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Abstract: This paper examines the histooy the research and development (R&®&f) myoelectric upper limb
prosthesisn Canada fron1960to 2000.It focuseson two of the prosthetic research and training units (PRTUS) that
were created and fundéy the federal governmeassa resultof the Thalidomide tragedy: the Rehabilitation Centre
at the Ontario CrippledChildren’s Centre (OCCC) and successor organizations, and the Univerfsilyew
Brunswick’s (UNB) Instituteof Biomedical Engineering (the Institube IBME). Both developed commercial systems
for myoelectrically controlled arms and handfge argue thatjn contrastto the common view that researah
universities and public research institutions has increasingly movey fa@ basic problems antb product
development and commercialization over the period, resdarttis field has moveéh the opposite directione
explore these casés detail and examine the forcaswork in this change from a design-oriented approtcbne

that became research interesiv

Résumé: Cet article examine ['histoimde la recherchest développemen(R & D) pour les prothéses myoélectriques
de membres supérieuel Canadade 1960a 20001l seconcentre sur deux des unités recheettde formation sur
les prothéses (PRTUsg)I ont été crééeet financées pate gouvernement fédéral la suite de la tragédiede la
thalidomide:le Rehabilitation Centrau Ontario CrippledChildren’s Centre (OCCCEt les organisations qui lui ont
succédégt le University of New Brunswick’s (UNB) Institute of Biomedical Engineering (IBME). Les deux ont
développé des systemes commerciaux pour desbdes mains a commande myoélectrique. Nous soutenons que,
contrairement a l'opinion commune a l'effet daeecherche dans les universigsles institutions publiquede
recherche’est de plusen plus éloignée des problémes fondamentaux peaoncentrer sule développementtla
commercialisatiomle produits,la recherche danse domaine a évolué datesdirection opposée. Nous explorons ces
cas en détailet examinons les forceslaeuvre dansce changement d'une approche axéela@onception vers une
approche devenue intensigarecherche.

Introduction

The idea that researahuniversities and public institutions has recently changed from a focus otifi&cien
discoveryto knowledge production has found expresdiom variety of theories of profound changes
scientific cultures. Advocates of the changes include the authors of thetsonEenode 2 knowledge
production, knowledge translation, and the triple helix of university-indggtwernment relationsin the

1 M. Gibbons,C. Limoges,H. Nowotny, S. SchwartzmanP. Scott, and\. Trow, The New Productionf Knowledge: The
Dynamicsof Science and Researah Contemporary Societies (London: Sage, 1984)Nowotny, P. Scott,M. Gibbons,Re-
Thinking Science: Knowledgendthe Publidn an Age of Uncertainty (Cambridge: Polity Press, 200H);Etzkowitz,“Research
groupsas‘quasi-firms’: the inventiorof the entrepreneuriainiversity,” Research Policy 32, (2003): 1d21;H. Etzkowitz and
L. Leydesdorff,‘The endless transition: Atriple helix” of university-industry-governmentelations,” Minerva 36, (1998): 203



language of the mode 2 concept, which has emexgttke “normal science” of the R&D and innovation
studies research field, the transition consita change from the old paradigm‘stientific discovery”
(mode 1)o the new on®f “knowledge production” (mode 2) The old approach consisifexperimental
science, internally driveby autonomous, university and discipline-based researdherentrast, the new
knowledgeis produced through socially distributed, application-oriented, trans-disciplipamgcts,
subjectto multiple accountabilities and performad-“contexts-of-application.”

The knowledge translation literature uses similar teimsdescribing the turning of knowledge into
action® Often usedn association with nursing, medicine, bio-medical engineering research acthtess
fields, examplesf knowledge translation include the application of laboratory discovierigigagnosior
treatmentof disease (new drugs, for instance) and theofislidated procedures, tests and treatments
practice and policy (new clinical administrative procedures3ome of the literature the knowledge-into-
action process sounds like the linear moafelnnovation, involving the‘...(a) incorporationof basic
science innovations into the design of new tests and treatments, Janptdke of validated tests and
treatments into clinicaractice.” Another linear model-like description characterizes the process this way
“Knowledge translationis about turning knowledge into action and encompasses the process of both
knowledge creation and knowledggplication.” Where the idea of a changing research cultarebe
seenis in the emergencén the alternative characterization of knowledge translasisa procesof
engagement of knowledge usirsesearchTo distinguisht from“basic” knowledge translation, this user-
oriented formis often referredto as integrated knowledge translation (GKT”). The emphasiss on
“exchange of knowledge between relevant stakeholders that réaudition . .” with a first research step
consisting of identification and cultivatiaf relationships with users based on a common understanding
of iKT.® As a result, knowledge users are stctollaborate with researchets determine the research
guestions, methodology, data collectasiyvell asinterpret findings, and help disseminate research results.
Others have noted the similarity of knowledgmmslation with mode 1 research, and iKT with mode 2, and
in particular the situating of research within the context of application from teetofithe project.

Although the mode 2 concejst particular has been strongly criticizad more political ideology than
descriptive theory, overstating the ra¥ universitiesin innovation, and wrongly viewing mode &5
something new, there are nevertheless strong commonalities with matal aitcountof changesn
scientific policy, funding and research over the past fifty yéarsis includes work by the Paul Forman
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university-industry-governmentelations,” Research Policg9, no. 2 (2000): 109123; H. Etzkowitz, A. WebsterC. Gebhardt,
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Research Policy 29, no. 2 (2000): 3330.
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Research Policg7 (2008): 746760.
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Journalof the Royal Societgf Medicine, 104 (2001): 565009.

