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In this paper, we describe the Force and Motion Conceptual Evaluation, a research-based,
multiple-choice assessment of student conceptual understanding of Newton’s Laws of Motion. We
discuss a subset of the questions in detail, and give evidence for their validity. As examples of the
application of this test, we first present data which examine student learning of dynamics concepts
in traditional introductory physics courses. Then we present results in courses where research-based
active learning strategies are supported by the use of microcomputer-ddBé&d tools. These

include (1) Tools for Scientific Thinking Motion and Forcand RealTime Physics Mechanics
laboratory curricula, and2) microcomputer-basethteractive Lecture Demonstrationsn both

cases, there is strong evidence, based on the test, of significantly improved conceptual learning.
© 1998 American Association of Physics Teachers.

[. INTRODUCTION as many as half of the students in these courses are not en-
. . . rolled in the laboratory has allowed us to divide the students

In this paper, we discuss the Force and Motion Conceptugl, each course into two research study groups. One group
Evaluatiort (FMCE), and its use to evaluate student leamingcnsists of students who are only enrolled in lecture, and will
in _introductory - physics courses. This research-basedge referred to below as the NOLAB group. The other group

multiple-choice assessment instrument was designed 1@ anrolled in both lecture and laboratory and will be referred
probe conceptual understanding of Newtonian mechanics, 45 the LAB group.

Results obtained on a subset of questions that were askedat Tufts the noncalculus physics course enrolls 160 to
before and after instruction demonstrate that students argyg stude’nts in a single lecture section. As part of this
little affected by the traditional approach. In an effort to ad-¢qrse almost all of these students take the laboratory, in
dress this problem, we have developed two active learningypich they do a new lab every two week&nrollment in the
microcomputer-based laboratofyIBL) curricula, Tools for |51 sections is a mix of students from both the noncalculus
Scientific Thinking Motion and ForcendRealTime Physics 5 calculus-based courses addition to a large calculus-
Mechanics We have also developediools for Scientific  paqeq course in the Fall, Tufts offers an off-semester section
Thinking Interactive Lecture Demonstratiorsgeneral strat- iy the Spring. Almost all of the 50—70 students in this sec-
egy to encourage active learning in large lecture classes, f,n ais0 are enrolled in a laboratory which meets every
in any situation in which only one computer is available.\yeek These students are statistically more likely to have
After describing the test and giving arguments for its valid-.ople with physics than those in the Fall course, and many

ity, we describe its application in the assessment of the efpaye postponed taking physics to increase their chances of
fectiveness of these three curricula in helping students d?‘uccess.

velop a functional understanding of the first and secon
laws?
Ill. DESCRIPTION OF THE FMCE

II. CONTEXT FOR THE INVESTIGATION . . .
In previous studies, we have reported on the evaluation of

While we and others have evaluated large numbers of stustudent understanding &gfnematicsconcepts using a series
dents at many colleges, universities, and high schools witlef multiple-choice questior’sSome of these questions are
the FMCE, we have had the opportunity to do our mostincluded in the FMCE.In this paper, we will focus on four
extensive controlled testing at the University of Oregon, insets of questions from the FMCE that probe students’ views
the noncalculugalgebra-basedand calculus-based general of force and motior{dynamic$ concepts, the “Force Sled”
physics lecture courses and in the introductory physics laboguestions(questions 1-) the “Cart on Ramp” questions
ratory, and at Tufts University in both the noncalculus and(questions 8—1Qthe “Coin Toss” questiongquestions 11—
calculus-based courses with laboratories. 13), and the “Force Graph” questionguestions 14-21

At Oregon, the noncalculus lecture course generally enAppendix A contains the complete FMCEMost physics
rolls between 400 and 500 students divided among either twprofessors thought initially that these questions were much
or three lecture sections. The calculus-based course enroliso simple for their students and expected that most would
60-90 students in one lecture section. The laboratory is answer in a Newtonian way after traditional physics instruc-
separate course, with weekly experiments, enrolling abouion at a selective university. After seeing typical responses
250 students from both of these lecture courses. The fact th&b these questions in which fewer than 10% of the students
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21 After  Traditional Instruction Fig. 2. Student understanding of dynamics before and after traditional in-
= = Il Before Instruction struction. Percent of a matched group of 240 University of Oregon noncal-
8 20 N = 240 culus general physics students who answered groups of dynamics questions
@ 19 in a Newtonian manner before and after traditional instruction in 1989—
3 1990. The Natural Language Evaluation is a composite of the Force Sled
- 18§ questions, and the Graphical Evaluation is a composite of the Force Graph
a 17k guestions. All three Coin Toss and Cart on Ramp questions had to be an-
I swered correctly for the answers to be considered Newtonian.
g 16 v
S 15 . iy :
tonian framework, even after well executed traditional in-
14 struction. These observations are consistent with other re-
0 20 40 60 80 100 search into student understanding of dynarfii¢s.
(b) % Correct The results of the Cart on Ramp and the Coin Toss, which

