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Abstract

Many researchers and educators working to engage students in learning scidwiog bgience

have asked: How can we get students to make sense of the world around them, construct and
critique ideas, and recognize and artitalproblems needing to be solved? Furthermore, how

can we help students develop strong disciplinary identities as well as productive disciplinary

feelings, dispositions, and b&B@ These questions were the motivations for this dissertation,

which is anin-depth study of three cases of studelitimg scienceranging from minutes to

years. For ach of these studies, | expldie dynamicsinvolved n st udent sé scient
engagement anddentify thefactors that contributed to starting asustaining itIn particular,

these cases reveal how affective and epistemological dynamics contribute to the emergence and

stability of studentsd eng aa)esupmsonthesdgnamicshow r es
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Chapter 1: Motivation and Overview

Introduction

In this dissertation, | preaea collection of three staralone papers, each depicting a case of
student so6 s cilelmgenefalj ny pueposg o gtedyirg thése cases was to
understand the dynamics that contributed to the engagémeentt her by stabil i zin
s ¢ i e nthesmbment or by supporting the developmehinore productive patterns of
engagement over timd@he cases depictstudeé s 6 engage me sdalesantlin mul t i pl e
differentparticipationstructurasd fromathirdgr ade c¢cl asso6s dise@&ussion a
coll ege studentdés interest in science that st
2 years As a set, these papers raiggights intowhat stability in doing science looks like at
thesedifferent timescaleqtwenty minutes, five wdes, two years) and participatictructures
(small group + instructor, class + teacher, individual stuglamiversity coursg and what
dynamics contributed to those stabilities

In this chapter| discuss the origin stories and summaries of the papersler of their
chronological developmef(this order is different from how they appear in the dissertation,
which is organized from shorter to longer time sgdléhenreviewt h e  fconeeptublzations

ofidoi ng ahdhoveigetsestartedrad sustained in classrooms.
Origin storiesand summariesf the papers

| have always been interested in understanding how individuals and groups of studertts com
engage irauthenticscientific inquiry | am interestedbothin how they come tengage irthe

pursuit of coherent, mechanistic understandings of physical phenamegenents of classroom

! Throughout this work, | will refer tecientific engagememinddoing sciencénterchangeably.



activity andalso inhow they come to associate science vp#nticularepistemigpractices,
norms, aims, and values thmty be distinct from other forms epistemic activity.
A third-grade class studies motion

This interest began with my work dine Responsive TeachiRgojecf when | observed
Shar on F ar-grade dassGnstheit siweek study of motion. | was amazechatv
quickly the grougook upscientific practices anengaged in scientifidiscourseand| found
myself wonderingabout the dynamics and mechanisms sftifansition This question inspired
the development of the pap@éttention to student framing in responsive teacliocwwritten
with David Hammerpresented ichapter 3)

In this paper, | analyze two episodes frarsixweek unit on the motion of toy cars. One
episodeook place during the second week of the unit and the etlodrplace in the sixth week
Both episodesret ypi cal representations of stulhentsd c
the first episode, there was evidence of an i
what they thought was taking place with respect to knowledge. For instangeshdreng their
ideas for how to get a toy car to move, students would oscillate between discussing toy cars and
real cars. Appealing to real cars that have their own internal sources of power obviates the
guestion of how to gettay car to move, and wasvidence that students were not yet stably
engaged in the game of fidoing science. o0 On th
knowledge students drew on and the forms of arguments they made indicated that they were
more stably framing the actly as doing science. For instance, even when a studemioned

Af r e easwhé redsqna car moved freely down a rdmamlid not use it to give the toy car

2 Funded by the NSF grant # DRL 0732233. Website:
http://cipstrends.sdsu.edu/responsiveteaching/
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human or reatar qualities, butatherhe used it as a stama for a physical mechanism
(gravitational potential energy) that he did not yet have the vocabulary to describe

While this paper relies on an analysis of
engagement over ti me, the main f ocuwmgchanges on ho
in relation to this changing stabilitfhe andyses reveal that as studentsneato frame their
activity more stablyasdoing sciencetheso pe of Shar ondremaaMdérent i on s h
consideration of thgypesof contributions students offedto a more narrow consideration of the
substanc® f st u d elmparsicolar,iddriagathe firsgpisode, Sharon acted to suppress
certain types of contributions atal support others, which helped shape ud e nbpn@ dev el
sense of the discipline. In contrastirithg thesecondepisode Sharorstepped back from this
largerlevel monitoringtad e |l ve deeply into the substance of
further refne their disciplinary framing.
I O02f t S3tansoimdsBrS y (G Qa

My interest in understandirdynamics and stability af t u d sciertife éngagemeifit
nicely with the goals of the next project | workedocolloquially referred to as tHstudents
Doing Science Projetd in whichwestudied thedynamic of st udentsd scient.
classrooms. For this project, | coll ected dat
introductory physics coursesherel was a teaching assistaht.that course, | meédlarye, a
studentwho initially strugded with intense feelings of anxiety moments of uncertainty the
end of the courséhowever, shepoke excitedly about wanting to pursue a minor in physics. Like

in the case 0% h a r dassdlsvas fascinated by her dramatic transformation and dvemte

3 Funded by The Gordon and Betty Modreundation grant #3475
studentsdoingscience.tufts.edu
‘“iMaryao is a pseudonym.
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understand how it happened. | asked my colleague Lama Jaber to interview Marya about her
experiences in the course and her interview revealed some interesting dynamics of her shift that
were worth exploring in more detalh particular, she describedshift in her metaffect, or her
feelings about feelings of uncertaintyhichwasentangledvith her epistemology, or her ideas
about and approach to knowing and learning physics. | conducted a systematic analysis of her
written coursework to find ev&hce of her shifting epistemology and triangulated it with claims
she made in her interview about her transformation. | foundbtreatthe course of the semester,
Mar yads e ng a-{gnakng practicas hecasne maeestable, which supported a shift in
her metaaffec® from feeling anxious to feeling excited in moments of uncertaintgn
interviewwith hertwo years latershe spoke abotihe lasting impact the course had on her
subsequent | earning experienced.t 6Marsyabdsy sbtudr
al so exci ti ng@ffectivedearming 8 sciendeo-wntten wath David Hammer and
Lama Jabempresentedn chapter 4), which illustrates her transformation and explores the
dynamics involved in shaping it.
I IANPR dzLIQE LISNRA&AGSYOS 6A0GK | LINROofSY

The purposef the Students Doing Science Projeeas to collect clear instances of
student sb6 s ci e dassrobmspondacingdepthanalyseathat inform conjectures
aboutwhat contributed to the dynamicsthese casesndthenlook across many analyses for
themes and patternathe papertUnder st anding the stability of

over twenty minutes of their inquifpresented in chapter,d)presentlata fromone of these

‘N

cases and explore whatntributedt o st arting and sustaining stud

This case depicts a group of five college students as they disl@us®rksheet problem in an

optional discussion section for an introductory physics course. abésshared some features



with our othemrojectcases, including that students noticed and grappled with some disciplinary
uncertainty.

However, there wergsome key differences between this case and others that sparked my
initial interest init. First, while in most of our cases, students ¢ektd nominate inconsistencies
or phenomena thahey found inherently interesting or problematic, in this case stisaka not
initially orient to the phenomenon or the probleth any kind of intereisor excitement. In
addition, in most of our caséiserewada si ngl e student responsible
inquiry. In this casehowever,no one student toakp this role Despite the absence of Hee
factors that wéoundin other cases contributed to initiating and stabilizing the engagement, the
groupcontinued to work on this problem for about twenty minutesddition, &endance in the
discussion sectiowas optional, and the worksheet was not being collected, sdid/iyey
persistthrough their evident struggle

An analysis of this episode shottsts t udent sd feel i ngstheibf epi st
feelingbothered by an inconsistenbgthcontributed to the stabiltyof t udent s sci ent |
engagemerdndprovoked expressiond struggle and discomforthis case provides insight
into the complex affective dynamics of these
well as the distribuie nature of their participation in stabilizing the engagement

Plan forthis chapter

As a set, these papers providesomes i ght s i nto how studentsao
gets started and sustained in moments, and how those moments can, odEviopinto
largerlevel patterns of stability hat have c¢ons elgamng,octeaest f or st ude.l

development, and the formation of their disciplinaigntities. In particular, they speak to the



role that studentsd af f e onsiveteachingglaynntsspportiegpi st e m
s t u d e ntasddongiemoscigntific engagement.

In what follows, | firstgiveaaccount of vibirgsciehcé meahobywed by
thescience education literature. | then discuss Whatan bythestabiltyof st udent sé sc
engagemerdnd howthese stabilitieform and shift acrossultiple scales of time (minutes,
weeks, years, etc.) and participatgiructure(individual, smalgroup, entire class).

| 2y OSLIidz2r f ATIIGA2ya 2% aR2Ay3 aA0ASy
As the science education community shifts towards adopting prdas=l models that promote
learning science through doing scielidext GeneratiorScienceStandards2013; National
ResearctCouncil, 2011) many have attempted to characteri
classroom contexts. Some have done this by th
participation in a variety of social knowledbeilding practices, such as making and evaluating
argumentgBerland, 2011; Berland & Reiser, 2011; Driver, Newt& Osborne, 2000; Jimenez
Aleixandre, Rodriguez, & Duschl, 2000; Kuhn, 2010; Manz, 201saypeling(Manz, 2012)
constructing mechanistic explanatiqiaiss, Scherr, Hammer, & Mikeska, 20083signing and
carrying out controlled experimen(Sord, 2005)and problematizingengle, 2012; Engle &
Conant, 2002; Manz, 2015b; Phillips, Watkins, & Hammer, under review)

Whileidoi ng scienceo i s oft etthesekhowledgect er i zed &
building practices, &d and Formar{2006)argued tht seeing evidence of these practisasot
sufficient for characterizing disciplinary activity as distinctly sai@tThey claimed that these
practices must make contact with the physical and material world. In this way, scientific claims
are not only held accountable to members of the (classroom) disciplinary community, but are

al so subject t dcatedhythefimaterialhvoriMariz,2@l5brdoiher dords,



studentsd i deas and arguments must be grounde
physical world in order to be considered Adoi

Here, | want tadistinguishb et ween studentsd eragddhge ment i n
practices and knowledge that scientists have communally developed and ufkiiesd.practices
and bodies of kneledgehave certainly proven to be valle, and we eventuallyant students
to become familiar withhese ways of knowing and doing scierdewever, wealsowant
students to come to see themselves as agents who can construct knowledge rather than merely
consume knowledgeroduced by scientist¥ his goal requires us to conceptualize doing science
in classrooms as making contact with traditional scientific ideas and practices but also as built
upon the social and disciplinary norms that are locallg@udructed by the classroom
community (Cobb, Stephan, McClain, & Gravemeijer, 2001; Yackel & Cobb, 1996).

Others have also challenged the notion that classroom science should look just like
professional science. In particular, Ann Rosebery, Beth Warren,ivigggag, and colleagues
have argued that imposing this model on classroom science further oppresses and marginalizes
students from noedominant cultures whose ways of knowing and speaking are not valued in
traditional science. Instead, they argue, sciechcess | d be conceptualized as
ever yday (Eindteinnl®36,pm.o@ndsensena ki ng i n which students
experiences and ways of knowing asmmmunicatingare legitimized and valued. In this way,
Adoing scienced cahsand skepl doseaecei @asv poi st
communitiegBang & Medin, 2010; Bang, Warren, Rosebery, & Medin, 2012; Michaels,
O'Connor, & Resnick, 2008; Rosebery, Ogonowski, DiSchino, & Warren, 2010; Warren,
Ballenger, Ognowski, Rosebery, & Hudicourt Barnes, 2001; Warren, Ogonowski, & Pothier,

2005)



Finally, in their seminal studgf a fifth-g r a d e exktdnded iagdiy into whether an
orca should be classified as a dolphin or a whaigldcand Conant (200pyovidedsome
guidelinesfoi dent i f yi ng i npsotuatimecdsaplinary engagemeht or BBEOD
Some criteria for assessing s d eengage@ent includdsow many students made substantive
contributions, whether they coordinated their contiibatn s wi t h ot her sé6, t he
student st ansekroe vieoens us ofiohe duration of the enga
students to get reengaged after time had pass
expressions of passionate involvement

This last criteriorhighlightingst udent s6 deep, personal Il nves
world around themesembles the emotions that professi@a#ntistadescribe iraccounts of
their work(Fox-Keller, 1983; Lorimer, 2008; Thagard, 200Bjcluding curiosity and fascination
about a phenomenon, anticipation for finding the solution to a problem, vexation at an
inconsistency, and exeiment and pride from figuring something ddany scholars have found
evidence that students can similarly experien
(Conlin, Richards, Gupta, & Elby, under review; Eynde & Turner, 2006; Gupta, Danielak, &
Elby, under review; Hufnagel, 2015; Jaber, 2014; d&idammer, 2016a; 2016b; Pintrich,
Marx, & Boyle,1993) v al i dating Engl e aHective ekpoessomiad s ( 200
i ndi cat or authdntic engagehemt in scientific pursuits.

