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The analysis of friction in rolling motion is a common source of confusion in introductory physics. Students often struggle to
reconcile the existence of static friction with a moving object and are further confounded by the introduction of “rolling friction”
as a distinct force. This paper clarifies the roles of static and kinetic friction for rigid bodies in rolling motion. Through a
detailed analysis of examples—a rolling cart and a sphere in air and vacuum—we demonstrate that the force traditionally labeled
as “rolling friction” in some textbooks is, in fact, static friction. We argue that for an ideal rigid body on a rigid surface, a
separate rolling friction force does not exist. Instead, what is commonly termed “rolling friction” or “rolling resistance” should
be understood as a collection of mechanical energy dissipation mechanisms that arise from the deformation of non-rigid bodies.

Introduction

Friction is a fundamental contact force, crucial for understand-
ing motion in the everyday world. Introductory physics text-
books typically introduce static friction ( fs) and kinetic fric-
tion ( fk), distinguishing them by the presence or absence of
relative motion between the surfaces in contact1,2. Students
generally grasp that a stationary object experiences static fric-
tion, while a sliding object experiences kinetic friction.

However, this distinction blurs for round, rolling objects.
There have been physics education research papers on the ori-
gin of students’ misconception about rolling motions3–5, as
well as, a plethora of papers6–9 exploring various ways of
effectively teaching students the concept of rolling motions.
A rolling wheel, for instance, has a clear center-of-mass ve-
locity (vcm), leading students to question how static friction
can possibly act upon it. Similarly, students may also believe
that static friction alone can prevent a rigid, round object from
rolling down an incline8, and that the magnitude of the force
of static friction is always µsN (µs is the coefficient of static
friction, N is the magnitude of the normal force)10,11. These
are important misconceptions of static friction that would ben-
efit from being addressed. This confusion is compounded
when textbooks introduce “rolling friction” as a third type
of frictional force2,12. Suddenly, students are left wondering
which friction force acts, and they may begin to label any fric-
tion on a rolling object as “rolling friction,” obscuring the true
physics at play. For example, one study notes that a miscon-
ception regarding the equivalence of kinetic and rolling fric-
tion exists, and that ‘rolling friction is used for rolling ob-
jects’10. Furthermore, students appear to have trouble dis-
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tinguishing the situations where rolling resistance arises; one
study determined that prior to teacher sequence designed to
reduce misconceptions about rolling friction, the majority of
students believed that a rigid sphere rolling on a rigid and
rough surface would be slowed due to friction11. Generally,
students appear to have misconceptions about the role of fric-
tion in rolling motion3,13, and about free-body diagrams de-
scribing such situations14. Although significant work has been
done to address students’ misconceptions of static and kinetic
friction15, not as much work exists that addresses confusion
around rolling friction.

This article aims to resolve these ambiguities and provide
a helpful clarification for understanding rolling motion that
could complement preexisting methods, such as the learning
sequence described in a previously mentioned study11. We
will dissect the dynamics of rolling motion to enhance clar-
ity on the frictional forces involved. Our central thesis is
twofold: (1) for a perfectly rigid body rolling on a rigid sur-
face, the friction forces acting on it are static or kinetic; and
(2) what is commonly referred to as “rolling friction” is not a
fundamental force itself, but rather a macro-scale term for the
energy losses, or rolling resistance, which occurs when real,
deformable bodies interact. We distinguish between rolling
friction and rolling resistance. Although the mechanics dis-
cussed here are well established, introductory presentations
often only briefly mention rolling friction and discuss it in a
way that can obscure the distinction between the mechanisms
of static and kinetic friction and the mechanism of rolling
resistance. This paper develops an instructional framework
to clarify those distinctions while remaining consistent with
established classical mechanics, suitable for college students
and advanced secondary students who have already been in-
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troduced to Newtonian mechanics.
We will proceed by first reviewing the characteristics of

static and kinetic friction in the context of rolling. We will
then critically examine the textbook definition of rolling fric-
tion. Through the analysis of concrete examples—a shopping
cart and a sphere in both air and vacuum—we will demon-
strate that the retarding force in these systems is best under-
stood as static friction. Finally, we will re-frame rolling resis-
tance as a manifestation of mechanical energy dissipation in
non-rigid systems and discuss its primary physical causes.

