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ABSTRACT

This paper analyzes the misconceptions high school
students have about force and suggests that the misunderstanding of
Newton's third law is the key to these misconceptions. Clinical
interview and diagnastic test data (N=104) indicates that many
students have a naive view of force as an acquired or innate property
of single objects rather than that of forces arising from an
interaction between objects. Some students' view of objects as
inherently more "force-full®™ by virtue of their mass, speed, or
activity suggests that Newton's third law, which makes explicit the
relational quality of forces, should play a more important role than
is ordinarily granted in teaching. If students acquire a deep
understanding of the third law, they may have less difficulty with
both quantitative problems requiring the identification of forces and
qualitative problems such as those drawing out the "impetus”
misconception, in which many students view force as a property of a
moving object causing it to move with constant velocity. (YP)
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Introduction INFORMATION CENTER( STUDENTS' CONCEPT OF FORCE: THE IMPORTANCE OF UNDERSTANDING

NEWTON'S THIRD LAV

£0299171

A nuaber of studies conducted in recent years have emonstrated a David E. Brown
. on U S DEPAATMENT OF EDUCATION
ide e of beliefs about ical a h ts have ice of Ed R  and |
v range o e ut phys phenomena which studen v goucmomch% s gl‘%é:g'%;NFORMATION Physics Department
Massachusetts
apparently formed on their own without the benefit of formal University of
7 ¢ vr:c':w:,ac 7::;:‘" 'm:"porb::: ;?;O:.“:.::’n:: Amherst, Massschusetts 01003
onginating o
instruction. Part icularly well documented have been student beliefs O Minor changes nave been made 16 mprove January 18, 1988
reproduction quathly

which are in contradiction with the ideas of Newtonian mechanics, For
® Points of view or opricns stated i thig docu-
ment do not ne .2isanly represent othcial Abstract
example, many students hold the belief that there is a force on or in an OER! postion or policy

object in the direction of the object's potion (Viennot 1979, Sjoberg

and Lie 1981, Clement 1982) when in fact ro force is necessary to keep Clinical irterview and diagnostic test data are presented that
an object moving at a coustant velocity. Reviews of research on indicate that many students harbor a general naive viev of force as an
students’ alternative coaceptions in classical mechanics are provided by acquired or inrate property of single objects rather than that of forces
Driver and Erickson (1983), McDermott (1983), McCloskey (1983), and arising from an interaction between objects. Thus some students viev
McDermott (1984). objects as inherently more "force-full® by virtue of their mass, speed,
Most of the student errors that have been documented in Newtonian activity, etc. This suggests that Newton's Third Law, which makes

mechanics have been on questions designed to test conceptual explicit the relational quality of forces, may play a more important
understanding of Newton's first or second lavs. Only a few (e.g. role than is ordinarily granted in teaching. If students acquire a deep
Maloney, 1984, Boyle and Maloney, 1986, and Terry and Jones, 1986) treat . understanding of the Third Law, they might be much less apt to have
the Third Lav. This emphasis un the first two of Newton's three laws is difficulty with both quantitative problems requiring the identification
in keeping with the emphasis placed on the first two laws in textbooks. of forces and qualitative problems such as those drawing out the

? The ability to flexibly use the quantitative statement of the second law "impetus” misconception, in which many students view force as a property

™~ (the net force acting on an object is numerically equal to its mass of a moving object causing {t to move with constant velocity.

\’\ times its acceleration) ig arguably the most important ability a student .

Q~ can acquire for success in an introductory physics course. This ' Paper presented at AAPT, Crystal City VA, January {988

;'Q Preeainence of the quantitative statemen. of the second law in Research supported by NSF grant #MDR 8470579

HJ insiruction is illustrated by the fact that the very popular PSSC high
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school textbook (Haber-Schaim, Dodge, & Walter, 1986) speaks of
®Newton's Lav® (meaning the quantitative statement of Newton's second
lav) rather than apeaking in plural of Newton's lavs.