I n addition to | ooki ngménpEngleand Gheanteals laidf st u
out guidelines f or ensurdseapgnaryandprodudivelihdye nt s en
consider st ude ndissidginag/singolyigfe métnhent ® ibe some cont :

students are doing andtheisseesd pr acti ces of a disciplineods



2002, p. £2). This definitiongives significant latitude to the many different conceptions that

educators mape working withf or what counts as Adisciplinary.
Finallyt hey ¢ ons i taplinargengagementtsipgoduttiveit o t he ext en

that they make intellectual progr ess403).or, €& O

Building on this broad notion éf p r o d yostt iudietnt s & sccandbeat i fi c progr

conceptualize@long multiple dimensions, includingonceptual (e.g., making a connection

between ideas, developing a predictive model, constructing a causal narrative, etc.),

epistemological (e.g. coming to see doing science as about activensgkisg, building rather

than ®nsuming knowledge, as a series of conjectures rather than permanent facts, etc.), affective

(e.g., coming to orient to epistemic feelings such as uncertainty and confusion in disciplinarily

productive ways), and social (e.g., listening to and buildngénh er s 6 i deas, suppo
of equitable participation, clearly communica
others.

7 A

al {TAy3 aSyasS 27F (K SYSNBSYOS IyR ail oAf
The work Ireviewed in the previous section providesight intosome of the features of
s t u d scientife éngagementn what follows,| discuss thelynamicsinvolvedin starting and
sustaining studentso6 scientific engagement
Part of what complicatesstudfo st udent s 6 engshiffrepdlymt i s t ha
momentsThese shifts i n st ude abcantentedingha lfeeatne.~or hav e
exampleRosenberg, Hammer, and Phe{@a@06)describe a group of eightirade students

working to explain the rock cycle. At first, they approach the task as a matter of compiling a list

5To be clear, while | do not consider these dimensions to be theoretically separaizjeess in
Adoi ng s essagilyicveles nmeement along many, if not all, of these dimergsibns
sometimes analytically disentangle them in order to study how these dynamics contribute to
studentsod PDE.



of facts from their worksheets, but when the
you know, notvihnat t he paper s aymaking aboutihacausd pocdsseg i n s er
involved. In another account, Lising and E(2p05)show how a college student, Jan, shifted
her approach to physics problesualving in a clinicainterview based on where it took place.
When she was interviewed in the physics building, she appealed heavily to equations and
formalisms. However, when she was interviewed in the education building, she easily made
connections to her everyday experierigieally, Russ, Coffey, Hammer, and Hutchig@009)
provide an account of secogdader Ein, who explains why sucking on straw makes a juice box
collapse in terms of everyday mechanisms, i.e., there is a lack of air pushing on the inside to
counteract the air pushing from the outside. However, after her teacher continues to push on her
explanaion, making cleathat her answewras not satisfactory, she begins invoking technical
vocabulary (e.g., Apressuredo) and stops makin
These andnanyother accountge.g.,Conlin, 2011; Hutchison & Hammer, 2009; Manz,
2012; Rosebery et al.,, 2019)h ow how st udngagémerdanstartiamdtopin f i ¢ e
moments, in response to particular contextual cues or e&@nen the dynamic and often
chaotic nature of students6é classroom activit
scientific engagemens somethingo beexplkined Before attempting to explain it, | first need
to clarify what | mean bgtability in doing sciencd address this issue in the next section
drawing on research on dynamic systems theory
Conceptualizingnd identifyingstabiliiesina R2 Ay 3 A OA Sy 0S¢
Although to this point | have spokebout stabilityargelyin absolute termgsomething
i s st abl,erealty, anytstate of apdateht stability that emengesdynamic system

must be thought of asralative stability. This qualifier is necessary because it allows for another
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importantfeature of dyanamic systefgheir ability to adapt and develop in response to
external pressureéccording to Thelen and Srhi{(1994),
It is important to think of any seemingly stable human thought or action to residesen
cuspsof quasistability, visiting areas of tight coordination, but also intermittently
escaping from them, providing the flexibility to react and asseméw adaptive
formsé Fluctuations around stable states are the inevitable accompaniment of complex
systems. It is these fluctuations that are the source of new forms in behavior and
development and that account for the nonlinearity of much of the natarial. (Thelen

& Smith, 1994, p. 68)

So, what do theselative stabilities,of ar eas of ti ght ircclassnroa® nat i ono

One can imagine many types of stabilities thal/form in a classroom. There che
stabilitiesin participation structre (e.g.,a class oktudents sitting quietly at their deskkile the
teacher stands at the front of the classipa@tabilitiesin how students relate to knowledgeg.,
amajorityofss udent s respond to the qucausuareasoning fi h ow
and social stabilitiese(g., students ask the teacher permission before addressing one another), to
name only a fewThese stabilties can be conceptualizegatterns of behavidhatemergefrom
thedynamic interactions between the students/teacher and their own knowledge, histories, and
expectationsthe instructional contextnaterial features of the settirgndclassroom and
institutional normsOftentimes (but not always) the dimension of intenesletermining whether
students are stably doing science is whether they persist for some amount of time.

In addition, whatcounts asi s t adbperel€argelyonthegrainsizeat which we are
observing the stabilityFor instanceif we look at a systeron a microscopic levelve may see

particlesmoving around seemingly at random. Zoom out a bit and we see that random motion
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begin toform into organizecdcells and systems that we can recognize as say, domoaking at
the behavior of a single ant, hovez, we might begin to see chaagainas it moves around
seemingly at random. Zaung outfurtherstill, we canonce agairsee organization in the
collective behavior of theolony, which emerges, not from a central regulatory bimatyfrom
theinteractions between individualnts.
Similarly, relative stabilitiesis t udent s 6 s c i enlookdifferentaa ngage men
differenttimescalesConsider Engle and Conant (2002) case, for instarus.casdakes place
in a fifth-grade class anicuses on particular debate that emergaghe middle ofa four-
mont h @ e nda nunie The debate pemters an svltether orcas, commonly known as
Akiller whaleso shoul d b é&ngkbhn€€man(OD2ddscribess a d ol
this localstability that emerged around the debate as unexpected to the research team:
At first glance, this question does not seem inherently interesting, relevant, or even
especially open: Why does it matter whether they are whales or dolphins? How does this
relatetomder st anding why whales are endangered
determined the classification? Couldndt th
Mor eover, Ms. Wingatebés whale group was or
alld It was theirlast choice, their preferred animals having been assigned to other
students whoseesearch proposals were judged superior. Given the nature of the question
and the students6 initial |l ack of interest
interesed i n discussing t h@Engleé&Caans20@2)paddyi fi cat
They go on to explain thalis unlikely debatdéasted for twentyseverminutes in claséwhich
theyr e f er t o @Asr gtuhmeamfittizdn)anting@d through the end tife unit, as

studentgeturned tdhe debate eight times over the next eight weeks.

12



Looking at the classroonttvity onthedayof he Bi g O|th&re ifervidencene n t
of a local stability students discussed the issue, uniterrupted, for twsagrminutes But
what about theienagementver the course of eight weekS8an we call that a stabilityedpite
their leaving and returning to thikebate? | would argue thatoking over the eight weeks,
stability of a different naturemergesThere is a pattern of students spontaneously reigniting
their discussiomroundthis issue This persistent pattern shorter episodesf engagement can
itself be considered a stability in doing scienalbeit on a much larger scalkhislargerlevel
stability can indicatehe development af deeper engagemaeantd it makegontact with
developmental construcssich asnterest as studentsontinue taeturn to the topic on their own
volition, andidentity, as students begin to see themselves as atiglsdio determine the
outcome.

If we randomly sampled moments of their activotyer the eight weekdt is likely that at
a roughenoughresolution, we may never even see evidendbetlebat@opping back up
Howeve | ooki ng syst activayithe & Cléayevidenhce &f this dbleatet s 0
resurfacingln this way, we can think afhortterm stabilitiesasepisode® f st udent s 6
engagemerthat persisbverminutes to hours, eithavith a constant qualitgr resisting
interruptionsand disturbanced®Ve can also think of longerm stabilities as a largéevel pattern
of episodesin order to see thiargerlevel stability, it may be necessarylbok across many
instances of shorter intervals sifibleactivity.

There is also the @stion ofstability with respect to whatin the case | described above,
we see stabilities in students6é discussing
evidence of a topical stability itne casefrom chpater 2. Students persist in theork on a

single problem for twenty minutegithout external incentivesn other caseshe stability of
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interestmight take a more general forffior instance, in the epistemological stability that
S h a r siuddhts develop, over time, in the case frwagpter 3In that case, there is evidence in
theseconk pi sode of a stability in studentsd under
instance, in th&inds of contributions they madand inthe form of their reasoningortrasted
with the first efisode, in which there wasomeevidence of epistemologicaistability, this later
relative stability is interesting and warrants explanation. In the case from chagpiere is
evidence in Maryabds i nt er acioswulidefdynamicsoffheri ng pat
engagementnitial patterns of stability suggest that her feelings of anxiety with respect to
uncertainty were entangled with a sense of physics as being about absolute rights and wrongs
Later patterns of stability suggest that heritexnent about uncertainty was engangled with her
sense of physics as being about a process of-sealkieg. Looking systematically at her written
work produced at evenly spaced intervals throughout the semester, we can see that these larger
level pattern®f stabilityweresupported by thesshorterinstancesn which she engaged in
sensemaking practices more and more stably over time.
There isutility in studying these casésrough theanalytical lens of stabilitydespite the
fact thatthe stabilitiesin these casegok differentdue to their differences context time scale
and grairsize Looking closely athese stabilitiesan providansight into the complex dynamics
that contribute to producing and maintaining them. In addition, studyinghese stabilities
form andshift overtmec an support the fieldds attempts to

t hat make contact with studentsd scientific e

Mechanisms of stability
Now that | haveoutlinedsome theoretical and analytical notions of stability, | turn to the

issue ofhow these stabilities emerge and persist over.firoalo this,| recruit some ideasom
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thescience educatioliteratureonframing Drawing on work from sociolinguistics and
anthropology (Goffman, 1974; Tannen, 1993), Dadd@ammerand colleaguesHammer Elby,
Scherr, & Redish, 2005; Scherr & Hammer, 20089 the construct of framing to describe
fiactivation of a locally coherent set of resoutces( Ha mme r  e99),raminiscent @0 0 5, p .
Thelen and Smithoés (1994) Inatmeeworsls, famingtisiag ht ¢ oo
i ndi vi du adenseaf whgtis taking plgandit can have epistemological, affective,
positional,and social aspects, angst othes, which are in dynamic interaction with one
anotherSince human behavior and interaction is the dynamic system that | am interested in
understanding, framing, as a constructthatlelsh ow i ndi vi dual sé6 and gr ou
and expectations shagieeir behavioris auseful toolto aid my inquiry.

Although Hammer et al. (2005) largely conceivdraming as a cognitive function of
individual minds, activating a frame is fundamentally an interactive phenomenon, informed, in
part, by features of thHecal environment and context. As suaigividuals can coordinate their
framings with others6, a process which often
Tannen an@Wallat (1993)analyzd video of a doctor examining a child and found that shifts in
t he d woca registerandlanguagei gnal ed shi fts ofwhatshhwasdoct or
doing, in particular whether she was speaking to clinicians, to the mother, or to the child. These
markes helped the mother and chikecognize which audience the doctor was addressidg
helped them determine when to respond and wheenain silentThrough these tacit channels
of communication, it is possible for participants in an interaction to align their framing with
ot h évansd®Sande & Greeno, 2012)

Alternatively, participants may also make explicit movestosf t or r esi st ano

framing. An example of this phenomenon is described by Hammer(2085) who document
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the activity of a group of college students as they work collaboratively on a physics problem
One student, Tracy, begins by jumping into a numerical calculation. Another student, Sandy,
chall enges Tr acy ®swekeveraeneidn gt ob yd oa saklilngt,hait cal cu
explicitly rejects Tracybs approach of pluggi
approach the problem as an opportunityiftuitive sensenaking Tracy goes along with
Sandyo6s bi dinue @ reasontthhoagyh the ppoblem conceptuldlyhis way, shifts
and stabilities in framing can be informed by interactional dynamics as individuals attempt to
communicate and coordinate their framings with one another.

