical facilities around
Columbus, Ohio. The three probe holder conceptstlae alternative push assist
mechanisms that can be integrated into any offtfeetconcepts were again presented
with demonstration of the mock-up prototypes orthanpom patient as illustrated in
Figure 3.12. In addition, a 3 by 4 foot postershan Figure 3.13 was also used as a
visual aid during the presentation.

After the presentation, the presenter gave thesfgcoup participants a chance to
ask questions before giving them an evaluationesute complete. The evaluation
survey consisted of three main sections: 1) usgb#l) usefulness, and 3) desirability.

Sanders (1999) argued that product success departtisse three criteria, and they “had
72



to be satisfied simultaneously”. Additionally, tb@rdiac sonographers were asked to
review a list of barriers to adoption for the revezl concepts. They were then asked to

mark all relevant barriers that they thought migbiid back the implementation of the

reviewed concepts.

Figure 3.12. Demonstration of how Concept 1 igsomed to work during the
cardiographers concept-review focus group session.

From the formal evaluation, we heard, again, thatsonographers were
concerned about losing full control when pushirg phobe against the patient’s chest.
Another issue that was raised is related to thiegcmechanism. They did not like the
current design of any of the several locking medrag shown to them because they

thought that the design would slow them down toemuThe echocardiography relies

>The locking mechanisms lock the arm position through a clamping system. Each arm is connected by a
ball head on its end. Turning the locking knob would clamp the ball heads, resulting a firm hold and
positioning of the connecting arms.
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on different pressures at any given time, so hatorigck and unlock the different joints
would be time consuming. Similar to the sessiomnduthe departmental meeting, all six
participants rejected concept 3 due to portabdlitg usability issues. At the end of the
session, one participant said that the conceptsrshmthem had potential, but were all
still in their infancy stage. They also raised igsie of having a hard time evaluating the
concepts due to the demonstration using non-wornintptypes. They gave a positive

response when asked if they would like to try testunctional prototypes in the future

Figure 3.13. A poster as a visual aid summarigiegscreened concepts to complement
the demonstration and mock-up models presentedglthie concept-review focus group
session.

In summary, we decided to further explore Concegid Concept 2. Concept 3
was not pursued further due to unanimous rejedtaom the two sessions with the

cardiac sonographers. As for the alternative @ssist concepts, there were different
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opinions of what might work. However, the majomtythe sonographers did not like the
idea of having a spring or crank-screw mechanisiwasuld take away their full control
of applying the appropriate pressure with the problee idea of using a handle interface
to assist the pushing task was met with a mixedti@a Some sonographers expressed
concern that the handle would be in the way ifaswot positioned correctly. Since the
transducer is rotated frequently, the extra hapdiruding out of the arm might interfere

with the way they are handling the probe.

3.5.5. Functional Prototype

Ulrich and Eppinger (2000) define a prototype as&dpproximation of the
product along one or more dimensions of intere$tie main purpose of having a
prototype is to validate the functionality of thencept. Previous design efforts were
mainly theoretical concepts, and even though thigytwork on paper, they might not
be practical in reality. Having functional phydicgock-ups of the concepts would allow
both the design team and the end users to tesh®otential concepts. The outcome of
prototype testing would determine if it is worth¥ehio invest more resources in those
concepts.

The evaluation of the mock-ups from the staff nmeetind focus group sessions
gave us some ideas on how to move forward with kiwg prototype. General
comments on issues related to usability, practicadet-up, and interaction with the
sonographers in previous sessions were documeiidng into consideration the

issues that were previously raised, an internethean similar products or parts already
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in the market was conducted. Several keywords asdrticulating arm, mechanic
arm, gooseneck, ball head, ball joints, ball clanepsular clamps and eir
combinations were searched using several integagth engines. Four products that
already in the market were st-listed because they were found to be similar tc
concepts we had in mind. These four products wetered to be delivered the design
team for further investigation. The rest of trestson will focus on the development ¢
functional prototype based on ideas and informagi@ined through the exploration of

four shortlisted product:

Locking mechanism th:
controls the length of tk

A locking knob that cal
clamp the ball head i
place.

Ball head attached to the
articulating arm allows
360 degree turn and
rotation.

Figure 3.14.WindowGrip Deluxe Telescoping Mount (Panavise.c
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An articulating arm manufactured by Panavise (Wim@oip Deluxe Telescoping
Mount Model 709B, Nevada) was first explored fae thorking prototype. The product
is shown in Figure 3.14. The telescoping arm lengadjustable from 13.25” to 18”
with a simple locking mechanism which is indexegbtevent arm rotation. In addition,
the arm has a ball head that has a 360 degreamdrnotation for flexible positioning
purposes. A locking knob that connected the ardithe ball joint functioned as a
locking mechanism, tightening the ball clamp todhible ball arm in place. The arm
itself was of aircraft grade aluminum, which woublel capable of supporting high loading

forces.

Ball head attached to both
end of the arm. The ball
head will allow for flexible
manipulation and rotation
of the arm

|

Probe holder Ball clamp that connects the adjacent
connected to the arms together. By turning the knob, the
arm clamps will be pushed towards each

other, holding ball heads of the adjacent
arms in place

Figures 3.15. Articulating arm system from Ultgdli (Backscatter.com)
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The next product that was explored is the articudgarm system by the
manufacturer Ultralight (model number UL-AC-CSF aidAC- USL, USA). The
system consisted of two main components: an advaatamp. A ball head is usually
attached to the end of the arm, while the ball gédmas dual functions as a locking
mechanism as well as the connector joining onetaramother. In its unlocked
configuration, the instrument is flexible and canrbanipulated into various positions.
By turning the clamp’s knob in a clockwise directiohe two planes of the clamp will
mechanically be pushed towards each other, reguttia firm hold of the ball heads
connected to the arms. This system is speciaigded to hold a flashlight for
underwater photography activities. The device aslenout of aircraft grade aluminum,
stainless steel and nylon. The system is lightiteagd can be customized to any length
that a user wants. The locking mechanism of bbaikjand clamps allows for great range
of motion. However, each joint must be locked wtlially to hold the arm in place.

The third product that we explored was a positigrigistem manufactured by
Civco Medical Solutions (Model number 810-200, I9wahis device is specifically
marketed to hold an ultrasound transducer in amaty invasive surgical procedure.
Civco’s main positioning arm, as shown in Figurga3.consists of several ball joints
connected to one another through a mechanicalmyside main positioning arm can be
connected to external attachments at both ends:eond is designed for mounting
purposes and the other end is designed for holtingtrasound transducer. The
positioning arm itself is flexible and can be easilanipulated to assume various

positions. In addition, the instrument has twdking mechanisms that “allow the arms
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to go from a completely flexible to a semirigid dimhlly a completely rigid
configuration” (Davol et al, 2006). By pulling thacking levers, the mechanical system
tightens the ball joints together, holding theaufating arm in a fixed position. In its
locked configuration, the arm is designed to wahstup to 12 Ibs of force “without

yielding more than 0.25 inches of movement” (CiWeorldwide, 2010).

Locking levers to lock the arm in place

The articulating arm consists of several
ball joints for flexibility

Figures 3.16. Positioning arm system by Civco ¢Gieom)

Wellan Medical’s Ultrastand (Model number BIP1R1E]lNew Hampshire) is
also an interesting product that was explored medfort to build a functional prototype.
Similar to the positioning arm system by Civcosttevice is specifically designed to

hold an ultrasound transducer in place. Thisimsént is basically an articulating arm
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attached to a gooseneck for flexible positioninghef ultrasound probe. The gooseneck
is flexible and can be positioned in various comfegions. Even though the arm does not
have any locking mechanism, it is quite stiff aldeao stably hold the ultrasound
transducer in place to a certain degree. Theum&nt can either be mounted to a
compatible ultrasound machine or a stand for supgsopictured in Figure 3.17b and
3.17a, respectively. The probe holder is made fptastic with a ball hinge at the end
connected to the gooseneck. A Velcro strap camrbpped around the plastic mounts to

hold the transducer in place.

(@)

The system can be  Velcro straps for bettelhe system can also be
mounted on a wheeledManagement of the  mounted on compatible
stand for portability ~ transducer’s cord  ultrasound machine

Figures 3.17. Ultrastand probe holder by Wellardidal (Wellanmedical.com)
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These four products that were shortlisted fromrimgesearches were in some
degrees disassembled for better understandingaoh#din mechanisms behind their
functional features. Understanding the mechamsigsiem of these devices is imperative
in order to make our own prototype that can be adibfe with echocardiography
procedures.

Interestingly, the Ultralight articulating arm sgst already in the market is very
similar to Concept 1 presented earlier to the eardonographers. On the other hand, the
Panavise arm which is basically an adjustable keadiculating arm with a ball joint for
flexible positioning is very similar to Concept Blowever, there are issues related to
usability for Concept 1 and Concept 2 which weggtimate and needed to be addressed.
The Ultrastand positioning system by Wellan Medigak then thought to be the solution
as the website claims the arm “can be quickly pws#d in a wide variety of
configurations and yet allows sensitive fine-adjustt” (wellanmedical.com, 2010).
However, upon receiving the product, we decided ttiea Ultrastand would not work
well in cardiac sonography setting due to therstd$k of the gooseneck. The ease of fine
tuning the probe is an integral component of ecttbography scanning, and the stiffness
of the gooseneck will restrict the quick motioneded by the cardiac sonographers.

The Ultrastand nevertheless provided us with idealsow to move forward with our
own probe holder attachment. A plastic holder witloam cushion only adds a small
profile to the probe and a Velcro strap that hdhdsprobe securely to the probe holder

were good ideas that may be incorporated somewayriown prototype.
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The Civco’s positioning arm was seen as the bastrops it addressed several
usability problems with the other products. Thexilble arm that can be manipulated by
the sonographers is expected to provide a wideerahgiotion freedom, enabling them
to control the position of the transducer. The waeeyenvision this instrument to work is
as an external assisting device that can helpdraddmaintain the location of the
transducer. This will in turn reduce the time gpmmforceful pinching, pushing, and
maintaining awkward and static postures requirethdwa cardiac ultrasound
examination. In addition, locking the arm to a &g or rigid setting allows the
transducer to be locked within the scanning winddwus, the sonographer can take an
intermittent rest without losing the location oéthcanning window.

However, the current set-up of the Civco positigrsystem is not a perfect
solution for our intended application, as it was aesigned to be used for scanning
echocardiography activities. The probe end atta&ctirwas a bit too long, and the
current probe holder attachments provided by theuf@turer do not accommodate the
echocardiography transducers. Thus, an externakepgnolder compatible with Civco’s
positioning arm had to be designed and fabricatestder to hold the echocardiography
transducers.

There were several probe holder concepts generateder to try to solve this
problem. The concepts were generated mainly fraernet searches and consultation
with the machine shop supervisor from the Integt&gstems Engineering Department
and a student worker majoring in Mechanical Engiingg both at the Ohio State

University. After several discussion sessions citrecept chosen was a single mount
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machined from either an aluminum or plastic bloGke contour of the probe holder is
based on General Electric’s and Acuson’s probe®nptly in use at the OSU’s Medical
Center. A Velcro strap would be wrapped aroundhbeint to secure the transducer.
The design team went to the cardiac echo departafiehe OSU’s Ross Heart Hospital
to identify the most commonly used transducer biiarttie facility. Molding clay was
used to trace the dimensions of the probe, as sihowigure 3.18a. The probe
dimensions were transferred to Solidworks, a 3-En@ater Aided Design (CAD)
software. A probe holder design was then modeldtie software before being
fabricating using a computer numerical control (QM@chine. A pre-prototype made
from wax was fabricated as illustrated in Figurg8®, and design adjustments were
made to address some issues related to tolerarhe pfe-prototype. The finalized
design of the probe holder was made from bothiplasid aluminum as shown in Figure
3.18c.

In addition to the need for a compatible probe aokttachment, there is another
issue that needed to be addressed before the dmurittebe tested in cardiac sonography
settings. The current articulating arm was designebe mounted on a surgical bed or
computed tomography scan (CT) table. There iganudsthat is made for the arm by the
manufacturer. Because the echocardiography proeésiusually performed in a sitting
position, the articulating arm should be mounted to the ground for better access and
manipulation of the arm. An external mounting gtémat holds the instrument in front of
the sonographer was envisioned to address this.idgieally, the stand should be sturdy

and heavy enough to support the forces that wilidieng against the arm when in use. It
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is important that the stand does not raise thewdating arm too high, such that it
interferes with sonographer’'s movements. In addjtit should also be easily
transportable. A prototype stand made from Crefpipes and connectors, designed,
and fabricated in house, was an initial desigmatteto address these needs. The

mounting stand prototype is shown if Figure 3.18d.