4 Ibid, 502.

5Jan Grahamet al., “Lost in Knowledge Translatiorls it time for amap?” The Journabf Continuing Educatioin the Health
Professions?1 (2006):13-24,22.
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7 sarah). Bowen and lam. Graham:*From Knowledge Translatioto Engaged Scholarship: Promoting Research Relevance and
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to action through dissemination angkchange,” Journalof Clinical Epidemiology64 (2011):25-31, 28; Myfanwy Morganet al.
“Implementing ‘translational’ biomedical research: Convergence and divergence anlongakand basicscientists,” Social
Science & Medicing3 (2011): 945-952, 951; Alison KitsofiThe need for systems change: reflectiomknowledge translation
and organizationalhange.” Journalof Advanced Nursin@5 (1), (2009): 217228, 225; Carolé\. Estabrookset al. “Knowledge
translation and research careers: Mode | and Miodetivity among healthesearchers,” Research Polic$7 (2008): 10661078,
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on the reversaln primacy of science and technology, PhilNfirowski’s Science-Mart, post-normal
science, finalisation science, strategic research/strategic science, igceaigitalism, and post-academic
science. Forman and Mirowski, for instance, share the viewwiaare living through a profound
transformatiorof science. Both focus on the transition pebthe 1980s and the rigé a view of science
asanendto technology, a corresponding decline of the idea of sciasarendto itself or asanagentto
the progress and expansion ah enlightenment culture, and the trehol escalated and enhanced
commercializatiorof science®

In this articlewe argue thatjn contrastto the common view that researdn universities and public
research institutions has increasingly moved away from basic problerts@rdmercialization, research
in this field has moveah the opposite direction, from design-oriented projects beginnitige 196040 a
focuson long-term research problems, beginninghe 1980s. The paper begins with a brief introduction
of the history of powered, upper-limb reseamciCanadaWe then examine the history of reseangtthis
field at the Ontario Crippled Childn’s Centre and the University of New Brunswick. These research
groups were choseasthey both emergedsinternational leaders the field by the 1960s and wereofwo
the few groups world-wide that developed commercial, upper-limb myoeléaothiclstems? Following
these historiesve examine the cases light of the theorie®f changing research approaches during the
period, draw conclusiorasto the forcesaatwork in the cases, and offer suggestions for future research
engineering science during the period.

Background

Canada was a relative lateconberesearch on myoelctrically-controlled artificial arms and hands. The
originsof the field werdn the late eighteenth century discovery of the relationship betweerigiteetnd
muscle contraction by Luigi Galvani, subsequent viorove electrical currents did origindatemuscles,
and then developmeant instrumentsn the late nineteenth century and early twentieth centiri@easure
electrical currents! Although a bench-top electric prostitehand had been demonstraiedBerlin in
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191912 the concept of using myoelectric signalstump muscles for control of a mechanical hand would
haveto wait a generation untit was first reducetb a proof-of-concept device. The device was developed
by Ronald Reiter during his graduate studrephysicsat the University of Munich from 194t 1948.
The system he designed and built was a literal bench-top toob dlsedependence upon A.C. electricity
and a vacuum tube amplifier the sizeanfattaché casdt used a three-state controller and proportional
controlasdevices do today, but never proceettedinical investigatiort® Reiter stated thah 1948,“. . .

the political and economic conditioits Germany were not conducite further work on theproject.”
Although published, the work would only be rediscovered after the irdéakelopment of similar
myoelectric systems the 1960s.

In the US, theUS National Academy of Sciences discovered near the end of WorldI\Waat little
modern scientific effort had gone into the developnodrartificial limbs, andn 1945 initiated &‘crash”
research program funddxy the Veterans Administration Office of Scientific Research aadeldpment.

The state-of-the-art devices 1945 were shouldgrowered, artificial limbs for adult arm amputees, using
cables (like those usex bicycles today}o open and close the wooden, mechanical hand. For chiltiren,
was cable controlled hookasartificial hands had not been developedmall sizes® One of he major
outcomes from the sponsored programs of the Office of Scientific Resmaitdbevelopment came from
a projectat International Business Machines Corp. (IBM). IBM investigatedtimeept oinelectric arm,
and then developed a device with finahaupport from theJS Veterans Administratio From that
project came the realization that users could not control th&ielaom without conscious thought, and
that for most amputees the level of efftotcontrol a prosthesis exceeded the benefits received. The
suggestion was that future research should focus on electric arm caittiough the concept had been
demonstrated nearly a decade earlermanyijt was this work that would influence the figtmifocus on
control of artificial arms and hands through myoelectric systéms.

As with space rocketry, the most sensational developments of the periodeddésuhe Soviet Union.

The concept of using electrical sighals from musteontrol a prosthesis was first formulaiedl957 by

a joint groupat the Machine Research Institute and the Central Research InStitithe 1958World’s

Fairin Brussels, th&JSSR’s pavilion of new technological breakthroughs showcased the Russian Hand, a
myoelectric forearm prosthesis powered by a miniature D.C. motor and haditdryvorn on themputee’s

belt. The design wa® have significant influencm the United Kingdom and Canada, where rights were
licensed for manufacturin.Worldwide, it raised expectations about what could be done for amputees and

2a, Schlesinger, R.R. DuBoiR. Radike, ancs. Volk “Der mechanische Aufbau detinstlichen Glieder” |.: Der Eratzrarm. In:
Ersatzglieder und Arbeitshilfen fiir Kriegsbeschadigte und Unfallverletzte Btd.BorchardtK. HartmannH. LeymannR. Radike,

G. Schlesinger. Berlin, Germany: Julius Springer-Verlag. (1919

13p.s. Childress and M.V. PodluskyMyoelectric control— Letterto the editor,” Medical & Biological Engineering 7 no. 3
(1969): 345.

