The Physics of Friction, Or Everything You Wanted To Know About Sledding But Were Afraid To Ask

This little squib is intended to inform the physical science assessments that we’re producing on the Calipers Project. My concern here is that we get the physics right – I am not concerned, for the purpose of this document, with the standards, curricula, and learning goals that we are attempting to match. (At the moment, I don’t know enough about them to comment.)

I am restricting this discussion to the situation in which an object (hereinafter referred to as a sled, though of course one could substitute other objects) is in contact with a horizontal surface (which I think of as snow, though again it could be something else), and is acted on by two horizontal forces. One of these I will call the “motive” force, the other is a force caused by friction between the sled and the snow
. The motive force could be caused by a snowmobile, a person, or a bunch of reindeer – it maketh no difference.

Note that the motive and frictional forces are not the only forces acting on the sled. In addition to those two, there is always a force of gravity (otherwise known as “the weight of the sled”), which points downward, and an upward force caused by the action of the snow on the sled (the so-called “normal force”). However, when the snow surface is horizontal these two forces exactly cancel each other, so it is save to ignore them. (Actually, it turns out that – almost always! – the other two forces also cancel out, but that fact is much less obvious.) 

Later revisions of this document may (or may not) take into account the effect of having the sled on a sloping surface. In this case the weight is not cancelled out by the normal force.

We distinguish between two different cases: either the sled is moving at a constant speed or it is at rest. That same later revision may treat the case when the speed of the sled is not constant.

Case 1: Sled moving at a constant speed

The first thing to notice about the Case of the Stationary Sled is that the total force on the sled is zero. Why? Because F = ma, and a, the acceleration, = 0. So if the sled is neither speeding up nor slowing down (nor changing direction, but that’s a whole ‘nother story. Not to worry, our sled only moves along one dimension.) then the motive force and the frictional force are exactly equal! (Equal in magnitude, that is: they may or may not act in opposite directions.)

It’s easy to gloss over the importance of the paragraph I’ve just written, so let me say it again: the motive force and the frictional force are exactly equal no matter what the velocity of the sled is! Even if the sled is being pulled (or pushed) 100 miles per hour, if that 100 mph isn’t changing the total force on the sled is exactly zero.

But what are these forces? Let’s start with the motive force. What is it? I don’t have a clue (it depends on the details of the problem, which I’m conveniently ignoring here), but all we care about is that it’s constant. So the kid pulling the sled pulls with a constant force at all speeds, the snowmobile, the atomic-powered rocket, and the dog sled team, ditto. That’s an idealization of course, but what the hell – that’s what modeling is all about, right?

That leaves the frictional force. What might it depend on? Well, clearly it depends on the nature of the two surfaces that are sliding: in our case, the runners of the sled (if any) and the snow (or ice, or rock if we hit a bare patch!). The rougher one or both of the surfaces is, the more friction there is (can you say “Velcro”?). OK, we got that – and so will the kids, most likely.

What else might the frictional force depend on? It seems as though it ought to depend on the speed of the sled, and in fact in reality it does, but not much and in a complicated way. The model they use in all the books I’ve ever seen, though, is that the sliding friction between two surfaces is independent of velocity. This leads to some very peculiar consequences, as we shall see…

Is that it? No, not quite. You see (or you will see, if you think about it), the frictional force also depends on how closely we press the two surfaces (the sled and the snow) together – the more we squeeze them together, the greater the friction between them. (That makes sense – think of rubbing your hands together.) So in the case of the sled, the greater the weight, the greater the frictional force.

OK, so what have we got? According to our simplified model, the motive force required to exactly match the frictional force will depend on the nature of the two surfaces and the weight of the sled (or the normal force – same thing). Any more force than that and the sled will speed up indefinitely; any less and it will slow down until it comes to rest.

But that’s according to our model, and it can’t possibly be true in every case! Take the first clause in the sentence above: if the motive force is even slightly greater than the frictional force (which can’t vary, remember, unless the nature of the material or the weight of the sled changes) then the sled “will speed up indefinitely!” It’ll just go faster and faster until pretty soon it’ll be going faster than light! Uh uh… something must be wrong.