(@) (b) (©) (d)

Figure 3.18. a) Molding clay used to trace theatision of the cardiac ultrasound
transducer. b) A first probe holder prototype fedted using wax and the iteration of
design using clay and PVC pipe. c) The final prbbkeer design fabricated using plastic
and aluminum. d) A mounting stand assembled uSiedorm pipes and connectors.
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3.6.Final design of the first functional prototype

The final design of the first pass of the functiomatotype is an iteration of both
Concept 1 and Concept 2, and is essentially acudating arm with ball joints. The final
design is based on Civco’s positioning arm combinwgl a new probe holder
attachment and an external support stand. Themlesnsists of four different parts:

probe holder attachment, articulating arm, clant@chiment, and a mounting stand as

shown in Figure 3.19.

\
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Figure 3.19. The functional prototype consistifig @robe holder, articulating arm, and
a mounting stand.
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The functional prototype appeared to meet thdyrbspecifications that were set

forth before the start of the design process, whiele:

1. Minimize the duration of pinch grip: Probe holdeids the transducer thus
minimizing the need to grip the transducer atiaies.

2. Minimize the duration of force exertion (probe pungf): The need to
maintain the pushing force at all time is minimizeztlucing the overall
duration of force exertion.

3. Minimize awkward upper extremity postures: Byiaiilg the locking
mechanism, the sonographers can reposition theassglto a more neutral
posture from an awkward posture that may have bemgnired to initially
position the transducer for the particular scahe $Sonographer may resume
performing the task with a more comfortable postuhen needed.

4. Minimize the need to maintain static postures: $tweographer does not have
to maintain a static posture once the quality insagye found. The locking
mechanism that locks the probe into position wlidhthe probe in place,
minimizing the need to maintain forceful exertiahging the scanning

procedure.

An additional advantage with being able to lockdh@ into position includes
allowing the sonographer to have intermittent vagiout losing the scanning window.

In addition, activities such as assisting the patie applying ultrasound gel to the
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transducer can also be conducted without the redd the scanning window all over
again. The device assumes the weight of the ttenescind the cord, both of which
cumulatively contribute to muscle fatigue. Lasthg device is expected to provide a
more stable positioning of the transducer overctihese of a shift, possibly contributing

to better image quality.
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Chapter 4: Pilot Testing and Results

4.1.Introduction

Based on feedback from the end users, the desagndeveloped a full scale
functional prototype of the articulating arm conceplrich and Eppinger (2000)
reported that a functional prototype is very usefult provides the opportunity to
quickly test the main idea of the selected concéjpte functional prototype is a major
milestone in the product development process apringous theoretical concepts can
now be physically tested and verified. The autladgs discussed the advantages of
testing the functional prototype in the end useasitext and environment. One of the
major purposes of testing the prototype is thadésgn team can use it as a learning
tool, to understand if the concept works and how ivaddresses user needs. In
addition, the testing session can also help thgydésam detect unanticipated issues that
cannot be discovered by considering the theoretmatept. This chapter will focus on
the topic of prototype testing with the cardiacagmaphers, the intended end users for
the designed device. In addition, the resultseghinom the pilot testing will also be

presented in this chapter.
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4.2.Pre-Pilot testing

The design team fully understood that the prototype not (and is not yet) a
complete solution. We recognized some issuesamésign and set-up, but we were not
sure if we had identified them all. In one of thesign team’s discussions, it was decided
that consistent with a good practice, we wantedke another step to make sure that the
prototype would be ready to present to a groupaafiac sonographers for testing.

Ulrich & Eppinger (2000) reported that the prindigsue with a prototype is that the
“respondents will equate the prototype with théstied product”. Thus, presenting the
prototype that is not reasonably ready might baekfis an incomplete prototype might
give such a poor impression to the participantsrég@overy might not be possible. As
part of the preparation for the pilot session,e&ifot session in an actual scanning room
was conducted in order to identify problems thaghmharise later during the pilot session.

The pre-pilot session with two professional cardiacographers was conducted
at The Ohio State University’s Ross Heart Hospithis pre-pilot session was intended
to be a quick simulation to see how the prototypeld fit in the scanning room.

Previous activities and testing of the prototypeenamited to a laboratory setting, so a
simulation in an actual work setting allowed thsiga team to identify important
usability issues and make modifications if possildleaddition, the session would allow
us to get initial feedback from the lead technaggihich would be beneficial as it could
aid the design team in planning the pilot sessimh@eparing ways to address

limitations of the prototype in a way that wouldlstllow for a successful pilot session.
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In the pre-pilot session, a short demonstratiolnost the device is envisioned to
work was conducted prior to the actual scanningnade member of the design team was
scanned, and the sonographers were asked to pesémenal scans, focusing on the
image quality. In addition, the sonographers vedse asked to make comments about
the device as they were performing the scans.

The prototype was well received based on overaliments from these two
sonographers. They liked the flexibility of theraand the simple locking mechanism.
In addition, they reported that they could seebideefit of not having to continuously
hold and push the transducer into the patient'stch€hey thought that the articulating
arm was, overall, intuitive and easy to use.

During the probe positioning, it was seen that lsathographers were
manipulating the probe with both hands. When u#iiegarticulating arm, the left hand
held the probe while the right hand was used teeamd maneuver the articulating arm
which was located directly in front of them. Thitowed them to manipulate the
articulating arm in a more upright upper extrenpiosture compared to the traditional
scanning method. Manipulating the probe with t@ads during probe positioning in the
traditional scanning method requires the technsltdgireach across her body to enable
her to grasp the end of the probe with her righidhavhile her left hand holds the distal
end of the probe. This forces the sonographestarae a more twisted posture. Figure
4.1 shows the difference of the upper extremity tans postures with the introduction

of the articulating arm during the probe positiantask.
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¥

(a) The traditional positioning task using two handsm@anipulate the probe. TI
right hand reaches far across the midline of theypresultingin a deviated,
twisting posture

'

(b) The articulating arm provides a physical attachdrteethe probe. Th
sonographer can manipulate the articulating arnalmeit makes a connection
the probe, essentially creating a long “tail” ttie¢ sonographer can grasph
the right hand.

Figure 4.1. Upper extremity postures when positioning the tdaicer without (a) an
with (b) the device.
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Despite the general approval of the prototypegctrdiac sonographers also
shared several concerns with the set-up. The staede the arm was mounted was
rigid, and they believed that the stand shouldmafiar some adjustability, permitting the
whole arm to be moved up, down, and sideways. aftieulating arm was thought to
lose its flexibility at certain extreme angles; théreme angles of the main articulating
arm would be encountered less frequently by iningabte adjustability of the stand,
thus ensuring the flexibility of the articulatingra

They also had concerns about the design of thektie arm that connects to the
probe holder. The cardiac sonographers thoughttibaend was too long and too rigid,
thus limiting the flexibility of the end of the @&tilating arm where it connects to the
probe. As a result, this can restrict the fin@ng of the probe. Figure 4.2 shows that
reducing the length of the probe end of the armdcprovide better flexibility of the
probe holder. This issue was recognized and aated earlier by the research team.
However, before speaking to the sonographers, @eat know how much this might
affect the scanning procedure. The comments frenpte-pilot session revealed the
magnitude of this issue, making it one of the int@itr priorities for change in the next

prototype iteration.
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(@) (b)

Figure 4.2. Current prototype has a-functional rigid end connecting the ball joint
the articulating arm with the probe holder. Thisd rigid end limits the fin
manipulation of the probe holder (eHaving the ball headloser to the probe hold
(probably with a separate locking mechanism) as ageéliminating the lever mig|
improve probe handling experience when using tvecdgb)

Another comment made was that the scanning wasuctedion a volunteer th
did not represent the patient population that the earsonographe typically have to
scan, which includeshany overweight patients. The overweight pati@nésa problen
because their adipose tissue adds a physical baateeen the probe and the he
requiring the sonographer to exert greater for@rsg the patient’s chest. Since test
was conducted on a skinny “patie, it was difficult for the sonographers to evalu
how much the locking mechanism would help themeotucing the magnitudef force
exertions with typical patien

When asked if the arm would be in the way, ondefrt said it might be in tt
way while the other one said that it s not. It should be noted the sonographer thdt
the arm might be in the way is a shorterographer. In addition, she usually scans\
her right hand. Thus, these two factors may hffeeted her views on this issu

However, the other sonographer who is taller angllisscans with her left hand felt tf
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the articulating arm was not in her line of sigbt did it pose other problems due to its
presence in her working space.

The pre-pilot session gave the design team ideas framework for the pilot
testing. In addition to the sonographers’ commestiservations made by the team were
also helpful in identifying potential issues, arahhto troubleshoot those issues. For
example, it was observed that it was a bit challenpr the first sonographer to operate
the device, compared to the second sonographesre Were moments when the arm
would bind, and two different approaches were takethe two sonographers when that
occurred. The first sonographer kept fighting tisipthe device to try to obtain the scan,
while the second sonographer reset the arm byhkteaiing it before restarting the scan.
It was also observed that because the first sopbgravas quite short compared to the
second sonographer, the arm interfered with hectaccess to the keyboard of the
ultrasound machine. Making use of adjustmentiemieight of the sonographer’s chair
and/or the patient’s bed might be a solution toresikslthis issue.

As for the probe end of the articulating arm bdimg long and too rigid, a
possible step that could be taken to addressdsigiwould be to ask the patient to roll
back slightly. It was observed during the pre{pdession that the first sonographer was
struggling to manipulate the probe end of the armdhieve the desired scanning
window location. Since the probe end of the curpeatotype is too long and rigidly
connected to the probe and probe holder, the fim@ipalation of the front end of the
articulating arm was a bit difficult (Figure 4.3ajhe second sonographer took a

completely different approach when dealing witlstlssue. Instead of fighting to
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manipulate the inflexible probe end of the artitinigarm, she asked the “patient” to roll

over slightly to reveal the desired scanning windbwgure 4.3Db).

Scanning window Scanning window

Ultrasound Ultrasound
machine machine
Patient's mattrojg I 'oPe end of the [Patients mattreds " rope end of the
articulating arm articulating arm
@ (b)

Figure 4.3. When using the device, accessingpiwmbwindow is difficult with the

patient in the normal position for obtaining thisw. The long rigid probe end of the
device causes the probe and device to be pushethmmattress as the sonographre tries
to access the apical window (a). Asking the patiemoll over slightly gives the
sonographer better access to the Apical window (b).

In conclusion, the pre-pilot session revealed sdvemportant issues to be
addressed during the pilot session. First, thet pgéssion participants should be informed
that the prototype is not a complete version. Thewld be asked to focus on the bigger
picture of having an external arm as part of teguipment rather than focusing on
secondary components such as the mounting staewbn8, the participants should be
allowed to use the device so they can become familith how it works. Third, it would
be more beneficial to have a larger “patient” fog tardiac sonographers to test the

device as the larger person would better reprebergeneral population of the patients
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they scan everyday. Fourth, troubleshooting tepies should be addressed during the
introduction of the device to educate the partiotpan what to do if they have issues
with the device when using it. Fifth, specific gtiens would need to be asked in a real
pilot session to facilitate the direction of funthierations of the prototype. These five
identified issues from the pre-pilot session wemesidered when the design team was
designing the next focus group session, which waitastudy involving a larger sample

of cardiac sonographers.
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4.3.Pilot Testing

The previous concept review session with a largergde of cardiac sonographers
and numerous intervention concepts involved ondyilngs and non-functional mock-up
models. The technologists commented that it wiisuli to assess something as novel
as the probe holder and the articulating arm witlhaying the chance to try it. Image
quality of the scan is something that cannot bepzromised, so the concept is a no go if
it cannot produce quality images. Even thoughattiieulating arm concept might work
on paper, the only way to see if it can producemanable image quality and in a
comparable amount if time was to try it out. A Wiag prototype was fabricated so that
the cardiac sonographers could have physical ictierawith the device in order to
determine if the team should continue to pursugittiervention concept.

The purpose of the pilot session was to gain fegddivam cardiac sonographers,
gauging their interest and at the same time detengpiwhether or not to pursue this
concept. The session was intended to verify whebieeuser needs were adequately
addressed by the current design. In addition,pihag session was designed to gather
information that would guide the design team tatfer refine the design in the near
future. The direct information gathered in thissen will help the design team to move
forward with the design, as it was driven by thd aeers feedback instead of pure
decisions by the design team.

