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Abstract 

 
Analyzing the action of an athlete in throwing hammer, we show how the parameters of 
action can be optimized for attaining maximum horizontal range in hammer throw.  
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1. Introduction 
 

A hammer is a solid ball attached with a string and a handle. The mass of the ball 
of a hammer is 7.26 kg for men and 4 kg for women. The string and the handle, together, 
add little mass (~ 0.5 kg) to the hammer. We may then consider the total mass of hammer 
to be ~ 7.7 kg for men, and ~ 4.5 kg for women; so that the corresponding forces of 
gravity are ~ 77 kg-m/s2 and ~ 45 kg-m/s2, respectively. Furthermore, the length of the 
hammer is 1.195 m for men and 1.1775 m for women. See Figure 1. 

 

 
Figure 1: Parameters of hammer for men and women 

 
 
Newton’s laws of motion show (see, [1], for related discussion) that the centre of 

mass of any projected body, thus of hammer, obeys the equations of motion of projectile. 
When air-drag is neglected, the centre of mass of hammer obeys corresponding formulas 
for its horizontal range, the optimum angle of release, etc.  

The centre of mass of a hammer is situated about 2.6 cm away from the geometric 
centre of its ball of diameter of 12.0 cm for men’s hammer, and about 4.7 cm away from 
the geometric centre of ball of diameter of 10.25 cm for women’s hammer. In either case, 
the centre of mass is “inside” the ball of the hammer.  
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The ball and the handle then perform motions about the centre of mass, with the 
string of the hammer connecting them. During motion, string gets slackened when handle 
moves faster than ball to get ahead of the latter, and gets stretched when ball pulls handle 
back to it. However, motions of the ball and the handle “do not” affect the motion of the 
centre of mass of a hammer. See [1], for details of the discussion related to motions of 
bodies about their centre of mass.  

Newton’s laws of motion then show that, in the absence of forces of atmospheric 
origin acting otherwise, the centre of mass of a projected body moves in a plane defined 
by the direction of gravity and the initial velocity of projection of the body.  This is then 
the “natural plane” of motion of the projected body. 
 Only environmental factors, in particular, air-drag, can affect the motion of the 
centre of mass of the projected body, like hammer. On assuming that the effective cross-
sectional area of the system (of ball, string, and handle) to be “twice” that of the ball of 
the hammer, the force of air-drag on the hammer can be estimated to be ~ 12.5 kg-m/s2 
for throw with velocity ~ 25 m/s. The force of air-drag on the hammer is much smaller 
than the force of gravity, ~ 77 kg-m/s2, for men’s hammer, and ~ 45 kg-m/s2, for 
women’s hammer. Air-drag may therefore be neglected for the dynamics of hammer, 
which also moves within its natural plane of motion, then. As a consequence, air-drag can 
also be neglected for the optimum angle of release of hammer throw.  

In literature [2]-[18], the importance of air-drag for its dynamics has been debated 
along with the stress on the complicated motion involving jerks the handle of the hammer 
displays during its motion. But, aforementioned considerations indicate that air-drag is 
not crucial for the dynamics of hammer, and motion of the handle is of no significance 
for the horizontal range of the projected hammer, since it only concerns where the ball of 
the hammer system lands on the ground. 
 Then, the “action” of an athlete, while throwing hammer, can be an important 
factor for the horizontal range, and we note that parameters of action are not “properly” 
included within the model when height is taken to be that of the shoulder of the athlete. 
The raised arm of the athlete and the length of the string of the hammer can “add” to its 
height of release over and above that of the shoulder.  

It is our purpose here to show that the above addition to the height of projectile 
over and above that of the shoulder of the athlete is important to the optimum angle of 
release to get the maximum horizontal range in hammer throwing.  

We first emphasize that the horizontal range of a hammer throw is not provided 
properly by the theoretical formula obtained for a body projected from the ground and 
landing on the ground. This is simply because a hammer is thrown from some height h 
above the ground, and theoretical formula for the horizontal range of such a projection of 
a body must involve height h in a non-trivial manner. 