4 Louise Boldon, A Historpf Myoelectric Control MMA Thesis, Universitypf New Brunswick, 1983).

Bys Departmenbf Health, Education and Welfare, Offioé Vocational Rehabilitation, Progress Prosthetics (Washington:
US Government Printing Office, 1962,

16 samuel. Alderson, The ElectriArm,” in Chapterl3 Klopsteg and Wilson Ed. Human Limbs and Their Substitutes (New
York: McGraw-Hill, 1954).
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simple. The electrical activity naturally generatgdcontracting a muscle a residual limlds amplified, processed and used
control the flowof electricity from a batteryo a motor, which operates artificial limb.” See:L. McLean andR. N. Scott,*“The
Early Historyof Myoelectric Controbf Prosthetic Limbs (194%5970)” in Powered upper limb prostheses: control, implementation
andclinical application, ed. Ashok Muzumdar (Berlin: Sprinyferlag, 2004),1.

8p, Popov,“The Bio-Electrically ControlledProsthesis,” J. Bone & Joint Surg., 47B (19653:
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Developmentin Moscow and licensed the Canaimanufacturing rightdo the Russian myoelectric arm. Expectations were
greater than realities, although there were resulting clinicalusteddeveloped from the Russian Hand licensing deal. BSee:



provided fuel for scholarly and popular science articles on the future of the man-enatbiface and the
field of cybernetics.

In Canada research on artificial hands and prostheses Imegdrospitalin 1949at the Sunnybrookn
Toronto, which was the laboratory facility 6inada’s Department of Veterans Affairtn the 1950s, the
focus was on making existing body-powered and mechanical-hand prostheses more useful through the use
of new plastics and materials, novel suction socket fittings, and cosmetesglblre developmeraf
powered hands Canada begaim responséo a funding program createss a resultof the prescription
sale of thalidomide from April 1, 196b March 2, 19629 In 1962, the Department of National Health and
Welfare convenedan expert committee on the rehabilitatiah congenital anomalies associated with
thalidomide?! The committee reported and made recommendations for research aruy.trdine
department took action. Starting1963 the department provided $200,000 annually for three research and
training unitsat the Rehabilitation Institutef Montreal, the Rehabilitation Hospital Winnipeg and the
OCCC?2 A fourth,atthe UNB, was added later that year. The Rehabilitation Instifuéontreal focused
its efforts on improvement of the Russian Hand, whichadin-licensedto exploit within Canada. The
Rehabilitation Hospitah Winnipeg did work on lower-limb prosthetics.

University of New Brunswick’s Institute of Biomedical Engineering

UNB?’s Institute of Biomedical Engineering (IBME) owes its existetoce request for assistanicel1961
from a local rehabilitation centre aware of wakUCLA on new prosthetic devices for quadriplegic
patients. Onef theUNB faculty members who attended the meeting convegéke dearof science was
a young assistant professor of electrical engineering named Rblsxott.

Scott began his bachelor of science deg@ebENB in 1950, graduating with twelve other electrical
engineersn 1955. Accordingo Scott, educatiom electrical engineeringt the time was mostly practical,
with very little theoryin the curriculum. There were no electives outsitithe eight courses per term. The
curriculum did not yet include solid-state electronics or computer/digysiemsControl systems theory
wasin itsinfancy. The education of undergraduate electrical engineering stuwenssill largely grounded
in the craft traditiorof engineering, not the applied science practice model emanatingfanstitutions
like MIT and being transferred north via Canadian universitiestlie University of Toronto. For example,
atthe start of his studies, Scott was instrudteldring a good pair of pliers arahelectrician’s knife to his
courses.

Scott joined the electrical engineering departnaeat faculty membein 1959.At that time no oné the
department had a doctoral degree. There were two faculty membemnagthrs degrees, but, according
to Scott, these were almost honorary, based on teaching experience and on€heafaeulty focus was
on teaching, not research. However, the dddJyiNB engineering, a recipient of a mastéscience degree
in electrical engineering, saw the way the future was going and encoureggdoSlo research, even
thoughit would not be easy ith the lack of mentors and meagre equipment and budygéts electrical
engineering department.

The result of the meeting with the local rehabilitation centre agpitovision of technical assistartoe
guadriplegic patientto improve control of their wheel chair$.also ledto the formationof a new group,
called“The Technical Assistance and Research Group for Physical RehabiltBA®GPR).” The idea
that emerged from discussions with the patients and centre repressntedgo address aommunication
and control problem between the person and the wheel chair. Scott contactsktrcherst UCLA who

ShermanG. Gingras, A.L. Lippay;New trendsin externally powered upper extremityostheses,” World Medical Journal 15,
no.5 (September-October, 1968): 121-125.

20 By Septembet964the Department had identifi@? children affectedby thalidomide, with mosin Ontario and Quebec.

21 Among the ten clinical experts the committee were Dr. John Hall from the Ontario Cripjleidren’s Center and Dr. Gustav
Gingras from the Rehabilitation Instituté Montreal. The Reporof the Expert Committeef the Habilitationof Congenital
Anomalies Associated with Thalidomide, dated DeceriBéP,was obtained undemn accesso information request.