Modeling Assumptions

To ensure reproducibility, the assumptions used throughout
this work are explicitly stated here. Rigid bodies are not de-
formable unless otherwise stated. Surfaces are rigid and sta-
tionary unless otherwise stated. Rolling without slipping im-
plies that the no-slip condition (vcm = Rω) is satisfied at all
times. Static friction adjusts instantaneously up to a maximum
magnitude of µsN. Kinetic friction has constant magnitude
µkN and opposes relative motion. Air resistance is modeled
using linear (low-speed) or quadratic (high-speed) drag laws
depending on Reynolds regime12. Bearing and axle losses are
ignored in derivations. Energy losses in deformable bodies are
not represented as contact forces in free-body diagrams. This
is why we refer to it as rolling resistance instead of rolling
friction.

Friction Forces in Rolling Dynamics

To build a foundation for our analysis, we must first precisely
define the roles of static and kinetic friction for a rolling ob-
ject. For the following discussion, we consider a rigid, circular
object (e.g., a wheel or sphere) of radius R on a rigid, station-
ary surface. Its motion is characterized by its center-of-mass
velocity, vcm, and its angular velocity, ω .

Static Friction in Rolling Without Slipping

Static friction acts when the point of the object in contact with
the surface is instantaneously at rest relative to that surface.
For a rolling object, this condition is met when it rolls with-
out slipping, a state defined by vcm = Rω . In this scenario,
the point of contact is momentarily stationary. Static friction
arises not from motion, but from a tendency to slip.

This tendency is created by acceleration. An external force
or torque applied to the object will try to upset the vcm = Rω

condition. The role of static friction is to oppose this tendency,
enforcing the no-slip condition. Its direction is determined by
the nature of this tendency. Let us consider three cases:

Acceleration: Consider a car’s driving wheel accelerating
forward. The engine applies a torque that tries to make the

wheel spin faster, creating a tendency for the bottom of the
tire to slip backward relative to the ground (Rω has a tendency
to be greater than vcm). Static friction opposes this by acting
forward on the tire, propelling the car.

Deceleration: When a car brakes, the brakes apply a torque
that slows the wheel’s rotation. This creates a tendency for the
bottom of the tire to slip forward (vcm has a tendency to be
greater than Rω). Static friction then acts backward on the
tire, slowing the car down.

Constant Velocity: If a perfectly rigid object rolls on a per-
fectly rigid, rough, and level surface at constant velocity where
vcm = Rω , both the acceleration acm and angular acceleration
α are zero. Applying Newton’s second law:

∑Fx = max = 0 (1)

∑τ = Iα = 0 (2)

Here ∑Fx and ∑τ are net force and net torque, respectively,
on the rolling object. Since there are no external horizontal
forces or torques acting on the object in addition to (poten-
tially) friction, the force of static friction must be zero. It is
also crucial to note that static friction does no work, as the
point of application (the contact point) is not displaced while
the force is acting.

The magnitude of static friction, | fs|, varies dynamically in
order to maintain the no-slip condition. However, it is con-
strained by the relation | fs| ≤ µsN, where µs is the coefficient
of static friction and N is the normal force. If the magnitude of
the static friction force required to maintain the no-slip condi-
tion exceeds µsN, the no-slip condition can no longer be main-
tained, and the object begins to slip. Since the object is now
slipping, there is relative motion between the object and the
surface, and the friction force acting on it is no longer static
friction; instead, the force has transitioned to kinetic friction.
This transition can be observed with rapid acceleration and
hard braking.

Kinetic Friction in Rolling with Slipping

Kinetic friction comes into play when the no-slip condition
is violated, and the object slides as it rolls: vcm ̸= Rω . This
includes scenarios like a skidding car or a spinning tire on ice.

The kinetic friction force always opposes the relative mo-
tion of the two surfaces in contact. Its direction is therefore
determined by which side of the vcm = Rω equation is larger.
Let us consider two cases:

If vcm > Rω (e.g., a locked brake), the bottom of the ob-
ject slides forward relative to the ground. Kinetic friction acts
backward, opposing vcm.