Framing as a local activatioof a coherent set of resourcesan event thalhappens in
moments However, those patterns of activations can become stable oveAsnmlividuals or
groups activate and4a&ctivate sets of resources, those resources develop some stability as a unit,
which can then be compiled more quickly and activated more readily in future moments.
Hammer et al. (2005) describe thdiferent mechanisms by which a set of resowcigvatiors

can become stahle
1. Contextual

Hammer andlescribe contextual mechanism o f s t apladssiveiadtivatioa lsmsed
onthesi t uati on, wh e rmednyhatithe mattem forms and petsibtewithout
metacogrtii ve r esour ces p limthisiwayparteculay aspectidotann ( p. 109)
environment or event caglicit patterns of interaction and activity thmtiy notappeaiin a
different contextFor example, when waiting ime, two strangers might spark up a
conversation. Disrupt that context sliglélyvith the introduction of smartphones, for exandple

andthat cowersation might never happen.
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Accounts ofcontextuaktabilitiesforming in response tlmcal dynamics and events
abound in science education literature. For example, Rosebgoynowski, DiSchino, and
Warren(2010)describe how an impromptu fidrill, that sent students out into the cold without
their coathelpedspark pr oducti ve discussion about how nt
Rosenberg, Hammer, and Phelan (2009) show how stustgfitirom recording a list of
disconnected facts to sense mngkabout the rock cycle after their teacher tells thefn ot a r t
with what y o and&cheo ¢inoprep) €how How angroup of college physics students
initially dismisses an unexpected irregularity in their data, but after a TA's intervenes asking
At hatds a good questi oné wh agtoupdbeginytoinvestighté in k hap

We can see some contextual mechanisms of stability at play in my cases as well. In
particular, in chapter 2hegroupactivates aensemakingepistemologyonly aftera fortuitous
instructional interventiom which |, as their TA, make a direct connection between their
definition of nonconservative force and conceptual notions of heat dissipation. In addition, other
contextual aspects supported the emergandestabilityof their scientific sensenaking, such as
aspects of thevorksheet problerthate | i ci t ed st udonausicm@ ndnebonsgesnt ei
slight discomfort with one another (this was their first time working togetieioh yielded a
willing ness to exploreachotheits ideas whilestill holdingonto strongcommitmentsof their
own. In addition, the classroom norms and culture supported an environment where students
wereexpected to articulate their vexation, argue for and against multipke diveasoning, and
coordinate across conceptual and mathematical representations of phenomena. While | did not
observehesestudentd e n g almpywmdehis single episodiéjs likely that this stability

would not persist in other contexts, for ingtanin discussions sessions for other courses.
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2. Deliberate

Unlike contextuamechanisms of stability, deliberate mechanisms invalvelement of
metacognition.Stabilitiesinvolving deliberate mechanisnean resulfrom an active monitoring
of resourcse. For example, a parent who comes home in a bad mood might easily interpret their
childés whining as an act of disobedience and
parent to recognize this pattern, suppress it, and activate anothenm, pettbapsnstead
interpretng the whining as useful information as to whether the child is tired or hungry.

There is evidence of deliberate mechanisms of stability at play in the case from chapter 3.
I f we think of Shar omposedoflSkansandher statdehargm i t i v e
acteddeliberatelyto maintainsome level oftabiltyby moni t ori ng student sé
framings.In the first episode, when students were unable to hold the stability on their own, she
made moves to limit the kinds of contributions that were permitted, which sent messages to the
students about what counts as doing science in this space. In the sgisodé, however, as
students began to hold the stability on their own, Sharon could reign in her monitoring, and allow
students to make decisions more freely as to what counts as a scientific contribution.

Another feature of these deliberate mechanisntisatan awareness of these patterns
allowsus to actively refine them and recognize nuance withintkemr ex ampl e, i n Ma
second interview, we saw evidence of her awareness of scientificreendei ng as a Mndki n
thingo that samdkoutofmulil.dShesdascribed havingttoaurn off her sense
making if she was tight on time or if it would otherwise jeopardize her grade. There was also
evidence that she had developed a sophisticated set otowgtdive tools which allowed her to
critically analyze and monitor her own engagement in scientific serad@ng. She spoke about

therelativeepistemological nuances of research compared to the course: At times, constructing
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ideas from bottom up was not necessary for doing the work, anéimensaking drained time
and resources away from her project. In those cases, she might turn to experts for help rather
than reinvent the wheel. Sens@king remained centrally important to her, but she recognized
that she did not always need to constearnething from scratch in order to understand it. In this
way, Mar yads r ecognrmatkiionng oo fa sii sac ifeknitnidf iocf stehnisneg
continuously refine it in response to her ongoing scientific experiences and consciously activate
or deactiate it according to context.
3. Structural

Repeated activation of sets of resources can give rise to more stidubtiesin passive
activations that are less dependent on local contextual dynaifiis mechanism is consistent
with ThelemacaondnEmiof hdevel op obgeat pearianeficdhbsel i t i e s
of resources that presentsagect permanencgains stability from repeated activations, but the
infant does not have to do any work to conjure iagfe interacts with objectstime world

Similarly, we often encounter students who, upon entering our reformed physics course,
passively activate sets of resources that have developed stability from many years of repeated
activation. Oftentimes, the activation of these resourceariaful to their learning and may
includeepistemologicatesourcegi.e., knowledge is transmitted, not constructed; physics is
composed of a disconnected body of knowledtgssroom physics is disconnected frihma
reatworld), affective and metaffective resources (i.e., confusion feels bad; uncertainty feels
scary, etc.)social resources (i.e., the professa jtmelplain things well; students should
accept, not problematize what the prefesr s ay s ; st u deach other adoatthéit t al k
ideas, etc.), and others. The work of instruction then, is to disrupt these stabilities and help

students cultivate new ones.
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In thecasefrom chapter 4there is evidence that Margatered the course with similarly
harmfulpatternsof metaaffective and epistemologicedsourceswhich likely developed some
stability from her past experiences in science courses. This initial pattern got disrupted, however,
in local interactions with instructors and other students in the course asswéth the course
materials and assignments. In these instances, Marya began to activate more productive
(contextualpatterns of metaffective and epistemological resourc@ver time and repeated
activation, these contextually stable patterns developgedtructurally stable patterns, which
retained their stability two years later when we interviewed Marya a second time. The stability of
these activations no |l onger depended on conte
class, the grahsize of stability shifted from being held together by the dynamic interaction
bet ween Marya and the courseb6s features and p
individual who carried it with her to other educational contexts.

As a set, thpapers | presntprovide insight into the dynamics contributing to stabilities
of student s o s acrogsmultiple iimescaes gnd padicipatiort structures.
Despite the differences across these cases, my findings reveal some overlapping themes,
particulat y wi th respect to the role that student s:¢
teaching play in supporting studentso iscienti

further detail ineach chapter, as well asdhapter 5.
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Chapter 2Understanding the stability & 0 dZRSy 14 Q & OA Sy
engagement over twenty minuted their inquiry

Jennifer Radoff

This chapter was conceived within the context of a larger project focused on studying episodes
of studentsd scientific engagement to ®under st
For this project, we colleatieclear examples of students doing science, analyzed the episodes for
what contributed to the dynamics, and then looked across cases for patterns and themes. This
chapter presents one of those analyses.

In looking across 10 cases, we discovered commanekehat contributed to the
dynamics. A few of these themes were related to how participants engaged with disciplinary
uncertainty, including positioning themselves as uncertain or confused (Watkins, et al., under
review), problematizing, and displayingedtive expressions of vexation and puzzlement.

The case | present in this chapter takes place in a discussion section for a reformed
introductory college physics course. It follows a group of five students as they engage in a

twenty-minute discussion alib a worksheet problerRarticular dynamics of this case raise new

insighsaboutt he r ol e disciplinary wuncertailmty pl ays
particular, my analyses reveal the complex dy
unce t ainty as well as the distributed role of

doing science.

6 Funded by th&ordon and Betty Moore Foundation Grant No. GBMF3475,
http:/studentsdoingscience.tufts.edu/
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Uncertainty and confusion in doing and learning science

Everyone is familiar witluncertainty an@¢onfusion.These experiences are inherent to the

process ofmaking sense of the world around Wisscience, where the primary objective is to

make sense of the physical wonlohcertainty and confusion are seercae featursof that

pursuit.For many years,plosophers and scientists have describecertaintyas signaling an

opportunity for exploration. For example, Isaac Asimov, biochemist and prolific science fiction

writer was widely attributedtohavesaid A" The most exciting mehrase t

that heralds new discoveries, is not OEureka
Many years of research in psychology and educatimgests that some amount of

uncertainty and confusiaanbebeneficial for learning. In the mitb late 1900s Piaget

proposed cognitive disequilibriugni.e., an inconsistency between expectation and expedéience

as a mechanism for cognitive developm@iaget, 1970)Since then, many others have

proposedhatcognitive conflict may be beneficial, and perhaps ewsessary, for conceptual

changgD'Mello & Graesser, 2014; D'Mello, Lehman, Pekrun, & Graesser, 2014; Limon, 2001;

Posner, Strike, Hewson, & Gertzog, 1982pwd, Araujo, and MazyR015)explain that

confusion may indicate that students are figro

conflicting with their (rl).Gonverdely thevdbsedcgef and e x

confusion fimay also indicate that the student

and prior knowledge. Student recognition of this conflict may assist, rather than inhibit, the

l ear ni ng p Liméo@EFshowedithat eteh when conceptual change was not

achieved, students who grappled with contradictory information engagedidearange of

epistemic practiced hey developed more elaborate and sophisticated answers to account for

anomalous data, constructed multiple explanations and deliberated between them, integrated
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additional knowledge into their answers, and checked neliigedately for coherence between
their models and the data.
Others have designed for the strategic introduction of uncertainty and confusion into
learning environments and activittso pr omot e st ude ntRoBexamplarne nt i f i ¢
their founddional work analyzing an extended episodebfjfaders debating whether an orca
should be classified as a dolphin or a whilegle and Conar{2002)proposehatscientific
engagement is more likely to occur if students are encourageedlitematiz content andf
theyaregiventhe authority to pose arsblve problems. They claithat students should be
encourageaot only to question their own thinking but ateoquestion established assumptions

and issuegHiebert et al., 1996)

—

Similarly, Manz(2015)r ecr ui t ed Pi ckeringdés mmottheon of
tendency for the natural world to push back against our attempts to measure, define, and
undestand i® to design opportunities for children to grapple with uncertainty as they studied
Aithe wild backyard. o Manz found that Athe for
established a need for the pr ampleiassedents hat t he
identified qualities that indicate successful growth in plants, they quickly realized that it was not
obvious which qualities determined succesg.(the plants that were the tallest did not produce
as many seed pods). The complex natditie data demanded that they make choices about
what to measure, decide how to represent and make sense of the collected data, and make
connections between their measurements and models of giowtidition differencesdbetween
their experiment and ¢htarget phenomenon encouraged students to assess whether their model

accurately represented the phenomenon.
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Themes of disciplinary uncertainty in our project cases

These accounts suggest that disciplinary wunce
engagment. In our project that studies how students enter into and persist in doing science, we

have found evidence to corroborate these accoumitsis project, wecollected candidate

episodes of students doing science #i@classrooms, and conducteedgpth analyses of the

ones that were deemed byeamof university sciencefaculty o b e #Acl ear 1 nstanc
scientific engagemenét the time | began writing this chapt@5 episodes had been vettéd,

were approvedand D in-depth writteranalyses were completed.