22 The grant was continued until Mar8th, 1975, three years after the termination adt®larch31,1972.



were building a powered splint that was controlled by a tongue-operaiieth.sidsers were abl® feed
themselves with the tongue-controlled arm. This was the seed of th¢hatemuscles could be usen
control a device that would influence Scott and the Institute throughdusttsy. For the two patients
the local rehabilitation centre, Scott built a tongue-operated controller for betie@wheel-chairs.

The group decidetb focus on myoelectric controbsit seemed the most promising technolo@f the
technical program that developed Scott saWe initially defined the objectives terms of the clinical
education, and nah terms of academically respectable resea¢b.did nottry notto do good science.
We were notatthis very long beforeve needed researc¢h support the applicatione were workingon.”?3
It was far from curiosity driven research, even for engineers, so suittat when the groups received
initial funding from the Departmemf National Health and Welfare, the first thing wastodtire graduate
students, but professional technical sthffvas only afterwards that Scott realized that he could develop
research topics that coube undertaken by graduate students.

The first graduate studett fill this role was Philip Parker, originallgin electrical engineering graduate
studentof Scott’s in the early 1960s, and subsequently a faculty member for twenty-nineiry@a¥®8’s
departmenbf electrical engineering. Both were interestedesearcto assistin developing a systeto
meet clinical requirements. Scott directed the Institbie.and one of thénstitute’s professional staff
designed theontrol system. Parker developed the algorithmeontrol the switching levels among limb
functions. Parker was its research leader, with a focus on understandimgrthe neuromuscular system
and control of prosthetics limbs. Instead of importing systems from elsewdhgm@duce makeshift
solutions, suclashardware from UCLAo make a tongue-controlled wheelch&dlNB now had the people
to develop conceptual designs and implement timeemgineered systems.

It was a transitional perioat UNB’s faculty of engineering. Parker obtained his doctoral degree from
UNB under the tutelage of Scott, the direatbgraduate studiea the department and recipient of a mere
bachelor of science degrdr.1965, the informal, unincorporated and unaffiliated technical assistance and
research group for physical rehabilitation (TARGPR, which, uncharaateligtof the age, emphasized
technical assistance ahead of research), was constitutl@ aesearch institute by the senate and board
of governorsto undertake interdisciplinary research involving more than one fachlamed the
Bioengineering Instituté it was given a three-fold mandate that mirrored tiidhe university: teaching,
research, and community servicEhe applied science model of engineering had con¥éNB, asit had
at many Canadian arndS engineering schoola the 1960%°

One of UNB’s major contributiongo the advancement of myoelectric hand technology iwasgnal
processing. A challenge developing systemis the 1960s was producing a prosthetic device design
that was the right size and shapenatch the lost limb, anig avoid bumps and bulgé&s accommodating
the electronics. The importanogthis concept came from collaborations wittodX. Throughout the early
and mid-1960sUNB was committedto the ideaof prostheticsas primarily functional devices, the
equivalent of‘pliers on wires.”?® John Hall, head of pediatric orthopaedatshe University of Toronto,
introduced thé&JNB groupin 1968to a fifteen-year-old girl missing a limb below the elbow. Shehigisly
functional with her prosthesis. She had been wearing a conventional prosthibsis\ith a harness strap.
Although she was agreeable with a triabofelectric powered handj the fitting she said she wanted Hall
“to take that damn thing away frame.” It did not look good or fit. The message from Hall and the patient
was that they wanted something comfortable, good looking, and last, betasaptfunctional. TheJNB
group had been focused on makangelectric pairof pliers work better, suchsthe systemn Figure 1.

23R.N. Scott, author interview, Md; 2010.

24 Subsequentlit wasre-named the Institutef Biomedical Engineering,

251n some engineering departmeatdJNB, suchassurveying and chemical engineeriitgywas thereat the outsetn 1960. One
of the source®f influence for the applied science mo@élengineering research were the conferences orgabigdde U.S.
National Academyf Sciences Center for Prosthetics Research and DevelopmenDj@GPF961, 1963 and 1965t theseUNB
faculty learned abouts modelof research, development, testing and evaluaifarew prosthetic devices.

26R.N. Scott, author interview, Mdy; 2010.



That was a turning point for SCOUNB’s focus would havéo changeo listeningto the patient, and fitting
the technologyo the requirements of a comfortable and attractive prostHesis.

Figurel: UNB myoelectric control system, 1965, including cofiar with strap (top), terminal device (leéhdelectrodes (right). Source: David
Foord

This allowed the Bioengineering Institute and the OQG@et ahead of other research groupshe
development of myoelectric controls for integratiora natural looking and comfortable prosthetic device.
In other words, the electronics and myoelectric controls would be built into thesdlostratedin Figure
2, not worn outside the prosthesis. A second novel feafuh® UNB myoelectric controls was thatwas
not a highly intelligent device requiring minimal input from the user.JN8 group found that this design
faced a psychological issue for patients. They did not get the sameo§eatisfaction from a device that
was highly automated (i.e. a device that respomaléfte commandfeed me” by moving the arm and hand
in a pre-programmed patteimlift a spoonto a mouth). Scott recalled that quadriplegic patiantise local
rehabilitation centre wanted a wheelchair they could drive, and didrianttto be drivenor pushed. For
Scottit was about the feeling of beiirgcontrol?®

27 patients were primarily children given the fomighe Departmenof National Heah and Welfare funding. Unlike researah
MIT and US rehabilitation research centres, the foatidNB during the 1960s and 1970s wax on veterans.

