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Abstract: Problem solving and creativity within the sciem@nd engineering are highlighted in current UK and
European benchmark and policy statements as eateatpacities. What these statements fail to adoydver, is offer
guidance on how these skills might be fosteredltate how they might be assessed.

This paper presents the conclusions of a three yesarch project to develop a dedicated probleisg and creative
thinking module for first year engineering underduates. The project has been funded through twiepir grants from
the UK Higher Education Academy Engineering Sub@saitre. In the module, Instructional Design andiifem Based
Learning (PBL) techniques have been used with dgalstorm NXT robots in order to develop creativeljem
solving skills in a practical setting. Focus fdret module has been on developing process skillstegithiques as
opposed to the simple methodical solving of roupneblems. Cognitive abilities and problem solvimgpcess skills
have been developed and mediated through the uBeudable Learning Objects (RLOs) within a Virtuakrning
Environment (VLE). Separate RLOs have also beed tesdevelop skills at using the robots.

The research project has been additionally infornfigda parallel interview project investigating tiperceptions of
novice and professional engineers towards problelvirsy and creativity within engineering. In totdifty-three semi-
structured interviews have been undertaken withinegging undergraduates and academics at three Wkarsities,
alongside those with practicing professional engimse Analysis of the interviews has been in thenfof a
phenomenographic study in order to form outcomeapdor comparison and comment.

Student feedback through on-line questionnairesydagroups, classroom-based observation and irgerwviindicates
that the module, and its means of delivery, has Iseecessful in improving creative problems solhskijs. It also
highlights the value of developing cognitive andqgass skills within a practical and motivationav&gnnment.

Index Terms O Creativity, Phenomenography, Problem Based Legriitnoblem Solving,

INTRODUCTION

Problem solving ability and creative potential highlighted as essential abilities for both novicelergraduate
engineers and qualified engineering professiomal$ld benchmark statements, 2].

“The creative way of approaching all engineerin@llenges is being seen increasingly as a 'way of
thinking' which is generic across all disciplings.] They [engineering undergraduates] will wantstidve
problems and have strategies for being creativepnative and overcoming difficulties by employirgir
knowledge in a flexible manner.” [1].

Additionally, creativity within science, technologgngineering, and mathematics (STEM subjectsyiésntified,
both explicitly and implicitly, as an important der in recent UK reviews relating to economic perffy and
Government science and innovation policies [3, 4]

Similarly in Europe, problem solving and creativitse presented as important competencies in theresgents for
European Engineer (Eur. Ing.) designation:

“Engineers aware of their professional responsiedishould strive to achieve competence such ds..
ability to apply theoretical and practical methadghe analysis and solution of engineering prolsiém]

an awareness of continuous technical change andutigation of an attitude to seek innovation and
creativity within the engineering profession” [5].

What these statements fail to do, however, is ferajuidance on how problem solving and creativitight be
fostered and taught, let alone how they might Isessed. It is against a backdrop of benchmar&mtaits and policies
that educators must devise and implement stratdgiedeveloping, enhancing and assessing creataity problem
solving skills within the sciences and engineering.
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OTHER RESEARCH

Strategies for teaching problem solving and for development of creativity can be found in numerterds and
research publications [6-9]. Wankat and Oreovit@] [suggest, however, that while engineering edoicafocuses
heavily on problem solving skills, lecturers andfpssors continue to concentrate on teaching subjetent rather than
showing the processes involved in problem solviltpughton [11] proposes that problem solving is avengineers
do’.

It is possible to identify, from both anecdotal sTes and more defined evidence that deficienciatirage to exist in
the teaching of creative problem solving skills,[13], and that the traditional models and methafd®aching used in
engineering education may be outdated and not geosiifficient motivation for engineering undergraigs of the 21st
Century [8].

There are a host of different procedural strateffieproblem solving, which have been reviewedeétail by Woods
[9]1 . Woods’ own method, which is similar to thaft Polya [14] considers problem solving as a simiple stage
process: 1. Define; 2. Think about it; 3. PlanCarry out plan; 5. Look back

Valuable research also exists on the charactedgferences between expert and novice problemessjwhich can
inform our understanding of developing creativebpem solving skills in the classroom [15, 16].