Looking across the analyses of these 10 ca
and grappling with uncertainty played a central role in supporting the emergence and/or
persistence of st ude n ttantyoftercemerged from a missegr g a g e me n
explanation for a puzzling phenomenon or from a lack of coherence amongst ideas, observations,
models, intuitions, or outcomes. For instance, in the Clouds case -fpadér Jordan grappled
with how it was possiblefdr i ght ¢l ouds to hold heavy water.
discrepancy and her attempts to motivate the problem to her peers helped shift the epistemic
activity (from telling what they know about clouds to asking questions about mechanism) as well
asthe positional dynamics (from taking turns talking to the teacher to debating with each other).
Similarly, in the Escalator case, although the professor told students that an escaldéssdoes
work on a person who is walking up versus st a

answer with her intuition that walking up an escalator should resmlbrework because there

28



Episode

Age & activity structure

Summary of wdedathty nt s @

Clouds

4™ gradeclassdiscussion about
clouds and rain

Students grapple with the questionwhcan
alight cloud hold heavy water?

Water bottle

5t gradeclassdiscussion on
evaporation

Students grapple with a discrepancy
between their model and observatiolfis:
molecules spread apart when heated and
move togethewhen cooled, then why do
water bottles explode when thane put in
the freezer?

Escalator

Class discussion in a college
phydcs recitation section

In class, the professor gave the answer tc
homework problem: an escalator does leg
work on you when you walk up vs. stand
one step. However, studeratse still
grappling with an alternative argumetit:
you walk up, the escalattis putting more
force, and thusloingmore work on you
than when you stand.

Ball on string

Classdiscussion ira college
physicscourselecture

In class, a student asks a questibimere is
a ball on a string spinning in a vertical
circle. When théall is on the side of the
circle, what is the net force acting on it?
Students contend that in order for the ball
be moving in a circle, there must be a
centripetal force inwards towards the cent
However, they also notice that there is a
gravitatioral force pointing dowward

How can the net force point directly inwar
if there is a downward component?

Block and cylinder

Classdiscussion ira college
physics courséecture

Students argue over the answer to a

homework problem. Most students agree
with one outcome, and a small but vocal
minority agree with the other. They provid
arguments for both sides and grapple witl
the outcomes.

van de Graaff

Class discussion in a college
physics course lecture

When watching the i
demonstration using van de Graaff
machine, one student notices a piece of
Mylar behaving strangely. Students attem
to account for its behavior.
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One student provides a mechanistic acco
Isaac's wheels 3" gradeclassdiscussion on for how wheels make a toy carove.
motion Students question him about why the car
does not continue on forever.

Students attempt to construct a model for

Rubber band 5t grade discussion on water | how a cloud rainsThey struggle to
cycle construct a model that has all the relevan
features.
Preservice teachers try to understand an(
Seconds Class discussion in a physics | construct a model for why light shining

course for pe-service teacher | through a black tube has a fuzzy edge wh
it hits a surface.
As students work on a worksheet problen
they discover that their calculation is
inconsistent with their accounts of energy|
transfer and conservation.

Table 2.1:Descriptions of thelisciplinary uncertainties students grapple with in each case

Smaltgroup discussionf a
worksheet problem in an intro
physics discussion section

Penny on disk

is an increased force between the escalator a
and her peers engaged in an extended debate about the issue, as they attempted to bring their
intuitions into coherence with the professoro
fith-gr ader Jared noticed that the classbds wor ki
farther apart when heated and closer together when cooledheoasistent with his experience
of overfilled water bottles exploding in his freezafter Jared articulated the problem to his
peers, the class spent the rest of the period working to revise their model and devise ways to test
it. A list of the uncertaities students grapple with in each case can be found in Table 2.1.

A cluster of3themese mer ged around notions of discipl:]
problematizing (Phillips, et al., under review), (2) participaaksng up theositionof not
undestandingl Wat ki ns, et al., under review), and (3

(Jaber & Hammer, 2016).
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Engle(2012) defines problematizingagiany 1 ndi vi dual or coll ect
encourages disciplinary uncertaine s t o b e t ak e r68).WperehsyEngetfrantke nt s 0
problematizing as a feature of instructitiat is embodied by a learning environmemng
conceptualize it as an activity taken up by studdrasinvolvesinot i ci ng a gap of
understanding, ehntifying and articulating its precise nature, as well as motivating a community
of its existence and significarce ( P h i | ih prgs% Asevé seait, problematizing ot
merely the act of taking up disciplinary uncertainties planted by an instruaacounteredh a
learning environment; it e process dadctively constructing well-defined problenand
motivating its significance to a community

In8 ofourl0Ocase, we found that studentsdé probl ema
of their engagemenkhillips (in prep) als@analyzed the social dynamics of problematizing and
found that in many cases, there was an individual student that nominated a peobdemd
student that endorsed &ndone or more students who resistedrdr example, in the Clouds
case, Jordan nominated the probleomv does a light cloud hold heavy watand Elea endorsed
tt,saying, HAYeah, c au s @therstudnts, havevet, didgnbtinitisdlys a f ea't
recognize th@roblemJordanwas pointing toAlyssa, apparently not orienting ttwe on
mechanism, respondedttteq u e s t i 0 nit,just slaesyiti[holds,watdr] Bhillips found that
in generaltheg r o u p 6 s ergageneent tvas imore productive when students took up all
threerolesl n t his case, Eleads endorsement of Jorde
resistance provoked a heated debate and established a need for Jordan and Elea to make their

focus onmechanism more explicit.
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Participants taking up the position of notderstanding
Another themecrossour cases was that a participant (either student or tequiiaigly
exposed themselvesnot understandingomething typically by askinga questioror by
expressing their uncertainty or confusibluotably, it was not merely the presence of an
individual 6s uncertai nt y,corributed td hheei rg r ppwlplbéisc e x
dynamics Research on the social and discursive dynamics of unagrsaipports this notion,
showingthat these public displays can foster productive epistemological, conceptual, and social
dynamics of studentsd inquiry (Kirch & Siry,
In a study of 9 of these cases, Watkins et akdéumeview) shows how public displays of
uncertainty shifted the epistemological, conc
framing, which contributed to the initiation or maintenance of their scientific engagement. For
instance, when Jordan &ska question about how clouds hold water, she challenged the framing
that the teacher established, of students sharing what they know about clouds. By publicly
exposing her uncertainty, she made available another mode of partidpaskimg questiorss
which became central to the emergence of new epistemic and conceptual substance in the rest of
episode. Her questipn El ea6s endor s e me nshiffed thempdsitiohdl y s sad s r ¢
framing, from speaking primarily to the teacher to activelyatiely witheach other. Table 2.2
shows how patrticipants positioned themselves as not understanding in each of the cases and how
those positionings were consequential to the classroom dynamics.
{dzRSYy (1a Q 6EpisteiNdfieci A 2ya 27T
Af fect has been shown to be part of the dy
and pursuits (Cobb, Yackel, & Wood, 1989; Pintrich, Marx, & Boyle, 1993), but there have not

been many studies that attend explicitly to how mor@nmoment affective dyamics
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Episode

Positioning as not understanding

How it was consequential

Student forms a question about a

Shifts students to question, argue, and

Clouds make sense of one
phenomenon : :
emphasizes need for mechanism
. Sust ai nsmodelingafent s 6
Water Student forms a question about a : 9 :
evaporation, now to account for freezing
bottle phenomenon .
water expanding
: Sustains and refreshes discussion on w
Student forms a question about a .
Escalator and force when moving aam escalator,
phenomenon . .
applies model to new situation
Ball on Student notes an inconsistency in Sustains discussion about force and
string reasoning motion, applies model to new situation
Block : . : ... | Shifts from homework review to
Student expresses dissatisfaction with i e -
and . reconciling differing predictions of two
. reasoning .
cylinder different models
van de Shifts from teacher presentation to
Student observes unusual phenomeno| . . :
Graaff discussion about unexpected observatic
Isaac's Teacher asks arekpresses confusion | Shifts students to make sense of one
wheels about a stu's idea about rolling anotheroés ideas, f
Rubber | Teacher and students ask about stu's i{ Shifts students to finding merits and flav
band comparing clouds to rubber bands in ideas, focus on threshold phenomeneé
Sustains studentso
Seconds | Student notes an unusual observation | conceptual substance to include new
observations
Students raisan inconsistency between _, . .
* Penny : . y .. ... | Shifts students from the activity of
. their calculation and conceptual/intuitiv ; : : :
on disk producing a calculation to doing science

understanding

Table 22: Description of how a student or teacher positioned themselves as not understanding i

each case and how that positioning was consequential for the episode dy(framics
Watkins, et al. (under review))
*The Penny on disknalysis was completed after Watkins, et al. (under rewieas)written

contr.i

bute to

s t u d eandteged fevsecaroand tmaonfentscof uacertpiaty e me n t

and confusion. For example, while Engle and Conant (2002) use affecinaicator of
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engagement, they do not examine the affective dynaasiasherent irdisciplinary engagement.
JaberandHammer(2016b; 2016ahavebegunthis work coiningthe termepistemic affedio
describe feelings that acdosely tied to the epistemic experience of senséing and
knowledgeb ui | di n g, exsitanceht ofaas/ingtamew id@a or irritation at an
i nconsi st eTheyyfadnnd (hat,.like $c8g®Xijts, students experienceetfeelings and
drives as thegngage in sensmakingpursuits
These feelings can both signalsbe elicited by aspects ofir cognition. In this wayl
consideraffect and cognitiomo be mutually constitutiveve recognize an inconsistency, in part,
because wéeel botheredy discrepant information. And we feel bothered, in part, because our
expectations of coherence have been violadfct not only signals and assigns meaning to
aspects of our cognitionubcan also move us to actidn.ello and Graess€R014)found
that,
Confusion is expectet be beneficial to learning because it signals that there is
something wrong with the current state of the world. This jolts the cognitive system out
of equilibrium, focuses attention on the anomaly or discrepancy, and motivates learners
to effortfully deliberate, problem solve, and restructure their cognitive system in order to
resolve the confusion and return to a state of equilibrium. These activities inspire greater
depth of processing, more durable memory representations, more successful retideval, a
consequently enhanced learning.303)
Similarly, Jaber and Hamm¢2016a)describe feelings within the epistemic pursuit tlgatve
inquiry, such asnidthepdegiiagt phheycateasmar no ( p .
they callepistemic motivatiowith other forms of interest and motivation that are related to but

distinct fran the epistemic practice of science itself, such as studying science because it confers
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elite status or employment opportunities. They showed that while epistemic motivation can
shape st utaminteresttandlidentitips, it is fundamentally rootethe momento-
moment dynamics of an epistemic pursuit.

We found that in almost all of our cases, studgrappling with disciplinary uncertainty
displayeda particular form of epistemaffect what | callepistemic vexatigror feeling bothered
by aninconsistencyAlthough epistemic vexatiocan signatliscomfort, which isin part,what
drives attempts for resolution, these expressioer® often pairednd layeredvith other forms
of animated affect astudentexperienced andollaborativelygrappked with disciplinary
uncertainties. For instancéordan and Elea displayed vexation toward the inconsistency of how
light clouds hold heavy water as wellfasstration as they tried to convince theliassmatesf
their inconsistency. At the sartime, lowever, layered onto their vexation anaistration were
signs of enjoymends they smiled and laughedlithough their feelings of epistemic vexation
produced discomforthey were also eager and excited to figure out a solution to the problem.
This was a common patteitmmany of our casést hat studentsd i nquiry afrf

in part, by feelings of vexation layered witkeir interest and excitement.
The case

In this chapter | present an analysis from one of these cabBlescasel discusss similar to our

ot her s, in that it depicts an extended episod
disciplinary uncertainty appears to deentral feature of whatssted and sustained Like in

ot her cases, there is evidence of studentsodo p
not knowing. h this episodehowever there are differepat t er ns o f thanweiskte nt s 6
in other episodesNherea in most cases, we see expressions of excitement and interest paired

with studentsod eangppuzlesrenimtmsscasesft udexnd tsibomf f ect i v
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expressions of excitement and interest were muted. In fact, in a majority of the episodes student
appear primarily to be experiencing discomfort. Part of our understanding of what contributed to
studentsdé6 engagement in other cases involved
science that was evident in their animated expressions of affdbissase was puzzling to us.

What motivated students to persist? Their attendance in the discussion section was not
mandatory and the worksheeasvnot graded or even collected, so tbaeyld easily have given

up or moved onto the next problefrthey were not enjoying themselveBhis pattern required

an explanation.