28 R.N. Scott. author interview, Mdy; 2010.



Figure2: Adult prosthesis with UNB control unit, circa 19%burce: David Foord.

In 1981 the Institute developed a regional limb fitting clinic and serva myoelectric controls
manufacturing group and a distribution group. The concept behind the marnintaend distribution
business was th#twould make and sell products developed by Institute reseai@bwened| asdistribute
productsin Canada for firms suchsLiberating Technologies Inin theUS and RSL Steepén the UK,
with profits distributed backo the Instituteto further the research agenda. Mark-ups on the abst
production ofUNB-based products were modest. For exanpl&980 a myoelectric trainer that had a cost
of production of $3,300 was sold for $3,59@ was a novel and unconventional approach. The convention
was (and still is) for universities ntd sell biomedical products, but ratherlicense technologto firms
that can afford the cosbf commercial or clinical product development and accept the liabilitiegthat
along with product sales and service. However, with the exception of &uhahdhostlyUS institutions
suchasMIT and the University of Wisconsin, these were still early daysiniversity technology transfer
and new product development. The Bayh-Dole Act had been passed, but the emwdtitaffing of
technologytransfer was just getting started.

This experimentin business lasted about eight years. The fitting service and manufacéumihg
distributions groups lost money dteesmall mark ups on products and low sales numbetthe biggest
sales year, twenty-two systems were stid1989, the business was wound up and rightbe locally
manufactured products were stidd_iberating Technologies Inc. This meant that some Institute technology
found applicatiornin Liberating Technologies Inc. products, whereas others,agstbbUNB wrist controls,
were shelved. With the wind-up of his operation, the Institute brdaggtk the fitting serviceo its campus
location.

By the early 1990s Scott had retired a new generation of Institute researcheed, urader Parker, were
risingin prominencen the field, including two future directors of the Institute, Bernie Hudgim Kevin
Englehart. This solidified the transition of the Instititt@ research orientation. The specific research focus
was on the application of pattern recognition for comtfahyoelectric prostheses for persons with a loss
above the elbow, a group that had not been well served by first genefatigoelectric controlled artificial
arms that had emerged into commercial use by the late 1970s. This presemtexichallenging research

29 |bid.



area than one orientdd the design of control systems and hardware for below elbow amputees, which
could use signals from two or more muscles.

The research rationale for signal or pattern recognition methasi$hat the most common functioos
the elbow or hand occur from the work of groups of muscles, only some oh wlivectly control the
movement. For instance, when the elbow brings the forearm from besidgtihthe chest (as when lifting
a dumbbell), therés also movement of musclésthe shoulder blade. Those back muscles do not control
the movement, but rath@k and stabilize the arsp other muscles can exercise direct control. This means
that the myoelectric signals are not simply a singlegmfi electricity from a bicep or tricep muscle, but a
complex pattermof signals.

For upper limb prosthesis myoelectrics, pattern recognition offeregdhsibility to recognize the
patternsn myoelectric signals from specific movements sastopen hand” and“close hand.” When the
operator sent a commatuiclose the hand, the microprocessor analyzed the new data against a isedel ba
on previous signal informatioif.the computer recognized that this particular signal was sitoifaevious
ones usetb close the hand, the controller then selected a pre-programmed movelossmhandUNB’s
IBME emergedas a leadelin pattern recognition anith turn from exploring way$o make the most of
information from surface electrodesmaking sense of information directly from the nervespartof his
doctoral researcin the late 1980s and early 1990s, Bernie Hudgins discovetratbtar plan” in the
myoelectric signals accompanying the onset of arm or hand movéhhéiatthesis was that motor plans
were the outcome of learning simple, ballistic contractions, which, omeevament had been learned,
became stable for a given ta#kis like artillery pre-planned Ofpredicted fire” plansin that the muscles
in the arm and hands are also trained and thetodet accordingto specific and detailed sequences.
Secondjt is only with great difficulty that this motor plan could be discerneddmnond order information,
suchasthe sound of gunfire or neuromuscular signals picked up &oretectrode on the skiit. was these
difficulties that opened up research issirethe application of pattern recognitiomorderto understand
the by-producbf complex temporal and spatial muscular signals.

Accordingto Englehart, what had occurred was a change frowery use oriented field, focused on how
to make prosthesis work the 1960sto interestin the 1970sn the concepof a“man-machineinterface,”
andin the late 1970s a focus on commercialization of devices and use-oapplazhtion of EMG signal
processing.”! And then, accordingp Englehart, advancés myoelectric controls souf died for fifteen
years with no fundamental change. What brought the fieldfdhis lacuna waBludgins’s dissertatiorin
1991, which createdninterestin the applicatiorof pattern recognitioto EMG control, and was followed
by hundreds of papers written thereaffdfor Englehartjt was here that he saw a role and potential for
science. The relevant questions were hownakeit work and howto measuret to improve the user
experienceEnglehart’s own work built onHudgins’s to develop a language for using pattern recognition
in the field, and a series of papers he publishelde 1990s demonstrated titatould be done with modest
computer systems with low-power requirements.