Teaching of the problem solving process in thesttamm can be achieved in a number of ways. Onmpgleais
Thinking Aloud in Pairs Problem Solving (TAPPS), evl problem solving process skills are developedutih the
interaction of the problem solver and a listenéf, [18]. Other strategies for developing discreétges of the process
include the use of brainstorming techniques foraidend solution generation, Gantt charts for plaginand
implementation and evaluative checklists for evéduraand reflection [19]. There are many more téghes. Another
important, and well recognised, method for develgpbroblem solving skills in the classroom is ttse wf Problem
Based Learning (PBL) exercises.

In PBL the handling of a problem drives the whaarhing of the student [20-22]. It must be notemlyever, that
Problem Based Learning is distinctly different fréhroblem Solving Learning, with the former beingdido develop
processes in a wider context rather than prodacscionfined environment [23].

PBL exercises are considered a ‘component methadiuthe umbrella of Instructional Design [24].or@ponential
methods can be done in different ways, and are mpdaf different components (or features). So,dd?BL activity
these components might include: setting the protdeemario, forming the teams, providing suppotgvéhg reflection
on individual performance etc.

Instructional Design and Learning Design Theories therefore design-orientated, and can be coridas one
approach to the operationalisation of cognitiveoadiion and strategies. They are concerned witleldping guidelines
for which instructional methods and models to us@/Mich situation or context [24-28].

From an educational perspective, current modelsimulations developed as part of Instructional Desor
Learning Design (including those that utilise PBteksises) readily lend themselves to the applicatid Learning
Objects [25, 27, 29].

Learning Objects, and in particular their reusabiln different contexts, is a relatively new coptén teaching and
learning, and application and research in this ergaowing rapidly [30]. One working definitios:i

“Learning Objects are defined [here] as any entiigital or non-digital which can be used, re-used
referenced during technology supported learningkaniples of Learning Objects include multimedia
content, instructional content, learning objectjviestructional software and software tools, ancspes,
organisations or events referenced during techyadogported learning.” [31]

Two metaphors presented by Wiley [32] liken LeagniDbjects in a simplistic model to pieces of Legml &n a
more developed model as an atom. Whilst Lear@hjects are generally employed as ‘content churlkstning
theorists are pushing for their use and re-useage-dased problem solving scenarios, such as tirevsdoped for PBL
[33]. It is this potential for the use of Reusahkearning Objects in the context of mediating peoblsolving and
developing creative process skills within a PBL tea that offers potential and forms part of thégimality of this
research study.

This paper describes the second cycle of a thrae aa&tion research project to develop a creatiedlpm solving
module for first year engineering undergraduatdshe work has involved two cycles of action reseaosier two
academic years, and has been kindly funded bwlrtid continuation funding from The Engineerindpjgat Centre at
Loughborough University. Findings from the firsicte have already been disseminated at a numbmordérences [34-
36].

The development of module content and delivery Ib@sn informed not only by themes identified withire
literature but also by a parallel project involviageries of interviews to identify the perceptiohengineering students,
academics and professionals. The purpose of tleeviatvs was to investigate the perceptions of, emaracteristic
similarities and differences between expert andagengineering problem solvers. Early findingsnirthe interviews
have been presented at a number of conference$inahdnalysis is now complete. [37-39].
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METHODOLOGY

Two main research methods have been applied insthidy: action research and interviews. The aat@sgarch has
involved first year engineering undergraduatesta University of Northampton in order to develogeslicated creative
problem solving module.

Action research has been chosen as the main rasesthodology due to its suitability for researchisocial
practices’ — such as the development of problemirspland creative thinking skills [40]. Each cycdgaction research
has involved the processes of planning, actingemfasion and reflecting. It is acknowledged tHais tprocess is a
recursive spiral, and that more than one iteradibthne process is required for the process to feetdfe. Two cycles of
action research over two consecutive academic years been undertaken in this study, and this tegescribes the
second cycle. The work has already continuedarttard cycle.