Six professional cardiac sonographers who all sedueft handed were recruited

for this pilot session. They all worked in the ecardiography department of the Ohio
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State University’s Ross Heart Hospital and wereuiead through personal contact. The
demographic information of the participants is showFigure 4.4. The articulating arm
device is specially designed to address the leftdbd scanning process. No exclusions

were made with respect to race, ethnicity, or gende

Subject ID | Sex Ag(eyrgsr)oup Height (in.) | Years of experience  Work hrs/wk
6403 f 30-45 74 2 40+
6713 f >45 62 23 40-50
6870 f 30-45 67 17 24
6500 f <30 67 1 40
6505 m >45 69 >20 40
6502 m 30-45 73 19 43

Involvement in full

: . | Involvement in the pilot
concept review session

Subject | Involvement in first

ID phase of parent study (Focus group 3) study (Focus group 4)
6403 yes yes
6713 yes yes
6870 yes yes
6500 yes
6505 yes
6502 yes

Table 4.1. Demographics of the pilot session’sigipants
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Two males and four females participated in thistmtudy. Each volunteered to
participate and all read and signed an informedenhdocument prior to the start of the
session. None of the participants were clinicdlgnosed to have musculoskeletal
disorders, but most of them reported the feelindistomfort in shoulder blade, trapezius
muscle, wrist, forearm and fingers when they weenaing patients.

The pilot session consisted of two parts: a gnogeting session followed by
individual evaluation sessions. The sonographergable to try the device using a
Siemens Sequoia ultrasound machine system, witlsdcdvcl transducer. They were
able to scan one of two male volunteers: the éing was 68” (172.7 cm) in height and
201 Ib (91.2 kg) in weight while the second oné95 (175.2 cm) in height and 190 Ib
(86.1 kg) in weight. These “patients” were consadbdy taller and heavier than the
“patient” scanned during the pre-pilot sessione Tétom set-up for this pilot session is
shown in Figure 4.4.

The group session was intended to provide an intthoh to the device. The
session started with a brief introduction of hoe tdoncept was developed. A specific
point that was emphasized was that the conceptieasoped based on prior
interactions with and feedback from cardiac sonpigess. It was important to
acknowledge these contributions to the designdeioto ensure that the pilot session’s
participants knew that sonographers were a sigmfipart of design process. Another
important point made was that the device is stithiprototype phase, and there were
some limitations in the current set-up. To avdakpthe participants were told to

withhold their criticism because they might infleereach other’s perceptions. However,
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the participants were told that they would be gigerhance later in the individual session
to express their concerns as well as provide thdependent evaluation of the device.
They were encouraged to ask questions during thgpggession.

The session was then switched into a demonstrafibow the device is
envisioned to be used. The sonographers werdgdatsbow to troubleshoot the device in
case they were having difficulties using the deviédter the demonstration, the
sonographers were invited to try the device. Qumgrapher tried to scan a volunteer
“patient”, while the other sonographers watchedsitenning process. A quick
discussion and question & answer session was ctedibefore the group session ended.

The individual sessions expanded the basis upoahwthe sonographers could
evaluate the device, by giving each the opportuwitstan one of the research team
members. The sonographers were asked to firstascdrey normally would, performing
a list of specific scans which were saved for latealuation. Right after finishing the
scan, the sonographers were asked about the avevafef force they exerted during
the process on a scale of 0 to 10. The sonograpVere given the verbal anchor of O
being no exertion, like “you are sleeping” and Einlg exerting maximum force like
“you are lifting a truck”.

The sonographers were then asked to perform the seams in the same order
using the device. With similar wordings, the saapipers were again asked the average
level of force they exerted right after they fireshscanning with the device. Next, the
cardiac sonographers were asked to fill out a nemtiévaluation form consisting of

guestions addressing the usability, usefulnesslanulability of the device. This
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modified evaluation form was similar to the shestdiduring the multiple concept
review session, but this form addressed specifitufes of the device. These questions
were intended to evaluate as well as to give aesehdirection for future iterations of the

design.

Patient’'s bed

Sonographer’ L?Itrasound
height h _rflachine
adjustable

chair \(?/

Articulating arm \/iqeo recorder

Door

Counter top Z\

Figure 4.4. The room set-up for the pilot session
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4.4.Results and discussion

During the individual pilot sessions, the desigantetook notes on the observable
trends of interaction between the cardiac sonognapéind the device. The observation
offers a learning opportunity to understand howdéeice fits into the work system and
identify unexpected issues that may not have baegaated. The cardiac sonographers
were also asked to think out loud and make veniansents during the scanning
procedure. In addition to the notes, those inteyas were also documented through
video and audio recordings. Analyzing the inforimafrom the notes, video, and audio
recordings revealed several important issues.

In general, it was observed that the sonographers able to perform scanning
tasks within a reasonable time frame. In additwinije performing the scanning
procedures, the cardiac sonographers verbally sgpdethat they were able to obtain
comparable image quality when scanning with antlaut the device. The
echocardiographers manipulated the articulatingwvaitimease and did not appear to have
any difficulties moving the arm. In fact, the fiebe arm and light weight of the device
seemed to pleasantly surprise some of the pamitspalhe verbal expressions that were
heard included “It turns really easy” and “it's gsd0 use than | thought it would be”.
This is important, as limiting the range of motiwould result in loss of fine tuning
manipulation, which would compromise the image tyalOverall, the design of the
device was intuitive, even at this initial protogyptage. The cardiac sonographers did

not need a lot of time to familiarize themselvethwihe operation of the device.
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There were two main variations in scanning techesquhen the sonographers
were performing the scan with the device. Some@g@phers preferred to hold the
probe end of the articulating arm when performing fnmanipulation of the transducer
while some others preferred to hold the middleiparof the arm. Holding the probe end
of the articulating arm was not previously obseriethe pre-pilot session, so it was an
interesting discovery. However, holding the prebd of the articulating arm required
the right shoulder to be flexed and internally tetefor extended reaches as
demonstrated in Figure 4.5a. This technique wadagito the traditional two-handed
positioning method, where the left hand holds ttede at the head of the transducer and
applies the pressure. Meanwhile, the right haridshihe probe where it connects with
the cord, performing the fine angling positionirfgtee transducer. In order to do this,
the right arm has to reach well past the midlinehefsonographer’s body. This
technigue was disadvantageous for two reasons filshene was that they were
assuming a more disadvantageous posture, as ftewas twisted and their right arm
was flexed, internally rotated about 45 to 60 degy@and unsupported. The second
reason was that the sonographers were essentiatlg to move the arm at the end point
for fine tuning movements, which is a somewhat tBssct way to position the arm, and
as a result makes the adjustment more difficuit.c@ntrast, holding the articulating arm
at the middle portion of it was biomechanicallytbebecause the right arm was in a
more neutral position, as shown in Figure 4.5b.aAesult, the sonographer has more
direct control of the position of the arm, whichkea it easier to manipulate and finely

tune the position of the arm and the probe.
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(a) (b)
Figure 4.5.Two main variations of scanning techniques withdbeice Some
sonographers were holding the probe end of theudaiting arm when performing t

positioning task (a). In contrast, some sonogrepivere holding the middle portion
the ariculating arm for fine manipulation of the transdu

In general, it was observed ttscanning with the device reducthe overall
duration of pinch gripping and forceful exertionhe traditional method requires t
cardiac sonographer to perform prolonged forceifutiing as shown in Figure 4.6a.
utilizing the locking lever, the articulating armamtains the loction of the transducer ¢
well as the magnitude of exertion into the patieéfis reduced the need for the carc
sonographers to constantly grip and ntainthe forceful exertion on the transducer.
a result, this allows an opportunity for temptwy breaks from physical exertic

especially on the sonographer’s left hand as detraied in Figure 4.6
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Figure 4.6.With the traditional method, the sonographer wasstantly applying a pinc
grip while forcefully pushing the probe (a). Whesing the new device, tr
sonographer’s left hand was able to rest whilesttreographer made measurements o
heart (b).

All cardiac sonographers in the individual sessiuk the opportunity to tak
these intermittent rests when they got the che The sonographers verbally admiti
that they were feeling high pressiattheir wrist and shoulder area when they w
scanning using the traditional method, and some esenmented on the location of pi
as they were scanning. In one case, a soncer commented that she felt the pair
her left wrist as early as the first five minutésocanning. Interestingly, all the cardi
sonographers reported that they felt the differendbeir left upper extremity muscl:
when using the device, becaut took the prolonged pressure off their left he

Another interesting point that wmadeby the cardiac sonographers was that
device supports the weight of the transducer aeddind. Several cardiac sonograpt
mentioned that supporting the wht of the transducer and the cord relieves s
pressure off the hand. The weight of the long @mnthecting the transducer to 1

ultrasound machine provides some physical resistemthe cardiac sonographers. -

cumulative effect of relieving thpressure throughout the day may potentially redioe
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rate ofdevelopment of localized mus fatigue. Additionally, the Velcro strips that we
strapped onto the arm prevent the cord from daggénsuring better cord manageme
Another relevanpoint related to the issue of gripping was that sathe
sonographers were observed to keep on holdingrtdiegven though the articulati
arm was locked into position. These sonographersessfully utilized the lockin
mechanism, and they weret exerting pushing force into the patient. Howeveey
were seen to firmly gra the probe holder while taking the heart's measurggas
illustrated in Figure 4.7. When they were asked ey continued to hold the prot
they responded that they re not used to letting go ttie transducer. Another reas
that they gave was that they did not know whatdevith their left hand now that was

free. However, with practice this tendency miabateafter the sonographers beco

more familiar withusing the devic

Figure 4.7.The sonographecontinued to hold the probe with Heft hand even thoug
the articulating arm is locked in ple.
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In addition to reducing the duration of pinch giimpand forceful exertions, the
device was also observed to improve the cardiacgapher’s overall postures. The
sonographers were generally seen to be twistindesaming a lot when scanning with the
traditional method, as illustrated in Figure 4.8a.addition, the participants were also
observed to assume prolonged unsupported abdutteplasture as shown in Figure
4.8c. The twisting and leaning postures of the baek, as well as unsupported abducted
arm posture may take the place of making seveitaliadjustments prior to the scan.
The adjustments that may also reduce the magndittese awkward postures include
making adjustments to chair height or locationtredato the patient, bed height
adjustments, and/or position of the patient inlibd; appropriate relative positioning of
the sonographer and the patient is necessary ér twgosition the probe to obtain the
required images. Figure 4.8b and 4.8d demondtatethe device allows a more
appropriate relative positioning between the traned and the patient. As a result, the
cardiac sonographers were able to assume a maghupack posture as well as
reducing the need for prolonged abducted postutieeotieft arm.

Similar to the pre-pilot session, we observed thatsonographers were having
difficulties interacting with both the mounting sthand the inflexible rigid probe end of
the articulating arm. The cardiac sonographerd tige stand to provide height
adjustability for the arm as well as provide lat@navement during the scanning
procedure. As discussed, the rigid unmovabledstaaly cause extreme bending of the
articulating arm, effectively reducing its flexiiyl during the probe positioning.
Addressing this requirement was not within the scofthis phase of the development.
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Therefore, the designam simply manually moved the mounting stand acogrth the
instruction from the sonographers. Because oflithisation, the sonographer did r
have full control when the stand was being moveden though the sonographers w
able to finally havehte stand moved to the correct location, it toolk @fbextra scannini
time. According to the cardiac sonographers, engEssly movable stand would impro

their scanning experien:

A i &,
(a) Torso lateral bend and twist Wi (b) Trunk is in more neutral positic
traditional scanninmethod. when scanning with the devi

B 8
Saannsss

(c) Left am abducted an (d) Sonographers were able to rest tl
unsupportd with traditional left arm when scanning with the dev
scanning method.