Furthermorethis episodeshows different patterns of participationant ude nt s 0
problematizingWhereas in most of our cases, individgaldens takeup the rols of nominator,
endorserand resistqrin this casgeno single studerfell into each of these rolek the Clouds
case, Jordandéds commitment to the problem of h
what contributed t ldowdvdrean thisicases so&mul takthedegde(ame n t .
perhaps this is not disconnected from their lack of emotional expresgion). hout a fAJor de
do the work of articulating, motivating, and encouraging others to consider the problem, how
does this group maintain stability in theiquiry aroundt? In addition, Phillips (in preparation)
found that cases where a student initially re
patterns of engagement than those that lacked a source of resistance. In this case, however, the
resstance was responsible for destabilizing the engagement. Why did the resistance, in this case,
shut down the engagement rather than help sustain it, like in other cases?

In the remainder of this chapter, | attempt to answer these questegwvice of
understanding what contributé¢do t he emer gence and persistence

engagemenh this case
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Study context and gthods

In this section, | first give an overview of my methods for data collection, episode selection, and
data analysisThen, | provide a brief description of the physics course and discussion section
where the data was collected. Finally, | provide some background for the episode, including a
description of the physics concepts that student reference in the episode.
Data ollection

The data for this paper come franeformed introductory calculdsased physics course
taught by David Hammefhis was the ofsequence version of the course taught in the spring of
2014, with around 65 students enrolledias a TA for this corse, and thepisoden this
chapter took place in my discussion section at the eRrelmiuary2014.1 set up one camera in
thecornerof the classroonto capure all groups simultaneously. External aud@oording
devices wereandomlyplacedneargroups throughout the classroom.

The groupthat | focus on in this chapteras seatethr from the camera, which reduced
the video qualityAfter linking the audio to the video footageeihancedhe videoto magnify
thefocal groupin order to capturany possiblgestures and facial expressio@sly 3 members
of the group appear s gegFigure2l2)yandiomly twolofehe mambhers a 6 s
are facing the camera, though their faces and bodies are frequently obscured by the backs of

students who are sitting closer to the camera.
Episode selection and bounding

This episode was originally selected as a candidate case &iut®nts doing science
project. The only selection criterion for these cases was thatlémgta clear instance of
students doing science. These cagt= involved one or more students engaged in an extended

pursuit (~1625 minutes, on average) to wmdtand a physical phenomenon
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Episodedor the projecivere boundedn a casdy-case basisWhen there was evidence
of an onset of scientific engagement we included as much data as was necessary (and available)
to study the shift. Other times, studewesrealready in the middle of doing science when filming
began, in which casee bounded the episode at the beginmhthe available dat&ometimes
we only included enough data to shswufficient evidencef students doing science. Other times,
we included armctivity up to its natural conclusignvhich was typically marked by@hange in
subject (i.e., when studenthanged problem or topic) or byshift in epistemic activityrom
doing science to doing something gfse., students stop doing science and start following an
algorithmic procedure)lhe episode presented in this chapter shows a group working for 19
minutes on a single question. The episode has clear hbuinstsrts when they begin work on
the question and it ends when they move to the next one.

Methods of Analysis

| first conducted a momemb-moment analysis of the episode for the project, in which |
developed thick descriptions arslidencebased conjectures about what was taking place using
methods of knowledge, conversation, and discourse anéDesisy et al., 2010; diSessa, Levin,

& Brown, 2016; Jordan & Henderson, 1995; McDermott, Gospodinoff, & Aron, 1GR&rS &
Sidnell, 2005)

In the analyses developed for the project, we were carefiigtioguish betwee4 levels

of inferencewhen makingnterpretations
(1) Atthe most basic levelyed oc ument ed participantsd talk a
transcript and often including descriptions of their tone of voice, prosody, and volume.

We also documented relevant gestures and facial expressions to the extent that the

information was available. Because it was not possibtiescribeevery aspect of the
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activity, we focused on details that seemed relevant t@tteity. For example, in one of
our casesmnany studentw/orethe same brand of shaevarying colors. Though this
detail may be relevant for a sociological studyanirth grade clothing fadghere was no
evidence that it played aroletinrh e dy nami ¢ s o fhusswe didlnotmotesitd a ct i
in our analysis

(2) At another levelywe described the struatue o f par ti ci p oothtleed act i vi
epistemic nature of the activity (suchvalsether students were developing a model,
guestioning a conclusion, seeking a mechanism, or computing an algorithmic solution)
and the participation structure of the activity (such as whether students were addressing
answers to the teacher or to each gtbewhether students were building or seeking
knowledge).

(3) At times, it was necessary to make interpretations abomelaaing that students were
making. For instance, when a thigdade student, Isaac, said that a car without wheels
wi || A r a gve nadedintegptetatipns about what he meamabyWe used
| saacds speech and ac c o mpaxa ggainsghishand asur e s
evidence to support our interpretation that for Iseagmeans something similar to
drag. We also looked adther instances where Isaac used the wagdo determine
whether he was using it consistently. From this analysis, we discovered that thegvord
held quite technical and specific meaning for Isaac.

(4) Finally, we made some interpretations about participass 6 i ntenti onal i ty.
carefully and sparingly, reserving this level of analysis for when we thought it was

necessary to understand what was taking place
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| used this momerib-moment analysis to develop conjectures about what contributée t

emergence and stability sft u d engagesnénn this case.
Course background

This physics courstocusedors u pporting studentsdé -engagemert
making.Because this was an efequence course, many of the students were freshman or
sophomore chemical or environmental engineers who were taking physics as an elective course.
The cour s e withsuddgmfwatchmg peddciuces prior to eaclecture, where
studentsvwor ked i n pairs to respoawereencauragedtoi es of
reason througmultiple arguments for any given probleStudents completed weekly problem
sets and were awarded points for clear and sensible reasoning regardless of whether they
answered it correctly.

In teaching assistant (TAgd discussion sections, for which attendance was optional,
students had spaceparsuetheir own inquiries!f no studengenerated questions arosaend
other TAsgenerally provideavorksheets with challenginguestions for students to solWe
closelymroni t ored studentsdé progress and prepared |
needs. Sometimes we wrote questions that highlighted an issue students were grappling with;
ot her times we would share a studentdés quest.

The discusi®n section | describe below had about 15 regular attendees. In discussion
sessions, | normally gave students tasks to work on in groups, which they completed at their own
pace. Sometimes students would opt to work alone on their own problems, but erosheyt
worked with others who were sitting near them, typically in groupss®idents. The focal

group in this episode did not, to my knowledge, work together regularly.
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Episode background

The week before this discussion sesswamch took place ahd a month into the
semester, studentd taken their first exam on forces and motion, and since then, they had two
lectures on the topic of work and energy, including about kinetic and potential energy, and
conservative force#t the start of this dis@sion segen, | returned gradedxamsfrom the
previous week andave students a worksheet with thgeestionson the topic of work and
energy.

Theepisodefollows a group of students as they work on theosid question on the

worksheet (shown in Fige2.1), which | wrote based on a question from their practice exam.

2) Here is that disk from problem 10 of the
practice test. When the penny has gone
halfway around the disk, how much work has
the disk done on the penny? What about
when it has gone all the way around the disk?

Figure 2.1: Question Zrom the worksheefT his questiorreferences a previousethat

describes the followingituaton @A a penny of mass Rifronsthetcenteon a d
of the disk. The coefficient of friction between the penny and the digR iShe disk rotates at a

constant rate. In other words, the pemynioving in a circle ofradildat a constant sp

By this point in the semester, studenée studied that the centripetal force-s

(wheremis the massy is the speed, aridis theradius) for constant circular motion. They have

also learned multipldefinitionsof work:
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(1) Work is equal to "®0b wherethe dot product is taken between the fof@eand an
infinitesimally small change in positiériOp, over a distancel. In the case of a constant force,
they have learned to approximate this equaticd as 3 or,c0o "® @ A | Owhere ®

and '® arethe magnitudes of the force and distance vectors—asidhe angle between them. In
essence, this equation picks out the component of the force that is in the direction of motion and
multiplies it by the distance travelelh the case that- T, the eqgation simplifies taw "¢

Q In the case that- 11 s is the case for the penny in problem above, none of the force is in
the direction of motion, and therefore no work is done.

(2) The total work done on an object (by all forces acting on it) isleéqua@ ‘Qor the
change in kinetic energy of the object (wher® -a 0 orv O -a ). That means, for

an object with an unchanging massing) positive work on an obje¢pplying a force in the
direction of motion)ncreases itspeedand doirg negative work oan object (applying a force
opposite to the objectds motion) decreases it
product of two vectors in either case, it is a scalar quantity, meaning, it has no direction.

These definitionsighlight two different aspects of work. Definition (1) is a proeess
oriented account, which considers how the force is transferring energy to the object at every
point along the obj ect 6 sorigntadabcountdfevbrk, whichdkso n ( 2)
at the beginningand enestates to determine whether the speed/kinetic energy has increased or
decreased. Students have also learned about conservative egwheervative forces, which
have implications for the conservation of mechanical energye@ample, gravity conserves

mechanical energy, but kinetic friction does not) and how to calculate work (for conservative

" The positiony, is not to be confused with the radius of the disk, which I will designate with a
capitalR.

43



forces, only the total displacement is taken into account and fecamervative forces, work is

calculated along the entire pathweled). | designed this problem to help students disentangle as

well as make connections between these two definitions of work. | hoped that it would elicit their

physical intuitions about energy and motion to serve as resources fomsakisg about tl

formal physics. The focapisode follows the discussionafyroup ofiive studentd George,

McKenzie, Brian, Elijahand Jacksah as they work on this questioseeFigure2.1).
Episodeanalysis

In what follows,| divide the episode analysis into 5 semts. There is a link at the top of each

segment to the corresponding video, and | encourage the reader to watch the video before

reading the analysis. When necessary, line numbers are referetiert] and a transcript with
corresponding line numbersrche found in Appendix 2.1.
1. Initially approaching the problem as a simple calcul#tioas 151)

Students immediately approach this problem by plugging numbers into aroecardi
methodically chugging through the calculation. They first calculate work by multiplying the
centripetal force on the penny with the distance it travels around the disk. This equation assumes
that the force is in the same direction as the displacemith is not true in this case, but it is
typical for students to use this equation when calculating work more gefdrafigct, when
designing the problem, | expected that many students would employ this method early in their
problem solving and that would inevitably contradict witktheir ideas about energy
conservationHowever, the group does not stop to think about the physical implications of this

calculation, so they do not notice the contradiction.

8 This is similar to how students apply the equation - @0 to cases of negonstant
acceleration.
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In their activity, there is little evidenad scientificengagemenilhe dialogue progresses
in a steady and unexcited manner as students chug through the calctilasgrattern gets
interrupted briefly wheiklijah draws their attention to a potential flaw in their reasahititat
perhapstheyltsoul d be cal cul ating work using the
traveled. However, thequickly settle thassue and return tiveir rote calculaton.

2. Instructorintervenesand aproblem emergeglines 52121)

When Ifirst approach the group, George asks me to verify that friction, a non
conservative force,ispathe pendent . Here, George frames
substantive issue, but as a definitional discrepancy that can be settled by asking an @authority
more evidence that they are not yet orienting to their activity as-sesisieg. | respond to
Geor ge 6 s drawmgaconoeptuabcgnnection between wardk @anergy in the case of
kinetic friction, in particular, pointing to heat dissipation as a-l&iendent mechanism of
energy transfer. Prior to this point, the group had not discussed conceptual notions of work or
energy nor did they use evidence frora ffhysical world to make sense of their calculations.
After this point, however, students begin to problematize their solution.

In particular, George points to something puzzling wheashks,iUm, so | guess
because it's neoonservative, then we wouldve a force which would just be ther work
which would just be the force times the distance it traBis| was wonderingg what what is
like, the howis energy being transferred / 2 s/ | InesB&0j 9%, 9FApmemdix 2.
Although Geoge does ndully explainthe issuehere is my interpretation of itf $tatic friction
does work on the penrfwhich they calculated using the equation "Cz 'Q andif work
impliesenergy transfer, thethe static frictionforce mustsomehowbe transfering energyto the

penny. If so, what is the mechanism of energy transfer? As he articulates his problem, George
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explicitly marks his uncertainty by positioning himselfvesndering(line 91, Appendix 2.}.
Georgeappears genuinely unsure about whestatic friction can dissipateeat like kinetic
friction; he displays some skepticisabout it (ines63-4, Appendix 2.) but at the same time he
is unable to identify an alternative mechanism. Here w&seegestarting tomake sense of the
physical impicationsof their solutionNamely, how is the static friction between the disk and
the penny transferring energy from the disk to the penny?