For the second cycle a PBL approach using anuctsdbnal Design model has been adopted and dewifmpehe
module [24]. This is illustrated in Figure 1 betow
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Figure 1
Instructional Design PBL Model using Learning Objeds

In the model learners operate in two domains (tdrfepaces’) during the creative problem solvinggess. In the
‘problem space’ they work directly on the probleand enter the ‘instructional space’ when they ent&ua skills or
knowledge deficiency. The instructional space @listvides tools to mediate the problem solving pssc Instructional
content in each of the spaces is provided using&®ea Learning Objects (RLOs) [32, 33].

In the project, the problem space is represented jpyoblem that the students have generated theesselind have
attempted to solve using Lego Mindstorm NXT robdt¥ithin this space are also instructional iteratieg to the basic
features and functions of the robots, along withcfice activities. Items in the instructional spaare related to
developing both cognitive skills and abilities aaddo skills and techniques that are relevant to tyygcal stages of the
problem solving process: define, think about igrplcarry out plan, look back (reflect) [9].

RLO content has been informed by the first cyclaafon research, previous published researchfiadihgs of the
interviews comparing professionals with novicesaclititle in Figure 1 represents a separate RL@ditdonal RLOs
have also been made available to introduce the lapdnd to set the rules for generating the proldpate. RLOs have
been created in a software authoring tool callectdra (from Trivantis Corp.). Each RLO is a sadftained learning
unit, and typically consists of 10-12 screen-redelgdages containing text and diagrams. Lectora al®ws for the
integration of audio and video content, as wellbadine and off-line testing, although this has been done in the
study. RLOs can be produced in various formatsluding SCORM (for integration into a VLE), zipped HTML
format, and as a self-executable file. In the gebyarious formats have been used, and RLOs madialale within the

! SCORM or Shareable Content Object Reference Misdelstandard for developing, packaging, deliveeind sharing

electronic learning content for use in a Managed/itual Learning Environment. It was developed Aglvanced

Distributed Learning (ADL - http://www.adInet.drg
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University of Northampton Blackboard-based VLE (HlL.. on a memory stick and also in weekly emailstiadents.
Typical screen shots of typical RLOs are shownigufe 2 and Figure 3.
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Typical RLO (Thinking about Thinking)

SCORM compliant RLOs (which were integrated inte YiILE) were enabled with tracking and performance
reporting information for inclusion into the VLE®etronic record-keeping Gradebook.

Students were provided with the opportunity of R2etabled one-hour class contact sessions (autumdrspring
terms) in which they could access the Lego MindstdiXT robots and also the VLE. Access to the ViaBd RLOS)
was also available outside this time, although s&de the Lego robots was restricted. Ten firgr yengineering
students regularly attended the sessions and wadtettie robot problem, although the VLE (and RL@s)e also made
available to undergraduate engineering studentsaall three years (a total of 97 students hadssdc Attendance was
on a voluntary basis due to the module not beimgeatly credit bearing, although students were araged to attend by
being given a memory stick.

Students were provided with guidance (ground rutesghe form of RLOs on how to devise their own lgeon in
order to generate the problem space. They weteratpuired to devise some judging criteria. Metaplvas used to
devise the common problem for all students (workingub-groups) to solve. Metaplan is usually uasd problem-
solving tool, but in this case was used to genexateagree the problem.

The problem generated by students was to identify r@trieve coloured ‘tags’ to the corner of a laeoh area
within a 10 minute period. The winning team was time who retrieved the most tags, with the ruroprthose who
retrieved the next many. As an incentive smaktggiwere awarded to the winners and runners-upgré&@nming of the
Lego robots was done using the visual Lego NXT-fBnsre supplied with the robots.

Throughout the process of solving the problem sitgleiere expected to keep an engineer’s log b&ikdance for
this was provided in an RLO.

In addition to the action research, a substantiadlys involving fifty-three semi-structured interwis has been
carried out with engineering undergraduates, acadeamnd professional engineers. The purpose ointkeviews was
to investigate characteristic similarities and eliéinces between the perceptions of experts anda®wo problem
solving and creativity in engineering. Findingsrfr the interviews have been used to influence gweldpment of the
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action research cycles. In the interviews paotinis were asked three open-ended questions: “Qdt qualities do you
think make a good engineering problem solver?”, “@&at do you understand by ‘creativity’ in relatship to
engineering?” and “Q3: how do you think that thels#ls can be improved in undergraduate engineers?”

