

March 10, 2026, PHYS 101
INST EMBERLY: All right. Good afternoon, everybody.
Thank you for making it.
I guess depending on where you were, travel could be challenging and especially for those on the mountain. Very snowy up there.
Any way, we will -- some of your colleagues couldn't make it, understandably so but the class will go on.
Last class, we looked at how we described rotational motion. A rigid object which is spinning around on an axis and just for -- something that's moving in a straight line, something that's spinning we can define angular displacement, angular velocity, speeding up or slowing down or spinning up or down we can define angular acceleration and all of the equations that we worked out for something moving with constant acceleration as you saw last class can equally be applied to something which is spinning and accelerating but the variables change names. I know you know how to do the problems in chapter two for something moving with constant acceleration. Spinning is no different. Just spinning. Where things get more complicated for something that's spinning is what is the cause.
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And that's what we will explore today.
So for something that's moving or translating we saw that forces are the causes of changes in motion.
If there's a net force, an object will change its motion, change the direction of the motion, change the speed.
And that how much it changes its motion depends on how massive that object was. Newton's second law, if there's a net force, there will be an acceleration and how much acceleration you get depends on the mass, how big you are.
What we will see today is that there is something equivalent to a force for getting an object to rotate and it's called torque.
Where things get a bit confusing when talking about things that are rotating is that I can have two objects that have exactly the same mass, but one will be harder to rotate than the other.
So what is up with that? Two objects. Identical in mass.
But one may be harder to rotate than the other.
So we will explore that today. Why -- what is it about two objects with the same mass, why might one be harder to rotate than the other. We will look at that today with -- so there would be lots of spinning.



And trying to see how your spinning changes depending upon how you orient yourself and hopefully nobody gets too dizzy.
So it has lots of applications.
We will look -- one activity you will look at today is not raising your biceps but your shoulder. So you are rotating your arm around your shoulder joint and you will look at which muscle is responsible for that.
And how it counter balances other forces such as the weight of your arm which is also trying to rotate it.
So reminder, midterm on Thursday. Hopefully there's no more snow.
Bring your ID, calculator, pens, pencil,
et cetera. The topics are all posted on Canvas and the formula sheet that you will have attached to the exam.
Okay.
So let's talk about the rotational equivalent of a force.
It's called torque.
So we are considering a rigid object that has an axis of rotation here indicated by the hinge. As you probably all know from every day experience, how well



you can get that thing to rotate on the hinge doesn't depend just on how hard you push it, also depends on where you push it. Right?
If I push -- if I apply a force right at the hinge, will it rotate? No. If you push farther out it gets easier the further you push away from the hinge.
So the thing that causes an object to rotate is not just the force. That matters a lot. But it's also where you apply the force.
Here is a force being applied to the hinge or applied to this object. Here is another important thing to define the torque is this distance away from the hinge. So this distance R.
Which characterizes how far away the force is from the hinge.
So when looking at these problems in previous cases when drawing free body diagram, like, drawing all the forces acting at the center of the object. All we cared about was the translation. Not caring about if rotating or not but now that changes when talk about rotation. Where the force are applied matters.
So when we draw the free body diagrams now, when looking at something that's rotating, take care to try



to draw the force, where it's actually acting on the object because that will tell you this distance R.
Which you will need to use to calculate the torque.
So free body diagrams now for rotational stuff where the force is acting matters so we will take care to draw the forces acting at the appropriate spots.
It defines an angle and the torque depends on the force, how far it is from the hinge, and the angle.
That's the lever arm.
What -- another way to think of it is, the amount of torque that you get is equal to the radius times the perpendicular force. It's only the perpendicular force to that lever arm that exerts a torque. If the force were pushing straight on, can you rotate the door? So if you push strait on that angle is 0, you can't get any torque by pushing straight on. Right? But if you push at 90 degrees it will give you the biggest torque.
So the torque that a force generates depends on the component that's perpendicular to the radius.
It has a sign.
So all of these angular quantities have a sign.
Remember, counter clock wise things are positive.
And that was probably clock wise to you.