Figure 4.8. Scanning with the device may reduce awkward post{gevs. (b). Th
device may also reduce unsupported postures (¢
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Another issue related to the current design osthad was that the location of 1
sonographer’s knee might interfere with the aratinlg arm’s locking lever. Since tl
current stand design requires the right knee tddsee to the locking lever, was
observed that from time to time, the knee will ifeee with the locking process as sho
in Figure 4.9. This situation mainly occurred wistiler sonographers as their kr
height wasalmost at the same heigh the lever. Having a height adjable stand in a

future prototype iteration should solve this iss

Figure 4.9.The sonograph’s knee is in the way of the locking lev

The other recurring issue observed was that the eigd of the articulating arm
too long. Even though the sonographers were alfiedlly position the transducer
their desired locations, it required extra scantimg to position the probe athe arm

due to the inflexible probe end of the articulatargr. Having a ball joint closer to t
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probe holder might increase the flexibility at frebe end, making the articulating arm
easier to maneuver, and ultimately improving trensing experience while using the
device. An interesting point previously not disemad during the pre-pilot session was
that it might be beneficial to have another indejeem locking mechanism that can
control the rotation of the probe holder. Seveeatliac sonographers proposed this idea
of allowing the probe to rotate 360 degree, bihatsame time maintaining the
transducer location through the locked articulaang. This is proposed because
scanning of Apical 4, Apical 3 and Apical 2 windoresjuires the probe to be in
essentially the same location, but each view reguardifferent contact angle between
transducer and heart.

In conclusion, overall feedback received from th#ividual sessions was
generally positive. Other than the issues of tireenitly rigid mounting stand and the
inflexible end of the articulating arm being tomdp there were no additional issues
raised by the sonographers in this focused conegmw session. From their verbal
expressions during the interaction with the devicean be seen that the cardiac
sonographers were optimistic regarding the devigetsntial. Positive oral comments
that were shared by the cardiac sonographers psvitre performing the scan with the
device included “amazing”, “fantastic”, “love it"it feels like not working a lot”, “its
pretty nice actually”, “I feel like | have betteomtrol”, ” | don’t have to push hard at all”,
“I'm resting!”, “this device takes the weight affy hand”, “the image is much better”,
“I'm enjoying this” , and “the picture is more stah These comments indirectly

indicate their acceptance of the device.
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In addition to the notes, video and audio recorslinige design team also
collected the overall perception of exertion rasimgd directed subjective assessments of
the device from the sonographers. Scanned imdgesanted views with and without
the device were also saved and compared for thelitg. The nature of these data will

be discussed in the next three sections.

4.4.1.Image quality assessment

An important issue raised by the cardiac sonognapthering the concept review
session was that even though the concept of tloailating arm was interesting, they
would not be able to evaluate it until they testad a clinical setting. This is mainly
because they were not sure how the proposed cowdepffect the image quality, which
cannot at all be compromised. The proposed comweepld only gain acceptance on
whether or not to be pursued further if it allolWwe sonographers to produce comparable
image quality to the current scanning method. ddrecept’'s prototype was later
fabricated and pilot tested in a clinic settingthngpecial focus on trying to get quality
images.

In general, the sonographers said they were pleaisledhe overall image quality
when they were scanning with the device duringpilet session. We did not hear any
comment about reduced image quality during thisisas Most sonographers claimed
that they had better image quality when using #nea#, while one sonographer claimed

that even though it would take a bit more time ttiaeir traditional method, comparable
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image quality can be achieved using the deviaeadtition to these verbal comments,

the written directed subjective evaluations relévanmage quality were also generally

positive. Five out of six sonographers reported gtanning with the device would not

adversely affect image quality. Similarly, fivetai the six sonographers also reported
that they were able to get quality images when there scanning with the device.

In addition to verbal comments and written subjecgvaluation of the image
quality from the sonographers, the scanned images extracted from the ultrasound
machine and were independently evaluated by twersxpced sonographers. A total of
four different views were evaluated: Apical 2, &qli 3, Parasternal Short Axis- M-mode
(PSAX- M-mode), and Apical 4- Doppler. The two egraphers independently
evaluated the image quality from the two scannireghods (with and without the
device).

The first evaluator had more than twenty yearsxpkeeence in
echocardiography, and she conveyed to the desagm tiee importance of obtaining good
image quality on apical views. She reported tbates of the parasternal views can be
also be indirectly obtained though the apical vieBgcause of that, she chose to
evaluate image quality on Apical 2 and Apical 3addws. The second evaluator had
never scanned cardiac images professionally. Hewée had more than twenty years
of experience with Vascular and Obstetrics/Gynasapokonography. He chose to
evaluate the PSAX-M-mode view since he had expeeieganning these images of fetal
hearts. He also chose to evaluate the Apical 4pl@owiew due to his vascular

experience obtaining Doppler images of the artagatem in the extremities.
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In general, the images scanned with and withoutiédwéce were comparable in
guality. In most cases, the images scanned wétliévice have better quality compared
to images scanned without the device. There wsreal number of images in which
the quality was better when scanned with the tiatid method. However, influences
such as fatigue build-up (since unassisted scaralwgys preceded scanning with the
device in this pilot) and inexperience of operating device might contribute to this
outcome.

Images of the Apical 2 and Apical 3 views were ératthen scanned with the
device for four out of the six sonographers. FHoe sonographer the Apical 3 image was
better with the device, while the Apical 2 view wagnparable in quality between the
two scanning methods. The last sonographer hagaable image quality when he
scanned both with and without the device for bogicAl 2 and Apical 3 views. The
Apical 4-Doppler image quality was better when gdime device for five out of the six
sonographers while one’s image quality was bettdrout the device. However, this
trend of having better image quality when scanmiity the device did not hold for the
PSAX-M-mode view. For only one sonographer wasMheode view better when
scanning with the device, while two sonographeosipced comparable images quality
when scanning with and without the device. Fordtieer three sonographers, the M-
mode view was better without the device. The M-ewvigw can be affected by a
patient’s breathing. As such, this provides andrtgnt example of how a new device
often cannot be simply inserted into an existingcpss or procedure, but may require a

modification to current methods. In this case,ilsinmo the request made by some of the
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sonographers for the patient to roll back sligilypetter expose the Apical window
when using the device, it may also be necessadgtiermine what breathing instructions
might be necessary to introduce as well, in ordextitain high quality M-mode images

when using the device. The image quality assessresults are summarized in Table

4.2.

Subject | Apical 2 Apical 3 Apical 4- PSAX-M-

ID Doppler mode

6870 Theimage Theimage was better Comparable | The image
was better with the device image quality | was better
with the between the without the
device two methods | device

6403 Theimage Theimage was better Comparable | The image
was better with the device image quality | was better
with the between the without the
device two methods | device

6713 Comparable | Theimage was better Comparable | Theimage
image quality | with the device image quality | was better
between the between the with the
two methods two methods | device

6505 Theimage Theimage was better The image wag The image
was better with the device (*Apical | better without | was better
with the 4-color was evaluated the device without the
device instead. This subject did device

not take Apical 3 views)

6502 Comparable | Comparableimage Comparable | Comparable
image quality | quality between thetwo | image quality | image quality
between the | methods between the between the
two methods two methods | two methods

6500 Theimage Theimage was better Comparable | Comparable
was better with the device image quality | image quality
with the between the between the
device two methods | two methods

Table 4.2. Summary of the image quality evaluaiperformed by two professional

sonographers.
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According to several sonographers, the devicesifoitked position provides a
stable positioning of the transducer, and this iagimtribute to better image quality.
This condition might be important especially latethe shift, when a sonographer may
be physically tired. Fatigue may make it moreidifft to maintain the same magnitude
of force exertion, leading to unstable images. tAapreason provided by two
sonographers was that the articulating arm provéde®re guided manipulation of the
transducer, as the transducer was mounted onasigedy structure. This limited the
degrees of freedom of movement compared to théitradl scanning method, where the
transducer can easily fall away from the scannimglew. Limiting the degrees of
freedom of movement of the transducer providesbetintrol of transducer

manipulation, and may ultimately improve the imageality.

4.4.2.Perception of exertion ratings

The articulating arm device introduced in the eendography setting was aimed
to mitigate the issues of prolonged pinch gripcéoexertion, awkward extremity
postures and static postures. These four physatadities put undue stress on upper
extremity, neck, shoulder, and torso muscles whely lead to localized fatigue.
Prolonged exposure to these physical activitig®i®ved to increase the sonographers’
overall perception of their workload.

Borg (2005) reported that “the human sensory systmfunction as an effective

instrument to evaluate workload”, and this can tiezad to subjectively estimate the
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physical effort required by the task. The parteifs in this study were asked about their
perception of average exertion right after theygremed both scans with and without the
device. The participants were given the same Vamrzhor of the ten point scale, with O
being no exertion at all, like “sleeping”, and 1€irg exerting the maximal exertion, like
“lifting a truck”. The results of the subjectiveeaage exertion ratings from the
participant are shown in the Table 4.3.

A general trend observed with all the participamés that their perception of
average exertion was reduced when they were usengpterventional device. On a
closer look, every participant reported at leadtiction of two points when they were
scanning with the device. This indicated a subjecigreement in that the device
noticeably reduced the level of overall force ewert This result is consistent with the
verbal remarks received, as the sonographers staethey felt a noticeable difference
when not having to continuously pinch, push andnta@n their exertion when scanning

with the device.

Subject ID Average exertion rating Average exertion rating
(traditional method) (with the device)

6870 6 3.5

6403 4 2

6713 4 2

6505 55 2

6502 6 2.5

6500 5 3

Table 4.3. Perceived level of exertion among tkeardiac sonographers when
performing the scans with and without the device.
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Since most of the cardiac sonographers’ time wastspn forceful physical
activities such as pinching, pushing, and maintgjr@xertions, having an external arm
that could perform those activities during parthed procedure would reduce the overall
amount of physical energy expenditure. Intermittests from forceful pinching and
prolonged exertion would allow their muscles touggerate, possibly leading to the
perception of lesser overall average exertionaddition to the pinching and forceful
exertion, awkward and static postures might alsdrdmute to higher perceived physical
efforts. Awkward and static postures accelerageréite of fatigue as the muscles are not
working optimally (Hedge, 1998). The device reduttee duration of these postures and
the effect of having more natural postures migbo @lay a role in lowering the

participants’ overall level of perceived exertion.

4.4.3.Subjective evaluations of usability, usefulnessl desirability

The questions in the evaluation form were organiaémfour main sections: 1)
Usability, 2) Usefulness, 3) Desirability, and 4rBers to adoption. The usability
section focuses on evaluating the overall easiokssing the different parts of the
device. The questions in this section were desigra only to evaluate the usability of
the current prototype, but also to direct the desegm to specific usability issues in the
next prototype iteration. The usefulness sectorthe other hand, consisted of questions
to evaluate the potential benefits of the devioenfthe perspective of both cardiac

sonographer and patient. The desirability seatmrsisted of several questions to
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estimate how excited and eager the sonographeestaveise this device in their daily
work activities. The last section, which contairelist of barriers to adoption, listed
possible barriers that might keep the cardiac s@pdgers from incorporating the device

into their work.

Probe holder ratings from the Probe holder ratings from the
first concept review sessior pilot session
Points of comparison (Focus group 3) (Focus group 4)
and development On a scale of 1 -7, where On a scale of 1 -7, where
1 =very poor and 7 = very| 1 =very poor and 7 = very
good good
Avg. of overall usability|
4.5 6.2
Avg. of overall
usefulness 4.2 6.2
Avg. of overall
desirability 3.9 6.1
Number of barriers /
subject 2.3 1.1

Table 4.4. Comparison of the evaluation resulthefdevice between the previous
concept review session and the more recent pitsice.

In general, participants who tested the prototygesgositive evaluations to the
first three sections in the evaluation form. (stale between 1 to 7, where 1 is “very
poor” and 7 is “very good”, the average evaluatsates of overall usability, usefulness,
and desirability of the device were 6.2, 6.2, arld fespectively. These scores were
considerably different to the overall scores reediin the multiple concept review
session, where the concepts were presented orfiynwit-functional mock-up models
and technical drawings (Table 4.4). These newescinidicated that the six participants

in this pilot study were optimistic about the pdtahof this articulating arm concept.
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Even though the concept needed some additionalaewent work, the positive
responses from these professional cardiac sonographave us confidence that the

current design is on the right track.

4.4.3.1.Usability

The questions under the usability section werdéirrdivided into four smaller
sections. These four sections are: 1) probe haljerticulating arm, 3) locking
mechanism, and 4) general usability. The probddradection consisted of questions
asking about the holder’s shape, material/texgire, and orientation as shown in Table
4.5. All participants felt comfortable grippingeticurrent rectangular shape of the probe
holder. Similarly, all participants felt that thbeobe holder would not slip out of their
hand due to its material or texture. They alsbtfelt the size of the probe holder was
appropriate for a comfortable prolonged grip. Heerethere were mixed responses
when they were asked if it is easy to determinectiveect orientation of the transducer
when it was mounted in the probe holder. Halfhef participants felt that it was really
easy for them to determine the transducer’s oriemtavhile the other half somewhat
disagreed. This shows that the design team nequls imore effort into the cognitive
aspect of the probe holder, so that it is intuifmethe cardiac sonographers to determine

the orientation of the transducer by just grippting probe holder.
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Strongly Strongly
Disagree Agree
I. Usability
1 2 3 4 5
Probe Holder
I feel comfortable gripping the current rectangular
0 0 0 3 3
shape of the probe holder prototype.
I think the probe holder would have a tendency to slip
5 1 0 0 0
out of my hand due to its material or texture.
I think the current probe holder’s size is too wide for a
2 4 0 0 0
comfortable prolonged grip.
It is easy to determine the correct orientation of the
0 2 1 0 3
transducer in the current probe holder prototype.

