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Development of Shuttlecock Tumble and Smash Test Methods
SATHEESH KAVILADHIKARAKUNNATHU PUTHANVEETIL
VALERY CHERNORAY
Department of Mechanics and Maritime Sciences
Chalmers University of Technology

Abstract
Feathered shuttlecocks are used in all type of high level competitions in badminton,
however due to relatively high cost, low durability and due to less predictability
involved in using bird feathers for its production, synthetic alternatives of shuttle-
cocks are being developed. BWF - Badminton World Federation, responsible for
large tournaments like World Championships and the Olympics are interested in
knowing how the characteristics of the new synthetic shuttlecocks is similar or dif-
ferent to that of traditional feathered ones so as to introduce synthetic shuttlecocks
into the tournaments. Two major performance characteristics of a shuttlecock under
consideration by BWF are tumbling or the erratic spinning of the shuttlecock at net
play and smash resistance or the durability of the shuttlecock under repeated smash.
Thus through this project, it was aimed to propose and evaluate test methods for
comparing the performance of synthetic shuttlecocks during the process of tumbling
and smash.
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1
Background

The previous iteration/phase was aimed at understanding the problem of testing
tumbling and smash resistance. In order to achieve this initially an understanding
of the badminton game was made followed by the understanding of its underlying
components such as the design and design limitations of the shuttlecock and the
racket, their general motion during a smash and tumble and a few of the underlying
physics governing their motion. This understanding was then applied to develop
working prototypes of a smash test rig and a tumble test rig, many concepts were
created and their performances were compared, these will be discussed in the up-
coming sections.

1.1 Release mechanisms

The development procedure required the creation of shuttlecock holding/ releasing
mechanisms and two such mechanisms were introduced, one employed a mechanical
arm powered by an electronic actuator which would grip the shuttle and release at
will (refer �gure 1.1), the next mechanism used vacuum to hold the shuttle cock and
a electronically controlled pneumatic actuator was used to shoot the shuttle in the
required direction, this mechanism is shown in �gure 1.2

Figure 1.1: Mechanical armed shuttlecock release mechanism shown (a) without
actuation and (b) with actuation.
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1. Background

Figure 1.2: Pneumatic launcher - front portion.

1.2 Tumbling mechanisms

A look into the kinematics of tumbling motion showed that by using the idea of
relative motion the complex motions can be simpli�ed to achieve the same tumbling.
The general principle of relative motion is depicted in �gures 1.3 and 1.4. This
ideology showed that the same tumbling process can be replicated in 3 way each of
which gave a prototype:

Figure 1.3: Velocity vectors of two bodies measured in the observer reference
frame.
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1. Background

Figure 1.4: Relative velocity vector as seen from the reference frame of body A.

The �rst approach was to model the motion as in reality and to use a spinning
racket powered by an electric motor while the shuttlecock was released by either of
the 2 above mentioned release mechanisms, the prototype is shown in �gure 1.5, this
mechanism did produce tumbling however the synchronisation between the dropping
shuttle and the spinning racket was proven to be di�cult which meant that the shut-
tle missed the racket or impacted the racket at di�erent positions when repeated,
hence this mechanism was deemed less repeatable and discarded

The next approach was to �x the shuttle and impact it with a rod powered by the
pneumatic actuator mechanism, this setup is shown in �gure 1.6. However this de-
vice only produce little tumbling, in an attempt to increase the tumbling amount
two other variation were tried where in one the shuttlecock was impacted at an an-
gle, this increased the amount of tumble but only minimally. In the next variation a
pin was added to the cork base of the shuttle and the impact was given at the pin tip
and was thought to provide more torque to the shuttle despite which the mechanism
did not improve the results as the pin increased the moment of inertia of the shut-
tle which compensated for the extra torque, the 3 variant are illustrated in �gure 1.7

The �nal approach was to �x the racket at the desired orientation and shoot the
shuttle with the pneumatic mechanism, this method created a realistic amount of
tumble, it repeatability was better that the spinning racket mechanism but still had
errors, however this was chosen as the best of the three in the previous iteration,
this mechanism is shown in �gure1.8
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Figure 1.5: ORF - with mechanical arm shuttlecock release mechanism.
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Figure 1.6: Side view of the experimental set up for replicating tumble from the
Shuttlecock Reference Frame.

Figure 1.7: SRF experimental setup variants.
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Figure 1.8: Front view of the experimental set up for replicating tumble from the
racket Reference Frame.
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1.3 Smashing mechanisms

Two mechanisms were produced and compared for smashing. One employed the use
of a sti� bar made of carbon �ber, the racket was attached to the end of the bar,
pulled back and released causing the bar to spring back and smashing the shuttle
held in place by a drinking straw connected to a vacuum cleaner. This mechanism
is shown in �gure 1.9. This mechanism produced very less speed and it was also the
least modi�able design hence it was discarded.

Figure 1.9: Front view of the experimental set up for replicating smash using
cantilever mechanism.