are shown in Fig. 2 for this same group of students, indicate
Fig. 1. Effect of traditional instruction on students’ answers to the Forcethat very few students answer these questions as a physicist
Sled (Natural Languageand Force GrapliGraphical questions from the ~ would. We consider that these questions have been answered
FMCE. Percent of a matched group of 240 University of Oregon noncalcufrom a Newtonian point of vievmnlywhen the choiceen all
lus general physics students yvho_answe{&)daac_h Force Sled question and three questionsi;ndicate a constant force downward for the
(b) each Force Graph question in a Newtonian manner before and aftegin Toss and downward along the ramp for the Cart on
traditional instruction in 1989-1990. . .
Ramp.(Essentially all student models result in the Newton-
ian answer for the question in each set referring to downward
motion)
seem to change their views of dynamics after traditional in- These questions have been asked of thousands of students.
struction, some professors suggested that perhaps the quéathe fact that traditional instruction has little effect on stu-
tions are not significantor valid and reliable measures of dents’ beliefs about force and motion, as shown by the re-
students’ knowledge. Our research does not support thisults in Figs. 1 and 2, is confirmed by considerable additional
point of view, and we will discuss evidence for the validity research.
of the questions after looking at some actual research results.
Figure ¥a) and (b) shows the percentage of 240 noncal- |y, pISCUSSION OF THE DYNAMICS QUESTIONS
culus NOLAB students at Oregon during 1989 and 1990 whqy N THE FMCE
answered the Force Sled questions and Force Graph ques-
tions in a Newtonian way. The questions were administered The FMCE is most useful when correlations among stu-
both before and after traditional instruction on dynamics,dent answers on different questions are examined. In this
which included standard lectures, homework problems, quizpaper, however, we are concerned primarily with the per-
zes, and exams. These results show that less than 20% of thentage of students answering questions in a Newtonian way
students answered dynamics questions in ways that are coim order to evaluate traditional instruction and our active
sistent with a Newtonian view of the world either before orlearning curricula.
after traditional instruction(See the discussion of Force It will be useful to look more closely at the questions in
Graph question 15 in Sec. IV, belovithese results are typi- order to determine their ability to probe students’ ideas. Note
cal and not unique to Oregon. Identical questions were asketthat although both the Force Sled and the Force Graph ques-
before and after instruction. The pre-test was not returnetions explore the relationship between force and motion by
nor discussed with the students. It is clear that asking thasking about similar motions, the two sets of questions are
same questions twice could not have had a large instructionakry different in a number of ways. The Force Sled questions
effect, since the total change before and after traditional inmake no reference to graphs and no overt reference to a
struction averaged about 7%. The results from this pre-testoordinate system. They use “natural” language as much as
(and those that folloyvshow that very few students entering possible, and they explicitly describe the force acting on the
a university general physics course, including those whanoving object. On the other hand, the Force Graph questions
have previously studied physics, understand dynamics fromse a graphical representation, make explicit references to
a Newtonian point of view. Unhappily, the post-test resultscoordinate systems, and do not explicitly describe the force
show that only a small percentage of students adopt a Newhat is acting. It is easier to ask more complex questions

339 Am. J. Phys., Vol. 66, No. 4, April 1998 R. K. Thornton and D. R. Sokoloff 339



using the more precise graphical representation. In spite of B Oregon 83-90 N=240

these differences in the two types of questions, students’ re- 1007 B Oregon 1991 N=151
sponses are very similar where there is an exact analog be- _  9°1 e
tween the Force Sled and Force Graph questions. In the few 5 = 80 '
cases where students do very much better answering the 5 & 707
Force Graph questions than the Force Sled questions, itis §2 so-
possible that their English language skills are weak. & 50
Some questions serve specific purposes. Force Sled ques- 32 1]
tion 5 is intended to identify statistically students who are *3 301
just beginning to consider Newton’s First Law as a descrip- gz 201
tion of the world. It is very similar to question 2 but is H
designed to elicit the Newtonian answer of zero net force for 1:'

motion at constant velocity. Students who are beginning to
accept a Newtonian view statistically choose “no applied (@)
force needed” for this question, even while answering Force
Sled question Zand Force Graph question)lldy choosing a 100_

. Lang. cal
Evaluation  Evaluation Coin Toss Cart on Ramp

Force and Motion Evaluation

Tufts S94 Pre (N=60)

[ |
constant force in the direction of motion. Students who are 60 B o o o e
far from consistently adopting a Newtonian view, still an- o 70 Oregon F35 Pre (N=69)
swer Force Sled question 5 by picking a nonzero applied 2z, 807
force. Thus question 5 helps identify students who are begin- = £ 704
ning to have doubts about their previous views but are not §: 60 ]
entirely convinced. It is not a good indicator of firm New- Bz 504
tonian thinking. Note that many more students answered this 5 40]]
. . . . EE

question in a Newtonian way both before and after tradi- 28 30-
tional instruction than other similar questions. S 20]

Force Sled question 6 was originally intended to probe < 10l
directly whether students believed that the net force is in the .

direction of the acceleration, but further research showed that T Nat. Lang. " Graphical
many students who believed this still chose the “wrong” Eralustion.  Evaluation
answer.(Note that the answer is directly contained in the
questlon) When aSked. to reconsider thelr.answer, these StL55ig. 3. Comparison of understanding of dynamics before instructiqa)in
dents would .Change it to B, the Newtonian answer. Up Shoncalculus andb) calculus-based introductory physics courses at Oregon
40% of physics faculty also choose an answer other than Bnd Tufts.
(almost always F After discussion, they agree the answer
should be B, but see no way to make the question clearer.
This result indicates that a “wrong” answer to question 6 use a composite average of the seven questions, 14 and 16
does not necessarily indicate non-Newtonian reasoninghrough 21, to make comparisons and label them the
Since some people very consistently answer all other quesgraphical evaluation.” Figure 2 shows this average for the
tions from a Newtonian viewpoint while still missing ques- data already presented in Fig(bl before and after tradi-
tion 6, we must interpret the results cautiously. Such resultsional instruction.(It is not possible to compare directly stu-
confirm the value of asking a variety of questions of diversedent ability to answer natural language or graphical ques-
audiences to probe understanding of particular concepts. tions in terms of the averages we have just defined, since the
The combination of Force Sled questions 1-4 and 7, orForce Sled and Force Graph questions included in the aver-
the other hand, indicate reliabln a statistical sengehe  ages are not direct analoys.
prevalence of non-Newtonian and Newtonian student views. We have tracked conceptual understanding of Newton’s
We will use a composite average of the results on these fivEirst and Second Laws of incoming students at Oregon and
guestions in the comparisons that follow and label this averTufts over a number of years and find very stable results.
age as the “natural language evaluation.” Figure 2 showsSome results for students entering noncalculus physics
this average for the data already presented in Fi.Hefore  courses are shown in Fig(s8. Results for calculus-based
and after traditional instruction. introductory courses are shown in FighB Notice that the
Some questions are asked to make sure that students ce@riations between courses or institutions are generally
read English, can understand the format, and/or can interpréarger than the small changes which result from traditional
graphs. Question 15 in the Force Graph sequence, whidnstruction(shown in Figs. 1 and)2
asks for the force on an object which is at rest, is the only

single question in which the most common student view and;, CONCEPTUAL UNDERSTANDING OF