By contrast, many textbooks treat the Third Lav in passing, elither
sinply mentioning it briefly as an unsupported statement of fact or as
an sddendum to the section covering conservation of momentum. The
results of this study indicate that this type of treatment is
insufficient t2 counter the m.sconceptions students hold about the Third
Lav. This might be a small concern if the Third lav is in fact only an
insignificant piece of the Newtonian picture, but in this paper it is
argued that the Third Law chould be treated as a much mcre significant
part of an introductory physics course since it is impc.tant for

developing the students' qualitative concept of force.

Method

The data in this paper come from three sources: 1) an interviewing
study invo.ving oral tutoring, 2) an interviewing study involving
tutoring with written materials, and 3) a multiple choice diagnostic
test. The oral tutoring study involved a small sample of five students.
One of the questions in this tutoring study concerned comparing the
force a moving cue ball exerts on a stationary eight ball with the foice
the eight ball exerts on the cue ball when they collide.

The tutoring study involving written materials is described in more
detail in Brown and Clement (1987b) and Brown (1987). In this study, 21

pre-physics high school students were given written explanations of why
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a table exerts a force upward on a book resting on the table, with pre
and post questions to assess the effect of the explanations. One of t}
post questions was the steel blocks problem asking about the relative
magnitudes of the forces a 200 pound steel block and a 40 pound stesl |
block exert on each other whean the 200 pound block is resting om top d
*he 40 pound block. ‘
The multiple choice diagnostic test was (dministered to seves
physics classes in two high schools (see Brown and Clement, 1987a, for
the complete test). The science curriculum in the schools vas typical
with students taking physics generally in their senior year followiag |
chemistry. All of the questions concerned the concept of force in
various contexts, and the majority could be answered using a basic
knowledge of Newton's Third Law. The test was administered at the
beginning of the year and again after all instruction in mechanics had
been completed in order to assess gains from instruction (teachers '04
not awvare of the contents of the test). In addition to answvering the
questions, students were asked to rate how confident they were in thei
ansvers. Scores are reported only for students wvho took both the

pre-course and post-course tests (a total of 78 students).
Results

This section will review the relevant results from each of the
three studies, examining the data from the studies wvhich converge on a
general naive view of force as a property of single objects {objects

"having" more or le.s force and thus being more or less "“force-full®).
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This is opposed tc the Newtonisn view of forces arising from

interactions between objects.

Intervieving Study Involving Oral Tutoring

In the oral tutoring study, every one of the five students answered
with high confidence thzt the moving cue ball exerts a greater force
than the stationary eight dall when they collide. In every case, the
Justification given for this conclusion was that the moving ball "had”
more force, snd thus exerted a greater force in the collision. Two
examples are given bdelow:
S1: I think that the moving object has more force...I think the cue ball
:::.:routar force vhen they collide because the eight ball is then

s2 1 think because the cue ball is moving and the eight ball is
stationary, that it's going at a faster rate, and when {t strikes

it has more force.

.

Three of the five students discussed the moving ball not only as
"having® force, but slso as able to transfer that force during the

collision.

Si: 1If the eight ball were moving back against the [stationary)
cue ball, the eight ball would have more force, tut the only force
that vould be transferred would be that which the stationary one
could sbsorb before it moves in the same direction as the
eight ball.

S3

The force from the moving ball would be transferred to the
stationary tall, so the force would move from the movirg ball to
the ball that vasa't moving.

(=]
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Intervieving Study Involving Tutoring with Written Materiais

Suck a conception of force, as 8 property of single objects rather
than as arising from an interaction, can be observed in problems
involving static situations as well, as illustrated by the following
transcript segments from the tutoring study using written materials. Ia
the steel blocks problem, s 200 pound steel block (block A) rests on top
of a 40 pound steel block (bl~cx B), and the student is asked to compare
the force A exerts on B with the force B exerts on A (see figure 1d).
The following student expressed a belief that since the heavier block
“had® m.re force, not only would it exert a greater force, it would push
the lighter block into the ground.