 In other words, the following formula [13] - [18] obtained for the horizontal 
distance R travelled by a body projected from the ground and landing on the ground 
cannot be used for hammer throw:  

θ2sin
2

g

v
R i=       (1) 

Here, iv  is the velocity of projection at the instance of the release of the body, g  is the 

acceleration due to gravity, and θ  is the angle the velocity iv  makes with the horizontal. 
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Then, the maximum horizontal distance travelled by the hammer is “not” for the angle of 
projection of 45o, an angle implied by Equation (1). 

Then, as was described first in [15], the height of the athlete must be taken into 
account for considerations of such throws in sports.  

Thus, for a body projected from height h  above the ground and landing on the 
ground with environmental effects being neglected, the horizontal distanceR  (range) 
travelled by the body is obtained as [13]-[18]:  














++=

2
2

2 2
sinsin

cos

i

i

v

gh

g

v
R θθθ

    (2) 

The optimal angle leading to maximum horizontal distance is then obtained (by setting 
the derivative θddR/  to zero and solving the corresponding equation) as: 
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 We emphasize that the considered situation as above is not only idealized, for it 
neglects environmental effects on the flight of the projected body, but it ignores the 
action of the athlete, also. As pointed out in [19], the arm of the athlete makes an angle 
with the horizontal and the projected body can be released at any point of circle the arm 
is rotating along. There are then correction terms, which occur for a javelin throw, as an 
example, in Equation (2). As a result, Eq. (3) is not [19], [20] an appropriate value for the 
optimum angle of release in such situations. 
 

 
 

Figure 2: Hammer-ball lagging behind the line of standing of athlete 
 
 A similar situation arises also for hammer throw and this is illustrated in Figure 2. 
The hammer can get released prior to the ball reaching the line of standing of the athlete, 
and that introduces correction terms in the formula for the horizontal range attained by 
hammer thrown by the athlete. As the length of the string is of the order of a meter, the 
corrections are significant even for small angle of the point of release with the chosen X-
axis, which is along the line of standing of the athlete. 
 The “natural” coordinates for the problem of hammer throw are then illustrated in 
Figure 3, which shows the Z-axis to be along the vertical direction at the location of the 
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athlete, the X -axis to be parallel to the ground, and the Y -axis making an angle of θ 
with the Z-axis. The angle φ  is made by the location of the ball with the X -axis. Notice 

that the coordinate axes (X ,Y ) are Cartesian with origin O at height Sh  above the 

ground, which is the height of the shoulder of the athlete. Then, Z-axis and X -axis are 
perpendicular to each other, the X -axis and the Y -axis are perpendicular to each other, 
but the Y -axis and the Z-axis are “not” perpendicular to each other. 

 
Figure 3: Coordinates for hammer throw 

 
Then, as the ball of the hammer moves along the circle, it follows from Figure 3 

that its height from that of the ground is given as:  

Shh += φθ sincos0 l     (4) 

Here, l  denotes the total length of the athlete’s arm and the hammer; and Sh  is the height 

of the athlete’s shoulder above the ground.  

 Similarly, the X-coordinate of the ball of the hammer is given as: 

Lxx += φθ cossin0 l     (5) 

Here, Lx  denotes the X-coordinate of the line of standing of the athlete, and will be taken 
to be zero, for the origin O of the (X, Y, Z) coordinate system. 

The force of gravity on the ball of the hammer acts downwards, and has an 
“unbalanced” component θsinmg  that acts to bring the hammer ball down to the ground, 
always. Therefore, the path of the hammer ball is “never” circular as shown in Figure 3, 
unless the athlete keeps applying vertical force during the swinging of the hammer.  
Nevertheless, during the “final” stages of the hammer release, the motion of the ball can 
be approximated to be along the planar circle with the plane of the circle making an angle 
θ with the Z-axis as shown in Figure 3. 