Newtonian view are the same. Consequently, it is answereBYNAWCS BEFORE AND AFTER ACTIVE
the same way by a physicist and by 85% to 95% of StUdemEEARNING LABORATORIES

even before instruction. If a large percentage of students an-

swer this question incorrectlfcommon for middle school The Tools for Scientific Thinking (TST) Motion and

studenty it is likely that many of these students are unableForce'® and RealTime Physics (RTP) MecharlicaviBL

to read graphs. laboratory curricula, developed for the introductory labora-
Force Graph question 20 is, statistically, one of the lastory at universities, colleges, and high schools, are designed

guestions in this set answered correctly, even by students allow students to take an active role in their learning and

who answer the other questions in a Newtonian way. We wilencourage them to construct physical knowledge for them-

Coin Toss Cart on Ramp

(b) Force and Motion Evaluation
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selves from actual observations. These curricula have been
described in more detail elsewhéré!® They make substan-
tial use of the results of physics education reseéréhBoth
were designed to introduce active learning into the labora-
tory portion of a traditionally structured introductory course. 0] _
Both use the MBL force probe and motion detector to mea- . Lang.  Graphieal " cain Toss Cart on Ramp
sure and display the force applied to an object and its motion e e o Wotion Evaluation
(position, velocity, and/or acceleratiprsimultaneously in
real time'® They use a guided discovery approach and algig. 5. Effect of RTP Mechanicdabs on understanding of dynamics in
intended for student groups of two to four. They support the1992—-1994 Oregote) noncalculus andb) calculus-based general physics.
peer learning that is possible when data are immediately pre-
sented in an understandable form. They engage students
through a learning cycle which includes predictions, obser- The first two bars of Fig. 4 show the results for the same
vations, and comparisons. In addition, they pay attention t@roup of 72 LAB students before instruction and then after
student alternative understandings that have been doclectures and laboratories. As can be seen, there are very sig-
mented in the research literature. nificant improvements even though the post-test was given
The TST Motion and Forceurriculum, released in 1992, immediately after the last laboratory, before the students had
was designed to help improve conceptual understanding imuch time to assimilate their knowledge of these concepts.
mechanics by substituting a small number of active learningAs shown in the last two bars of Fig. 4, more than 90% of
laboratories for traditional ones. THRTP Mechanicxur-  these LAB students were answering most questions in a
riculum, released in 1994, has the more ambitious goal oNewtonian manner by the end of the course. This additional
completely replacing the entire introductory laboratory withimprovement was achieved through dynamioseractive
a sequenced, coherent set of active learning laboratories. Thecture Demonstrationsas described in Sec. VI.
origins of RTP Mechanicdie in TST Motion and Forcand From 1992 to 1994, students in the Oregon introductory
Workshop Physic® laboratory completed th®TP Mechanicdaboratories. Be-
How well do students understand dynamics concepts afterause research, as shown in Figp)3shows that the pre-test
completing theTST and RTP active learning laboratories? results vary little from year to year, no pre-test was given
During 1989-1991, the LAB students in the Oregon noncalduring these years, but the FMCE was part of the laboratory
culus general physics course completed all of T8I Mo- final examination. In Fig. &), the final results for the LAB
tion and Forcelabs. In 1991, they were evaluated with the group from the noncalculus general physics course in each
FMCE a number of times during the term, largely to measureyear, 1992 through 1994, are compared to the average pre-
the effectiveness dhteractive Lecture DemonstrationSee  test results for 1989-91. These results should also be com-
Sec. VI) However, we were also able to evaluate the LAB pared to the 7% gain achieved by traditional instruction on
group’s conceptual understanding after they had completethese questions, shown in Fig. @he additional improve-
the TST Motion and Forcéabs. As can be seen in Fig(d, ment in the Coin Toss and Cart on Ramp questions in 1994
the pre-test results for the group of students in 1991 are verig attributable to a curricular change RTP Mechanics
similar to results in other years. The same questiaiith the  which placed more emphasis on motion caused by the gravi-
order rearrangedwere asked of the LAB group after the tational force)
students completed the twBST kinematics and twoTrST A much smaller LAB group of students in the calculus-
dynamics laboratories, about five weeks after the pre-tesbased general physics course at Oregon in 1992-94 also
During this period, the students also experienced about oneompleted thdRTP Mechanicéaboratories and the lab final.
lecture of special kinematidsteractive Lecture Demonstra- These results are shown in Figbh While no pre-test was
tions - given to these classes, the 1995 pre-test results for the same

Average % of Students Giving
Newtonian Answers

—_
o
~
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Fig. 8. Understanding of dynamics in non-calculus courses at Oregon and
course are included for comparison. This seems reasonabl&fts with ILD-enhanced instruction compared to that with traditional in-
since the pre-test data for calculus-based courses shown $fuction.

Fig. 3(b) are all very consistent with one another.

The students in the Springoff-semester introductory
calculus-based course at Tufts also did RiEP Mechanics
laboratories during the Springs of 1994 and 1995. The results ) )
on the FMCE for a combined group of 88 students from both@ny high school and college physics programs are unable
years is shown in Fig. 6 before all instruction and on the finaf® Support hands-on laboratory work for large numbers of
examination. students because they have only a few computers.

Figure 7 compares results on the FMCE after traditional After several years of research, we formalized in 1991 a
instruction in introductory noncalculus physics courses andProcedure for theTools for Scientific Thinking Interactive
after experiencing th&®TP Mechanicdabs in noncalculus Lecture DemonstrationdlLDs), which engages students in
and calculus-based courses. The significant improvement i€ léarning process and, therefore, converts the usually pas-

conceptual understanding as a result of the labs is very simgiVe lecture environment to a more active one. The procedure
lar in calculus and noncalculus courses and similar for stulnvolves students recording individual predictions of the out-

dents at Oregon and at Tufts. comes of simple experiments on a Prediction Skwatch is
collected, discussing their predictions with neighbors and
V. CONCEPTUAL UNDERSTANDING OF then comparing their predictions to the actual results dis-

played for the class with MBL tools. We have published four
DYNAMICS BEFORE AND AFTER INTERACTIVE sequences of mechanitisDs to enhance the learning of ki-

LECTURE DEMONSTRATIONS nematics and dynamics, including Newton’'s Three Laws.