If vcm < Rω (e.g., a spinning tire on ice), the bottom of the
object slides backward. Kinetic friction acts forward, in the
direction of vcm.
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Kinetic friction always dissipates mechanical energy, con-
verting it to heat. However, it can simultaneously increase ei-
ther the translational kinetic energy (in the second case above)
or the rotational kinetic energy (in the first case) as the sys-
tem evolves toward the no-slip condition, vcm = Rω . For an-
other detailed and clear example on the role of kinetic friction
in nudging the system towards the satisfaction of the no-slip
condition, see the paper by Hierrezuelo & Carnero13. Their
example gives a more concrete and quantitative treatment.

The Textbook Definition of “Rolling Friction”

Many popular introductory textbooks introduce the concept of
rolling friction, often leading to the very misconceptions this
paper addresses. For instance, Knight describes it as a con-
stant retarding force, fr = µrN, arising from the deformation
of the rolling object or the surface12. Young and Freedman
similarly define it as the horizontal force needed to maintain
constant speed, also assigning it a coefficient µr

2.
While these descriptions correctly identify that a real wheel

requires a force to maintain constant speed, their presentation
as a simple, constant force on a free-body diagram is prob-
lematic and increases confusion. It implies that “rolling fric-
tion” is a fundamental interaction, acting in a fashion simi-
lar to static and kinetic friction. The definitions are vague
about its origin, its relationship to slipping, and whether it can
be drawn as a distinct vector on a free-body diagram. Other
texts, like Halliday, Resnick, and Walker1, avoid the term alto-
gether, which, while avoiding the misconception, leaves stu-
dents without an explanation for why real everyday objects,
such as a rolling ball, eventually come to a stop. This incon-
sistency is a potential cause for confusion for students.

Rigid Body Analysis: The “Rolling Friction”
Force is Static Friction

The ambiguity surrounding rolling friction can be resolved by
carefully analyzing the dynamics of rigid bodies. The classic
textbook example used to introduce rolling friction — pushing
a heavy cabinet on a cart versus sliding it directly on the floor
— provides a useful illustrative case.

Deconstructing the Cart Example

The argument typically proceeds as follows: it is easier to
move the cabinet on a cart because the “coefficient of rolling
friction”, µr, is much smaller than the coefficient of kinetic
friction, µk. However, this explanation is a macroscopic sim-
plification that masks the true microscopic interactions.

A complete dynamical analysis requires separate free-body
diagrams (FBD) for the cart body and its identical wheels, as
shown in Figure 1. The cart body and the cabinet (mass M,

excluding wheels) is pushed by a force FP. It interacts with the
wheels (total mass m) via a horizontal normal force F at the
axle. The wheels interact with the ground via a total normal
force N and a total horizontal frictional force f .

Applying Newton’s laws to the cart yields:

∑Fx = FP −F = Max, (3)

∑Fy = Mg−Nc = 0. (4)

For the collection of wheels, we have:

∑Fx = F − f = max, (5)

∑Fy = Nc +mg−N = 0, (6)

∑τ = R f = Iα, (7)

ax = Rα. (8)

Equation 8 is the no-slipping condition, which is the hall-
mark of static friction. I is the total moment of inertia of all
the wheels.

From these equations, we can see a clear causal chain. If the
pushing force FP increases, the acceleration ax of the cart must
increase (Eq. 3). To maintain the no-slip condition (Eq. 8), the
angular acceleration of the wheels α must increase propor-
tionally. This requires a larger torque, R f , from the frictional
force f (Eq. 7). Therefore, f must increase.

This analysis reveals the true nature of f . It is not a con-
stant, pre-determined “rolling friction” force (µrN). Instead,
it is a variable force that adjusts in response to the applied
push to satisfy the constraints of motion (rolling without slip-
ping). This ability to vary between 0 and its maximum value,
µsN, is one of the characteristics, but not the only character-
istic, of static friction. The magnitude and direction of static
friction adjust to enforce the no-slip condition (vcm = Rω), up
to a magnitude of µsN. Furthermore, since the contact points
of the wheels with the ground are stationary with respect to
the ground, the force f is static friction, which acts to prevent
the bottom of the wheel from slipping. In addition, the mag-
nitude of f depends on the acceleration of the cart, and not on
a specific property of the rolling motion itself. The miscon-
ception of a separate, small “rolling friction” force arises from
correctly observing that this static friction force is often very
small.