Parker, Englehart, and Hudgins research on the challenge of extraftimgation from muscle-group
activity to control multifunction prostheses continued through the 1990s with sdpparvarious research
funding bodies. Fundindrom the Natural Sciences and Engineering Research Council was a staple,
increasingly supplemented the late 1990s and 2000s by new innovation funding programs, and funding
to support international collaboratioasthe Institutés signals processing capabilities gained recognition.
Interestingly, everasthe funding begamo call for commercialization and new development engineer

30 B.S. HudginsP. Parker, and R.N. Scott:A new strategy for multifunction myoelectriontrol,” IEEE Transaction®n
Biomedical Engineering40, no. 1 (1993)82-94; B.S. Hudgins;‘A Novel Approachto Multifunction Myoelectric Controbf
Prostheses,” Ph.D. Thesis, Departmeat Electrical Engineering, Universityf New Brunswick (Fredericton, Universityf New
Brunswick: 1991).

81k, Engelhart, author interview, Api23, 2010.

32 The paper basash the dissertation has been ci&HlL times, accordingo Google Scholaon August3, 2015.See:
B. Hudgins,P. Parker, R.N. Scott;A new strategy for multifunction myoelectriontrol” IEEE Transactionn
Biomedical Engineering. 40, Isst¢(1993),82-94.



positionsin funding proposals (instead of the research engineers that had beers fixtinee 1990s), the
Institute’s researchers-although operio commercializatiorof their research-continuedto perseveren
their nicheof control methodologies. Although they had long ago reversed the prioritigsafn and
research that was inherénthe titleof the original‘Technical Assistance and Research Group for Physical
Rehabilitation,” that had continuedn ethic of focusing on poorly served patients groups (previously,
below-elbow amputees, now above-elbow) and development of systems that were relatively.low-cost

In summary, there were twdNB cases: one design-engineering case, and a second focused on pattern
recognition scientific research that begammove into clinical application by the early 2000s. The original
group reflected the craft approatt engineering design, beginning with need, not research. Technical
assistance came first, and was subsentieendsof physical rehabilitation. This was the case with the
assistanceo quadriplegic patientto improve control of their wheel chairaswell asthe collaborative
design work with the OCCC. Systems were defined, developed, tested angddiprthe clinic, notin
the laboratoryjn discussion with occupational therapists, prosthetists, production managdrdesign
engineers. Research was a meanthe endof technical assistance, and was acquired only vithems
discovered that issues could not be solved with existing knowledge. The sesasdw the rise of a
scientific research culture within electrical engineeahtyyNB that grewasthe craft tradition witheredt
more closely aligned with théscientific discovery” approachto development, internally driven by
autonomous, university and discipline-based researchers, altlitoatfo shared mode 2 characteristics
suchasbeing subjecto multiple accountabilities.

As to the forces behintNB’s workin myoelectric controls, the list must include the federal government
funding programé Canada and the U.S. (whidghthecaseof the U.S., resulteith selectiorof myoelectric
control systems for powered upper limb devices), collaboration with colleagyuesversities, hospitals
and clinics, users, and technolagi@dvancemenin battery, computing and materials. Technological
innovation was connectetd patient influence. Lighter, more efficient batteries and materiatsvad
prosthetistao design and fit hands for younger childrémturn, they learned that children who got their
first prosthesigt12-15 months usdtimore spontaneously. They want®&doken arms” fixed more quickly
because they were highly dependenitomhis ledto more refined controls systems. Faculty and staff also
exercised powein these cases, for exampte using applied research and innovation oriented funding
programsto perseverén addressing complex research problémserve user groups. Last, and tmbe
missed, were the changing practices and identities of engineers. Altadugfsition from emphasis on
designto trainingin mathematics and sciences had been underway since the introdiictiogineering
programdn Canadian and U.S. universitieshe 1860s and 1870s, and the resolution ofdhep culture”

/ “school culture” conflictin the 1880s and 1890s with a degree-structure that combined both science and
mathematics courses with design instruction and projéths, spreadf the applied model occurred much
later. Accordingto Bruce Seely, most American engineering colleges first fully embraoedhalytical

mode of engineering science immediately after WoNar II. At UNB’s department of electrical
engineering this influence beganthe 1960s, but was not fully embraced until faculty members trained

the engineering design tradition had retitéd.

Ontario Crippled Children’s Centre

The Ontario CrippledChildren’s Centre’s (OCCC’s), establishedn 1957 and now called Holland
Bloorview Kids Rehabilitation Hospital, was from the early 196D¢he early 1990s pgioneerin the
developmenbf myoelectrically controlled hands, wrists, and elbows for children. Tiheseprostheses,
illustrated below, were created kgn interdisciplinary team of researchers, occupational therapists,
electrical engineers, mechanical engineers, and product managers from tres @Bt and a local
technology transfer company, Variety Ability Systems Inc. (VASI). The early yeams,the 1960%0 the

33 Eugene Ferguson, Engineering andAtied’s Eye (Cambridge: MIT Press, 1991),
34 Bruce Seely;The OtherRe-engineeringf Engineering Education, 1980965;” Journabf Engineering Education, (Julp99)
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mid-1970s,saw the creation of the technologies and institutional structures thatdwmderlay the
development ofVASI’s commercial products. The coming together of the interdisciplinary team and
development of these legacy products occurred during the middle period, froatetd®T0d0 the early
1990s.By the late 1990s the novel development activities had bapwind down, althouglvASI’s
production business continued throughout the decade until 2005, itMvais acquired by the German
prosthetic device manufacturer, Otto Bock.