Opposite to me. Think about that. And clock wise is negative.
So if something is spinning counter clock wise it has a positive angular velocity. If something is spinning clock wise, it has a negative angular velocity.
If something is spinning counter clock wise and speeding up, it has a positive angular velocity. If something is spinning counter clock wise and slowing down, it has a negative angular velocity. Just like we did with translation.
For torque, if I look at that diagram here, in which direction counter clock wise or clock wise will the object rotate? Clock wise. Is it a positive or negative torque? Negative torque.
If it were acting the other way? Pointing on the opposite side of the door? That would be a --want to spin it counter clock wise. It would be positive torque. If you have multiple forces acting on a door, each may be generating a torque. You have to stair at the diagram and go, this force wants to get it to rotate this way and this one the other way, they have different signs.
Just like you did with free body diagram. The forces may have different signs. So too



torques may have different signs.
So this is where things get a bit more complicated. As we said, Newton's second law says if there's a net force that's a acceleration. How big the acceleration depends upon the mass.
If there is a net torque, there will be a angular acceleration.
But how big that angular acceleration is depends not just on the mass. It depends on moment of inertia which depends upon the mass but also depends on where the mass is located with respect to the hinge.
That's -- you will also explore this today.
And the moment of inertia of an object depends on the mass.
But it depends on the distance that mass is away from the hinge.
This R.
Depends on the distance squared.
So if I have a mass here, and it's spinning, it has a certain moment of inertia. If I take the same mass and move it out to twice the distance the moment of inertia went up by four. Like the object got four times more massive from rotation perspective. Even though the mass didn't change.
Does that make sense?



I have an object with a certain mass.
It's at a certain distance from the...without changing the mass, if I make the distance twice as big it's like it got four times heavier from the perspective of rotation. It will be harder to rotate. So the further you put the mass away from the hinge, the bigger the moment of inertia, the more difficult it is to get it to spin.
Or vice versa, the more difficult it will be to get it to spin down.
So you will explore this moment of inertia today. How not changing the mass but changes where the location of the mass is affects how you spin.
So you will draw a free body diagram. You will get some experience with that today.
But the key thing now is when you draw the free body diagrams, take care to draw the forces exactly where they are acting because you need to know the distance away from the hinge to figure things out.
Okay.
So you will look at this activity today but this is from a bridge question.
So consider a person holding their arm out at their side.
With the arm straight down by their side.



Either this way or this way. Or the third case is --person with their arm 30 degrees above the horizontal. Like this. Versus this, that or that.
In which case is the torque around the shoulder -- this is the hinge -- due to the weight of the arm the greatest?
So those are the -- oh, parallel to the ground. Case two is straight out to the side. Just by looking at the three diagrams -- the force is the same. The green arrow is the same. Not changing. That's the weight of the arm. Two kilos.
It acts -- the weight acts at the center of the object. What is changing -- and the radius, that's also staying constant but what is changing is the angle with which gravity is acting on the arm.
Torque is biggest when the angle is 90 degrees.
Which case has angle of 90 degrees? Two. So gravity -- the torque due to gravity is the largest when your arm is straight out at its side.
And is smaller when it's either this way or this way. That's why it's hardest for your shoulder to support your arm when it's straight out at the side.
It's easier if up here or down here. Less torque is required to balance the torque due to gravity.
So you will explore that today.



Connects to the bridge question.
This will be more -- you will do this activity on Tuesday's class where you try to get something to balance.
You have a stick of mass M, you hang equivalent mass M off the side.
And you have it sitting on a stand which is exactly a quarter of the length down the stick, and the question is, is it balanced?
So what is the free body diagram?
This is how you would draw the free body diagram. You draw the forces where they are acting.
So there's the normal force of the balance point on the stick, acting straight up where the balance point is. Right?
So normally you would have drawn the normal force, it's acting in the middle. No. The weight due to the hanging mass is pulling down over here.
And the weight due to the stick act at the middle of the stick and is pulling down here. If this is the hinge does the normal force do any torque?
No.
Right? If you have a force acting right at the hinge it doesn't generate a torque.
In which direction does this force want to spin



the stick?
Counter clock wise.
In which direction does this want to spin the
stick?
Clock wise.
So you have one that wants to spin it counter
clock wise and this one wants to spin it clock wise.
And if you look at the distances, this is L by four and this is L by four. The same. The torques are equal and opposite so they add up to 0. Like force, if force adds up to 0 will it accelerate? No. If the torques add up to 0 will it have angular acceleration? No.
STUDENT: Why is the mass on the right side also a fourth away from the point?