Example: A Rolling Sphere in Air

The variable nature of this friction force is even more evident
when we consider a rigid sphere rolling through air. Assume
that a solid rigid sphere rolls without slipping on a level rigid
surface and experiences air resistance. The air resistance mag-
nitude on a moving object is proportional to the object’s cen-
ter of mass speed: D ∝ vn

cm, where n = 1 for objects traveling
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Figure. 1 Free-body diagrams for a cart and its wheels. The mass of the cart body and cabinet (excluding wheels) is M, and m is the total
mass of all four wheels. FP is the applied pushing force. Nc is the normal force between the cart and the wheels at the axle. F is the horizontal
interaction force at the axle. N is the normal force from the ground. f is the frictional force from the ground.

at low speed (such as our rolling sphere example; more for-
mally, the condition is that the Reynolds number is less than
1)12,16,17 and n = 2 for traveling at higher speed (such as a
driving car on a freeway, airplane, etc.)12,18. Similarly, the re-
sistive torque due to the solid sphere rotating at low angular
speed in air is proportional to its angular speed, i.e., τr ∝ ω ,
and τr ∝ ω2 at high angular speed19. Based on the above air
drag and resistive torque discussions, we draw the FBD for a
rigid solid sphere rolling without slipping on a rigid surface,
as depicted in Figure 2.

Figure. 2 Free-body diagram for a rigid sphere rolling without
slipping on a horizontal surface in air. A drag force D opposes
translation, and a resistive torque τr (pointing out of the page)
opposes rotation. A friction force f is included at the contact point.
Vertical forces are omitted for clarity.

The dynamical equations, assuming rolling without slipping

(ax = Rα), are:

∑Fx =−D− f = max (9)

∑τ =−τr +R f = Iα (10)

Solving for the friction force f yields:

f =
Rτr/I −D/m
R2/I +1/m

. (11)

Since our discussion is confined to the low speed regime
(Stokes regime), the air drags are given by τr = 8πηR3ω

and D = 6πηRvcm, where η = 1.8 × 10−5 Pa · s is the dy-
namic viscosity of air at 20◦C12,16,17,19. It is worth noting that
these two formulas assume an unbounded fluid and neglect
wall-proximity corrections, which is known to be a higher or-
der correction at low speed20. The small correction will not
change the qualitative argument presented in this paper. To ob-
tain the value of friction force f , we also make the following
substitutions: I = 2

5 mR2 for solid sphere. We end up with

f = 4πηRvcm

A positive f means the direction we assumed in the above
FBD is correct21. A small dynamic viscosity value η =
1.8×10−5 means that the friction force also has a tiny value.
A rough estimate gives a friction force in the order of 10−5 N
for R = 0.11 m (soccer ball) and vcm = 1 m/s. We also notice
that the magnitude of the friction force f depends on the cen-
ter of mass velocity. Clearly, in our rolling sphere problem,
vcm decreases over time, which means that the friction force
decreases as well. This is strong evidence that the friction
force in the rolling motion is definitely not a constant that can
be described by the rolling friction formula: fr = µrN, where
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N is the normal force between the bottom of the sphere and
the level surface. Instead, the friction force should be static
friction, i.e., f = fs, which can take any value between 0 and
µsN, and can adjust its value during the sphere’s deceleration
process to ensure that the no-slip condition holds.

Since static friction is closely tied to the concept of motion
tendency of the contact surface between the sphere and the
horizontal surface, we can also arrive at the same conclusion
( f = fs) by exploring the motion tendency of the sphere. We
first remove the friction force f from Eq. 9 and Eq. 10, and
solve for the linear and angular accelerations separately:

ax =−D
m

=−6πηRvcm

m
,

α =−τr

I
=−20πηRω

m
.

At the beginning, the solid sphere satisfies the no-slipping
condition, i.e., vcm = Rω . However, the angular speed ω

would decrease at a higher rate than the center of mass speed
vcm would, resulting in the bottom of the sphere’s tendency
to slide forward, since vcm would be greater than Rω at the
next instant if there were no friction force. The static friction,
therefore, comes to the rescue and points backwards to oppose
such a forward sliding tendency.