S4: I think it [the 40 pound block B) exerts a force up, but I don't
think it exerts enough to stop A {the 200 pound upper block] from
pushing B into the ground. See, it just makes the thing slower.

So say B only weighed one pound, then A would have 199 pounds more

than B would, and so it would push it into the ground faster.

This next student also felt the weight of each block determined the

force it could exert.

85: Using veights makes me feel more su.: about ayself, ah, for some
unknovn reason. Maybe it’'s, maybe it's just because they're strewn
out in front of me. But, um, 30 I'm more, i'm fairly zcnfident
that this box [the 40 pound blcck on the bottom] is putting up 8
resisting force to A which is more on top. I would say that A and
B exert a force on each other, but A exerts a larger force, more
weight, and covers the entire face of this box, with 200 Ibs. of
pressure vhich is 160 more 1bs. pushing down on the box.

These arswers were given after a full page explanation of Newton's

Third Law which gave numerous examples from everyday experience, yet
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none of the students made even the slightest reference to the Third Law

in their explanations.

Multiple Choice Diagnostic Test

That problems involving the Third Law are difficult for students
even after instruction was certainly born out by the results of the
diagnostic test. Tor the 78 students tested, the thirteen Third Law
quest ions were answered correctly only 44% of the time on the post-test,
a 21X gain from the average pre-test score of 23X. The data in the
oultiple choice diagnostic study also support the view that many
students adopt a concept of force as an innate or acquired property of
objects rather than as arising from an interaction between objects. Six
problems in particvlar on the diagnostic would tend to drawv out this
conception of force (see figure 1). In each of these problems, there is
an object wvhich is more or less unambiguously stronger, faster, heavier,
more acting as an agent of causation than the other object, or some
combination of the abovc.1 Students with a concept of force as an
innate or acquired property of objects would be expected to answer that
the heavier, faster, etc., object (the object which "has” more force)
would exert the greater force, vhile the other object would exert either
a lesser force or no force at all. Each of these problems had six
answer choices (see figure 2) which were slight variations on the
following: 1) A exerts a greater force, 2) B exerts a greater force, 3)

the forces are equal, 4) only A exerts a force, 5) only B exerts a

ERIC 8

force, and 6) neither exerts a force. The one exception is Pvlling
Blocks A, vhich had only choices 1-3.

As an example consider the bowler problem (figure le) in which the
student is asked to compare the force a 16 pound bowling ball exegts on
a 4 pound pin when the ball strikes the pin. In this case the student
might consider the bowling ball to be clearly mcre “force-full® becausc?
it is moving, it {s heavier, and it is more able to cause damage than i
the pin. The two answers (of the five possible incorrect ansvers) ;
consistent with this view of force are that the bowling ball exerts a
greater force than the pin or that the ball exerts a force while the pi
exerts no force at all.

Table ! shows tuc percentage of students answering correctly for
each of these six problems. Table 2 shows the overall percentage of
students giving answers consistent with a "force-fullness® view of for:d
for these six problems. Table 3 shows what percentage of incorrect
ansvers the "force-fullness” ansvers represent. Thus, for example,
table 2 shows that on the pre-test, 462 of the students gave answers fog
the stock cars problem which were consistent with the view of force as
an innate or acquired property. Table 3 shows that these particular
incorrect answers represent 562 of all incorrect answers for this
protlem. On both the pre-test and the post-test, of the students
ansvering incorrectly, in all cases the answers consistent with a
"force-fullness” concsption of force -epresented over S0% of the
incorrect answers and for most problems was a much higher percentage.
If students wers drawn equally to each of the distractors, one would