Despite considerable evidence that traditional approachd¥gore details on the procedure and design, as well as descrip-
are ineffective in teaching physics concepts;most physics  tions of these four ILD sequences, will be found
students in this country continue to be taught in Iectures?'seWheré- o

often in large lectures with more than 100 students. Also, Here we report on assessments of conceptual learning
gains using the FMCE for introductory physics students who

experienced series ¢if Ds on kinematics and Newton'’s First

B Oregon NG Traditional N=240 and Second Laws. In the Fall of 1991, as a substitute for

100- B Oregon NC RealTime N=630 traditional instruction, students in the noncalculus general
B Oregon C RealTime N=89 physics class at Oregon experienadzbut two full lectures
o 201 Tults C RealTime N=58 of ILDs on kinematics and dynamics. A similar setlaDs
g o 807 was carried out in the noncalculus introductory physics class
22707 at Tufts, during Fall, 1994. At Tufts, all students were en-
g2 60 rolled in the laboratory, where they complete[i!sy the two
3 g 507 TST Motion and Forcekinematicslaboratories® At both
23 401 Oregon and Tufts, students were awarded a small number of
3 30] points toward their final grades for attending and handing in
§z 201 their Prediction Sheets, but their answers were not graded.
< 10 Figure 8 compares student learning of dynamics concepts
. in traditional instruction to learning in identical courses with

" Mal. Lang. " Graphical . T ILDs. As we mentioned in Sec. IV, the pre-test results for
Evaluation Evaluation mp - >
Oregon students in 1991 and Tufts students in 1994 were
very similar to those of the combined 1989-1990 group of
Fig. 7. Understanding of dynamics in noncalcu(hkC) and calculus-based Oregon.students, which we show in the first bar of Fig. 8. Ir?
(C) courses at Oregon and Tufts which includR@P Mechanicsabs com- ~ comparison, the last two bars show _that the effect Of experi-
pared to that with traditional instruction. encingabout two full lectureof ILDs is very substantial.

Force and Motion Evaluation
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Fig. 9. Assessment history for the 1991 Oregon noncalculus NOLAB grouf:ig 10, Assessment history for the 1994 Tufts noncalculus course showing

showing understanding of dynamics before, during, and after instruction,nqerstanding of dynamics before, during, and after instruction which in-
which included kinematics and dynamitDs. cluded twoTSTkinematics labs, and kinematics and dynamldss.

VII. INSTRUCTIONAL AND ASSESSMENT
HISTORIES velocity questions correctly after a combination of the two
kinematics sequences dfDs. For noncalculus LAB stu-

In order to illustrate the proper use of the FMCE in assesseents at Oregon and for Tufts noncalculus students, both of
ing the effectiveness of learning strategies and to give morevhom also completed the tw®ST kinematics labs, these
detail on the experimental protocol used in this research, wpercentages rise to 90%—-95% on both sets of questions.
present here a more detailed account of the timelines of in- At the time of the midterm assessment, the LAB students
struction and testing at Oregon and Tufts. Figure 9 shows ahad also completed the fotiiST Motion and Forcéabs. The
assessment history for the noncalculus NOLAB group of Oreven larger increases seen in the bar in Fig. 4 labeled “After
egon students, while Fig. 4 shows results for the LAB groupTST Labs,” have already been mentioned in Sec. V. About
The bars labeled “Before Instructionlmeaning before all 70% of the LAB students are answering in a Newtonian
dynamics instructionshow the results on the FMCE after manner.
two traditional kinematics lectureéin all of these studies at About a week after the midterm examination, the 40 min-
both Oregon and Tufts, neither the evaluation questions nartes ofILDs on Newton’s First and Second laws were pre-
the answers were returned or posted at any time until aftesented to the students. In the lecture following thBs, the
the final examination. After two more weeks of lectures, same dynamics questions from the FMCE were asked as part
including several lectures on Newton's Laws, the student®f a quiz—with the order of questions and choices rear-
experienced a total of about one lecture of kinemalti3s. ranged. The results on this quiz for the NOLAB group are
About a week later, after all lectures on dynamics were finshown by the bars labeled “After ILDs” in Fig. 9. Figure 4
ished, dynamics questions from the FMCE were given ashows the results for the LAB students. The effect of the
part of the midterm examination. The bars labeled “After dynamicsILDs on the NOLAB group seems truly remark-
Traditionak-" in Fig. 9 show the effect ordynamicscon-  able in that nearly 70% are now answering both natural lan-
ceptual understanding of enhancik@hematicsinstruction  guage and graphical questions in a Newtonian afbgr only
with the kinematicdLDs. The NOLAB students improved an additional 40 minutes of interactive presentation of the
on the natural language questions by 14%, on the graphicabncepts in lectureStudents are doing even better on the
guestions by 24%, on the Coin Toss questions by 47%, an@oin Toss and Cart on Ramp questions. The LAB group also
on the Cart on Ramp questions by 35%. shows some additional improvement, so that now roughly

These improvements after enhanced kinematics instructio0% are answering the questions in a Newtonian W@ice
and traditional dynamics instruction can be explained by ousuch a large percentage of the LAB group was answering
previous research on the learning hierarchy formed by kinethese questions correctly before the dynaniidds, we ex-
matics and dynamics concepts. We have shown that improypect that those who were still missing these questions were
ing student understanding of kinematics also improves stuamong the weakest students in the class. The fact that the
dent learning of dynamicsven if dynamics is taught in a ILDs still were effective in changing the view of dynamics
traditional manner*® for approximately half of these weaker students seems very