The interviews were undertaken over the period dang@007 to March 2009 and involved first-year stud and
academics at The University of Northampton (genengiineering), Loughborough University (electrieabineering and
civil engineering) and the University of Birminghaalectrical engineering). A number of practicipgpfessional
engineers from a range of industries (including tifanufacture, general manufacturing, motorspatpspace and
electronics) were also interviewed.

The interviews were digitally recorded, and haverb&anscribed by a third party. Whilst most iviews were
undertaken face-to-face, some involving academiws professional engineers were also undertakenelgphone.
Overall length of audio data for all interviewsaggproximately 30 hours. Analysis is in the formagfhenomenographic
study [41-44]

FINDINGS AND REFLECTION

Action Research

Feedback from the action research was obtaine@Wsral methods. These were the use of on-lin&itrgén the VLE,
by on-line student questionnaires at the end oftitamn and spring terms, focus groups, classroase observation,
and as part of the parallel interview project.

Tracking showed that the VLE site had 688 studegtihs over the two terms, and that of the 97 esgiimg
students who had access to the site 65 (67%) heelssed the site at least once. The ten first-gaatents who
undertook the robot task accessed the site onwdarelgasis. Tracking of access to the RLOs shatvatlall had been
accessed, although the tracking proved to be amlelidue to the RLOs being also made available premory stick
(for first year students), and as a weekly emaith® whole engineering cohort. Tracking was alsceliable due to
limitations of the SCORM implementation, which isaissed later.

Response rate to the on-line questionnaires wadagabry, with 22 responses to the autumn ande$@anses to the
spring questionnaire. In the questionnaires aedd groups a high proportion of students belidtat problem solving
skills were vital or essential for engineers (99%jilst a slightly smaller proportion believed thateativity was
important (81%). Over 85% of students rated tpeablem solving skills as being improved by acaggshe module
content, while 64% believed that their creativenkimig skills had improved. Over 94% who undertdb& on-line
questionnaire had regularly accessed the contethesite. 98% of students thought that a separaigtive problem
solving module was a good idea, while 85% wouldnemend the RLOs on the site to other studentsth©&tudents
who also undertook the robot problem, 72% beliehey were a good or excellent way for developireptve problem
solving skills. Students also preferred (71% ofdents) the RLOs to be delivered in a VLE rathemtly email or
memory stick. When asked if the module would b#edbeas an on-line simulation with no hands-on ficat robot
activities only 25% responded that they would préifies. The findings reported are comparable tiséhfrom the first
cycle project.

Students were also asked what they found mosteast Useful about the module content, and weredaskmake
suggestions for improvements. Several students @snmented that that they had wished this modak lheen
available when they had started their BSc Engingestudies. Here are selected comments from thstigmnaires and
focus groups:

Most useful:
“The methods you can use to solve problem and ergldlifferent ways of getting to the right answer”

“Taking the chance to be creative and solve prolsiem

“Some of the files really helped me with problenvisg in other modules on the BSc course such eaticrg oral
presentations and writing reports etc.”

Least useful:
“I work full time so am unable to attend the clesse they are during working hours [part time stotjie

“Robot use because | am not in the first year”

“This would be a lot more useful to students ifytk@ew about it so it could be promoted betterhsa students
are made aware of its useful content [sic]”
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Suggestions for improvements:
“More Lego robot projects and programming robotsahgh different software”

“More access to the robots”

The second cycle of action research involved tlesgmtation of a number of skills in order to mezlihie process of
creative problem solving. A central student-getegtgproblem was achieved using Lego Mindstorm NXbots.
Feedback through questionnaires and focus groufisaies overall satisfaction with the module. gtproportion of
students also believed the module had improved tneative problem solving skills in their otherbgects (but this is
difficult to measure objectively).

It was observed that the Lego robots served towvaigtistudents and generated a high level of intrimterest;
capacities that were highlighted as lacking inititerviews. The use of a student-generated prolflether promoted
motivation, and fostered a sense of ownership efptoblem (again identified as lacking in the iatews). The robot
activity also addressed a number of further isshi@swere identified both in the first cycle andeiviews including: the
need for visualisation techniques when problemisglvthe desire for realistic experiential learnagjivities, the value
of developing critical and reflective thinking dkiland the ability to work in teams.