INST EMBERLY: So this -- you are hanging this mass from the end of a stick. It's pulling down with its weight.

STUDENT: What about the other side? INST EMBERLY: Here?
STUDENT: Yeah.
INST EMBERLY: Ignore all this.
Okay? Ignore -- pretend this wasn't here and



this wasn't here. If you have an object its weight always acts at its center so we are interested in the forces acting on the stick. Its weight acts on its middle. These are external forces acting on it. Make sense? The first force you should always draw is the object's weight. It acts down and is always acting in the middle of the object. I saw another question.
No? You will get a lot more experience with these types of problems on Tuesday's class. We will talk about balance and trying to keep things in balance.
All right. That's it for the notes.
So the first activity is just about generating torque on something that can spin. Feel free to use the doors here or tires. Don't have enough for everyone so you can move on to the second activity, which is the spinning chairs and looking at how spinning on a chair depends on -- so we have weights over there on the table. Depends on whether you hold weights out by your side or close to your center and then at around 3:30ish we will come together as a class and we will do a very similar demo as last time with a spinning disk but we will add mass to the disk and put it in different spots and you will see how the angular acceleration of the disk depends where we put



the mass.
I think that's -- there's a couple of other activities about body design and how your muscles generate torque. I think that's the last -- all right. So Dennis and I are here to help. Please ask questions if things don't make sense. Again, some of you may have seen this topic already. Some have not. Most is intuitive. Some parts are less intuitive so if you have questions, please let us know.
Good.
A couple minutes and then we will do activity three as a class.
All right. Can I get everyone's attention.
All right. We will do this third activity together as a class.
A couple of calculations you need do along the

way.


class.



But it's the same idea as what we looked at last


This falling mass is wound up on a string.
And as that string gets pulled, it's pulling on

this inner loop that's attached to the vinyl record and is applying a constant torque. As this falls it's ply a torque and leads to it having an angular acceleration. In this class, we know that the size of



the angular acceleration you get depends -- for the same applied torque depends on the moment of inertia which depends not just on the mass but where the mass is located.
So what we have got here is, I have a couple of masses that are sitting on top of this vinyl record.
And we will look at how it spins when the masses are close to the center.
I said five centimetres and then farther apart. If I move them farther out bigger or smaller moment of inertia? Everyone said, bigger? If I apply the same torque, which one should have the bigger angular acceleration? The one with the masses closer together which has the smaller moment of inertia or the one with the masses further apart which has the bigger moment of inertia?
STUDENT: Closer ones.
INST EMBERLY: The close ones.
So that's what we will do. I have already recorded these videos but you can visually see it. If I let go it will start from rest and gradually spin up and so it's speeding up.
As it falls.
As -- back up. Now I am going to move these masses out to 10 centimetres.



So we all said the moment of inertia is now bigger, it's behaving like something that's heavier or more massive.
So for the same applied torque, it's still going to have angular acceleration but it will spin up more slowly. If I start from rest, same applied torque but now it's spinning -- speeding up a lot more slowly than the previous case.
Now I have to give you numbers so you can do the calculation. Take you about five minutes or so. And then we will look at the tracker results. The numbers you need if you are ready to write them down, mass of the vinyl record is.13 kilograms.
Mass of the vinyl record is.13 kilograms. Has a radius of.15 metres.
So it's 15 centimetres. .15 metres. That's the data for the disk.
Rigid objects have a moment of inertia.
If you do a problem with rigid object like a disk or hoop, I will give you the formula just like I did here.
Point masses are simple. These two things are like point masses.
Their moment of inertia is just the mass times the distance squared away and there's two so you have



to add them up. These masses are.2 kilograms so the masses I added to the vinyl record are both.2 kilograms and we did two cases. One was the case where they were at.05 metres away and the second case was they were at.1 metres away. Calculate the moment of inertia, the two parts there, you have to calculate the moment of inertia for the first case where they were at.05 including the moment of inertia...plus the two masses. And then for the second case where the masses are slightly farther apart.
You should obviously find -- for the case where the masses are farther apart bigger...how much faster should the lighter one be going compared to the heavier one.
From a moment of inertia perspective. Has the mass actually changed? No. But we changed where the mass is located.
So it's behaving like it's bigger. For the purpose of rotation, things that have masses farther away behave like they are bigger even though the mass has not changed. I will give you five minutes to plug the numbers in. Find the two moment of inertia and then predict what you think the angular
acceleration -- how different.
Did everyone get this number for the moment of