Like GeorgeMcKenziebeginsto consider the physical implications of their solution, but
whereas George wonddrewthe disk transfers energy to the penny, McKenzie wonders
whetherit transfersenergy at alllines96-7, 1012, Appendix 2.}. Although she does not fully
articulate it, McKenzie points to an inconsistency between their calculatiaih@mebrkkinetic
energy theorefh Namely, if net work is done on the penny, then its kinetic energy, and thus its
speed, must increase. However, the problem explicitly states that the penny is moving around the
di sk at a fAconstant r atitegesnthavembre snergyi n( 1MclK) e n zA se
she says this, she puts an emphasis on the wawel revealing a slight sense of urgency in her
articulation of the problem.

In this segment, both McKenzie and George begaking physical sensa their
calculation, an gentation which was markedly absent at the beginning of the episode. Whereas
they first approached the problem by plugging numbers into an equation without attending to the
physical implications, we now see them starting to check their solution for ockeséh other
parts of their understanding and experience. These productive resources appear to have been

cued up, at least in part, by my answer to Gedmgeg59-62, Appendix 2.}, in which |

9 Although McKenzie does not explicitly reference the wkitketic energy theorem, she is
certainly appealing to an outcoroeiented definition of work when she says that the penny
fidoesn'‘havemoreenergy (|l i ne 101, Appendiom. 2. 1) at t he
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conceptually link work and energy transfer; as GeorgeMeifenzie consider the physical
implications of their solution, they become increasingly aware of inconsistencies and gaps in
their understanding. However, this awareness does not automatically tip them into stably sense
maki ng. | n f Sodtseemswide goo guys thinlathat these'ta t r ansfer of e
(line 108 Appendix 2.}, McKenzie and George defer to my authority and quickly agree, despite
the fact that this conclusion contradicts their calculation. Neither attempts to reconcile these
contradicting argumentdirfes109-111, Appendix 2.}, more evidence that, while thégave
begun articulating thenncertainty they are not yet stably seasgking.
3. Initial attempts to reconcile the inconsisterfcines 122170)

After | leave the group, charging them with the task of reconciling this discrepancy, they
i mmedi ately start deli berati ngWellGavrd thigkdhato f f er s
it- doesrt do wok é a ntdink our flaw was we wergist multiplying it and not taking the dot
product of the vectorséso the force is |ike c
it's changing around tInesl28,i1256 128130 AppendxRNays c a
Here, George suggests that the effects of the force veetocg! out resulting in zero work
done. However, he does not offer a tangible reason for why the dot product would produce this
cancelation effect. In addition, his usietloe wordjust positions the problem as trivéalevidence
that he isstill orienting to this problenas easily reconcilable.

| mmedi atel vy, Brian points to a flaw in Geo
explanation relies on symmetry, whichthehath t i on case does not satis
destabilizes Geor ge Oaseasily recontilad€teorgemespormislyhe pr ob
positioning himself as uncertailing 133 Appendix 2.} (Watkins et al., under revievand

reiterating the discrepancy. -itbaotspaedisg,up,fisBut t h
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not being raised up. Solikeowi s 1t /. [/ gaining enénedg3r? Li ke
8, 14Q Appendix 2.}). As he says this, he opens and upturns his palm slightly, a gesture which
typically indicates or communicates uncertainty. He then moves his hand to his head in what
appears to be a headratching gestureséeFigure2.2), indicating puzzlement. Here, we see

George and Brian taking up the respective roles of constructor and critiquer of (Elanths

2008) Briands critique of Ge or-make)whicltGeargertakes e v e a l
up and further stabilizes as he expresses his uncertainty about how the penny might have gained

energy.

Figure 2.2: Ge o r g e -8csatcling gedture

In another attempt to reconcile the discrepancy, McKenzie reasd questions her
ear |l i er as s ump toesm'nhave &ng extratlike poteptial energy ofikinetic energy
(line 102 Appendix 2.1 b e ¢ a ua movingtanyimsre lfke once it gets to the@rithés
96-7, Appendix 2.). She claims that pkaps their flaw was misinterpreting then the kinetic

energy equation to mean speed rather than velocity. Brian and Elijah help her develop this claim,
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saying that At hdime@44 Agpendin2.)la c cseol et riaEbdifyosnnon y(6 s

chan g i rip@47 @Appendix2.) even t hough it slindld7pAppendixs not
2.1). If the U in the kinetic energy calculation (O -d0) refers to the penny:q

than its speed, then t hi senargywharsges@avitratates, which | i e s
is consistent with the results of their original calculatiimost immediately, however,
McKenzie and Elijah identify a flaw in their reasoniig€s 156, 158 Appendix 2.Jd At h e
velocity will be the same oncegets all the way back to where it started cause it'll be in the
same direction, almesl5860 ' Appertin2.}). Ictheyaceccalcalgtinguhe 0 (
pennyo6s change in energy based on t hdack hangin
to its starting point and returns to its original velocity the net change in energy should be zero.
This solution is problematic because if the penny gains energy afterratadilbn, but not after
a full-rotation, there is still a conflict with tireearlier calculation. In addition, more explanation
would be needed to account for how energy is gained and then subsequently lost as the penny
travels around the disk.

As McKenzie and Elijah critique their own claim, Brian continues to argue foryihga

ABut, since I|ike, friction is the one-/tithat ' s,
does depend o nlinesh6é2, pppendix 2.}, dlluding to their @arlier discussion

about the effects of a naonservativdorce being patluependent. Here he argues that they

must consider the work friction does along the entire path the penny travels and not merely take

the difference between its initial and final

energygo? Qline 164, Appendix 2.1) with increased pitcldarolume, emphasizing the word
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energf> El i j ahd6s tone communicates some wowency a:
the disk does work on the penny. Although Elijah does not participate as activahea
students, this moment shows that Elijah is aware of the discrepancy and is feeling some vexation
about it.

Brian continues t o ardganyhing, yo@ fusttsirg sits theces , i f
versus if it goes all the way dowaround oncefriction did play a big role. And, it did do
somethingas it was going around, and it's not gonna-llke donét know | i ke canc
i f it jJust g o elisesl®o@8cAppeadix d.l Asche says this, die p(ts his pen
down and usekis hands to model an imaginary perfumst sitting thergseeFigure2.3) and then
moves his finger around to indicageing all the way around ongcphysically embodying the
motion of the penny. He also raises the volume of his voice and emphasizes tsenwetlling
while he drops his hand to his side in an upturned fiti@an appears to be experiencing a
tension in this moment, perhaps betweerstrisng intuition that friction does work on the
penny!and his lack of a plausible mechanistic argument to support it.

Il n this segment, we see the groupé®otdvialgr owi n
nature of the discrepancy stimulate their t@taand elicit more stable patterns of sense
making. Students are engaged in constructing, critiquing, and communicating claims, they are
thinking deeply about the physical context of
claims using evidencand intuition. This pattern appears, at least in this segment, to be elicited

and maintained by the entire group, initmt her t h

Since Elijahds normal prosody is extremely mc
evidence of heightened affect.

11 And this intuition is reasonable: Circular motion is one of the few cases of perpendicular
acceleration, in which a force adb accelerate an object but does not do work on it. Brian is

correct that forcés doingsomething to the pendyit is changing the direction of its velocity.
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Figure 2.3:Br i and6s embodi ed gesture

challenge to George activates a more productive pattern of engagement that is then taken up and
sustained by George, McKenzie, and Elijah.

Al so contributing to this stability are fe
expressions of uncertay) in the urgency and puzzlement in their speech, and in their physical
gestures and neverbal expressions. These feelings appear to be entangled with individual
students6 identification of or reneweanmtsattent
to seek out a solution.
n® DS2NHSOres yR49) OF &S

Up to this point, the group has made several attempts to reconcile the results of their
calculation with theiideas about energy transfer. So far, they have proposed and found flaws in
arguments for both sides, but have not made much progress toward finding a solution. At the
start of this segment students continue to construct and critique solutions but thienese
reasoning rely on mathematical technicalities that are disconnected from the physical phenomena

they represent.
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About a minute into this segment, George shifts the conversatidrrbg wi ng t he gr o
attention taanother vexing phenomenon. He/ ss Whatfil don't get is like how something that's
really heavy and you push it and ilineslédddbesn’' t m
Appendix 2.). At first George appears to leatirelydeparting from their problem, but he goes
on to mark the connection more explicitly say
how/. / does /. / static friction transfer energy between the penny and the spinning? /3s/ Cause
like it's not | mean | guess maybe it is heating up and that's justdikel can't conceive of
somet hing | i ke Inesads9 Appendix.).IEvek with Georget erplicitly
linking these cases, the conceptual connection between them is not immpedkéatebside from
the presence of static friction in both cases. In the penny case, friction is the only force acting on
the object, which results in acceleration; in the heavy object case, friction acts to keep the object
stationary by opposing a pushifagce.

However, both cases speak to the question George asked at the beginning of the episode:
fhowi s ener gy b e ilinegP3 Appendix2 f. Namelg, th Baih of these cases, the
mechanism of energy transfer is obscuk&there does all thenergy from the pushing go when
an object remains stationary? Similarly, where does the energy from the friction force go if the
penny does not speed up? Notably, this new case assumes that energy has been transferred, and
shifts the problem to identifying mechanism of energy transfer that might account for a loss of
energy (like in the form of heat), rather tha

It is unclear whether Georgeleveragingthis familiar situatiorto make sense of the
penny problenor whether the penny problem has sparked his curiosity about this new case.

There is evidence that elements of both are happening for George: When he makes a bid to

transition back to their previous adhstivity, h
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problemaoifi t ' s | u slines241-2, Appegdixr2.f, markKing his ambivalence about the
value of this new case for their original problem.

Either way, George appears to be vexed enough by this new problem to disrupt an
ongoing discussion angkrsist in seeking a solution to it. He introduces it by explicitly marking
his uncertainty (AWhat | dondét geteo) and rub
He also raises the volume of his voice when he says thehweardine 195 Appendx 2.1),
communicating his interest in and sense of urgency for identifying a mechanism of energy
transfer. Finally, -wieamlguess mayhe)tss heatingupars that's t 6 s
just like- but | can't conceive of something like heatimy u | i k 8nestl3v-89 AppeKdix
2.1), he opens uplifted palms in a display of uncertaisgeFigure 2.4), reminiscent of the

glimmer of vexation he displays about this issue in Segmdme? 63-4, Appendix 2.]).

Georgeds skeptacpesmsiabbet mbdehanasm is only ex:
arguments challenging the notion that frictio
physical experience, saying, f@dBut, i f you t hi

it, ifike-unl ess your feet start to moines2328,hen you
Appendix2.) . This tension helps us betterdhander st a
cannot fully convince himself that heat is dissipated in thie bas he also cannot identify a
plausible alternative.
McKenzie, on the other hand, does not appe#neredat all about lacking an energy
transfer mechanism, possibly because she is not convinced that energy transfer is even happening
in these cases. Bin, however, who has consistently argued that theddiskdo work on the
penny, appears to display some vexatboutit Geor geds new problem see

Briands physical I ntuition i n a way)ensiomfart par a
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Brian is evident here as -Meyoddopusldgansitameit says,
doesn't move, so you are likansferringg t but i tdés just | i ke not enct
k n o wines203-4, 206 Appendix 2.). As he ays this, Brian pushes his arms out in front of
him, again connecting to his physical intuition by imagining he is pushing on something. Just
like in the penny problem, vexation seems to emerge for Brian in the tension between his
physical intuition thathe force isdoing somethingnd his lack of a mechanistic account of what
thatsomethings or how it relates to work.

As the students discuss this problem, George continues to display vexation over whether
and how energy is transferred. For instance,

heatt h e in 207, Appendix 2.) he inflects his voice, and upliftsshpalms (like in Figre

2.4), indicating uncertainty. He also reitera
is that friction | i ke standingtnhsefreer,r ibnudinesp@bdsr hgiyn g o

Appendix 2.}, speaking in aigher pitch with upturned palms, indicating urgency and
puzzl ement. Finally, after George says, f@dBut
don't, Iline238 Appeadix2.§, he(rapidly clicks the back of his pen, indicating some

agitation.