By comparison with the use of Java-programmed LRGX robots used in the first cycle, the use of Lé&géT
robots along with the visual NXT-G programming 8afte enabled students to quickly undertake muchernomplex
tasks. This ensured that the focus for the modale creative problem solving rather than simplyotas.

Although students had access to the RLOs within th& continually, access to the robots was limiteda
timetabled one-hour weekly session. Restricte@sgavas also available outside this time, howesareral students
suggested that additional access was required.ar@a for further investigation might be the useaddw-cost robot
alternative that could be provided for studentiat@® away. This would, however, rely on the sttideving access to a
suitable computer, although this seems feasible.

The RLOs and the Instructional Design PBL modeletigyed for the module proved a successful mechafosm
delivery which could potentially be used to devetopative problem solving skills in different coxi or disciplines
(i.e. the robot activities forming the ‘problem spacould easily be substituted with a differentiaty). The RLOs
were relatively easy to produce using the authosoftware, and to disseminate in different formdtsis also possible
to re-purpose the content of the RLO itself witle 0$ the authoring software. Several RLOs weeassfully used to
rapidly develop dedicated problem solving sessigisg the robots for visiting school children, amda visit to a local
primary school.

While it was possible to monitor access to each Rtiis was unreliable as the RLOs were also praliote
untraceable formats (e.g. on a memory stick andrbgil). Problems were also encountered with tleeofishe SCORM
object viewer within the VLE as this required a @atible Web Browser and version of Java in ordexaok correctly
(which is not always installed on the student’s patar). What was evident from tracking, howeveaswhat students
who were not undertaking the robot activity wereatstgic with their access to the RLOs (e.g. RLOatirg to
sustainability and ethics had more accesses whelersts were writing project proposals, whilst tHeOR relating to
writing reports and oral presentations were acckssavily when final year students were writingand presenting
their dissertations). One way of improving tragkimight be by the inclusion of simple in-line tebtslt into the RLO
which could be used to feed back data to the VIAHurther enhancement of the RLOs would be theuision of audio
and video, if appropriate.

Whilst attendance for the module was voluntaryegutar cohort of first year students participat@dhe RLOs were
also accessed, and proved useful to a large nuailtstudents in other years of their studies. Upssingly, findings
from the interviews indicate that the key motivatfor students to do well with respect to develgpicreative) problem
solving skills in the academic environment is vafune reward; either in the form of grades or enlmnemployment
opportunities. Whilst the module currently offénsrinsic reward (and some small gratuity in thenfoof a memory
stick and task prizes) it does not presently offesdemic credit. Whilst metrics (measuring creapvoblem solving
ability) was considered, it was not investigativeimplemented in the module (albeit simply using ttumber of tags
collected in the robot task). This important amauld form the basis for an entire project in itselAcademic
accreditation of the module has been undertaketh&2010/2011 academic year.

Interviews

Analysis of the frequency of occurrence of parécutoncepts in each interview question, alongsédanalysis of the
raw interview data has been used to form threecomcspaces. This has been undertaken in a sofamatgsis tool

called Nvivo. The outcome spaces represent a csitepof individual perceptions from each of theethigroups of
interviewees to the three fundamental interviewstjoaes. Hence, the resulting categories withirheagtcome space
represent the composite perceptions of each gretyuldnts, academics and professional engineersijthireach

