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torque exerted by the bullet on the block and how those relate 
to work and impulse.

Suppose the bullet traveling initially with speed u makes 
contact with the surface of the block at time t = 0, and it 
stops moving relative to the block at time t = T. Adopting the 
numerical values of Shakur, the block has mass M = 1.4 kg, 
whereas the bullet has mass m = 20 g and initial speed u =  
400 m/s. The total mass of the block and bullet M + m is equal 
to M alone to within the accuracy of these values. Likewise, 
regardless of where the bullet is embedded in the block, the 
center of mass of the block is approximately at the geometric 
center of the block, and the moment of inertia of the block 
about its center has the same value I as that of the bare block. 
By conservation of linear momentum, the speed of the block’s 
center of mass just after the bullet has become lodged in it is 
then V = mu/M = 5.7 m/s. Thus the average speed of the bul-
let during the time interval from 0 to T while it is decelerating 
from initial speed u to final speed V comoving with the block 
is  (u + V) /2 < u/2. From the follow-up video referenced by 
Shakur, the x-rayed depth of the bullet hole in the block is 
estimated to be L = 3.0 cm. Thus the deceleration time of the 
bullet is approximately T = 2L/u = 150 ms. Since the average 
speed of the block’s center of mass during this time is V/2, the 
block rises a vertical distance of  TV/2 < 0.4 mm while the 
bullet is burrowing into the wood, which is negligible com-
pared to the overall maximum height it reaches.2

The motion can therefore be divided into three distinct 
phases. For times t < 0, the bullet is traveling upward at nearly 
constant speed u toward the block at rest. Next, for times   
0 < t < T, the bullet is drilling into the wood but the block 
remains on the stand. Three forces act on the block alone dur-
ing this interval: its constant weight Mg; the normal force due 
to the stand, which decreases from a starting value of Mg to 
zero; and the force F that the bullet exerts on the block. The 
latter force F starts out at zero, quickly ramps up to some peak 
value, and then rapidly declines back to zero as the bullet 
comes to rest relative to the block. Approximate this force as 
having a rectangular profile, equal to zero for t < 0 and t  > T, 
but constantly equal to its average value for 0 < t < T. Equa-
tion (2) below shows that that average value is about 53 kN. 
In contrast, the vector sum of the upward normal force and 
downward gravitational force on the block varies between 0 
and Mg during this time interval T, and hence never exceeds 
14 N. (For simplicity, assume the block is supported only near 
its center so that the normal force only acts at a single point 
directly below the center of mass.) Thus the contributions of 
the weight and normal force to the total impulse and work 
can be neglected during the second phase. Finally, in the third 
phase t > T, the block with embedded bullet, whether spin-
ning or not, lifts off the table and its center of mass rises to a 
maximum height of V2/2g = 1.7 m when all of its initial trans-
lational kinetic energy has been converted into gravitational 
potential energy.3

Impulse and work for the bullet-block 
Veritasium video

In the January issue, Shakur1 uses conservation of linear 
momentum to explain why a uniform wooden block of mass 
M sitting on a stand and impacted by a bullet of mass m from 
below will rise to the same height regardless of whether the 
block is hit on or off center. He goes on to show that the frac-
tion of the initial mechanical energy of the bullet that is con-
verted into mechanical energy of the system after the bullet 
is embedded is about three times larger for the block hit off 
center than for the one hit on center. To gain further insight 
into what is happening, it is helpful to consider the force and 



In contrast, work commingles the translational and rotational 
kinetic energies together. However, one can separate out two 
work-energy theorems if one wishes. The center-of-mass 
work5   (where dycm = vdt) changes the translational 
kinetic energy. Likewise, the rotational work  (where  
dq = wdt) changes the rotational kinetic energy. If there were a 
way to couple out the rotational energy into gravitational po-
tential energy, then the block hit off center would rise higher 
than the block hit on center. For example, a ball initially roll-
ing without slipping will travel higher up a rough ramp (along 
which it continues to roll without slipping) than it will up a 
frictionless ramp.  In fact, a rolling ball would travel just as 
high off the floor up a rigid frictionless ramp as it would if it 
were launched straight up in the air off a vertical lip, but both 
are lower than the ball would reach along a rough ramp.
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2. In any case, a real block is not a rigid body during the time 
interval T that compressional shock waves are propagating 
through the wood, and so some parts of the block move before 
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can be neglected, followed by the conversion of translational 
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energy if the bullet were to bore into the block along a path not 
passing through its center of mass.

4. A similar idea is used for a pair of ConcepTests involving push-
ing on a barbell midway along the bar versus on one of the 
two end masses in E. Mazur, Peer Instruction: A User’s Manual 
(Prentice Hall, Upper Saddle River, NJ, 1997), p. 147.
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If the bullet hits off center, the system of the block and em-
bedded bullet acquires angular momentum of magnitude IV 
where V is the angular speed of the system about its center of 
mass at time T. At the same instant, the system has both trans-
lational kinetic energy of its center of mass and rotational 
kinetic energy about its center of mass. The work done on 
the block by the bullet therefore depends on the point of im-
pact, because work accounts for changes in both translational 
and rotational kinetic energy. In contrast, when considering 
impulse and momentum, the contributions of the linear and 
angular terms are separated out. A simple model4 clarifies 
these statements. Suppose the force F and hence the torque 
t= rF the bullet exerts on the block (about its center) are con-
stant while it is boring into the wood, where r is the horizontal 
distance the bullet impacts the block away from its center line. 
Given that the normal and gravitational forces are negligible 
for 0 < t < T, the bullet force F on and linear momentum p of 
the block are related by the linear impulse-momentum theo-
rem,

(1)
which here becomes

FT = MV       (2)

for translations of the center of mass of the block. Likewise 
for angular momentum L, the angular impulse-momentum 
theorem implies

(3)

for rotations of the block about its center. On the other hand, 
the work done on the block during the second phase is

      (4)
where the differential vertical displacement of the block at the 
location of the bullet during time dt is

dy = (v + wr)dt .        (5)

The translational speed of the block’s center of mass is v = 
(F/M)t for 0 < t < T  because the quantity in parentheses is its 
constant linear acceleration. Similarly, the rotational speed of 
the block about its center is w = (rF/I ) t because the quantity in 
parentheses is its constant angular acceleration. Substituting 
these two speeds into Eq. (5), that displacement into Eq. (4), 
and performing the integral gives

 (6)

using Eqs. (2) and (3) in the last step.
The translational impulse changes the linear momentum, 

and the rotational impulse changes the angular momentum. 