To conclude, only static friction was present in the example
of rolling solid sphere in air. The above discussion is general,
in the sense that it can be extended to any rolling object’s dy-
namics in air in the same way. However, the above discussion
was intended as an illustrative low-Reynolds-number model
rather than a mathematically formal discussion of a rolling
sphere in contact with a surface. The drag and rotational re-
sistance expressions also neglect boundary corrections associ-
ated with the nearby surface. Consequently, the above discus-
sion is best interpreted as a qualitative demonstration that the
required contact force remains static friction. It is possible that
the misconception about the existence of a small rolling fric-
tion is caused by the tiny value of static friction in the rolling
motion, which has tempted many authors to define a rolling
friction force.

Example: A Rolling Sphere in a Vacuum

The most powerful argument against rolling friction as a fun-
damental force comes from considering an ideal system: a
perfectly rigid sphere rolling on a perfectly rigid, level sur-
face in a perfect vacuum. As shown in Figure 3, with no air
resistance, D = 0 and τr = 0

If we attempt to include any horizontal friction force f in
our analysis, we encounter a logical contradiction. The equa-
tions of motion become:

∑Fx =− f = max, (12)

Figure. 3 Free-body diagram for a rigid sphere rolling on a
horizontal rigid surface in a vacuum. The only horizontal force
considered is a hypothetical friction force f , whose nature is under
investigation.

∑τ = R f = Iα. (13)

A non-zero f would simultaneously cause a deceleration in
the linear direction (ax < 0) and an acceleration in the rota-
tional direction (α > 0), violating the no-slipping condition
that the sphere is presumably in. Since there are no exter-
nal forces or torques, there is no mechanism to generates a
tendency to slip. Therefore, the only physically consistent so-
lution is that no friction force acts at all: f = 0 This can be
further ascertained by plugging in f = 0 into equations 12 and
13:

∑Fx = 0 = max =⇒ ax = 0,

∑τ = 0 = Iα =⇒ α = 0.

Therefore,

ω(t) = ω0,

vcm(t) = v0.

where the initial no-slip condition vcm = Rω still holds.
This thought experiment definitively shows that for a rigid

body in the absence of other forces, the concept of a distinct
“rolling friction” force is not only unnecessary but leads to a
logical impossibility. The sphere would continue rolling at a
constant speed forever, a testament to the fact that the only
possible friction force for a rigid body is static friction, which
is zero when no slipping tendency exists.
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Rolling Resistance: Mechanical Energy Dissipa-
tion in Non-Rigid Bodies

If rigid bodies in a vacuum experience no frictional force, why
do real-world objects like cars, bicycles, and balls eventually
come to a stop? The answer lies not in a new type of force, but
in the fact that real objects are not perfectly rigid. Their defor-
mation during rolling leads to energy losses, a phenomenon
best termed rolling resistance.

Real systems require a distinction between three lev-
els of description: contact forces acting at the interface
(static/kinetic friction), effective macroscopic models (e.g.,
rolling resistance forces used in engineering), and underly-
ing dissipation mechanisms (hysteresis, deformation, micro-
slipping) Rolling resistance is of the third kind; it should not
be conceptualized as a contact force on a free-body diagram,
but instead as a process of energy dissipation. Although its ef-
fect can be approximated by the macroscopic model of a con-
stant “rolling friction force”, it is physically inaccurate; the
true nature of rolling resistance is an underlying energy dissi-
pation mechanism.

The primary mechanisms of this energy dissipation include
hysteresis, shifted normal force, and micro-slipping. Each is
discussed in more detail below.

Hysteresis & Shifted Normal Force

Hysteresis is the dominant cause of rolling resistance, ac-
counting for the majority of the energy loss in a pneumatic
tire22. It occurs in materials that are inelastic, such as rub-
ber. As a non-rigid wheel rolls, the portion in contact with
the ground is compressed. The material deforms to create a
flat spot. As the wheel rotates, this section of the material
must return to its original form as it leaves the contact patch.
The work done to deform the material is not fully returned
upon relaxation. In other words, the material behaves differ-
ently when being compressed and when returning to its orig-
inal shape. As the energy is not fully returned with every ro-
tation, it is instead converted into thermal energy. This is why
the tires of a car heat up during a long drive; the energy lost to
hysteresis manifests as thermal energy.