Table 4.5. Distributions of the cardiac sonographesponses on the usability of the
probe holder.

The series of questions in the articulating arntiseavere related to its length,
flexibility, weight, and its effect during the seang procedure. The cardiac
sonogarphers’ responses were documented in Tahldr@general, the results were
somewhat more mixed for the arm, in comparisomasé for the probe holder. Four of
the six cardiac sonographers were in agreementhbatrticulating arm is long enough
for them to position the transducer to the dedioedtion, and two were neutral on this
issue. When asked if the articulating arm is fdxienough for fine manipulation of the
transducer, four of the cardiac sonographers agmeddisagreed, and the other one was
neutral on the issue. All respondents were in@gent that the articulating arm was not
too heavy for prolonged operation. The last tlyeestions in this section were gauging
wheter or not the articulating arm interfered witie cardiac sonographers’ work

activities. Five of the six cardiac sonographenead that the articulating arm did not
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interfere with their line of sight to the patiemidato the ultrasound machine. Similarly,
most of the cardiac sonographers agreed that ticelating arm would not interfere with
their access to the control panel. However, oneg@pher disagreed. She reported that
she was used to having the control panel very dmber and that having the arm in

between the panel made it feel as though it wasdrway.

Strongly Strongly
Disagree Agree
I. Usability
1 2 3 4 5
Articulating Arm

I think the arm is long enough to allow me to locate the

0 0 2 1 3
transducer where I want to position it.
I think the arm is flexible enough for fine

0 1 1 4 0
manipulation of the transducer.
I think the arm is too heavy for prolonged scanning. 2 4 0 0 0
I think the arm interferes with my line of sight to the

2 3 1 0 0
patient.
I think the arm interferes with my line of sight to the

3 2 0 0 1
ultrasound machine.
I think the arm interferes with my access of the control

2 2 1 0 1
panel.

Table 4.6. Distributions of cardiac sonographegsponses on the usability of the

articulating arm.

The next couple of questions were related to tivecdis locking mechanism as
shown in Table 4.7. Half of the participants thioutlhat the prototype’s locking

mechanism was not cumbersome to use while the b#iewere neutral on this. A mix
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of views was also seen when the particpiants watedif it was cumbersome to lock

and unlock the device repeatedly throughout tharséng procedure. Half of the cardiac

sonographers thought that it was not cumbersonepfithem were neutral, and one of

them thought that it was cumbersome to operatéotikng mechanism repeatedly.

Strongly

Disagree
I. Usability
1

Strongly
Agree

5

Locking Mechanism

I think the current locking mechanism set-up is

cumbersome to use.

I think it is cumbersome to lock and unlock the arm

repeatedly.

Table 4.7. Distributions of cardiac sonographegsponses on the usability of the

locking mechanism.

The last set of questions were focused on the geasability of the overall

prototype set-up (Table 4.8). A majority of thependents felt that it would be worth

their time and effort to set-up the device priostanning. Most of them also thought

that they would not need to spend a lot of timefcang using the device before they

would be ready to use it on the patients. In aallithey thought that most people would

learn how to use the device very quickly, indicgtihat the overall mechanism of the

device is easy to understand and operate.

When they were asked if the device would adveraggct their image quality,

half of them strongly disagreed, two of them disegl, and one of them somewhat
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agreed. This demonstrates a somewhat strong tiediethe device allows them to obtain
image quality that is comparable to the traditiswnning method. Most of the
repondents strongly disagreed when they were atkieel device is unnecessarily
complex. However, there were mixed responses whenardiac sonographers were
asked if they feel comfortable having the deviceveen them and the patient and the
ultrasound machine. Half of the respondents regatiat they felt somewhat
uncomfortable while the other half reported thatytdid not feel uncomfortable with the

location of the device.

Strongly Strongly
Disagree Agree
I. Usability
1 2 3 4 5
General Usability

I think it would be worth the effort/time to set-up this

0 0 1 1 4
device.
I feel uncomfortable having this device between me and

3 0 1 1 1
the patient.
I feel uncomfortable having this device between me and

3 0 0 2 1
the ultrasound machine.
I think that using the device will not adversely affect

0 1 0 2 3
image quality.
I find this new approach unnecessarily complex. 4 2 0 0 0
I imagine that most people would learn to use this new

0 0 0 3 3
approach very quickly.
I would need to spend a lot of time practicing with this

3 2 1 0 0
new approach before I could use it on patients.

Table 4.8. Distributions of cardiac sonographezsponses on the general usability of
the device.
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4.4.3.2 Usefulness

The usefulness section consisted of sixteen quesstarusing on evaluating the
advantages of the device. The results are showalite 4.9. The first four questions
asked were directly related to the needs assesgr@itied by the end users in the early
stages of design. In general, the majority ofdéwliac sonographers strongly agreed
with the statements that the device would redueeathount of time spent on 1) gripping
the transducer, 2) exerting force onto the patsecitest, 3) working in awkward postures,
and 4) working in static postures. Additionallyl,the participants reported that they
would be inclined to take intermittent rests durihg scanning procedure because they
believe that the locking mechanism would hold thebp in place for them. The majority
of the respondents also thought that there wagréfiseint physical benefit from having
the weight of the probe and the cord supportechbydevice. Similarly, most of them
thought the articulating arm would be able to snstaough load when they were
scanning an overweight patient. The consistergeagent on these questions
demonstrates that the needs identified in earBergh stages are being addressed by the
current design.

The cardiac sonographers were also positive whadatthey would be able to
get quality images with the device. Four of thedisagreed when they were asked if the
device would significantly lengthen their scannimge. These trends illustrate that the
sonographers believed the device would not drdistiaHect their scanning performance

compared to the current method of scanning.
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However, the participants’ reactions to a couplgudéstions related to the
patient’'s comfort were mixed. Four of the six @spents were neutral when asked if the
device would make the patient physically more unfootable. One respondent thought
that the device would not make the patient uncotabde while another respondent
thought it would. When the respondents were agibey thought the patients would be
intimidated by the device, three disagreed, tweeady and one held a neutral opinion.

In general, the cardiac sonographers found thecddwibe useful. Five of the six
reported that the device would make their job ptalyr easier. All agreed to the
statement that the device would reduce their pay$atigue by the end of the day. The
trends shown here demonstrate that the deviceefslua that it lowers the overall
physical effort of the scanning procedure. Thisassistent with the results from the
exertion ratings, where the cardiac sonographers [gaver ratings of average exertion
for the scans performed with the device.

However, this trend of unanimous agreement doesoldtwhen they were asked
if the device would help them perform their workmmefficiently. Half of the cardiac
sonographers thought that the device would helmtwerk more efficiently while the
other half maintained a neutral opinion. It is@maging that even at this stage of
development, none of the sonographers reportedhbatevice reduced their work
efficiency, which is often a reason why intervensidhat make sense from a
biomechanical design view are not adopted in practOverall, four of the six
sonographers reported that they would rather wesdéhice than their traditional method.

One of them maintained a neutral opinion whiledtreer sonographer would prefer using
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the traditional method. This illustrates a gobdruce for acceptance of the device, if

modifications can be designed to address the dusterrtcomings
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Strongly Strongly
Disagree Agree

1 5
II. Usefulness
I think using this device would reduce the total amount of
time I grip (hold) the transducer during a scanning 0 5
procedure
I think this device would reduce the total amount of time 0 4
I am pushing with the probe during a scanning procedure
I think this device would reduce the total amount of time
I work in awkward postures during a scanning procedure 0 3
I think this device would reduce the total amount of time
I have to hold myself in a fixed posture during a scanning 0 4
procedure
I would be inclined to take intermittent rests because I
believe the locking mechanism would hold the probe location 0 3
in place for me.
I think there is a significant benefit of having the weight of 0 3
probe and the cord supported by the device.
I would rather use this device than our traditional
approach. 0 !
I am able to get quality images with this device. 0 3
I think the arm can sustain enough load when scanning an 0 3
overweight patient.
I think this device would lengthen the time of a scanning 5 0
procedure by too much.
I am concerned that it would make the exam more physically 0 0
uncomfortable for some patients.
I am concerned that many patients might be intimidated 0 0
by the device.
I believe that using this new approach would make my work 0 3
easier, physically.
I believe this new approach will help me perform my work 0 1
tasks more efficiently.
I believe this new approach will reduce my physical fatigue 0 4

at the end of each work day.

Table 4.9. Distributions of cardiac sonographezsponses on the usefulness of the

device.
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4.4.3.3.Desirability

The series of questions under the desirabilityigeatas designed to assess how

excited the sonographers were regarding the incatipa of the device into their work.

This section provides some assessment of the acwpof the device among the

sonographers. Four of the six cardiac sonograpkpmted that they would really

benefit from using the articulating arm device, &imd of six thought that their co-

workers would want to use the device. As anti@damost of the sonographers did not

expect to use the device to scan all of the patjdntt four agreed that they needed it for

a select group of their patients. All of the soragipers expressed their interest in trying

a more refined version of the prototype in the fetuTable 4.10 summarizes the

responses from the cardiac sonographers on thanabdity for using the device.

III. Desirability

Strongly
Disagree

1

Strongly
Agree

5

I would really benefit from the use of this new approach.

0

3

I see my self using this device all the time with every

patient.

I would be interested in using a more refined version of this

device in the future.

I think some of my co-workers will want to use this new

approach.

I really need this new approach for a select group of my

patients.

Table 4.10. Distributions of cardiac sonographe¥sponses on the desirability of the

device.
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4.4.3.4.Barriers to adoption

The last section consisted of a list of severa¢pudl barriers that might hinder
the implementation of the device into their worky@a The list of these barriers is shown
in Table 4.11. There are five potential issues Wexe raised by the participants. One
cardiac sonographer reported that the device walold her down too much. Another
one was concerned that the device would not beptadale to patients. The issues of
difficulty to store and clean up the device wesmakhised by one sonographer. The last
issue raised was related to portability. Threeogoaphers reported that they were
concerned about the lack of portability with thereat set-up. The external stand and
the articulating arm will be additional items thia¢y would have to carry on their
portable equipments when they are scanning indhiends’ ward, if they chose to use it
there as well as in the clinic. The latter locati® where the design team envisioned the
device would be used. However, we view this assatppe sign; the sonographers were
optimistic with the device as they were considetmgtilize this device even in their
portable examinations.

The average number of barriers per respondent viasvhich was an
improvement from 2.3 barriers per respondent irptieeious concept review session.
Since the cardiac sonographers had a chance tisigrgoncept in their actual work
setting, it was believed that the barriers idédifin this pilot session have more validity
than the barriers identified only through theomtitiscussion in the previous review

session.
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I don't think I need this 1 Hard to clean

1 Would slow me down too much Too many pieces
Would take too long to learn how to use 3 Lack of portability
Would adversely affect patient safety Looks as though it would be too expensive
Would adversely affect exam quality 1 Difficult to store

1 Would not be acceptable to patients Inconvenient to access when needed

Would take up too much space in the exam
Would not help with enough patients
or pt room

Other barriers not listed above (please list here):

Table 4.11. The list of potential barriers showarite cardiac sonographers. The barriers
identified by the sonographers were bolded.