Figure 2.4: George upturning his palms
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Al t hough Georgeds question does not end up
elicits a productive discussion in which students are constructing and critiquing claims, making
nuanced arguments, adchwing on analogical reasonirigcKenzie continues to argue against
the idea that heat is dissipated in this case, recruiting the limiting case of a wall to show that for
extremely heavy obj ect s-dissipating frition,ttHt is respdngibdec t 6 s m
for keeping it in placeliies209-210, Appendix 2.). George suggests that they can think of the
wall as a really stiff spring that compresses when you push it, but insists that in the case of
pushing a heavy object, like a refrigeraibrs the friction and not the springiness that keeps it
from moving (ines211-213, 215, 217Appendix 2.). Elijah points out that if you are pushing
on a wall, there is friction between your feet and the grolimelZ21, Appendix 2.}, which
George casiders for a momentlife 222, Appendix 2.}, but then McKenzie challenges him,
saying that the friction under your feet keeps the person, not the wall, from mvasP23-4,

Appendix 2.).

This segment marks another shift for students in the episotéto sensenaking but
towards the articulation and pursuit of a new problem. One might expect this shift to disrupt the
sciencé since students had not yet answered the question they were parsuwinig does not.

Il n fact, Geor getthsgrayputevart thioking abaitl ppysicalsnedhgnisms,
arguably closer to doing science than was the detached mathematical reasoning they had been
doing moments earlier.

G e o r gerafion may be contributing to rssientific inquiry by establishing a need to
seek out innovative solutions, which he does in this case by drawing on an adjacent phenomenon
to make sense of the penny probldmis movec ont r i but es to the stabil.i

engagemenfand it is als@vidence that George igking coherence more generallye shift,
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from mechanically calculating solutions at the start of this episode to seeking out new
phenomena to wonder about and leverage is quite drastic.

Although others do not display the sameelesf interest insolving this new problem,
they seem to empathize with his pursuit. Even when McKenzie challenges George on the issue of
heat dissipation, she does not challenge the underlying premise of his pursuit or the framing of it
more generally. Rber, she engages it. Furthermore, when George suggests that perhaps this
case was a 0t angent lneskdl-2 Appandixe.), peKenzig regssuredh | e m (
him of i1its valwue, saying, Alt' s ki probabtyf a t an
hel p us wi t lmest434, Appendika2y}.Perliaps(it is this empathetic stance that
has the groupbs scientific inquiry continue u
the group from its pr eionpoudes thkiogartungtysfar students Ge or ¢
to build coherence between the penny problem and other physical phenomena, and establishes
the need for their engagement in a wide range of epistemic practices; it also serves to further
stabilize t-tmakihggr oupb6s sense
5. McKenzie finds a solution but others are still unsatigfiegs 24850

George shifts the discussion backhliepenny case by problematizing the notion that
energwas transferred. He -svarkbeing pdsitivg, isithatslikeghe wi t h t

force is const an lines24960Appendix .3 It id norcenpletelyockeay  (

what Georgeds fAissueod i s, basthe doentien optlwedristiorb i | i t vy
force changes, the fAset s canalfoutreuipngis zeroget f or ce s
wor k. He made some ver si orfSothdfordelsliike coastaglyy ment e
changing, so then, Ilwanttoshye cause i1it's changing around the

(lines128130, Appendix 2.}.
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Moments afterward, the students discover that the force and displacement are
perpendicular to each other, which means work would be Zhi®discovery is teatically
correct, but the group still does not appear to have a deep conceptual understanding of why this
fact I1Is true. Brian pr ovHedceasu smea tchoesmarn « lineafl nsiunpe
274, Appendix 2.)12, but no one offers a conceptual explanation. WleKenzie hears this
revelation, she x c | alfitheyére perfiendicular, it's zero?... Oh, so it's zero!...That's the
answer! ... Ther e Ilines268, 266,268 2Appdndix 29. MzKenz oe! 60s (
response conveys excitement and retie#, most affect we have seen from hethie point.
Looking back at her contributions, she has been actively engaged in reconciling their calculation
with their conceptual notions of energy. For McKenzie, dissovery resolves the conflict and
supports her initial observation that the pen

reveals some emotional relievidence that she may have been experiersmnge pentp

vexation.
In stark contrastto McKeni e 6s di spl ays of relief are Gec
lingering dissatisfaction. Ta this®mlusiogaconflots Br i a

with the physical intuitions he appealed to earlier, that fridmmehowdoes work on thegnny
(lines165168 Appendix 2.} . He voices this sentiiseeemslike agai n,
friction, a nonconservative force, it's what's like causing it like to go around, you'd think that

like-0 lines277-8, 28Q Appendix 2.). However, inen Mc Kenzi e chall enges
where does ijo, then? Cause withwith kinetic friction you can say it's heat but like, where

does where does it go? Energy is conserved. But it doesn't have mdratdike the penny

?Although they had been using an equation that assumes the force and displacement are in the

sane direction 'Oz Q the more precise equationcis "® ® A | -Owhich takes the
angle between the force and displacement into account. Since, in this case, the angle between the
force and fAdi splacemento i s A mMegrees, wor Kk
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doesn't have more ener@ylin€s284-6, Appendix 2.}, he still cannot provide her with a
plausible mechanistic account for how the penny gains energy.

The source of Geinlesgaear.sifted all, e jast finishédaxpressiogn
doubts about i wlmeskR4950Apperglix 2)madihé Seams t agree with
Mc Kenzi e6s lines@8%6, Appsndpo2r) ,( sayi ng, inYeah. Li ke wh
side, it's not going any faster and it's not, any -higtioesn't have any more kinetic energy or
potenta | e nlmes28¥8) Appendix 2.). From these accounts, George should be satisfied
with the answer that work is not done on the
exclamations and he immediately voices lingering condem®Z69, Appendix 2.}. Something
is clearly still bothering Georg@owever, the precise nature of his vexation is unclear, possibly
even to him.

The group eventually decides that the disk does positive work on the penny after a half
rotation, more evidence thitc K e n zdnaudi@n was not stably rooted in a conceptual
understanding of the phenomenon. This discuss
starts to say, ASo then, does 1it-0tne30@ositi ve
Appendix 2.}, but then he trails off. He then gives a more complete description of his confusion,
saying, ABut wh asoldetwmy itavould baizere wiheni itgoes afl toe way
around. Because like, the way | see it is like the forces all cancel out at ewdryQamise if you
like consider like the vector force at every point there's also an opposite one, so it cancels out,
but i f you go halfway? does that mean that, i
around? and negative on the otherwayianod ? s o t h e nes8223 8268, out ?0 (
Appendix2.)} . Her e George is raising an issue of sy

distinguishable from the next, so why would the disk do positive work over the first half of the
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path and negativeork over the second half? This explanation might work in the case of a full

rotation, but it falls apart for explaining the work done on the penny at any other point along its

path. George appears to be struggling with mapping his mathematical intalioumsvectors
6canceling outé onto the physical world. He s
negative? | guess it just depends on which direction it's going. And which direction on the plane

i s p o $nest3334, Agpenflix2.) , and twhHatgives it thaBnegative sign? | guess

it's the direction oD ling 342 Appendix 2.}, before trailing off again. On the one hand, he tries

to explain the tension away with an arbitrarily defined coordinate system, but on the other hand,

t hi s ailmafgiixo seems to deeply trouble him. This
who repeats the problem another few tinlese$ 33940, 342, 3445, 347 Appendix 2.].

McKenzi e, Brian, and Elijah seem ttey empath
eventually appear to | ose interest. They move
(lines309-321, Appendix 2.}, to merely affirming it fnes 324, 325, 329, 331, 33Bppendix
2.1), to finally dismissing itlines337, 341, 343Appendix2.1). Eventually, McKenzie makes
an explicit bid to move onto the next problelind€ 349, Appendix 2.}, and George, although
still visibly struggling, agreedife 350, Appendix 2.}.

The start of this segment marks another shift in conceptual substaribe lgroup
remains stable in their serseking. However, that stability is quickly disrupted when

McKenziediscoversa potentiakolution to their problemAlthough George is still grappling

o

with the dédcanceling out g toregomaiteetmstconausion wBhr i a n i
his intuition, McKenzi eos thereizs adorrespondimgmshiferar s t o
her participation. Before this moment, she played a fundamental role in shaping the conceptual

and epistemic substance bétdiscussioi she offered ideas for how to reconcile their
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inconsistency and took up othersod ideas to ex
however, she makes multiple bids to reach a conclusims@70, 272, 276, 281, 283,
Appendix2.1), including her final bid to moven to the next problem, which the other students
take up.

There is also evidence that McKenzie made the bid to move on despite not being fully
satisfied with the answer. Here is some transcript from a few minutegratencluded in the
video data), when | return to check on the group:

Jen: You guys figure it out?

McKenzie: No.

George:No.

Jen: Which one's wrong?

(everyone laughs)

McKenzie: Sort No.

George:Sort of.

McKenzie: We like came up with more argumentddy/ both of them (laughs).

George: | think we've reached a middle grourits zero when it goes all the way around

and positive when it goes halfway around.
When | ask if they figured it out, McKenzie s
up with more arguments for both of the outcomes, perhaps aware that this conclusion violates my

directive that they should have agreed on a single outcome.
Discussion

My goal for this study was to understantiat contributed to the emergence and stability of this

groupbs scientific engag eimpinytinother cases, wehatee nd e d
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identified some common contributing factors to the scientific engagement, inctudingd e nt s 6
problemaizing, their positioning themselves as not understanding, ancaffestive
expressions of vexation layered with interest and excitement.

My analyssin this chapterevealthat these themes indeed contriloLiie the dynamics
of st udent s 0thiestudyalspreveasmetinsigltirttathe affective and social
dynamicsoftheses t u d e nt s 0 undertasntylin patticularaheycall attention to (1) the
complexdynamice f st udent s & esgupperting asivell aswdisrypédtucconnt sidn
engagementnd (2)thed i st r i buted nature of the agdtheupodés s
instructor.
(1) The complex dynamics af $IzR Sepisteini@ vexation

Il n other cases, we f oun dvadpdiradtwithexpresdiansiaf s 6 e p
interestand excitementin these caseajthough the vexation served as a kindrofant, students
experienced it as an agitated excitement to figure out a solution, ednttibuted taheir
productivescientific engagemenin this cag, although student notexpresstheir vexation as
similarly energizingjt neverthelesgppeared to be a primary factor contributinghi®
emergence and persistencdhdir engagemenstudents initially oriented to the problem as a
simple calculatia but shifted to doing science when they recognized an inconsistency. It was the
puzzle of the inconsistenckather than an interest in the phenomemiaatinitiated their inquiry,
and heir initial attempts to resolve the inconsistency resulted in gootkictive scientific work:
Students offered and found flaws in arguments
their ideas, theygritically examined their assumptions, and coordinated across mathematical,

conceptual, and intuitive representatiaighenomena.
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Although their engagement did not appear to be driven by an independent interest or
investment in the phenomena, some students developed these feelings as their inquiry
progressed. For example, George seeking oeinacase to explomechamsms of energy
transfer was evidena# his developing curiosity about the phenomenon more broadly. Finally,
there is evidence that tdhalengesandgnytsledptempisi st enc
at reconciling the problenvas driven, in part,Yotheir feelings of vexation. For instaneg,the
end of the episodé&eorgeexpressed intense puzzlement and uncertainty adrapted to
reconcile why work would be negative for one
other half and hepursued this problem e s pi t e o tapparent Iasd oliickeresttingt 6

While epistemic vexation played a central roléniiating and sustainingt udent s o
inquiry, there is also evidence that these same feelings of vexation were responsible for
eventually disruptingt. In most of our othecasess t u d engagesnént would come to a
natural conclusion when the inconsistency or problem was resolved. In this case, however, the
groupb6s engagement was di sr up tugah wheeNcKengde t hey
made a bid to move ontothe nextproblehm | i ke i n ot her cases, wher e
vexation acted to energize their engagement, in the lagnfeutes of this episodeexation
appearedo inhibit theg r o epgégementnpar t i cul ar, there iIs evide
vexation was alleviated, she resisted returning to that state of discddesptite her initial
excitement at findi ng A tshe®&asaot fellysatisfied bythairer e i s
conclusiorthat positive work is done halfway but no work is done all the way around the disk.
Nevertheless, she resisted engaging with Geor