Notice then that the angular speed of the rotation of hammer is changing along the 
circular path of the ball. It is “largest” at the lowest height and “smallest” at the largest 
height of the ball of the hammer. Then, the tangential velocity, 0u , which is the “initial” 

velocity of projection of the hammer, also varies along the circular path of the ball of the 
hammer with the angleφ .  
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Then, the aforementioned variation of the tangential velocity is given by: 

,)sincos1( 000 hu αωκφθαω −≡−= l  1<α   (6) 

Here, 0ω  is the angular velocity of the ball when it is at the X-axis, )(0 Shαωκ += l  is 

then a constant quantity.  

We note that α  is a dimensionless constant and is a ratio of the “critical” angular 
velocity Cω , for which the tangential velocity 0u  is zero at the largest height for the given 

angleθ , and the angular velocity0ω  the ball has when at the X-axis. For the ball to move 

further along the circular path, and not drop to ground when at the largest height, we then 
require 0ωω <C . In other words, we require 1<α . 

We thus assume the angular velocity 0ω  to be “sufficiently large” with the string 

of the hammer never slackening during the circular motion of the ball in the plane. For an 
athlete throwing hammer, this is the situation, evidently. The constant α < 1 accounts for 
this assumption as 0u  is then never zero for any angle. Quantities0ω ,l , Sh  and α  are 

“constants” for the problem under considerations, we may note. 

 Now, when the body is projected from height 0h  above the ground and from the 

X-coordinate 0x  with the initial velocity 0u  making angle θ−90  with the horizontal, its 

horizontal range R is: 

0
22

0
0

2
0

0 2sincos2sin
2

ghu
g

u

g

u
xR +=−− θθθ   (7) 

Quantities 0x , 0h  and 0u  are as in Equations (4), (5) and (6), respectively. The maximum 

horizontal range maxR is then obtained by differentiating Eq. (7) with respect to angle θ, 

setting this derivative to zero and solving the resultant “equation” for the optimal angle, 

optθ , of projection, for which the horizontal range is maximum. 

 It is convenient to first square Eq. (7), to do away with the square-root on the right 
hand side, then perform differentiation with respect to angle θ, and then set the derivative 
of R  to be zero. Furthermore, we can neglect terms containing 2/1 R in comparison to 
terms containing R/1  since R  is much larger thanl ,h , etc.  Now, out of the terms 
containing R/1 , terms containing α and 2α may also be neglected in comparison with 
those “not” containing them, for 1<α . We then obtain the quadratic for optθcos : 

0coscoscos2 2
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The solution of the above quadratic is then obtainable as: 
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Here, we choose “positive sign” for the square-root. 
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Then, optθ depends ong , 0ω , l and φcos . We may then recall that the angle φ  is 

the angle of release of the hammer within the plane of its motion. We then notice that the 

square-root in Eq. (9) “cannot” be approximated because 4
0

28 ωl need “not” be less 

than φ22 cosg . Such an approximation will be erroneous, in general. 

 In Figure 4, we then plot optθcos as a 2-Dimensional surface using Eq. (9) and 

using ordinates φcosg and 2
0ωl .     

 

 
Figure 4: optθcos as a surface for ordinates φcosg and 2

0ωl . Points on the projected 

curves have the same horizontal rangeR . 
 

Also shown in Figure 4 is a “projected” curve for the constant angle of projection. 
All points on this curve possess the same horizontal range. Such a curve thus represents 
the horizontal range, we may then note. 

Furthermore, it also follows that, for any given angle optθ of projection producing 

a certain horizontal range, the hammer can be released for different values of angleφ , 

depending on the values of0ω  andl , because we can write from Eq. (8) as: 

opt

opt

g θ
θω

φ
cos

)cos21(
cos

22
0 −

=
l

   (10) 

In other words, various values of0ω  andl then permit different values for angle φ  of the 

release of hammer with the same angle optθ  of projection and the same horizontal range, 

except for the angle of O
opt 45=θ at which 0cos =φ  and O90=φ .  Evidently, horizontal 

range is the same as a consequence of the hammer being released somewhat past the 
finish line but with smaller velocity than the hammer released near the finish line with 
comparatively higher velocity. See Equations (5) and (6). 
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 Then, it also follows that an athlete with a shorter arm (smallerl ) may 
throw the hammer with comparatively larger angular speed (larger 0ω ) than an athlete 

with a longer arm (largerl ) throwing with smaller angular speed (smaller0ω ) and may 

achieve the same horizontal range. 
We then plot, in Figure 5, the angle of release as a 2-Dimensional surface, using 

Eq. (10), with ordinates optθcos and 2
0ωl  wherein we put 10=g  m/s2.  