What’s wrong is that two of the underlying assumptions of our model are wildly incorrect: neither the motive force nor the frictional force is really independent of the speed of the sled. This is most obvious in the case of the motive force: clearly our dog team, or snowmobile, or whatever it is, must have a finite top speed, which implies that the force it can exert on the sled vanishes when the sled’s velocity equals or exceeds that top speed (at which point the dogs are desperately trying to avoid being run over!). Less obvious, perhaps, is the fact that the frictional force tends to increase with an increase in velocity, though the effect is not terribly dramatic over the nominal range of dog sled teams (which is why the model that sliding friction is independent of velocity is not entirely unreasonable).

It’s obvious that most of what I’ve said above is well beyond the ken of the students we are trying to assess (and their teachers too, no doubt), but that doesn’t mean that we can ignore it, because we’ve got to include these principles in the simulation. The two forces – frictional and motive – have got to be the same at all times, except right at the beginning, when we’re first getting the thing to move, or right at the end, when it’s slowing down. And the frictional force can only vary with the nature of the surface (snow, ice, rock) and the weight of the sled (the heavier the sled is, the more friction).

That’s what happens when the sled is moving – how about when it’s motionless?

Case 2: Sled at rest

When the sled is not moving its acceleration is zero (unless it’s about to move), so, just as above, the total force on it is zero. So again, just as above, the motive force must exactly equal the frictional force. But that’s weird: what if the motive force is less than the frictional force? Does friction “win” and start the sled moving against the direction I’m trying to pull it in? What if the motive force is zero?

It’s all very confusing, but it’s pretty simple, really: the fact is that when we talk about a “frictional force” that keeps something from moving, what we really mean is the “maximum force that can be produced by friction.” So that’s the force that we have to overcome in order to get the sled to move, and if we exert less than that maximum, the frictional force will just exactly oppose whatever motive force we apply.

So the situation is this: as we “ramp up” the motive force, starting from no force at all, nothing happens at first until the motive force exceeds the frictional force, at which point the sled will begin to accelerate in the direction of the motive force. And that acceleration will continue for a short while until the two forces balance again (usually because we reduce motive force) and the sled is moving at some constant velocity.

There is one minor matter that I’ve left out. I’ve been talking about a “frictional force” as though there were only one. But in reality the force required to start an object in motion (the “static friction”) is generally a bit greater than that required to keep it in motion at a constant velocity (the dynamic friction). So when we pull on something just hard enough to get it moving we overcoming the static friction, and later on, when the thing is moving, we can need to pull less hard to keep it going.

Bottom line

The main point to remember is this: With very few exceptions, in the everyday world the forces on every object we encounter exactly cancel out. When they are unbalanced, it is almost always for a very brief time. The reason is very simple: if a force is allowed to be unbalanced for very long, the object starts moving so fast that (a) it becomes invisible, and (b) it is very dangerous. (Think of a bullet.)

One exception to this general rule is when the object in question is moving along a curved line (e.g., a pendulum bob). In this case, an balanced force can act for long periods of time, but the force doesn’t always point in the same direction, so it tends to cancel itself out over time and the object doesn’t pick up too much velocity. Another example is oscillatory motion (think of a mass suspended by a string) in which the force stays in the same direction but continually changes sign. Again, the unbalanced force cancels itself out by sometimes pulling up (when the spring overpowers gravity) and sometimes pushing down (when the reverse happens).

Still to come?

If we ever get into it, I’ll write up what happens when the sled is on a sloping surface, but that’s sufficiently complicated that it probably goes beyond what we’re trying to assess.

� This force arises from interactions that take place at the molecular level between molecules belonging to each of the two surfaces. It is a so-called “emergent behavior,” not a fundamental force of nature, and is generally extremely complex and not terribly well understood. The details certainly go way beyond anything that is taught in middle- or even in high=school, so I’m not sure what we should assume should know about it.


� In the books, though not in real life, the frictional force is assumed to be exactly proportional to the force pressing the surfaces together, the ratio being a constant called the “coefficient of friction.” That little bit of arcane knowledge is almost certainly not part of the middle school curriculum, though, so we are free – indeed, compelled! – to ignore it.