We have reported previously on substantial gains in conencouraging.
ceptual understanding of kinematics by students who have The assessment history of students in the noncalculus gen-
experienced our active learning laboratoe®ur analysis eral physics course at Tufts in Fall, 1994 is shown in Fig. 10.
was based on averages of students’ responses on the foDne difference from Oregon was that at Tufts all traditional
velocity and five acceleration questions on the FMCE. Whatinstruction in kinematics and dynamics was complebed
about the effect ofLDs? Whereas at Oregon an average offore any ILDs were presente(The timelines at Oregon and
only 35% of noncalculus NOLAB students can answer theTufts were necessitated by our desire to assess the effective-
acceleration questions and 70% the velocity questions comess of thdlLDs independently from traditional instructign.
rectly after traditional instruction, 80% of these same stu-The “Before Instruction” evaluation represents results on
dents answer the acceleration questions and 90% answer tttee FMCE given on the first day of class. The students were
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given traditional lectures and problems on kinematics and Force Questions Asked only on Final

dynamics. They also completed the first BT MOON aNd o i pesceeant foce o e shoer i cout oy st o docssine Yo ey a5es
Force labs on kinematicsAfter all traditional inStruction On ™ "e nevfore s inte ditocton of the motionand i ncreasin i sength (agnicue)
mechanics(plus the kinematics labs the students were . The netforce 1 Inth directon o (. moton an s decreadig in seonii (oaghiate).
; . X > X - The net force is in the
ﬁvaluadtet()j a-hga-ln- Sllnbce thhedklnematllci Ilnsc}rucuoc? 'Wasl en- E zk}::::::t;gﬁzl{ssiz'ilh?egecﬁpnopposi}tetlrmotipnan%iﬁnfcreasiag:n su'er;lgltp (mag'nié:c)lex
anced by the two labs, the data are labeled “Traditierial (5. The not force 1s 1 the divsction opmocite e mothon anc s dots SASIaE i Seogth ngmiine).
in Fig. 10. . None ofthe et forcedescripione s eomese TR (i)
During the next week, two 40-min sequencesdldds on al Oregon in 1991 and Tafts in 1994, respectively. o
kinematics and Newton’s First and Second Laws were pre- B-(0-(2) 1. Watne force will causean automobile moving on. ighay 0 speed p a2 steady
sented. The day after the second Seﬂ_@s, the dynamics D_(B0) (97 2. What net force will cause an automobile moving on 2 highway to maintain a constant

. . . . speed of 55 miles per hour.
questions with rearranged choices were included as 45 OUt Of 39 (5 3. Whatis tn net fores on an i skaer lding aross  frozen ke at  consiant speoc.

100 points on the second hour exam in the course. The re- F9-24 4 A balwas brown upward, What s the nct force on the bl rightafer 1t s released and
ifvi i e B _(82) (86) 5. What is the net force on the same ball as it is falling downward after reaching its highest

sults are very gratifying. In Fig. 10 the bars labeled “After o e oy o)

ILDs” ShOW thf:}m of a'TOS; iO% f:jom 80 min QLD F00-00 6 %;“%“3‘1‘3&'222‘2‘%?&%’“#2i;'f;“ﬁ“s‘l‘éi‘is‘é‘ﬁﬁﬁfiZﬁﬁlﬁfffiiﬁlyy('é’uilﬁa‘ﬂl?

InStrUCtlon’ with a mOSt 90A) of the Stu ents anSWGrlng queS' D (54 (76) 7.th;lis the net force on a bicycle that is being pedaled up a hill at a steady (constant)

tions in a Newtonian way after instruction enhanced by speed?

”_DS The total gam Of over 75% from before |nstruct|0n B_QD_Q}.)&m!:;i;;hﬂe];etforcconabicyclclhalisspecdingupatasteady(consmnt)ra!easilrolls

9. A bicycle after coasting along level ground comes to a hill. What is the net force on the

Sh0u|d be Compared tO the 7%—10% gain we haVe seen re- bicycle as it rolls up the hill slowing down at a steady (constant) rate?
Su|ting from traditiona| inStrUCtion. E (89) (95) IOA:‘Zhag;i&g;es;ittg;c‘::fr:;n&i;pi}‘geasitmovesdownmemnwayslow‘mgdownata

Fig. 11. Alternative assessment questions asked on the final exam at Oregon

VIII. RETENTION OF CONCEPTUAL KNOWLEDGE and Tufts which test understanding of dynamics in different contexts. The

GAINED FROM ACTIVE LEARNING first set of numbers in parentheses show the percent of the 1991 Oregon
noncalculus general physics students who had answered at least seven of the

LABORATORIES AND ILDs eight Force Graph questions in a Newtonian manner who also did so on

. . . these questions. The second set of numbers in parentheses shows the same
Retention of the Newtonian conceptual view seems t0 b@ercentages for the 1994 Tufts noncalculus students.

very good for students who have completed 8T or RTP

labs. Whenever questions were asked again up to six weeks

after instruction in dynamics had ended, the percentage of

students answering in a Newtonian way increased rather theFP some extent, we have already addressed important ques-

decreased. We attribute this increase to assimilation of thons that might be raised. Student answers to the Force
concepts. Graph questions correlate with answers to the very different

It might not be too surprising if the improved learning format Force Sled questions which probe the same concepts.
from the ILDs were more ephemeraL The research data:rhe correlation holds both before and after traditional or en-

however, seem to show that tHeD-enhanced learning also hanced instruction.

is persistent. As a test of retention, the Force Graph and Cart To explore further the significance of the Newtonian stu-
on Ramp questions were included on the Oregon final examHent responses, we also included on the final exam at Oregon
nation. The final was given about six weeks after the dynamand Tufts a new set of simple conceptual questions which
ics ILDs, during which time no additional dynamics instruc- had not been asked previously. Figure 11 shows ten of these
tion took place. The bars labeled “Final” show the resultsneéw questions which are of a different format and set in
for the NOLAB group in Fig. 9 and for the LAB group in rather different contexts than the Force Graph questions. We
Fig. 4. As can be seen, assimilation apparently has resulte@nly consider students at Oregon and Tufts who answered at
in a 6% increase for the graphical questions and a morkeast seven of the eight Force Graph questions from a New-
modest increase for the Cart on Ramp questions. The bafgnian point of view. The first number in parentheses after
labeled “Final” in Fig. 10 show the results on the Tufts €ach Newtonian answer in Fig. 11 indicates the percentage of
final, which was seven weeks after dynamics instruction—Oregon students giving the Newtonian answer, while the sec-
including ILDs—had ended. There is a 7% increase on theond number is the percentage of Tufts students giving this
graphica| questions, a 23% increase on the Coin Toss, andaiiSWer. The results were impressive, with nine out of ten of
36% increase on the Cart on Ramp questions, even thoughese questions answered from a Newtonian point of view by
there was noadditional relevant instruction(lt should be  80% or more Oregon students and 86% or more Tufts stu-
noted that the post-test labeled “After ILDs” was given the dents. The results on these new questions were particularly
next day after the dynamid&D, so that there was no time gratifying, since previous work had shown us that students