The origins of th@dCCC’s involvementin the research and development of myoelectric upper limbs was
in its selectioras oneof the four PRTUsIn 1964 theOCCChad 600 children registered with its PRTU
clinic. Twenty-one of those children were bdammothers who had taken the drug thalidomide while
pregnan® The approach th@ CCCplanned for development was the conventional engineering model of
design-build-test, and repedtdooks, wrists, hands, elbows and shoulder units were designed and built,
testedn the laboratory, and then applismlamputees.VASI hands and elbow are illustratedfigures 3
and 4.

Figure3: VASI electric hands for children aged®11 years produced from 1984 1987. Source: David Foord

35W. Sauter;“The useof electric elbowsn the rehabilitatiorof children with upper limhleficiencies,” Prosthetics
andOrthotics Internationall5 (1991):993.
36 Ontario CrippledChildren’s Centre. Annual Report, October 15, 1964 (Toronto: Ontaiijgpl&d Children’s Centre, 1964), 14.



Figure4: VASI electric elbow for children produced from ¥0&® 1987. Source: David Foord

In additionto the influence from the National Health Grant, there was techni@dugce from the Center
for Prosthetics Research and Development (CRRD)e United States, and conceptual influence from the
existence and design of the Russian Arm. TR&D’s recommendation that the hook and other electric
devices should use a twelve-volt power supply was followed b@@&C. The influence from the Russian
Hand occurred indirectly. Unawaoé RonaldReiter’s work in Germany, lessons from the Russian Hand
suggested that a clinically useful myoelectric arm could be designed andantared. For the Toronto
PRTUin the 1960s, the primary point of comparison was with the Russian Handn gratticular, its
weight, which was deemed too heavy, and motor torque (or fordey#isafoundo be too weak. Initial
success for the Toronto group wasuild and test a hook powered by a twelve-volt battery that weighed
less and had twice the torque of the Russian Hand.

The OCCCstaff knew from the beginning that a critical element of any electric wasdhe myoelectric
control systemAs a result, they monitored developmentther research centres on control systems,
including electromyography or EMG systems under developmdiassia, by Bottomlein the UK, Scott
atUNB, andat UCLA and PhilcoBy 19650CCChad concluded that théNB myoelectric system showed
enough promiséo usein their program, and Scott was broughasits electronics consultaft.

In 1967 twelve child-sized electric elbows had been developed by the TBRMNtd and fittedo a variety
of patients. They were fourtd be“particularly acceptable,” with the most common complaints being noise,

37 Ibid, 6. The Toronto group used ten nickel-cadmium button ced bgiteriedo achieve twelve volt supply.
38 Ontario CrippledChildren’s Centre. Annual Report, 1965 (Toronto: Ontario Cripglidldren’s Centre, 1965).



wire breaking, and occasional clutch slipping. The problem of masking gear noistentifsedasoneof
the major improvement® be undertakein 19683° Five different types of controls were used on these
elbows, oneof them being th&JNB myoelectric controllerBy late 1967 the OCCC had, on the basis
these fittings and testing, developed plans for production engineering, ictannfg distributionand
servicing®

Production begaim 1970at a 3,600-square-foot faciliiy Toronto.lt was organized by the Variety Club
of Toronto, a chapter @ninternational charitable organization headquartardrittsburgh. Established
1948, the Toronto chapter operated a vocational training school for bitwyghwiical handicaps. This new
production facility was intended be something quite different. The system that emerged was wéch
the OCCC’s PRTU researched, developed, designed and tested prostiestices’! the Variety Clubof
Toronto manufactured prosthetic devices, andX8€C’s prosthetic service delivery program performed
the fittings. None of these relationships were exclusive.JBGEClicensed its device® Liberty Mutual
in the United States. The Variety Club manufactured the NorthrEldwnd developed by Northern
Electric Corporation (subsequently, Nortel). TRECCfit devices made by Otto Bock. The name of the
OCCCwould change over the years, but the system endtired.

As with UNB, the loss of funding from the Department of He&lth975 was a major event for te&CC.
But unlike UNB, it did not mark the beginning of a transitidn a research culturén part, this was a
function of an institutionalizationof interdisciplinary acivities within a clinic. Projects had weekly
meetings involving therapists, prosthetists, VASI representativeses@archers. Accordirig the director
of the rehabilitation group, Mickey MilnefContinuity had built up by this point. Everyone was on the
samepage.”*® OCCC occupational therapist Hubbard concurté8he confirmed the bi-weekly meetings
included researchers, clinicians, occupational therapists, prosthetists, enging&fASI| representatives.
It was a forum for discussing what clinical ideas migitaken into research, and what clinical designs
could be transferreth VASI for production. Accordingo the 19870CCCannual reportiClose proximity
of the clinical serviceo the design process promotes ongoing interactions between engineeririgiaad cl
staff and communication with children and their families. Thas a understanding users' needs and
expectations while examining the developmental feasililitgrms of a practicalutcomes.”*®

However, this collaborative and interdisciplinary approach didasotMilner said the pressui@publish
research results increasead the discipline of engineering became more research intensiveasathd
availability of research funding increasé@hese people wantetb establish theirareers,” Milner said?®
This meant the researchers focused more on research projects that amedalte) publications and not
necessarily clinical outcomes. TI@&CCC occupational therapist Sheila Hubbard agreed. She said this
collaborative and interdisciplinary approach lasted for about fifteen freansthe late 19708 the early
1990s. Among the reasons for the change, she cited the formation of a @eselrésstitute, creating both
physical and intangible distances between the clinics and rest#ardhssof regular attendance by the
VASI personnel, and the changethe Centre’s myoelectric provider. Hubbard sai®JNB in the early

39 Ontario CrippledChildren’s Centre. Annual Report, 1967 (Toronto: Ontario Crippladldren’s Centre, 1967)2.
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days was both a clinical collaborator and control system supplietJWBesystem was replaced by Otto
Bock. Otto Bock was a suppligw the hospital.” Otto Bock did not, however, replatiNB asa product
development collaboratdf.