category basic ordering of the concepts has bedprtaken which indicates the perceived relativeartgnce of that
concept. These are shown in Figures 4, 5 andth,asich coloured-coded rectangle representing eéepon
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It is not possible within the confines of this shpaper to provide a detailed analysis of the aute®paces, or to
provide the required supporting quotations. Caergid here alongside each of the outcome spacessvhowis a
summary of the key observations to each of thesthrerview questions.
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Findings from Question 1 confirm previous studieghat students tended to identify discrete skijpropriate to
stages of a typical problem solving process rathean taking a holistic process-based approach 845-&tudents also
tended to concentrate on analysing the problenidamtifying what knowledge or skills they alreadydh Professionals
on the other hand took a broader approach by cerisglithe problem as a whole and selecting andtadpgtrategies
accordingly. Also evident was the dominance of dpglication of logical thinking within engineeriig9, 50]. This
clearly demonstrates the need to develop activaresinstruction that develop process skills, ahithvalso encourage
creative thinking. It was also apparent that wterknowledge deficit was encountered in both sttedeand
professionals that an attempt was made to reshlgehrough research (information finding) or taliito other people.
What is being observed here is the notion of kndgéenetworking, as suggested by Allen and Long.[3fh]order for
students to apply knowledge acquired this way é&ffely requires additional skills such as crititgli reasoning,
synthesis and presentation. These skills are aitémeveloped until much later in undergraduatéiss (towards their
dissertation), so suggesting perhaps these sheuligteloped much sooner. It is the developmeptadess-related and
knowledge networking skills and activities to stiate creative thinking that has been implementedhim action
research.
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Outcome Space Q2 — Creativity in Engineering

In Question 2, looking at the perceptions of whaiativity is in engineering, themes are largelywagent across
students, academics and professionals, but witresexaoeptions. Two key perceptions relate to thashaise of the
word creative within an engineering context, anthwine belief that being creative is a personahciyp (as highlighted
by Abra [52]). Whilst it was not disagreed thaerh was a place for creativity within engineeritiys was often
associated with artistic subjects such as musartahan with engineering. Other associated, boib@bly more tangible
concepts such as innovation, ingenuity and entrepneship were offered in many cases as more seitdtdrnatives. It
was also widely believed that creativity (and gsa@ciated concepts) was a personal, internaliseacits that not every
person might be able to demonstrate or call udomearly all cases, creativity was associated wdtime end product or
artefact, and seldom with the process that had heelergone to come to a solution. Creativity agra@cess of
improvement, as opposed to devising something meas,the most important perception for the profesdiengineer. It
is, perhaps, these tensions with creativity in agireeering context that need to be overcome witlirexering students,
and possibly in the engineering arena as a whdiehathe action research has attempted to achieve.
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Question 3 asks for perceptions of what might beedim order to improve problem solving skills antteurage
creative thinking in engineering undergraduategjaif, responses from both students and professiavale agreeable
and predictable in that both practical activitiewl @¢he involvement of groupwork (or teamwork) wererceived as
essential commodities for improving these skillhese agree with the findings of Felder [6]. Wh#swvhole range of
practical activities were identified, ranging frggroject work and design tasks to case studiesratuktrial placements,
the emphasis here was clearly on their applicgbilit real life. In addition, professional engireddentify the
requirement for a stimulating and motivating enmirent. Indeed, it is both suitable practical at#sg involving
groupwork and environment that have been takendatwnto the activities within the action reseapeint of this study.

CONCLUSIONS AND FURTHER WORK

Developing creative problem skills in engineeringdents is clearly of vital importance, as hightagh in the many
benchmark and policy statements. Effective proldeiing is more than simply being able to solvetiree or familiar
problems. It is also about recognising strateggc@ss and method.

This study has attempted to develop and fostertigeegroblem solving process skills using a PBLéxhs
Instructional Design model. RLOs have shown tlpeitential for use as mediation tools within thiswext. Lego
Mindstorm NXT robots, which have replaced Lego R&¥ots used in the first cycle, have proved ancéffe and
stimulating means for generating and solving pnaisle Student feedback has, on the whole, beeniy@msind many
students believe that their creative problem sglgkills have been improved.

Both cycles of action research and the parall&riuitws have highlighted a number of useful thethas have, or
will be, incorporated into the module. Themesftother work include:

* Investigation of the notion of the acquisition ofdkledge through Knowledge Networking, and methodsts
improvement

« Development and enhancement of the PBL model UBli@s, and investigation of its potential for useother
disciplines

e Development of further RLOs and enhancement ofiexjsRLOs to include audio, video and on-line tegti
» Investigation of alternative low-cost robots andgtical activities in order to enhance accessybilit

« Investigation and implementation of metrics for flbemative or summative assessment of creative lpnob
solving ability

Further details about this research work along #ithRLOs to download can be found at:
http://www2.northampton.ac.uk/appliedsciences/agsitience/engineering/problem-solving
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