for assimilation) often do not generalize in ways that seem obvious to physi-
cists.
After traditional or enhanced instruction, students statisti-
IX. SUMMARY OF EVIDENCE FOR THE VALIDITY cally answer the Coin Toss questions and the Cart on Ramp
OF THE FMCE questions in a non-Newtonian way even after they answer

most of the other questions on the FMCE in a Newtonian

Our observations that 70%—-90% of students answer thmanner: Many of their answers seem to indicate that they
FMCE dynamics questions from a Newtonian perspective aassociate force with velocity rather than acceleration. As
the end of the term after completing th&Tor RTPlabora-  shown in Sec. lll, after traditional instruction only 5% of the
tory curriculum and/or participating in thieDs, while less  students at Oregon answer the Coin Toss questions in a
than 20% do so after traditional lecture instruction, has ledNewtonian manner, while after the laboratories &nds at
some to question the validity of the test. Are the question®regon and after thi.Ds at Tufts, over 90% do.
significant indicators of student understanding of dynamics? The Coin Toss questions and analogs provide more evi-
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Questons 13 efer 1o block on Positive direction ————= with their choices on these multiple-choice questions. These
e with negll; e friction. e i .
A it results support the usefulness of the questions on the FMCE

blockis initially moving toward the

left, when it crashes into a spring. u for evaluating student understanding.

For each of the cases described below, use one of the following choices (A - C) to indicate the force
acting on the block. Answer choice J if you think that none is correct.

A. Theforce is positive. X. WHY IS THE FMCE INSTRUCTIONALLY
B. The force is zero. USEFU Lf)

C. The force is negative.

1. The block is in contact with the spring, and is moving toward the left and slowing down.

The difficulties in convincing physics professors and high
school teachers to give up course time for testing, our desire
to make evaluation less subjective, and the effort involved in
Fig. 12. Alternative coin toss analog questions asked on the final exam analyzing large samples moved us to use multiple-choice
Oregon in 1991 and Tufts in 1994. questions on the FMCE. Although a more complete under-

standing of student learning can be gained by an open-ended
guestioning process, the FMCE has allowed us to gather suf-
ficient data at many different institutions to counter the com-
mon response that “my students do not have these difficul-
dence that students who answer the Force Graph questiofiss you describe.” Almost all answers, “right or wrong”
from a Newtonian point of view have made a fundamentahelp us to evaluate student views about dynamics. Because
belief change. If we look again at the sample of students aghe available choices in the questions were derived from stu-
Oregon and Tufts who answered at least seven of the eiglefents’ answers to free response questions and from student
Force Graph questions from a Newtonian point of view, weinterviews, students almost always find an answer that they
find that 93% of these students also did so on the Cart oare satisfied with. Guessing correctly is very difficult because
Ramp questions. Figure 12 shows a coin toss analog whicthany of the questions require students to choose an answer
they had not seen previously, a block sliding into a springfrom up to nine choices. The correlations among questions
Ninety-two percent of these same students again answerdthve been examined and individual questions have been cor-
from a Newtonian point of view. related with more open-ended student answers. Because we

As with all the questions on the FMCE, students who an-are able to identify statistically most student views from the
swered correctly were also able to describe in words whypattern of answers and because there are very few random
they picked the answers they ditatistically one of the last answers, we are also able to identify students with less com-
guestions to be answered in a Newtonian manner is the foramon beliefs about motion and follow up with interviews or
on a cart rolling up a ramp as it reverses direction at the toppen-ended questions. The use of an easily administered and
(Cart on Ramp question)9Students were asked to explain robust multiple-choice test has also allowed us and others to
how they determined this force. The following are typical track changes in student views of dynarfiitand to separate
written explanations from students who answered this queghe effects of various curricular changes on student learning.
tion from a Newtonian point of view: Student answers correlate wédbove 90% with written

“After the car is released the only net force acting on it sho_rt answers in which students explain th(_a reason for their

is the x-component of its weight which has a net force ~ choices, and almost all students pick choices that Wg can

down the ramp in the positive direction.” associate _Wlth a relatively small number of student models.

“When the car is at the top of the ramp, its velocity is Testing with smaller student samples shpws that those who

0 for just an instant, but in the next instant it is moving can pick the correct graph under these circumstances are al-

down the ramp, v2vl=a pos number so it is accel most equally successful at drawing the graph correctly with-

L : out being presented with choices.
ggwé]étgf%&rﬂgiv:}v}g;si? :\SIV?T)]/CS)V?#QZI]II'?g down on the car The great majority of students at Oregon and Tufts who

“The only two forces involved were gravity and fric- ~ completed the MBL laboratory curricula and/éDs an-
tion. At the top of the ramp the net force was down- swered the FMCE dynamics questions in a Newtonian man-
ward because gravity is higher in magnitude than fric- ner.l It would b? arlstzﬁtt? |m??|ne t?ﬁt stu_dfnt]:s L_mlfor:cnly
- . : apply a consistent mo east from the point of view o
tion (unless the tires & the ramp were stigky most physiciststo all “manners” of motion. Many students
Typical student answers for those who answered as if motiogonsider speeding up, slowing down, moving at constant ve-
implies force were: locity, and standing still to be independent states of motion
“At the highest point, the toy car’s force is switching that do not rgquire a consistent relationship between force
from one direction to another and there are no net @and acceleration or velocity. Numbers of students commonly
forces acting upon it, so it is zero.” require an object slowing down to have a constant force op-
“Because at the one instant the car is at its highest POsing the motion while requiring an ever increasing force

point it is no longer moving so the force is zero for that ~ for an object which is speeding up. The dynamics of these
one instant it is at restnet force=0." changing student views is described elsewhérke fact that

most students are using “modelg8ven if they are incorrect

The agreement between the multiple-choice and open answgf are applied in very limited circumstangds a good be-
responses is almost 100%. Such results give us confidence ginning for instruction.

the significance of student choices.