inertia of the disk? In units of kilograms metres squared.
Did everyone get that for the moment of inertia when they are at 5 centimetres?
How does it compare to the moment of inertia of the disk? Bigger or smaller?
Smaller.
So the disks -- the disk's moment of inertia is not negligible.
Right? Yeah.
STUDENT: We thought the mass of the disk was 0.13... INST EMBERLY: Oh.
I had in my notes the full --.002 is... What was it if I do that?
Okay. And if you do 10 centimetres instead of -- if I double the radius what happened to the moment of inertia? Up by two or what?
If I have a mass and I make its radius twice as big what happens to the moment of inertia? Goes up by
4. Not surprisingly for the second case where 10 centimetres the moment of inertia is four times bigger.
So now you just need to add the moment of inertia of the disk to the two numbers and that's the



total moment of inertia for the two cases.
So that's what I got for case two, the total moment of inertia.
.0055 basically.
The other one is.0025. So I basically -- one is.005, and the other is.0025. How much bigger is one versus the other?
Like, 5 versus 2.5. One is double.
So how do I -- if one has twice the moment of inertia, how should I expect their angular accelerations to compare?
It should be -- the lighter should have an angular acceleration that's twice as big. So let's look at that.
Roughly twice as big.
So here is the video I recorded earlier.
And this is the case one, this is where the masses are located at 5 centimetres.
And it's speeding up and you can see that the angular velocity versus time is pretty linear.
Right?
As one would expect if it was experiencing a constant angular acceleration.
And it's final -- started at rest at 0 and the



final angular velocity is something like 400 something -- tracker uses degrees, 400 degrees per second.
This is with the masses further apart.
The moment of inertia of this combined system is twice as big as it was previously.
So its acceleration should be half as big.
And there it goes. Starts at rest and starts spinning.
Spinning much slower.
Again, its angular velocity is increasing linearly with time as one would expect with constant angular acceleration and what is its final angular velocity after five second? Only 200 degrees per second. And is exactly half.
So we doubled the moment of inertia. For the same torque, that then reduced the angular acceleration by half and the final velocity is half as big.
So all is well.
There you go. That's activity 3.
So you can now move on and try to finish up with the rest.
Oh, sorry.
One last thing, so let me show you one last



thing that follows on this. Two disks. They are the same shape. Right?
Same radius and same mass.
Their moments of inertia are not the same though. One has a bigger moment of inertia than the other. Same mass and shape but the mass distributed inside the boxes is not the same so one has a bigger moment of inertia than another. If I put them on this ramp, gravity will generate a torque on both of them causing them to roll down incline.
So gravity is generating a torque causing them to role down the incline. Same torque for both because both have the same mass.
Which one will have the bigger angular acceleration? The one with the smaller or larger moment of inertia? Which will have the smaller angular acceleration -- the bigger moment of inertia or the smaller moment of inertia? The one with the bigger moment of inertia will have the smaller angular acceleration. Do you expect them to get to the bottom of the ramp at the same time? They won't.
So, same mass, same shape, different moments of inertia. Both being accelerated by the same torque. Start them.
The gray one wins.



Do it again just to show you it wasn't a fluke but the gray one always wins.
Where is the other one? There.
So the gray one won.
The blue one lost. The blue one must have had the bigger moment of inertia. I will open them and show you that's the case. Let's confirm the gray one wins again.
It's not very good at steering either.
So if we were to open this up, this one has the bigger moment of inertia. Same mass. Right?
Bigger moment of inertia, smaller moment of inertia. If we open these up where do you think the mass is located for the smaller moment of inertia compared to the bigger moment of the inertia?
STUDENT: Equally distributed versus only on one side? INST EMBERLY: That would be one way.
Let's see.
I have not looked inside actually. This is the gray one.
Has all its mass in the middle. Where is the mass located in the blue one? On the edge.
So same mass.
They both weigh exactly the same but one has the



mass all in the middle. There's weight in the middle.
Whereas the blue one which has the bigger moment of inertia and is slower in terms of rotation has all its mass on the edge. Where you put the mass matters in terms of how something rolls.
There you go.
All right. That's all I wanted to say.
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