While hysteresis is an underlying dissipation mechanism,
its effect on rolling motion can also be macroscopically de-
scribed by a shifted normal force. Since both the surface and
object are deformable, the contact area is not a single point.
Furthermore, due to hysteresis, the object behaves differently
when being compressed and when relaxing. This leads to a
non-uniform pressure distribution across the contact patch. It
is higher towards the leading edge of the contact patch and
lower towards the trailing edge. The effect of this asymmetric
pressure distribution is that the effective point of application
of the normal force shifts slightly forward in the direction of

motion23. See Figure 4 for a visual representation; the offset
normal force creates a torque τ = Nd about the center of the
object that opposes the rotation and contributes to the deceler-
ation. The effects of hysteresis on rolling motion can be rep-
resented using a shifted normal force, which can be estimated
using the engineering approximation fr = µrN.

Figure. 4 This is a diagram showing how the normal force acts at
different positions across the contact patch. The gray arrows
represent the normal force acting slices of the contact patch. As
shown in the figure, the pressure distribution has its peak closer to
the leading edge of the object (towards the direction of motion). The
black arrow labeled N represents the total normal force acting upon
the object, and is obtained by summing all of the normal forces
acting upon the slices of the contact patch. The dotted red line
represents the horizontal center of the object. d is the horizontal
offset of the total normal force N from the horizontal center of the
object (red dotted line). The lengths of the normal force arrows are
not to scale.

Partial-Slipping/Micro-Slipping

In the idealized rigid-body examples discussed earlier, the
contact of the object with the ground was treated as only oc-
curring at a single point. In reality, contact between two de-
formable bodies occurs over a contact patch. When a wheel
rolls without slipping, the condition vcm = Rω applies to the
wheel as a whole. However, the distribution of forces within
the contact patch is more complex. As the wheel rolls, tangen-
tial stresses arise across the contact patch. These stresses are
generally non-uniform. Due to these stresses, small portions
of the contact patch may undergo localized slipping, while
the remainder of the contact patch remains stuck to the sur-
face. This phenomenon is known as partial-slipping, or micro-
slipping. This slipping is not classified as kinetic friction, as
only portions of the contact patch slide relative to the surface.
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Partial-slipping is confined to small localized regions of the
contact patch, while the wheel as a whole continues to roll
without slipping. Friction acting within these regions con-
tributes to energy dissipation in the form of heat, providing
an additional mechanism by which mechanical energy is dis-
sipated. Thus, although the macroscopic motion is still classi-
fied as rolling without slipping, this localized partial-slipping
or micro-slipping can contribute to the effective rolling resis-
tance observed in real systems. A rigorous treatment of this
phenomenon requires contact mechanics and elasticity theory.
It lies beyond the scope of this paper. For a more complete
and rigorous discussion, see Johnson’s Contact Mechanics24.

These mechanisms are complex and depend on many fac-
tors, including material properties, tire pressure, load, and
speed. This is why a simple, constant coefficient µr is an
oversimplification; in reality, rolling resistance increases with
speed, especially at higher velocities22.

Example: A Deformable Rubber Sphere in a Vacuum

The analysis of a rolling sphere in a vacuum utilized simplify-
ing assumptions, including the assumption of the sphere being
a perfectly rigid body. Here, the assumption of a rigid sphere
is relaxed, and a high-level overview of the subsequent motion
of a non-rigid sphere (for example, a rubber ball) is given.

Unlike the rigid sphere in a vacuum discussed earlier, a
rubber sphere would be deformed continuously as it passed
through the contact region. Within the contact region, the no-
slip condition would still be (generally) satisfied, with the re-
lation vcm = Rω still approximately holding. However, a de-
formable rubber sphere would lose energy due to the processes
described above (hysteresis, shifted normal force, and micro-
slipping). This energy loss would manifest as a conversion of
the mechanical energy (in this case, it is the sum of the trans-
lational and rotational kinetic energy) into thermal energy. In
this case, a force of static friction may exist if the energy losses
reduce the ball’s rotational and translational speeds at different
rates; if such a scenario occurs, then the force of static friction
will act in a direction so as to restore the no-slip condition
vcm = Rω .