In summary, most students answer the Force Graph o, ~oNCLUSIONS
Force Sled questions as if they held a Newtonian point o
view, and also are able to answer Coin Toss and coin toss We have developed and refined the research-based Force
analog questions and other questions that they have nevand Motion Conceptual Evaluation so that it is now a reliable
seen before. In addition, students’ written explanations agremeans of assessing student understanding of mechanics con-

2. The block is in contact with the spring, and has momentarily come to rest.
3. The block is in contact with the spring, and is moving toward the right and speeding up.
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cepts, and it is easily administered to large groups of sStuACKNOWLEDGMENTS

dents. Our studies of conceptual understanding using this test ] o o

show that introductory physics students do not commonly \We are especially grateful to Priscilla Laws of Dickinson
understand kinematics and dynamics concepts as a result 6P!lege, co-author oRealTime Physicsfor her continuing
thorough traditional instruction. Since the choices availabléo!laboration which has contributed significantly to this
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mon student views about dynamitt)is test has been useful developed would not have been possible without the hard-
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research and that of others, along with the development %1 ' ' '

user friendlv microcomputer-based laboratory tools. h | ank the faculty at the University of Oregon and Tufts Uni-
y mi pu ased laboratory 100ls, have a\'/ersity for assisting with our student assessments. We also

| ) s hank the students for participating in these assessments and
aboratory curricula to dynamics and have allowed us to dej, the testing of our laboratory and lecture curricula. We are

velop a strategy for more active learning of these concepts igrateful to Lillian McDermott and the Physics Education
lectures usindLDs. Assessments using the FMCE indicate Group at the University of Washington for reviewing this
that student understanding of dynamics concepts is signifipaper and offering many constructive suggestions. Finally,
cantly improved when these learning strategies are substthis work was supported by the National Science Foundation
tuted for traditional ones. In a future paper we will discussand by the Fund for Improvement of Post-secondary Educa-

assessment of learning of Newton’s Third Law in laboratorytion (FIPSE of the U.S. Department of Education. See
and lecture using the FMCE. Ref. 2.

APPENDIX A: COMPLETE FORCE AND MOTION CONCEPTUAL EVALUATION

TOOLS FOR SCIENTIFIC THINKING: FORCE & MOTION CONCEPTUAL EVALUATION
Directions: Answer questions 1-43 in spaces on the answer sheet.

A sled on ice moves in the ways described in questions 1-7 below. Friction is so small that it can be ignored. A person
wearing spiked shoes standing on the ice can apply a force to the sled and push it along the ice. Choose the one force
(A through G) which would keep the sled moving as described in each statement below.

You may use a choice more than once or not at all but choose only one answer for each blank. If you think that none
is correct, answer choice J.

A. The force is toward the right and is
o increasing in strength (magnitude).
D"°°"°“.°f Force B. The force is toward the right and is of
constant strength (magnitude).
Q. I _ C. The force is toward the right and is
decreasing in strength (magnitude).

.l / D. No applied force is needed

E. The force is toward the left and is

decreasing in strength (magnitude).
F. The force is toward the left and is of
| — constant strength (magnitude).

G. The force is toward the left and is
increasing in strength (magnitude).

Direction of Force

1. Which force would keep the sled moving toward the right and speeding up at a steady rate (constant
acceleration)?

2. Which force would keep the sled moving toward the right at a steady (constant) velocity?

3. The sled is moving toward the right. Which force would slow it down at a steady rate (constant
acceleration)?

4. Which force would keep the sled moving toward the left and speeding up at a steady rate (constant
acceleration)?

5. The sled was started from rest and pushed until it reached a steady (constant) velocity toward the right.
Which force would keep the sled moving at this velocity?

6. The sled is slowing down at a steady rate and has an acceleration to the right. ~ Which force would account
for this motion?

7. The sled is moving toward the left. Which force would slow it down at a steady rate (constant acceleration)?
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8-10 refer to a toy car which is given a quick push so that it rolls up an inclined ramp. After it is released, it rolls up,
reaches its highest point and rolls back down again. Friction is so small it can be ignored.

Use one of the following choices (A through G) to indicate the net force acting on the car for each of the cases described
below. Answer choice J if you think that none is correct.

@ Net constant force down ramp @ Net constant force up ramp
Net increasing force down ramp @ Net force zero @ Net increasing force up ramp
(C) Net decreasing force down ramp (O Net decreasing force up ramp

8. The car is moving up the ramp after it is released.
9. The car is at its highest point.
10. The car is moving down the ramp.

Questions 11-13 refer to a coin which is tossed straight up into the air. After it is released it moves upward, reaches its
highest point and falls back down again. Use one of the following choices (A through G) to indicate the force acting on

the coin for each of the cases described below. Answer choice J if you think that none is correct. Ignore any effects of air
resistance.

The force is down and constant.
The force is down and increasing
The force is down and decreasing
The force is zero.

The force is up and constant.

The force is up and increasing
The force is up and decreasing

PEIRPNR P

11. The coin is moving upward after it is released.
12. The coin is at its highest point.
13. The coin is moving downward.
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Questions 14-21 refer to a toy car which @ +
can move to the right or left along a

horizontal line (the positive part of the
distance axis).

Time

o 6 - 0 Mm

0 + +
can be jgnored,
A force is applied to the car. Choose the
_one force graph (A through H) for each
statement below which could allow the @
described motion of the car to continue.
You may use a choice more than once
or not at all. If you think that none is
correct, answer choice J
__14. The car moves toward the right
(away from the origin) with a ) *
steady (constant) velocity.

15, The car is at rest.