The outcome of all this collaborative and interdisciplinary interactionthe®xtensiomf myoelectric
devicedo infants. One of the impomaoutcomes was the development of a miniature citogiermit one-
muscle, voluntary opening control of infant electric haidsdubbard’s wordsit “revolutionized” their
approach, allowing for fittings and trainintgsten months of age, insteafithreeyears, and increasing the
odds that myoelectric devices would be permanently tfgddbbard commented thifitthe child was fitted
early the prosthesis became pafrthem.If fitted laterit was simply a toof? The outcome of thiSlittle r
& capital D’ work, asone VASI staffer called, and the fittingsat OCCC of new prosthetic products
young children, was that commercial companies (which, unlike VASI, were naoltedtby clinical
organizations) were drawn into developing their own prosthetic products for children

Although during the 1990s and early 2000s VASI contingedevelop, improve, and sell upper limb
prosthetic productsit was no longer building novel products prove that myoelectric upper limb
prosthetics could be uséy infants and children, nor ditl have the same kind of contributions from the
Bloorview CentreAs a result the fortunes of VASI begamchange. Milner proposed the idebselling
VASI. In 2005 the Centre found its buyer, Otto Bock.

In summary, the development process followed byaB&Cwas centred on interdisciplinary meetings
that identified user needs and the development of desigislress those needs. Prostheses were produced
atthe machine shop, then testaduser trials. The need for correctionsnoadifications was identifiedh
the trials and team meetings, and then the process vimutdpeated. A workable design might be
developed within eighteen months, presuming no breakdowns. The next steprelease the design for
production. Product developers worked closely with produdtiotho the molding of the prostheses and
product tweakasVASI contracted for parts and prepared its assembly process and marketsgrpkn
and error, not modeling based on theory, informed:thep’s design activities.

As with the UNB history, there appeats be a reversabf the mode 1-mode 2 narrative, with a kiofd
mode 2 development from the 1970garly 1990s 1980s, and then a greater emphasis on scientific research
in the 1990s, although not a pure form of mode 1 resebr¢he first period there was a laboratory-based
generatiorof problems and methodologies, and dissemination of réauitsspitals and clinics. The work
was trans-disciplinarin the use of trial and error, insteafidiscipline-based theories and methods being
usedo solve problemsis well, R&D changedhn the earlier period from being the sole domafielectrical
engineerdo involving occupational therapists, users, company managers, and others invodiirann
theories, methods, experience, and tacit knowlddgsolve problems. There w&Speaking backto
science” from amputeest the clinicto the occupational therapists and thenthe researcherim the
biweekly meetings. Thénovel forms of qualitycontrol” occurred,in pat, through the meetings with
representatives from product manufacturers, designers, and occupational therapists.

As with UNB, the influence came through the implementation of idegsublic policies and funding
programs, initially the ministry of national health and welfare grdot clinical and research activities,
then through the Medical Research Council and NSERC funding programs, anthtdrethrough
innovation funding investments. There were commonalities on the gbalse programs, but also
significant differences. The ministry of national health and welfardifuunbrought researchers into the
clinic and hospital, faces-face with patients. The research council funding required knowledgee of th
current scholarly literature and a grounding of phgect’s hypothesisn that work. Although the actors
cometo the forein the fine-grained case history’s the location of interdisciplinary worét the Centre
that seems most centrtd the development of the novel VASI arms and hands for children. The
collaborative, user-oriented approachdevelopment was of course critical, fituseems that onlin this
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setting could there occur a half century of development and improvéme&hat became the VASI hands
and arms.

Conclusion

In contrasto the view that researéh universities and public research institutions has increasingly moved
away from basic problem® knowledge production, researah powered-artificial armsn Canada has
movedin the opposite direction for most of the period of this study, tdsvahallenging and long-term
research problent8.The forces behind the earlier design-oriented work included a consulting enggne
approachto projects that for many universities pre-dated the applied-sciencel.midide approach
exploited the prior research the Soviet Union and the United States that had selected electrc-poa/
upper-limb myoeletric signalasthe preferred mearts control the electronic hands, elbows and wrists.
The location of the projects within tCCCwas als@nimportant factoin the continued usef the design
engineering approach, even after the Department of National Health afsdéNehding program expired.
The location of the work opened up the projecbther professionals and users not commonly faand
university engineering laboratories. The transitiva focus on long-term research problems came with the
influence of the applied science model of research, and corresponding gnowtliversity graduate
education, engineering research funding programs, and the will of facultpengimorient their projects
to address both their perception of the needs of wsangell astheir interestasresearchers. Given the
recent desigmf prosthetic products that incorporate pattern recognition systems, themechaly been
been another movio clinically-based development projects, reflecting a situation, which otfeenrs
observed, where no single view of biomedical science has undisputed authority anadg§itim

50 Howeverno pure formof mode 1 type research was founa@nyof our cases After a generatiof research, pattern recognition
technology has recently been introduced into commercialystdesting.
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application oriented research. C.W. Sherwin and R.S. IsefBafjgct HINDSIGHT,” Sciencel56 (1967): 1577. Technologg
retrospect and critical evenis science (Project TRACES), Report, lllinois InstitweTechnology (IIT)- National Science
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