In macroscopic, approximate engineering models, the re-
sulting deceleration of the sphere is often represented as an
effective retarding force. Specifically, the model fr = µrN is
often utilized, where µr is the coefficient of rolling friction and
N is the normal force. One introductory textbook2 states that
typical values of µr for rubber on concrete range from 0.01 to
0.02. If we assume that we have a rubber ball of mass m= 1 kg
and that µr = 0.01 rolling on a flat surface, then the resulting
effective “rolling friction force” would have a magnitude of
around

fr = µrmg = (0.01)(1)(9.8) = 0.098 N.

It is important to note that this fr is not an actual frictional
force acting at the contact point, but instead an effective force
that describes the force necessary to offset energy losses due
to rolling resistance and maintain constant velocity.

Conclusion

The confusion surrounding friction in rolling motion stems
from a conflation of distinct concepts. By rigorously ana-
lyzing the dynamics of rigid bodies, we have shown that no
new type of friction force is required. For a rigid body, the
contact force is either static friction (when rolling without
slipping) or kinetic friction (when slipping). The variable,
situation-dependent nature of the friction force in examples
like a pushed cart or a sphere in air is a hallmark of static fric-
tion, not a separate constant force. The term “rolling friction”
is a misnomer if interpreted as a fundamental force. It is more
accurately described as rolling resistance, a macro-scale effect
resulting from the dissipation of mechanical energy due to the
deformation of non-rigid bodies. This dissipation, primarily
through hysteresis, a shifted normal force, and micro-slipping,
is what causes real-world rolling objects to slow down. Fig-
ure 5 reviews the core concepts discussed in this paper.

Limitations

The analysis presented in this paper is intended as a pedagogi-
cal clarification of the forces involved in rolling motion rather
than a comprehensive treatment of the physics of rolling mo-
tion. Multiple simplifying assumptions have been utilized to
simplify and enhance the clarity of the distinctions between
static friction, kinetic friction, and rolling resistance.

First, many of the examples assume rigid bodies rolling on
rigid surfaces. This assumption removes the need to account
for deformation, hysteresis, and other dissipative mechanisms,
allowing static and kinetic friction to be analyzed indepen-
dently of rolling resistance. While ideal rigid bodies do not
exist in nature, this approximation is consistent with the ideal-
ized models commonly used in introductory physics classes
to establish foundational principles before introducing real-
world complications.

Second, the analysis of the rolling sphere in air uses low-
Reynolds-number drag and rotational resistance models to il-
lustrate the qualitative role of static friction during rolling.
These expressions are intended as a qualitative model for this
purpose. In addition, boundary effects and other more sophis-
ticated interactions are beyond the scope of this work. Impor-
tantly, the central conceptual argument—that the contact force
that acts is static friction while rolling without slipping—is
based on the tendency-to-slip analysis and does not depend on
the specific drag model employed.
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Figure. 5 A flowchart to help students identify whether static friction, kinetic friction, and rolling resistance are present. When rolling
resistance is present, the flowchart also distinguishes the differences between the underlying energy dissipation mechanism and the
engineering approximation fr = µrN.

Third, the discussion of rolling resistance focuses on the
dominant physical mechanisms responsible for energy dis-
sipation, including hysteresis, shifted normal-force distribu-
tions, and micro-slipping. These mechanisms are described
qualitatively, and the paper does not attempt a quantitative
analysis to describe rolling resistance for specific materials or
operating conditions.

Finally, this work is primarily a conceptual pedagogical
analysis. It does not include experimental measurements or
classroom assessment of student learning.

Implications & Future Directions

We recommend that physics curricula clearly distinguish be-
tween the forces acting on a rigid body (static/kinetic friction)
and the energy dissipation processes (rolling resistance) that
occur in real, deformable systems, thereby providing students
with a more accurate and coherent understanding of the world
around them. For example, this paper could be used to help
students understand the differences between static friction, ki-
netic friction, and rolling resistance. The examples discussed
in this paper could be selectively incorporated into physics
lessons. In addition, it could help to first introduce static and
kinetic friction and their roles in rolling motion first, making
sure that students fully understand them. Afterwards, rolling
resistance could be discussed as a real-world phenomenon that
only arises when the rigid body and surface assumptions are
relaxed. Our future studies could help expand upon this paper
by integrating the concepts in a lab25–27, or could also evaluate
the effectiveness of clarifying the differences between static

friction, kinetic friction, and rolling resistance.
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