4.5.Summary

In conclusion, the results from the pilot sessiboveed that the device generally
worked as it was envisioned. The verbal commémizge quality assessment, average
exertion ratings, and directed subjective evaluatiof the device were somewhat
consistent, in that the cardiac sonographers csegdhe potential of having this device
to assist them in performing some parts of the mcgnprocedure. There were some
important issues pointed out during the testingisesthat affect the functionality of the
device. These issues should be addressed inttire filesign iterations, and should then
be re-evaluated by the cardiac sonographers. &ktechapter contains discussion of the
important findings of this study, limitations ofighproject, and recommendations for

future work.
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Chapter 5: Discussion

5.1. Important findings

A literature search revealed that several pubbosthave identified connections
between the cardiac sonography activities and téegpence of WMSDs. However,
there have been a very limited number of resedtahes that have gone beyond the
stages of problem identification and recommendation

Previous recommendations on interventional acéigitvere concentrated
primarily on administrative and behavioral intertiens, and less on engineering controls
(Horkey & King, 2004). Changes that were propdsggrevious literature reports
including training, work schedule rotation, addit#b breaks, organization of work
practices, and education may help in addressing sgonomics issues. However, they
do not tackle some of the fundamental problemsdbetir from incompatible
relationships between the human, tools, and enwiesrt. This is where the field of
human factors engineering and applied ergonomayssp role. To address fundamental
challenges, the incompatible interactions must Besunderstood before the effort to
address the issues begins. Once these interaatiensmderstood, higher reactivity

studies, which involve changing the system undsystmight be conducted.
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In general interventional research, particularyolving engineering controls,
has been limited due to the complex interactiomsiaterrelationships between several
variables in the work place, including many thatreat be controlled by researchers. In
the specific case of cardiac sonographers, a nuafheriables in different work
dimensions play a role in determining the magnitofesk exposure to the
sonographers. These variables include the pdtienght, age, gender, orientation of the
heart, condition of the heart, ability to respoagonographer’s instruction), room space
(the room size, the layout of equipment, the sizeqoipment, the lighting), equipment
(ability to adjust machine/bed/chair height, weighimachine for transportation, weight
and length of transducer and the cord, the sizeshade of the transducer), work
organization (shift scheduling, in-patient vs. patient scanning, rest break, work
protocol, number of patients scanned per day)céndiac sonographers (anthropometry,
amount of training, previous injuries history, 1$eeng style, years of experience,
scanning with left hand vs. right hand) and psyol@d work factors ( interpersonal
relationships at work, emotional support from fayndonographer’s perception on work
load and work pace, etc.). Combinations of anghe$e variables would result in a
different risk exposure to each sonographer (Figutg This highly dynamic
environment makes development of engineering ctandlifficult, in contrast to other
more organized and repetitive activity cycle sgdisuch as those in manufacturing.
Complex interactions between several variablesirequore research effort, making the

identified problems more difficult to tackle.

132



Patient

e Weight
e Age

¢ Orientation of the heart
e Condition of the heart

¢ Ability to respond to
instruction

eetc

Psychosocial Work

Factors Room Space

¢ Interpersonal relationships
at work

e Emotional support from
family

¢ Perception on workload
and workpace

eetc

*Room size

¢ Layout of equipment
*Size of equipment

e Power outlet locations
eetc

Risk
Exposure

Equipment

Cardiac Sonographer
¢ Ability to adjust height
*Machine’s weight (for
transportation)

¢ Cord’s weight and length
¢ Size and shape of the
transducer
eetc

¢ Amount of experience
eScanning style
e Previous injuries history

¢Scanning with left hand vs.
right hand
eetc

Work Organization

¢ Shift scheduling
e Work protocol

¢ Rest break frequency and
duration

e Number of patient scanned
per day
setc

Figure 5.1. Different variables that may influemisk exposure in echocardiography.
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Previous studies relevant to the topic were maslftreported survey and cross-
sectional studies. These studies have done ajgbaif identifying problems and
created awareness of the issues. These kindsdiésthave high face validity and
realistically present the system. But once thdigms have been identified, it is time to
move into the next mode of research, which is tiaintervention effort.

Further investigation, employing observation, imiew and focus group sessions
revealed recurring issues with the cardiac sondgnap current work set-up. Consistent
with prior studies, the cardiac sonographers ig $iuidy found it to be challenging to
hold, push and to maintain the exertion on theastiund transducer. In addition,
awkward and static postures were also recognizée fmart of the problem. However,
these activities provide the image quality desbgdhe cardiac sonographers. Since the
image quality is something that cannot be compredjithe cardiac sonographers are
essentially required to perform and endure theskesirable work activities. There have
been numerous research reports in epidemiolognchbéomechanical fields connecting
the activities of pinching, forceful exertion, awd&w postures, and sustained postures to
the development of musculoskeletal disorders inynwdher populations of workers as
well.

Reducing the cardiac sonographers’ exposure tdpigcpushing, maintaining
exertion and awkward posture may eventually coatelto reducing the overall risk of
them developing WMSDs. In this study, these fegues were translated into the user’s
needs. The goal of the device designed in thidysivas to address these four issues, and

ultimately implement a functional prototype in tieal setting. We realized that efforts
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focusing on usability, usefulness, and desirabiibuld need to be considered in order
for the device to be practical and applicable ®wlork setting. A systematic design
effort, integrating the knowledge of ergonomics anadduct design, and applied in the
specific field of echocardiography was then coneddct

A design process that involved end users througlptbcess was found to be
useful to guide the direction of the design develept. There has been a lack of studies
focusing on human-centered design concepts irsgasific area, though we think this
approach can offer an added value to the finaldesign. In this study, the cardiac
sonographers as the end users were involved thootigkveral design development
stages, and this process allowed the design tedetter understand what was needed
and what was not. The feedback from the end usens us the confidence to move
forward with our concepts. Their enthusiasm argkaaess to help, share their
experience, and offer opinions provided a valuaipet to a more user-centered design,
which will facilitate the development of a userefndly device.

Involvement of people from different backgroundd anth different expertise
such as engineering, design, manufacturing, andloggc sciences was found to be
beneficial to this project. Discussions on a srigsue, but coming from different
perspectives provide more comprehensive understgradithe problem at hand. Getting
feedback from these groups of people, even thaugtime consuming, ensures the
designs are well thought out and considered fromdar angle. In this study, we
initially did not include those with a manufactugibackground when we were designing

the probe holder. Thus, when the technical drasvimgre given to the manufacturing
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people, it was revealed that even though fabrigatue prototype of the design would be
possible, it would be too expensive because ofliffierent tooling and machining
needed. Another design iteration process involumdgviduals with manufacturing
backgrounds reduced the fabrication costs, duenora effective use of machining
techniques.

A pilot session was conducted to assess the cofmegffects on image quality,
as well as initial usability feedback from the sgraphers. Since the image quality of the
cardiac scan cannot be compromised, the pilot@esg&s held in a clinic setting, with
special focus on trying to get quality images. Piet session was treated as a learning
opportunity, as well as the decision point to deiae if the concept was worth pursuing
further. From the pilot session, we found thatdasdiac sonographers were optimistic
for the potential of the device. The device wand® address the user needs identified
in the earlier design stages. There are sevesassthat require improvement, but
overall, the participants gave positive feedbackhendevice. This can be seen through
documented observations as well as by the cardia@gsaphers’ consistent responses
through verbal comments, exertion ratings, andctiigesubjective assessments. In
addition, the preliminary image assessment dematestithat the quality of the scanned
images taken with and without the device were gdlyecomparable. The prototype was
evaluated positively, with overall scores on usahilisefulness, and desirability all
above 6 out of 7, where 1 equated to “very pood @mrequated to “very good”. These

high scores indicated that the cardiac sonographers satisfied with the overall
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performance of the prototype and saw potentiaitftar be developed into something they

would like to be able to use in their practice.

5.2. Limitations

The main limitation in this study is that the desig not yet in its complete form.
The concept is still in the development procesd,iawill take several more design
iterations before the device is ready to be implaein echocardiography settings. As
discussed in a previous chapter, issues such agitiestand and inflexible probe end are
legitimate and have to be worked out before thepteta design is ready for a
comprehensive evaluation. As a result, the evi@ositgained from this study should not
be treated as if they applied to a final design itstead should be treated as an
assessment to check whether or not the concemtdtestial and is worth being further
pursued.

The cardiac sonographers who participated in tindysivere all employed at the
Ohio State University’s medical facilities. Thef#back they provided could be biased
by their specific working environment. Differenedical facilities might have different
equipment, work organization, work protocol, rooetrsp, etc. that might influence the
content of cardiac sonographers’ perception ofihgce. As a result, there is a risk that
the device might not work well if implemented ic@mpletely different environment.
However, the sonographers involved in this studymany years of experience, and

most of them have experience working in other fiéed. The cumulative years of
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experience of the six sonographers involved irnpila study was more than 82 years.
Their previous experience of working in differeatilities should in some degree
compensate for the limitation of recruitment omyrh the OSU’s medical facilities.

Another limitation of this study was that it inveld a small sample of
professional cardiac sonographers. In total, thene twelve cardiac sonographers
involved in one or more of the different desigrgeof this study, from the first
workshop conducted under the parent RO1 researttie tmost recent pilot testing in the
clinical setting. The problem with a small samgiteup is that the data collected might
not represent the larger general population ofiaarsbnographers. However, the subject
sample in this study was demographically diverBlee participants in this study
consisted of a group of professional cardiac samawgrs that was diverse in gender, age,
anthropometrical dimensions, and years of expegienc

In the individual pilot sessions, the trial ordeasanot randomized or counter-
balanced. The cardiac sonographers all were askiggt use the traditional scanning
method and then to scan with the device. As dtrghare might be cumulative fatigue
that built up in their muscles, which may haveueficed the perception of overall
exertion, and ultimately affected their overall kenagions. Other carry-over influences,
such as familiarity with the “patient’s” heart antation or mental fatigue were also
possible. However, this pilot session was intertdddvestigate and gauge initial
acceptance. A full scale comprehensive study wbaldppropriate when the design is
further evolved. For the present, having them sgdhe same order simplified the

testing as well as the data processing time angsas&ffort.
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Another limitation of this study is that the datdlected directly from the
sonographers were mostly in the form of subjeatipimions. Evaluations on force
exertion and postures that were assumed wereuiffac assess subjectively, leading to
potential errors. These subjective errors mighdise to judgment bias and coincidence.
However, subjective opinions on sonographer’s pastehavior were verified through
postural analysis from video recordings. In additieerbal comments on image quality
were also independently verified at a later stage.

It would improve the validity of the study to hate cardiac sonographers
performing complete full scans instead of a pad@n. The pilot session only required
the cardiac sonographers to perform two major sealnich were the Parasternal window
and Apical window, and they did not include makimgasurements on the images, which
is an important component of the scan procedusgfofning a full scan would reveal
more information, such as extra scanning timettm@asonographers may have needed or
the overall effect of the device on the sonograghauscle. However, the device
developed in this study is not far enough alongt smuld not make a lot of difference
in the outcome of the result to have the sonogragherform a complete full scan. In
addition, the sonographers were still learningde the device, so it is believed that
having them perform a full scan at this initialggavould not have been appropriate.

Another issue that might affect the evaluationhig tlevice was that the cardiac
sonographers were involved in the study at diffepamtions of their shift. Half of the
participants tested the device earlier in theiftstinen they might have had more energy

and motivation. The other half tested the devieeards the end of their shift, where
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they may have felt tired due to fatigue build upuwanulated over the course of their
workday. As a result, this might affect the oveeataluation results as the physical and
mental conditions varied among these cardiac sapbgrs. However, we found no
obvious differences between data collected in nmgraind data collected in the
afternoon.

Another issue with the pilot session is that thatignts” tested in this study were
healthy and cooperative. This does not representypical cardiac patient population,
many of whom are overweight and/or elderly. In eaases, the patients are sedated,
and unable to respond to the cardiac sonograpimstisictions. Another comment made
by the sonographers was that one of the “patiantsiiis study, which four of the six
sonographers scanned, has an easily accessibteoheatation. Thus, the cardiac
sonographers did not need to do intense fine métipn of the transducer to get good
images for him. However, the other “patient” whasxscanned by the two remaining
sonographers was considered to have a difficultt loegentation, which is more
representative of the population of patients.

In spite of these limitations, the pilot study pid®s the groundwork for more
comprehensive studies in the future. The protogx@duated in this pilot study is a
functioning prototype even though it is in earlgige of design. The cardiac
sonographers’ interactions with the device providdearning opportunity for the design
team to understand the design flaws in this ingrakotype. Some of these flaws would

never be discovered through theoretical conceptid&ons. Limitations that were
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identified and discussed in this section open upgortunity for future work, which

will be discussed in the next section.