expect that the two answers consistent with the view of forze as
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property would claim only about 40T of the incorrect snswers. As can be
sean from the totals {n table 3, 79% of the {ncorrect ansvers on the
pre-test and 85% of the incorrect answers on the post-test were of this
form. This provides strong evidence that the ansvers consistent with a
"force-fuilness” viev of force vere quite compelling for students.
Particulerly striking are the results of the bowler problem. 1In
this problem, students might tend to think the bowling ball "has™ more
force than the pin since it is both heavier and it s moving. This
would trenslate i{nto ansvering that the bowling ball exerts a greater
force then the pin, which exerts a lesser force or no force at all. all
incorrect ansvers (except for a single response on the post-test) vaere
of this type for this problem on both the pre-test and the post-test.
That a "force~fullness” conception is so compelling to students on this
problem say explain its exceptional difficulty, as only 51 answered the
quest ion correctly after a full year of traditional high school physics
instruction. Thus the diagnostic test data support the hypothesis that
the great majority of students have a conception of force as a property
of objects, as the §reat majority gave ansvers consistent yith this
conception. Further, traditional instruction seems to hava had a

disappointingly low impact on this conception for these students,
Students' Concept of Force: The Importan~e of the Third Lav
The above results indicate that the low scores on the post-test of

the multiple choice diagnostic may not imply simply a failure to

remesber a verbal statement of the Third Lav but rather may indicate a

RIC - 10

Aruitoxt provided by Eic:

14

failure et a deeper conceptual level. This section will further explors
the non-Nevtonian "force-fullness” view of force anc examine the |
consequences of such a viev. It is argued that {f students can gain a ;
deep conceptual grasp of Newton's Third Lav, they sre in a much better 1
position to answer both qualitative and quantitative questiong lnvolvinJ

«

forces.

The Newtonian View: Forces Arise from Interactions

Before proceeding to a further discussion of studc.ts' conceptions |
of force, it {s helpful to consider the Nevtonian viev. There are at
least five {deas fmportant in a careful consideration of the Third Law

in classical mechanics which are elaborated below:

1) A body cannot experience a force In isolation. There cannot be a

force on a boJdy A without a second body B to exert the force.

2) Closely related to the above point is the fact that A cannot exert
a force in isolation. A cannot exert a force unless there is another
body 3 to exert a force on A. Ve then say that A and B are
interacting. (Thus, for example, it is Incorrect to say that an
astronaut punchirg empty space with his fist is exerting a force since
there is nothing exerting a force back against his fist.) The
attractive or repulsive force between two bodias arises as a result of
the action of the two bodies on each other because they are either in

contact or experience between them a force acting at a dl:tancc.z

11
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3) At all momants of .ime the force & exerts on B is of exactly the same

magnitude as the force B axerts on A.

4) An fmportant implication of tha above point is that neithar force
precedes the other force. Evan though ona body might be mora "active®
than the other body anu thus might seem to initiata tre interaction
(e.g. a bowling ball striking a pin), the force body A exerts on body B

is always simultaneous with the force B exerts on A,

S) In the interaction of A with B, tha forca A exerts on B is in a

direction exactly opposite to the diraction of the force vhich B certs

on A,

Thus, the Third Law can be sean to be nmuch more involved than i implied

by the simple epigrammatic version "for evesy action tiere is an equal

and opposite raaction.”

Students’ View: Force as an _Innata or Acquired Property

The concept of forca as embodied in tha Th'rd Law and develored
above does not sean to ba th* naiva conce,tion of force which most high
school studants hold. Minstrell and Stimpson (1986) have proposed that
in additior to viewing forces as pushes or pulls, students treat force
4% a property of obfacts. Such student reasoning has also been observed

in studies at the Ur versity of Surrey (Watts, 1983) and at tha

Aruitoxt provided by Eic:
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University of Massachusetts (Brown and Clement, 1987b, Brown, 1987). 1In
this view single objects "have" force as a result of qualities of the
object which would make it seem “force-full.®

Minstrell and Stimpson list such factors as an object's weight,
motion, activity, or strangth as important to students in determining an
object's force. These factors fit well with Maloney's (1984) data. A
student holding this view would consider a heavy, fast-moving, strong
football player to have a great deal of “"force-fullness." This football
player would be able to exert more force on other people or objects
"having" less force than they would be able to exert back. This is in
direct contrast to the Newton!an concapt in which a force does not exist
except as arising from the interaction of two objacts, the forces on

each object being equivalent in magnitude.