__16. The car moves toward the right
and is speeding up at a steady rate R
(constant acceleration). @

__17. The car moves toward the left
(toward the origin) with a steady
(constant) velocity.

__18. The car moves toward the right

+
and is slowing down at a steady rate @
(constant acceleration).

__19. The car moves toward the left and
is speeding up at a steady rate
(constant acceleration).

Time

o0~ 0Mm

Time

o 0 "= O

o0 o m

Time

o0 =0om

A

Time

6o 0 m o

o0 nom

+
__20. The car moves toward the right, @ \
speeds up and then slows down. : \ o
right and then released. Which -
graph describes the force after @ 4

__21. The car was pushed toward the
the car is released. \

Time

LI

@ None of these graphs is correct.
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Questions 22-26 refer to a toy car which can move to the right or left along a horizontal line (the + distance axis). The positive direction is

-

Different motions of the car are described below. Choose the letter (A to G) of the acceleration-time graph which corresponds to the
motion of the car described in each statement.

You may use a choice more than once or not at all. If you think that none is correct, answer choice J.

to the right.

@ ©)

:" Time
]
D 4t
° ©)
:“' Time
I
© 4
. ©)
‘e’" Time
1
@ at
A ——\ @
¢ Time
e
1

+

+

Time

—0 60 %

Time

—0 0065

Time

—0 0 6%

+\
i

None of these graphs is correct.

22. Thecar moves toward the right (away from the origin), speeding up at a steady rate.

23. 'The car moves toward the right, slowing down at a steady rate.

24. The car moves toward the left (toward the origin) at a constant velocity.
25. The car moves toward the left, speeding up at a steady rate.

26. The car moves toward the right at a constant velocity.

Questions 27-29 refer to a coin which is tossed straight up into the air. After it is released it moves upward, reaches its highest point and

falls back down again. Use one of the following choices (A through G) to indicate the acceleration of the coin during each of the stages of

the coin's motion described below. Take up to be the positive direction. Answer choice J if you think that none is correct.

A.
B.
C.
D.
E.
F.
G.

The acceleration is in the negative direction and constant.
The acceleration is in the negative direction and increasing
The acceleration is in the negative direction and decreasing
The acceleration is zero.

The acceleration is in the positive direction and constant.
The acceleration is in the positive direction and increasing
The acceleration is in the positive direction and decreasing

__27. The coin is moving upward after it is released.
___28. Thecoinis at its highest point.
29. The coin is moving downward.
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Questions 30-34 refer to collisions between a car and trucks. For each description of a collision (30-34) below, choose the one answer
from the possibilities A though J that best describes the size (magnitude) of the forces between the car and the truck.

A. The truck exerts a larger force on the car than the car exerts on the truck.

B. The car exerts a larger force on the truck than the truck exerts on the car.

C. Neither exerts a force on the other; the car gets smashed simply because it is in the way of the truck.

D. The truck exerts a force on the car but the car doesn't exert a force on the truck.

E. The truck exerts the same amount of force on the car as the car exerts on the truck.

F. Not enough information is given to pick one of the answers above.

J. None of the answers above describes the situation correctly.

In questions 30 through 32
the truck is much heavier
than the car .

30. They are both moving at the same sp'e‘e’a when they collide. Which choice describes the forces?
31. The caris moving much faster than the heavier truck when they collide. Which choice describes the forces?
32. The heavier truck is standing still when the car hits it. Which choice describes the forces?

In questions 33 and 34 the

truck is a small pickup and
is the same weight as the
car.

—__33. Both the truck and the car are moving at the same speed when they collide. Which choice describes the forces?
—__34. Thetruckis standing still when the car hits it. Which choice describes the forces?

Questions 35-38 refer to a large
truck which breaks down out on the
road and receives a push back to
town by a small compact car.

Pick one of the choices A through J below which correctly describes the size (magnitude) of the forces between the car and the truck for
each of the descriptions (35-38).

A. The force of the car pushing against the truck is equal to that of the truck pushing back against the car.

B. The force of the car pushing against the truck is less than that of the truck pushing back against the car.

C. The force of the car pushing against the truck is greater than that of the truck pushing back against the car.

D. The car’s engine is running so it applies a force as it pushes against the truck, but the truck's engine isn't running so it can't push back
with a force against the car.

E. Neither the car nor the truck exert any force on each other. The truck is pushed forward simply because it is in the way of the car.
J. None of these descriptions is correct.
—35. The caris pushing on the truck, but not hard enough to make the truck move.

36. The car, still pushing the truck, is speeding up to get to cruising speed.

37. The car, still pushing the truck, is at cruising speed and continues to travel at the same speed.

38. The car, still pushing the truck, is at cruising speed when the truck puts on its brakes and causes the car to slow down.
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39. Two students sit in identical office chairs facing each
other. Bob has a mass of 95 kg, while Jim has a mass
of 77 kg. Bob places his bare feet on Jim's knees, as
shown to the right. Bob then suddenly pushes
outward with his feet, causing both chairs to move. In
this situation, while Bob's feet are in contact with
Jim's knees,

. Neither student exerts a force on the other.
. Bob exerts a force on Jim, but Jim doesn't exert any force on Bob.

. Each student exerts a force on the other, but Jim exerts the larger force.
. Each student exerts a force on the other, but Bob exerts the larger force.
. Each student exerts the same amount of force on the other.

None of these answers is correct.

“muUaw»>

Questions 40-43 refer to a toy car which can move to the right or left along a horizontal line (the positive portion of the distance axis)., The

positive direction is to the right.
0 +

Choose the correct velocity-time graph (A - G) for each of the following questions. You may use a graph more than once or not at all. If
you think that none is correct, answer choice J.

> - ®

:(-,0 Time I°-0 Time
@ | v

cov .......................... s

1 1

® o
1

@ None of these graphs is correct.

___40. Which velocity graph shows the car moving toward the right (away from the origin) at a steady (constant) velocity?
41. Which velocity graph shows the car reversing direction?

42, Which velocity graph shows the car moving toward the left (toward the origin)
at a steady (constant) velocity?

___43. Which velocity graph shows the car increasing its speed at a steady (constant)
rate?
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