5.3. Future work

As mentioned in previous chapters, this study tsabthe level of a complete set-
up. The prototype made in this study was a stfoagattempt, constructed from a blend
of commercially available and custom made equiprirentder to create a functional
prototype that would provide a means to test aepnihat was difficult for sonographers
to evaluate from verbal description and 2-D skedich®&n obvious future step is to
improve on the design by further refining the ptgpe. Ulrich & Eppinger (2000)
reported that a functional prototype is given t ¢émd users to “identify any remaining
design flaws before committing to production”. T design flaws identified in both
the pre-pilot and pilot sessions were the inflexiptobe end of the articulating arm and
the rigid mounting stand. The idea of an extr&ilog mechanism to allow probe holder
rotation should also be explored, as at least tmographers suggested this same idea.
Some sonographers were also concerned about dwgolocportability and rigidity of the
mounting stand. It would be necessary to investig#ernative set-ups to make sure that
the locking lever will not be in the way of the sgmapher’s knee. A mounting stand that
can be integrated into the ultrasound machine deuthe bed, powered by a small motor
to adjust the height and move sideways, or onehthsiockable wheels are some of the

ideas offered by the sonographers.
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Another improvement that could be made would baetsign a universal probe
holder. Hospital facilities usually have seveifledlent ultrasound systems, made by
different manufacturers. The design, shape, sizé weight of these transducers are
usually different from one another. Cardiac soapgers have to use different systems
according to the machine’s availability, so avaligbof a probe holder that
accommodates different sizes and shapes of the gtoduld improve usefulness and
usability of the device. The current probe holdesnly compatible with two different
transducer designs. Further iteration of the ptaddder design should consider a wider
range of compatibility to different transducer dgs.

A cue or a landmark on the probe holder to sigmaldrientation of the transducer
should be explored in the future. At least two that Six sonographers in the pilot
session reported having difficulty determining toerect orientation of the probe.
Knowing the correct orientation of the probe woséye sonographers some time,
possibly improving the cardiac sonographer’s saapexperience with the device. A
more proper mechanism to secure the transduceldshlso be designed. In this study,
the transducer was only secured using rubber bamdi¥elcro straps. A more refined
but simple and quick to use securing mechanisnfy assnapping on and off the
transducer by means of a press fit or a quick sel@aechanism might make the device
more usable.

A higher level study employing a randomized condiesign of the experiment
and a larger subject sample from multiple clinittisgs should be performed in

evaluating more refined iterations of the designaddition, a more representative
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sample of patients should be involved in thosewatadns. Muscles activity can be
objectively studied using electromyography (EMGgteyn, and a systematic comparison
between the scanning methods can be made. Inagddtigue analysis can also be
performed to understand the effect of using thecdeon the cardiac sonographers’
fatigue rate. Statistical analysis quantifying sigmificant trends observed may also
contribute to the study’s validity.

While the design of the device is still being refity if the new device is to be
successfully incorporated into a clinic settingasideration of how it will be
incorporated should also be addressed. This shiociledde an examination of current
scanning protocols and determining the extent tizhvthis device might provide an
opportunity to possibly re-invent or at least mgdithocardiography scanning protocols.
Further, in order to take full advantage of thedd#s of the device, plans should be made
for educating and training sonographers about tiggns of the device and how to make
the best use of it in order to reduce their exposoiforceful, sustained, pinch grip
pushing exertions that the device is designediéwiate. Once the device is completed,
protocols are modified, and sonographers trairfes) tesearch that examines the next
step in the question of adoption of the device &hba conducted to shed light on the
translational stage of the device’s product lifeley(referring back to the six stages
Design Cycle Model presented in Fig. 3.1).

The objective of the current study was to supgwt2-D probe. However,
volume scanning with a 3-D probe may be the futdingltrasound, at least in clinic

settings. Currently sonographers may be requoedtect both 2-D and 3-D scans of a

143



patient. 3-D probes are quite large and heavpmparison to the small 2-D probes
currently used in echocardiography. The methocéguiring volumes scans is
described as follows on GE’s webéit¢Once the automatic volume scan is initiated the
hand must remain very still and the patient caadde=d to hold breath briefly. This helps
in reducing the breathing artifacts and gives be#sults.” As described, this
requirement for the sonographer to hold her hamg sl during the scan fits well with
the design objectives for the articulating arm devthat was developed in the current
study. The benefits of 3-D scanning are that éugiired images can be acquired more
quickly than a comparable series of 2-D scansmRadiomechanical standpoint, this is
a benefit to the sonographer, but the trade-offasing to handle a much heavier, bulkier
probe offsets the reduce time benefit. If thecatéiting arm could support the weight of
the larger probe and its cord, then that tradewofild be eliminated.

Another opportunity for future study is quantifyitige magnitude of force
exertion required in the echocardiography actigiti€umulative load supported by the
articulating arm can be quantified using force sesisand comparison of overall
magnitude of exertions between the two methoddeamade. In addition,
guantification of forces involved in echocardiodmg@ctivities might pave the way for
future biomechanical study. The results can theended as a foundation to develop
biomechanical models to guide a more involved ded&yelopment in the future.

Additional opportunity for future work would incleddoing a time study of the
postures involved during the use of the device.rkAgampling based approaches for

postural behavior analysis such as PATH (Postucéyiy, Tools, and Handling) or

3 http://www.gehealthcare.com/usen/ultrasound/education/products/cme_3d4d.html
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OWAS (Ovako Working Posture Assessment System)lmeagonducted to provide
additional bases for further comparison of the s@anning methods. These systematic
technigues of quantifying postural behaviors migjkie more comprehensive data in
terms of the percentage of time the sonographenrs iweolved in awkward and static
postures while scanning with and without the device

In summary, this interventional device is not yeddy to be implemented in a
clinical setting. More efforts focusing on the igesiterations as well as planning of
more comprehensive evaluations will be needed doesd the limitations discussed in
the previous section. However, this concept igelet to have potential based on initial
feedback from the sonographers and overall resuttss study. Thus, it can be
concluded that it would be worthwhile to continogoursue this intervention concept in

the future.
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Chapter 6: Conclusion

Even though there have been well documented puiblicaconnecting WMSDs
with cardiac sonographers’ activities, limited mntion research has been done in this
area. This study primarily focused on addresdimegcommon issues of pinching,
forceful exertion, awkward postures, and statidyr@s experienced by cardiac
sonographers through engineering intervention nusth@ highly flexible articulating
arm system with a locking mechanism was introduoeadinimize the cardiac
sonographers’ exposure to those activities.

Using several conceptual design models as a framewa design effort
involving individuals from several different relevsbackgrounds was launched.
Involvement from end users, engineers, ergonomiatisologic sciences professionals,
and manufacturing technicians in the design proa@ssbeneficial as every individual
contributed to the design according to their afeaxpertise.

Design methodologies of collecting data and geamgyédeas were utilized to
systematically guide the development of the pradii¢te design iteration process
included literature review, observation, interviglscussions and focus group sessions.
Intervention concepts generated through thesetsffaere screened and narrowed down

before being presented to the cardiac sonogramarsecond round of focus group
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sessions. Discussions and focus groups used pogtawings, and mock-up models to
facilitate the exchange of ideas. Two concepts\lase well received by the cardiac
sonographers were explored further. A functiomatqiype was developed and another
focus group session was convened to evaluate it.

This focus group session enabled the sonographgikot test the concept in
practice, rather than evaluate it in theory, ay tied been limited to in the previous
concept review session. The feedback from theuseds would determine if it was
worthwhile to continue investing effort in this gaular concept. In general, it was
observed that the cardiac sonographers were ofitraisout the prototype. Overall
evaluations on usability, usefulness, and desitglidicated overall acceptance of the
design. The sonographers reported that the avéveggeexerted when scanning with the
device was reduced considerably compared to td@itnaal scanning method. The
image quality was also found to be comparable batvilee two scanning methods for
most participants, even at this very early poinntrfoduction to the device.

The data collected in the pilot session providsérese of future direction for this
concept. Several legitimate usability issues videatified, and future design iterations
will be needed before the design is ready to bdadmpnted in an actual
echocardiography setting. Future work opportumtyudes more comprehensive
evaluations involving objective data such as muactevities, postural analysis, and
force distribution analysis. These evaluationautthbe performed on a larger sample of
cardiac sonographers from different that is divémshe age, experience, scanning

technigues, and anthropometry.
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In conclusion, the cardiac sonographers are fgoangistent musculoskeletal
issues due to several fundamental scanning aeswtich as forceful pinching as well as
assuming awkward and sustained postures. Thedarfiental issues can be addressed
through engineering controls, such as the artimgatrm device introduced in this study.
This intervention is expected to reduce the card@mgraphers’ exposure to injury risk
factors, which could lead to reducing the prevadeoicWMSDs in this group of workers.
However, it should be noted that relying on engimgecontrols alone may not the best
interventional solution. Engineering controls, @opanied by related changes in work
methods, protocols, or procedures, and coupledapphopriate training in the use of the
new equipment and new or revised practices is & molistic interventional approach
that provides a more complete intervention soluti@n any one of these approaches
alone.

The ultimate goal of this project would be to sdmalized version of this device
implemented in echocardiography settings, andtdaieng about future benefits such as
reductions in the prevalence of discomfort, lostkaaays, occupational turn-over rate,
and compensation claims. Scanning with the ddasiegpected to improve the cardiac
sonographers’ quality of work life, by reducing thigysical strain to which they are
currently exposed on a daily basis. Unlike songirezering controls, the device is not
expected to reduce the sonographer’s productmitych should make adoption
attractive not only to sonographers, but also tucmanagers.

This project provides an interventional design magd for other researchers to

follow. The participatory ergonomics process useithis study offers an alternative to
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“the more common ‘top-down’ safety programs”, asmkes advantage of workers’
expertise and knowledge of the workplace systenarnbff et al., 1999). The steps and
methodologies presented in this study offer anrmirgal framework for future
engineering control efforts. This framework is smned to be applicable not only to the

specific echocardiography area, but also to otheupational areas.
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Figure A.1. This probe holder concept replacemehing grip with a palmar grip. A
physical barrier/guard would provide an extra contaterface for the sonographer’s

hand when exerting the force.
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Figure A.2. This concept was an iteration of tbeaept shown in Figure A.1. We
realized in a later session that the probe enddavoeéd to be flexible for fine
manipulation of the transducer. Thus, a similaroept to concept A.1, but with an
additional ball joint and locking mechanism waspueed.
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Figure A.3. This concept consists of a handle Wt connected to several ball joints
The handle provides the sonographer an interfaocgaiotain force exertion at a more
neutral wrist posture.
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Figure A.4. This pistol grip probe holder conceqtlaces a

-

grip. This was envisioned to provide a more néuwtrest posture when the sonographer
is pushing the transducer against patient’s chest.
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Figure A.5. This concept proposes the use ofielasterials to assist the sonographer
with force exertion.
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Figure A.6. This is a movable board concept, whieegransaucer wouia ne mounted on
a movable board. One board will move towards therathrough a screw cranking
mechanism or a spring system, providing an additiarce augmentation.
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Figure A.7. A concept of a probe holder with afsham mechanism was proposed to
reduce prolonged pinching as well as augment foRugling the lever would rotate the
shaft cam, and mechanically push the transduceartismhe patient.

Rail

Figure A.8. This is a concept generated from gdbécgear system. Cranking the gear
would allow the sonographer to control the magratatiforce exertion.

162



Figure A.9. This concept aimed to replace thepigrip with a more neutral palmar grip
through the D-shape handle. A spring mechanismenassioned to assist the
sonographer in augmenting force.

Exoskeleton structure

Figure A.10. An exoskeleton concept was envisiomdtere the sonographer would be
able to rest their hand on an articulated exosklesttucture. The exoskeleton would
provide arm support as well as augment force.
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Figure A.11. This articulating arm concept wasedno minimize the duration of pinch
grip and awkward postures. Wing-nut knobs werastoved to be used to lock the arm

in place.

Removable weigh

Figure A.12. This is another version of an arating arm concept. Movable weights
were envisioned to provide gravitational force aegtation.

164



Locking mechanisi

Figure A.13. This articulating arm concept haightly different locking mechanism
than concept A.11. Instead of having wing-nut krtbis articulating arm has a larger
radius turning knobs as part of it's locking system
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Figure A.14. This articdlating arm concept was\t from a microphone stand system.
This concept aims to reduce prolonged awkward &t postures.
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Figure A.15. This articulating arm concept hei@rzing mechanism to augment force
exerted on the patient’s chest.