Consequences of the View of Force as a Property

There is some reason to believe that a naive view of force as a
property sabotages both concaptual understanding and quantitative
problem solving ability. 1In the area of qualitativa conceptual
questions, a well known failure of students to consider forces as
arising from interactions comes from their attempts to ansver quastions
which draw out the "impetus® misconception. Students who give impetus
explanations of motion (objacts "having" force which keeps them in
motion) are not thinking of forces as arising from interactions since
they describe the force as a property of the moving object (cf.

Fiscnbein, Stavy, and Ma-Naim, 1987). Also, in many of these problems,
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there is only e single obfect involved (e.g. a rocket floating in space,
Clement, 1982).

In the area of quanti _{ve problem solving, Heller end Reif (1984)
present & study indicating what stullent performence could be solving
quantitative problems {f, among other things, they hed e concept of
forces arising from interections between objects. In this study, Heller
end Reif compared problem solving performence under two different
conditions. 1In one of these (the model condition) students were given e
aumber of instructions in reel time while solving the problems. It is
important to indicate here that this wes not e teeching study.

Students wers not given {nstructions and left elone. Rather, the
experimenter stayed with the student and gave explicit guidance, while
the student was solving the problem, about constructing en acéurate
motion description and an accurate force description. The purpose of
the experiment was to see vhat abilities the student would need to
internalize in order to be an effective problem solver.

The guidence given for constructing the force description ves
explicit instructions to consider e¢ll the interections (objects in
contact and forces acting at e distance) in the system and indicete
equal end opposite forces for those interactions, thus helping the
students to view forces es arising from interactions. Subjects guided
by the model constructed accurete force descriptions 10UX of the time,
compared to 461 of the time in the unguided control group. The group
guided by the model errived et the correct final ansver to the
quantitative problems 92X of the time versus only 21% of the time for

the control group. This indicetes that a conception of forces arising

ERIC iq
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only from interactions would aid problem solving if internslized by

students.

The Importance of the Third Law

Since the concept of forces erising from interactions betveen
objects is et the heart of the Third Law, it seems from these
consideretions that e cereful and cxtended treetment of Newton's Third
Lew may be quite important in an {ntroductory physics course. In
teaching Newton's Laws, novhere else does such a conception of force
play an integral role. The first lav is conccrntd with the motion of
single objects in the absence of net forces. The second law is
concerned with the motion of single objects under the influence of
forces of often unknown origin (e.g. find the accclcr;tion of an object
of 2kg which has a net force of 3N ecting on it in a westward direction.
e student may well conceive of this force as something like an
“impetus” force).

It is in studying the Third Law thet rtudents must come to grips
with the conception of forces erising solely from interections. 1If
students acquire a deep understanding of the Third Lew, they might be
much less apt to have difficulty with both quantitative problems (es
demonstrated by the Heller and Reif study) end qualitative problems

such as those drawing out the "impetus® misconception in which force is

viewed es a property of e moving object causing it to keep mov ng.
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A Simple Solution?

A possible solution to students' difficulties with the concept of
force as an innate or acquired property of objects i{s to simply re-label
their naive concept of force by calling it, for example, "momentum®™ or
“kinetic energy."™ Both of these can be considered properties of an
object, both do depend on the object's mass and speed, and both can be
transferred, in whole or in part, in a collision. But this is not a
satisfactory solution for at least three reasons: 1) Momentum or kinetic
energy do not cause motion (as students view force causing motion), they
are s¥-ply properties of a moving object arising as a result of the
motion of that object. 2) Momentum and kinetic energy vary with the
frame of reference. If a student were to simply re-label his conception
of force to be, for example, momentum, she might well ask how an object
could have s lot of force (or strength or forcefulness) in one frame of
reference and none from another perspective. 3) If a student is
encouraged to equate momentum with her naive conception of force, she is
likely to add momentum to force in problem solving or be confused about

why it is improper to do so.