 

 
Figure 5: Angle of release as a 2-Dimensional surface. Points on the projected 

curves have the same angle of releaseφ .  
 
 Now, the “observed values” of the angle of projection, optθ−90  relative to the 

horizontal or the ground, fall [13], [14] within the range of angles above 37o to 44o. As 
our analysis allows any value for the angle of projection, this observed angular range is 
not a consequence of the dynamics of the throw of a hammer. This range results, rather, 
as a consequence of the “possible” angle of the length of the arm and the hammer with 
the height of the athlete’s shoulder being limited as illustrated in Figure 6. 
 

 
Figure 6: Restriction on the angle of projection 

 
Notice that typical length of the arm and the hammer (~ 1.8 m) is larger than the 

height of the shoulder (~ 1.6 m for an athlete of height 1.8 m).  Thus, the possible angle 
the length harm ll + can make with the ground is < 45o.  



 8

A taller athlete then has advantage of reaching the angle of 45o over a shorter 
athlete for throwing hammer whenever the length of the hammer is kept fixed at 1.195 m 
for men or at 1.1775 m for women. Then, it follows from Eq. (4), Eq. (5) and Eq. (6) that 
whenever a shorter athlete has thrown hammer at a larger distance than a taller athlete, 
the former has spun with larger angular velocity than the latter athlete.  
 Then, of importance to throwing hammer is the “maximum possible” angle of its 
projection, which is limited by the height of the athlete. Having determined such an angle 
of projection for oneself, an athlete then needs to also determine the “maximum” angular 
velocity that can be achieved. On the basis of this information, an athlete can then aim for 
the “proper” angle of the release of the hammer on the basis of the analysis presented in 
the aforementioned. These are then our recommendations based on the present analysis of 
the hammer throw.  
 
5. Concluding remarks 
 

Specifically, we explored the “importance” of the action of the athlete while 
throwing hammer. Analysis of the action of the athlete is, as we have shown for javelin 
throw in [19], [20] and hammer throw here, crucial to identifying optimum parameters of 
throw, independently of the flight analysis of the projectile.   

The analysis of the action of an athlete is independent of the aerodynamics of the 
projectile, because the air-lift received by the projectile depends on the angle its area 
makes with the horizontal, while angle of velocity of its projection is an “independent” 
variable. For hammer, its aerodynamics is very mildly dependent on the drag-force, since 
the air-drag is much smaller than the force of gravity, also. 

Statistical studies can be undertaken to “validate” the aforementioned theoretical 
results by generating data on the basis of actual throws of hammer, or by designing 
appropriate electro-mechanical equipments for performing the throw experiments. Such 
studies are, however, lacking at the present.  
 A sports person thus needs to pay attention to “factors” mentioned in Section 4 to 
achieve the maximum horizontal range of the hammer. The style of throwing hammer can 
only “add” to the velocity of its release, but not affect the angle of its release.  

In general, we can expect that the analysis of the action of the athlete, likewise 
with that of a javelin throw and a hammer throw, may lead to results “useful” to athletes 
and their trainers or coaches for attaining the best outcome of their efforts. Such analyses 
are, however, lacking, for variety of sporting actions. 
 
Dedication: 
 
We dedicate this article to Dr R Krishnakumar, Vice-Chancellor, YCMOU, Nashik. In 
his untimely death, we have lost a friend (fondly called as “KK” by us all) who aimed at 
imparting education in such a manner as to develop the capability of applying knowledge 
to real-life situations.  
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