Arm res

Figure A.16. This articulating arm concept is anbination of concepts A.4 and A.15.
This concept promotes power grip as well as progdorce augmentation through
spring mechanism. In addition, there would be ddpd arm rest to support

sonographer’s arm.
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Figure A.17. This concept is a modification of kegrd’s arm rest to allow an external
support to the sonographer’'s arm. A spring medmanvas envisioned to assist the
sonographer with force exertion.
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Figure A.18. This is an elbow augmentation syst@hich pushes the sonographer’s
elbow towards the patient. The idea was that &ereal force to the back of the elbow
would provide the sonographer augmentation to mgsactivities.
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Figure A.19. This probé holder concept consistemvo panels connected at the end by
a ball head. The transducer was envisioned tet@rsd between the two panels.
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Figure A.20. This probe holder consisted of ontg panel that would be machined
close to the probe’s shape. A rubber band or dedtnap would secure the transducer in
place.
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Figure A.21. A probe ring concept that would poevadditional physical barrier around
the transducer was expected to provide a bettesigdlyinterface for force exertion task.

Figure A.22. This is another probe ring concejptjlar to concept shown in Figure
A.21. The additional physical barrier around ttamsducer was expected to provide a

better physical interface for force exertion task.
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Figure A.23. This probe holder concept was deriveoh existing hair clamp availab
in the market. This concept was envisioned to fioddtransducer in place via a spr
coil mechanism.
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Figure A.24. This prot holder concept was envisioned to be compatibleatzstiucer:
of different sizes and shape. The probe holdeahasdjustable panel on the inside of
holder to clamp the transducer in pl:
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APPENDIX B: EVALUATION FORMS
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Participant name:

Interpreted need: Reduce the need for Main solution concept: Articulating arm
prolonged pinching and static awkward hand providing external support to maintain location of
postures during exam. probe

Approach A. Probe position maintenance

Idea Al. Articulating arm Idea A2. Articulating arm rest | Idea A3. U-ring glider

Ball joints Ball joint

i A
D )<= I N

Instructions: Circle (above) the Idea (A1, A2 or A3) you prefer for this approach and then provide
your evaluation of this approach, in sections I - IV of this sheet.

. Strongly Strongly
I. Usability Disagree Agree
1 2 3 4 5

1. I think this new approach would be easy to use, especially with the
targeted patient groups.

2. Ifind this new approach unnecessarily complex.

3. Ithink that I would need assistance to actually use this new
approach.

4. 1 imagine that most people would learn to use this new approach
very quickly.

5. I think this new approach would be very cumbersome to use.

6. I would need to spend a lot of time practicing with this new
approach before I could use it on patients.

7. My overall rating of its usability potential (1= very poor, 7 = very good): 1 2 3 4 5 6 7

Comments:
Strongly Strongly
II. Usefulness Disagree Agree
1 2 3 4 5

1. I would rather use this new approach than our traditional
approach.

2. I believe that using this new approach would be more comfortable
for the patient.

3. I believe that using this new approach would make my work easier
physically.

4. 1 believe this new approach will help me perform my work tasks
more efficiently.

5. I believe this new approach will reduce my physical fatigue at the
end of each work day.

6. My overall rating of its potential usefulness (1= very poor, 7 =verygood): 1 2 3 4 5 6 7

Comments:

Turn page over to continue evaluation of this new approach....
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R . Strongly Strongly
III. Desirability Disagree Agree
1 2 3 4 5

1. I would really benefit from the use of this new approach.

2. I would like to try this new approach as soon as you can get me a
workable version.

3. I think some of my co-workers will want to use this new approach.

4. 1 really need this new approach for a select group of my patients.

5. My overall rating of its desirability (1= very poor, 7 = very good): 1 2. 83 4 &5 & 7

Comments:

IV. Barriers to Adoption. Which of the following would keep you from incorporating this new
approach into your practice? (Mark all that apply.)

1 don't think I need this Would not be worth the effort to set up
Would slow me down too much Too many pieces
Would take too long to learn how to use Too complex
Using this concept would make me Hard to clean
uncomfortable Lack of portability
7 Would adversely affect patient safety Looks as though it would be too expensive
Would adversely affect exam quality Difficult to store
Would not be acceptable to patients Inconvenient to access when needed
Would not help with enough patients \:\c’;gl:rld take up too much space in the exam or pt

Other barriers not listed above (please list here):

[0  Pplease contact me; I have suggestions that I would like to contribute concerning this concept.

Combining Approaches A & B? Would you like to see one of the ideas from Approach A (probe
position maintenance) combined with one of the ideas from Approach B (push force assist)?
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Participant name:

Interpreted need: Assist probe pushing task

(especially on the obese patients). mechanism.

Main solution concept: Push force assist

Approach B: Push Force Assist

Idea B1l. Handle with locking
mechanism

Idea B2. Spring with locking
mechanism

Idea B3. Crank - screw
mechanism

Spring

—

e a—

&

€.t

Screw

)W ===

>

=» Circle (above) the Idea (B1, B2 or B3) you prefer for this approach and then provide your

evaluation of this approach in sections I - IV of this sheet.

- Strongly Strangly
I: Usablllty Disagree Agree
5 1 2 3 s 5

1. I think this new approach would be easy to use, especially with the
targeted patient groups.

2. Ifind this new approach unnecessarily complex.

3. I think that I would need assistance to actually use this new
approach.

4, 1imagine that most people would learn to use this new approach very
quickly.

5. I think this new approach would be very cumbersome to use.

6. I would need to spend a lot of time practicing with this new approach

before 1 could use it on patients.

7. My overall rating of its usability potential (1= very poor, 7 = very good):

Comments:
Strongly Strongly
Disagree Agree
II. Usefulness 1 2 3 4 5

1. I would rather use this new approach than our traditional approach.

2. 1 believe that using this new approach would be more comfortable for
the patient.

3. I believe that using this new approach would make my work easier
physically.

4. 1 believe this new approach will help me perform my work tasks more
efficiently.

5. 1 believe this new approach will reduce my physical fatigue at the end
of each work day.

6. My overall rating of its potential usefulness (1= very poor, 7 = very good): 1 2 2 4 5 &

Comments:

Turn page over to continue evaluation of this new approach....
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II1. Desirability

Strongly
Disagree
gl

Strongly
Agree
5

1. I would really benefit from the use of this new approach.

2. I would like to try this new approach as soon as you can get me a
workable version.

3. I think some of my co-workers will want to use this new approach.

4. 1 really need this new approach for a select group of my patients.

5. My overall rating of its desirability (1= very poor, 7 = very good):

Comments:

approach into your practice? (Mark all that apply.)

IV. Barriers to Adoption. Which of the following would keep you from incorporating this new

I don't think I need this

Would not be worth the effort to set up

Would slow me down too much

Too many pieces

Would take too long to learn how to use

Too complex

Using this concept would make me
uncomfortable

Hard to clean

Lack of portability

Would adversely affect patient safety

Looks as though it would be too expensive

Would adversely affect exam quality

Difficult to store

Would not be acceptable to patients

Inconvenient to access when needed

Would not help with encugh patients

Would take up too much space in the exam or pt
room

Other barriers not listed above (please list here):

[0  Please contact me; I have suggestions that I would like to contribute concerning this concept.

Figure B.1. Evaluation form used in concept reveagsion.
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Participant name:

Interpreted need: Main solution concept: An e e
+ Reduce the duration of pinch grip articulating arm with a locking m
+ Reduce the duration of force exertion mechanism providing external ! e
+ Reduce the duration of awkward postures support to grip and hold the 'fj‘ S
* Reduce the need to maintain static postures | transducer in place. 2

Instructions: Please provide your evaluation of this device, in sections 1 - IV of this form.

Strongly Strongly
I. Usability Disagree Agree
1 2 3 4 5
Probe Holder
1 feel comfortable gripping the current rectangular shape of the probe 0 0 0 3 3
holder prototype.
I think the probe holder would have a tendency to slip out of my hand due 5 1 o 0 0
to its material or texture.
1 think the current probe holder’s size is too wide for a comfortable 2 4 o 0 o
prolonged grip.
It is easy to determine the correct orientation of the transducer in the o 2 1 ° 3
current probe holder prototype.
Articulating Arm
I think the arm is long enough to allow me to locate the transducer where 1 0 0 2 1 3
want to position it.
I think the arm is flexible enough for fine manipulation of the 0 5 1 4 0
transducer.
I think the arm is too heavy for prolonged scanning. 2 4 (4] 0 0
1 think the arm interferes with my line of sight to the patient. 2 3 1 0 0
I think the arm interferes with my line of sight to the ultrasound 3 2 0 0 1
machine.
I think the arm interferes with my access of the control panel. 2 2 1 0 1
Locking Mechanism
I think the current locking mechanism set up is cumbersome to use. 2 1 3 0 0
I think it is cumbersome to lock and unlock the arm repeatedly. 2 1 2 0 1
General Usability
1 think it would be worth the effort/time to set up this device. 0 0 1 1 4
1 feel uncomfortable having this device between me and the patient. 3 1] i 1 i
1 feel uncomfortable having this device between me and the ultrasound 3 o 0 2 1
machine.
I think that using the device will not adversely affect image quality. 0 1 0 2 3
I find this new approach unnecessarily complex. “ 2 0 0 0
I imagine that most people would learn to use this new approach very 0 0 0 3 3
quickly.
1 would need to spend a lot of time practicing with this new approach 3 2 1 0 0
before I could use it on patients.

My overall rating of its usability potential (1= very poor, 7 = very good):  6.16 /7

Comments:
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Strongly Strongly

II. Usefulness Disagree Agree
1 5

1 think using this device would reduce the total amount of time I grip 0 5
(hold) the transducer during a scanning procedure
I think this device would reduce the total amount of time I am pushing 0 4
with the probe during a scanning procedure
I think this device would reduce the total amount of time I work in 0 3
awkward postures during a scanning procedure
I think this device would reduce the total amount of time I have to hold 0 i
myself in a fixed posture during a scanning procedure
I would be inclined to take intermittent rests because I believe the locking 0 3
mechanism would hold the probe location in place for me.
I think there is a significant benefit of having the weight of probe and the cord 0 3
supported by the device.
I would rather use this device than our traditional approach. 0 1
I am able to get quality images with this device. 0 3
I think the arm can sustain enough load when scanning an overweight patient. | 0 2
I think this device would lengthen the time of a scanning procedure by too 5 0
much.
I am concerned that it would make the exam more physically uncomfortable 0 0
for some patients.
I am concerned that many patients might be intimidated by the device. 0 0
I believe that using this new approach would make my work easier, 0 3
physically.
I believe this new approach will help me perform my work tasks more 0 1
efficiently.
I believe this new approach will reduce my physical fatigue at the end of each 0 4
work day.
My overall rating of its potential usefulness (1= very poor, 7 = very good): 6.16/ 7
Comments:

Strongly Strongly
III. Desirability Disagree Agree

1 5

I would really benefit from the use of this new approach. 0 3
I see my self using this device all the time with every patient. 0 1
1 would be interested in using a more refined version of this device in the 0 5
future.
I think some of my co-workers will want to use this new approach. 0 <)
1 really need this new approach for a select group of my patients. 0 3
My overall rating of its desirability (1= very poor, 7 = very good): 6.08/7

Comments:
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(Mark all that apply.)

Iv. Barriers to Adoption. Which of the following would keep you from incorporating this new approach into your practice?

I don't think I need this

Hard to clean

Would slow me down too much

Too many pieces

Would take too long to learn how to use

Lack of portability

Would adversely affect patient safety

Looks as though it would be too expensive

Would adversely affect exam quality

Difficult to store

Would not be acceptable to patients

Inconvenient to access when needed

Would not help with encugh patients

Would take up too much space in the exam or pt room

Other barriers not listed above (please list here):

O Please contact me; I have suggestions that I would like to contribute concerning this concept.

Figure B.2. Directed subjective evaluation forredign pilot session.

178




Date:

Subject ID: Gender: Age group: Height: Years of experience:

History of WMSDs:
( & when)

Scan conditions: Patient: Manufacturer of the Probe model:
ultrasound machine:

Scan 1 - control Notes:

Start time:

Scan 2 - with arm | Notes:

Start time:

Notes:

Figure B.3. Data collection form used in pilotses.
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File name/designation:

Scanning window Comparable | Image quality in | Note (if applicable)
quality one image is
between the | better than the
two images? | other?

(if yes, please | (if yes, please

check) provide
timestamp of
the better
image)

PLAX (Parasternal

long axis)

PSAX (Parasternal

short axis)

PLAX — color

RV INFLOW : PLAX
— color

RV INFLOW : PLAX
— without color

RV INFLOW :
DOPPLER

PSAX : M- Mode

PSAX : Sweep

Apical 4 chamber

Apical 2 chamber

Apical 3 chamber

Apical 4 : Color

Apical 4 : Doppler

Overall comment:

Figure B.4. Evaluation form used in image quadisgessment.
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