Conceptual Change Necessary

Yor the above reasons, re-labeling the student's naive concept of
force is not a satisfactory solution to the problem of the naive view of
force as a property and may lead to even greater confusion (how many

times have students used the words "the force of momentum” in a physics

RIC i6

Aruitoxt provided by Eic:

class?). What is necessary is a modificatio: of the concept itself.

This modified conception of force should involve a deep understanding
(rather than a mere memorization) of the Third Law, that is, a concept i
of forces arising only from interactions betwsen two objects rather th.ni

|
force as an innate or acquired property of single objects.

Conclusion
The results of the pre-course diagnostic indicate that high school
students enter physics classes vith preconceptions in the area of
Newton’'s Third Law. Evidence from the post-course diagnostic indicates
that these preconceptions are persistent and difficult to overcome with

traditional instructional techniques. The data from all three studies

|
|
|
\
|
\
|
|
|
support the hypothesis that the persistence of preconceptions concornia'}
the Third Law may result from students' general! naive view of force as e
property of single obfects rather than as a relation betveen objects. l
It has been argued that the consequences of such a view of force
extend beyond problems explicitly treating the Third Law to all
problems, both quantitative and qualitative, which desl with forces.
This suggests that {deas concerning the Third Lav, vhich makes explicit
the relational quality of forces, may play a more important role than is
ordinaril: granted in teaching. Helping students develop a mature
conception of force will undoubtedly involve an extended and

multi-pronged approach, but innovative strategies for teaching the Third

Law should comprise a significant part of the unit on forces and

17
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Nevton's Laws rather than receiving the cursory trea'ment which the

Third Lawv has usually been afforded.

Notes

1) Maloney (1984) describes a study designed to explore whlch of
several of these factors are most important in determining students’
answers to problems such as the sulling blocks problems. In particular
he examines whether etudents view the mass of an object or vhether the
object acts as an agent of causation as more important in determining
their answer to the question of which object exerts the greater force.
In PULLING BLOCKS A presented here, block A is both heavier as well as
being the agent of causation in the interaction, pulling block B to the
left, whereas in PULLING BLOCKS B, A is heavier but it is not the agent
of causation. Because of this conflict of influences in PULLING BLOCKS

B, data is presented here only for PULLING BLOCKS A.

2) Of course even "contact” forces are considered electromagnetic forces
acting at a distance on the atomic or molecular level. However, on the
macroscopic level, the distinction between "contact forces®™ and "forces

at a distance" provides a helpful dichotomy.

3) Problem taken from Maloney (1984).
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Table !
PERCENT CORRECT FOR THE SIX "FORCE-FULLNESS®" PROBLEMS
(n = 78)
Pretest Posttest

Stock Cars 182 272
Stationary Boxes 10 32
Office Chairs 17 &4
Steel Blocks 12 -3
Bowler 1 5
Pulling Block A 29 47
Total 142 331

Table 2

PERCENTAGE OF ALL ANSWERS (CORRECT AND INCORRECT)
CONSISTENT WITH A CONCEPT OF FORCE AS A PROPERTY OF OBJECTS

(n = 78)
Pretest Posttest

Stock Cars 46% 58%
Stationary Boxes 5S4 46
Office Chairs 17 53
Steel Blocks 78 40
Bowler 99 9
Pulling Block A 51 46
Total 67% 56%

Table 3

PERCENTAGE OF INCORRECT ANSWERS CONSISTENT WITH
A CONCEPT OF FORCE AS A PROPERTY OF OBJECTS

(n « 78)
Pretest rosttest
Stock Cars 56% 79%
Stationary Boxes 60 68
Office Chalirs 92 93
Steel Blocks 88 82
Bowler 100 99
Pulling Block A 71 85
Total 79% 852
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