Thisis certainly not meant to be an indictmenMifKenzig nor do Iwish toattribute to

her a stable stance orientation tevarduncertainty or vexation. In fact, McKenzaetively
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participated toadvandceh e gr oup 6 s i n §rst haiff of theepisodg andahtimest t h e
sheappeared tenjoythechallenge In addition,McKenzie was not solely responsible for the
cessation of t he hapMdKangié madecthe hidtg maveom,tneitheiNGeorge
nor Brian protested. Even if George and Brian were fed@litgnsesocial pressure to move on,
we see students in our ethcases push back against similar moves to shut down their inquiry.
Jordan, for instance pushed back agaiwestbest friendilyssa, when she challenged the
legitimacy of her problem. In thmomentGeorgegave consertb move on, it is possible that he,
too, welcomedthe prospect chibandoninghe discomfort ohis vexatiordespite his
simultaneous desire to resolve his inconsistency
To understand the functional wvariability o
moments of their inquiry, | draw on the construct of redtact (deBellis & Goldin, 2006), or
student sé f eel i nigteirwobkstudyingtstnderisrd feeneoltii ogns. about
mathematicsDeBellis and Goldin (200&efer tothe complex structures of layerethotions
thatpeople onstruct and derive maédheogolhdnpm a&a4861Ht ov
exampleobne of t hese At owenemayfeelguibhaebyo udteasgemrea thbse how
about thepain of perceived rejection for academic failure by a parent whonmowes At the
core, perhaps, is the love; but the negative ra#iect transforms it into something painful, and
the anger and guilt contriteito an enduringlabei t dysfunctianal, struct
Conceptualizingffectaslayeredhelps us to escape the simplistic narrativelagsifying
emotionsaccording tgositiveor negative valenceRekrun & Stephens, 20). Instead, we can
think of epistemic vexation as a core emotion that, in local moments of activation, can be layered

with other emotions such asriosity or annoyancehich can determine whether students
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engage in the hard work of articulating the precise nature of their viexattbseeking out a
resolution or whether they abandon it
For scientistsywho engage with moments ahcertaintyevery day, the feeling of
vexation though still agitatingsignals the pronse of discoveryather than théear of failure.
They havdearned, over time, that actively engaging with their vexatameventually lead to
satisfaction Thisfeelingis what makes the discomfort of vexation worthwhile, and it is, in part,
what motivates scientists to spend their lives seeking ausalning challenging problem®ver
time, we hope for students to learn to approach their vexation like scientists do, and we see
evidence, even in this episqd¥ studentstarting to do the work of engaging and interrogating
their vexation.
(2)The distributed/ I G dzNBE 2 F (G KS 3INRdzZLJIQa adl oAfAdGe
In our other cases, we found that, in general, a single student or a small group of students
were responsible for articulating, motivating, and encouraging others to address a potential
problem. In this case, the stabilityf t he gr oupds was amledtivef i ¢ engag ¢
accomplishment, not attributable to any one student. Although at first glance, George ppear
havedrivenmu c h o f tinkquary, ther other ptidents (McKenzie and Brian, in particular)
were funé@mental to starting arglistaining h e g r o tmpking. F®& iestasce, when
George initially dismissed the discrepancy as trivial, it was Brian who challenged the lack of
coherence in his argument. In addition, when George shifted the focus to thebteobject
case, other students empathized with his vexa
engagementFinally, McKenzie proved to be an essential player in maintaining the dynamics: As
soon as her own vexation was alleviatedjasnol ong bef ore the stabil it

engagement dissipated
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Although epistemic feelingand motivationgre experienced by individuals, tluase
shows how they can inform and be informed by others around us. Expressions of epistemic
vexatoncan call otherso attention to the existenc
sensemaking.In addition, we cae mp at hi z e epidtemic veration kke gedo with
other forms of affect such as excitement or giefen if we do not fealexedourselves, we can
recognize and feel moved by the passioa of 0 t puesuitdMy analysis of this case shows that
student s6 e pwasquite poivearful foreagtigating their scientific seasgking in
moments, but also highlights the importanégroup dynamics for providing the energy and
support to help that spark catch fire. On the other haadlso saw thahis energy can be
quickly dissipatedf anymembers of the group work to actively resist it.

Finally, although my instructional imeention was simple and brief, it played a
fundamental role in eliciting their vexation and guiding their subsequent acfigityoon as |
noticed their expressions of vexation, | encouraged them to articulate it, Sayfimat do you
guys think? /3s/WhHa' s your confusion about Ilinds845? Why do
Appendix 2.). This move provided the opportunity tudentdo contemplate their confusion
as an object of reflection and for me to better identify what they were strugglingrwith.
addition, when McKenzie and George quickly agreed with me that there did not appear to be a
transfer of energy, | pushed them ofliites 11419, Appendix 2.1)Before walking away, |
clearly articulated the two discrepant arguments that needed ieggpaad | charged them with
the task of reflecting on and sorting out their confusion. Had | merely walked away at that
moment without intervening, they may have sim
and moved on to the next problem withexamining their assumptions or figuring out why their

calculation violated the principles of energy conservation. Rather than allowing them to stick
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with the unexamined fAicorrecto answer, | encou
to the impeotance of instruction, not only for designing opportunities for students to grapple with

uncertainty and confusion, but for the ongoing support that is necessary in these moments.
Implications and conclusion

In this paper, | presented an episode ofstuderd s ci ent i fi c engagemen
understand what contributedgtarting and sustaininge engagement. The analysis revealed
that studentsdé feelings ®@fie.,bheriepigiemiowexatidar ed by

were consequentialforegh st art i ng and s uastwallianforevgntuslly udent s o

disrupting it The analysealsos howed t he stability of student s¢
achievement, with each student (and $s$he instr
inquiry.

Together, these findings have implications for research and instrugtist).this study
contributes t o scientficeagagemerty mghlighting theecantra rdle of
affect not only as an indicator of engagem@mgle & Conant, 2002put as central tthe
dynamicsost abi | ity of slinpadieular Ikageprevidegeangiecah support
for Jaber and Hammer d6s (2016) argument that e
dri vi ng ientific duesuits (Saber & ldammer, 2016).

In addition,| have shown that some epistemic motivations, such as epistemic vexation,
can function in complex and variabl eThsvays ¢t o
findngs uggest s tdxaioncantbealeleragéddotupport scientific engagement, but it
also reveals challenges in doing sb: & d e n t-afféct amwell @ contextual dynamics such as
social pressure calsoimpact how readily they engage the@xation Just recognizing tha

there is more to sort out is not always enot@imitiate engagemenespecially if the student has
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had a | ong history of peers and instructors p
unnecessary detours. With so much value placed on g#tgmight answer, the value of

identifying the flaw in the wrong answer is not always apparent to students. Furthermore, studies
show that instructional incentives designed to reward angetting over sensmaking can

prevent even highly engaged studeinbm taking the time to examine their own confusion

(Danielak, Gupta, & Elby, 2014)

This is compounded by the fact that many teachave difficulty letting their students
struggleTeacher s6 concern with creat i (Bgrgess&f e, car i
Carter, 1992; Nias, 1989; 1999; Noddings, 198tgntranslates to sheltering students from
disagreements and challenges that trigger averse emotions swetiuason, anxiety, and
frustration(Gellert, 2000; Hargreaves, 2000; Varelas, Becker, Luster, & WenZ¥l; 20
Zembylas, 2005)Although this sentiment comes from a place of deep care for students, it can
keepthemfrom fully participating in the practices and pursuitsrd discipling(Jaber, 2015)In
addition,studenta nd t eachers often per c aisignghatdhecer t ai nt
student has failed in his leang: He hasn't been working hard egd, or he's justot smart
e n o u(bipsan, 1992, p. 91)Paired with these perceptions, feelings of vexation can trigger
anxiety and frustration, which hdleamdeb& en s how
Brown, 1999) These feelings can have lomge ac hi ng negative consequen
developing disciplinary identities. For some, it can turn them off to science altogether.

This was almost the case for Marya, a freshman engineering major who took this course
the prevous year, began the semester with extreme anxiety in moments of uncertainty and
confusion(Radoff, Jaber, & Hammer, 2016) Mar yads feelings of strugo(¢

she was not good at physics. However, after taking a reformed introductory physics course
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focused on helping students develop more productive approaches to learning, Marya experienced
a dramatic shiftRather than avoiding these feelings, Marya immersed herself in them.

Eventually, she began actively seeking out opportunities to grapple with uncertainty and
confusion; the feelings that initially alienated her were the very ones that drew her to the

scientific enterprise.

Maryads case as wel |l as uncértaintyoandeconfusiomaye nt e d
trigger negative metaffect such as frustration or anxi€fyeBellis & Goldin, 2006; Radoff et
al,2016whi ch can f eed b-inagk and selivarth. Fdanotleagading theses e | f
feelings may havetudents running from even the slightest hint of discomfort. However, since
feelings of vexation often precede an understanding of its precise nature, fleeing at the first sign
of confusion prevents the necessary work of examining and interrogatingist. intorder to
support students6é6 engagement in productive sc
than just design act i viTheyenayneed @ provield explicitt st ude
affective and epistemological support for studexstshey experience and grapple with feelings
associated with uncertainty and confusion.

I n addition, this study informs our wunders
uncertainty by showing the value of instructors attending and responding to expre§sions
studentsdé6 uncertai nt ynthiscasenaesigned tse penhy qaestienitar i n g
elicit studentsd uncertainty and to support t
needed to actively monitor for evidence of their cardn and uncertainty and make moves to
support them both tacitly and explicitly. | not only provided an opportunity for students to
grapple with their uncertainty by making the nature of it visible, but by positioning it as an object

of reflection, | may hve helped students tap into productive resources for framing uncertainty
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and confusion as potentially useful for uncovering deeper questions and understandings in
science. This finding provides further support for conjectures about the importance oftmomen
tomoment responsive teaching for fostering the
epistemological and metfective dispositions in scien¢Radoff et al., 2016; Robertson,
Scherr, & Hammer, 2015)

While this sudy offers insight into some of the ways epistemic vexation plays out within
student s 6 gnaking, it éxanfinesconlsaesingteaccurrence of this phenomenon;
more study is needed to understand how epistemic vexation and other forms of epistemic
motivation play out in the individual and group dynamics of scientific seredeng. This work
informs a broader endeavor to look across nranyecases for how epistemic vexation gets
expressed, taken up, and t heypursoilsWwehavealrpadyay s wi
begunthis work by looking at the role epistemic vexation and other affective expressions play in
individual and grougevel scientific sensenakingamongin-service teachers enrolled in a
blendedonline PD courséJaber, Hufngel, & Radoff, in preparation) hope to continue
studying this constru@across many contexts and tiseales to better understand how it emerges

and how to support it.
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Appendix 2.1: Episode Transcript

Segment 1

1George: This is going constant speed? Right?

Brian: Mhmm. So there's um, the only force would be um, that matters—

George: The one inwards

Brian: Yeah, so, (writing on his paper) mv squared over r /3s/ and then times the distance,
which would be=

George: If it's halfway around it's—

Brian: =one half, two R, Pi, so [Pi R]?

George: [PiR]
Brian: So it'd be like Pi mv squared
/3.5s/

George: Yeah. And then all the way around would just be pi? er—two pi R squared— two pi R
Brian: Two pi mv squared

George: Which, | suppose you'd expect that— for it to be double

/5s/

Elijah: Wait, but once it gets all the way around?

Brian: Oh:::

Elijah: It's at zero displacement.

George: Oh, yeah.

/3s/

Brian: Yeah, | think— | think I'm [[...]] (erases something on his paper)

McKenzie: Wait, so then also, the displacement when it only gets halfway around, it wouldn't
be like—

Brian: Oh it would be [just straight across?]

McKenzie: [it would just be the—] two times the radius. | | George: Yeah.| |

Brian: So t—ah::

George: (Orients to paper, writes) Just 2 R mv squared? Or— 2 mv squared? (Lifts his head.
Looks at McKenzie?)

/2s/

McKenzie: Yeah.

/3s/

1[ 1= overlapping speech

|| ||=overlapping speech, in-line
() =gesture or action

(( )) = non-discursive vocal expression
[[...]] = inaudible

[[?1] = uncertain transcription

/./ =short pause

/s/ =duration of longer pause
underline = emphasis

x::: = elongation

x- = false start, broken off speech
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