The next design used the principle of an inverted pendulum, this mechanism was
powered by spring and was modi�able. the mechanism is shown in �gures 1.10 and
1.11, this design even though produced repeatable smashes it could only produce
smash speeds of 25 m/s which was far less than the requirement, however it was
chosen to proceed into the next phase as it was the better of the two designs.
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Figure 1.10: Side and front views of the experimental set up for replicating smash
using spring loaded mechanism (SSLM).
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Figure 1.11: Front view of upper portion or portion 'a' of SSLM.
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2
Aim

The aim of this phase of the project is to further develop the smash and tumble
mechanisms created in the previous to overcome their main limitations these involve:

ˆ Increasing the smash speed from 25 m/s to 40 m/s.

ˆ Increase the repeatability of the tumbling process by as much as possible.

ˆ To produce realistic amounts of tumble for each brand tested.

ˆ To create signi�cant di�erence in tumbles between the tested brand.
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3
Development Work

3.1 Smash Rig Improvements

3.1.1 Previous Test Rig and Limitations

The mechanism �nalized in the previous phase had the advantage that the racket
always struck the shuttlecock with the same speed and at the same position ensuring
repeatability of the test. The mechanism also undergoes damping motion after the
smash where it oscillates back and forth before coming to rest, this ensured that the
racket does not undergo sudden deceleration and gets damaged from the mechanical
shocks associated with it.

However, the mechanism had the drawback that it could only produce speeds below
the required speed of 40 m/s. In normal conditions the setup could produce a
speed of 15 m/s consistently and by overstretching of the spring a maximum racket
tip speed of 25 m/s was achievable however this speed was not sustainable as the
overstretching of the springs from repeated testing was found to permanently damage
the springs. Thus the aim of the current phase was to sustainably achieve required
speeds

13



3. Development Work

3.1.2 Improvements - Trial and error

The initial approach towards achieving the required smash speed was following a
trial-and-error method where a small modi�cation would be made to the rig and
based on the outcome, the modi�cation was kept, re�ned or new modi�cations were
added.

The design from the previous iteration consisted of only one spring attached to one
side of the rotary arm, as the �rst step towards improvement another spring was
attached to the opposite side of the rotary arm. Since more force was now generated
from the same stretching of the rotary arm the speed could be increased from 15m/s
to 20 m/s without overstretching of the spring, also the previous design had inac-
curacies in striking the shuttle at the centre of the racket (which was the preferred
position) as the stretched string exerted sideways forces in only one direction which
caused the racket to tilt sideways while undergoing smash, but with the addition
of an equal force spring on the opposite side this deviation was signi�cantly reduced.

The rotary arm undergoing partial rotation had rotational kinetic energy and since
more mass would require more energy to move fast, the next step was to reduce the
mass of the rotary arm, thus the arm was replaced by a miniature version of the
�ex link member (from a 44mm x 44mm member to a 22mm x 22mm member) as
shown in the �g 3.1. This helped increase the nominal racket tip speed to 26 m/s.

Figure 3.1: �ex link used in the previous iteration on the right and �ex link used
in the previous iteration on the left.
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Figure 3.2: Illustration of rotary arm undergoing rotational motion with high-
lighted parameters.

A body undergoing rotational motion (refer �gure 3.2) will have an angular velocity
'! ', that is it will cover a speci�c angle within a given time, for such a body (which
in this case is the rotary arm and the racket) , If you increase the length of the arm
'R' the tip speed 'v' will increase, understanding the principles it was decided to
extend the length of the �ex link from 1m to 2m in order to increase the speed of
smash. In theory this should double the smash speed, however extending the �ex
link also doubled the mass of the rotary arm, furthermore a faster swinging arm
create more friction at the hinge. The combined e�ect of all these factors was that
the smash speed only increased from 26 m/s to 30 m/s.

Since the racket was now travelling signi�cantly faster it started to experience high
inertial forces. The racket was connected to the rotary arm in such a way that the
handle portion of the racket was attached �rmly to the �ex link member of the rotary
arm while the shaft and head portion of the rackets were hanging freely, because
of this now when the �ex link underwent rotational acceleration the handle potions
moved instantly with the �ex link while the shaft and head potions experiences a
delay in motion due to the high inertia (refer �gure 3.4), subsequently the head and
the shaft would spring back and overshoot the handle (refer �gure 3.5) which would
in turn bend the head and shaft potion in the opposite direction (refer �gure 3.6)
and this in turn caused them to spring bring back again (refer �gure 3.7). This back
and forth swinging of the head and shaft would continue throughout the motion
of the rotary arm and as a consequence of this the head which used to hit the
shuttlecock straight was now hitting at the random angles sending the shuttle �ying
in random directions. Initial attempts were made to adjust the speed of the rotary

15



3. Development Work

arm so that the rate of oscillation would change and the rackets would attain a
straight head in between its oscillation at the point of impact . However this proved
to be very tricky, a simpler solution was to increase the length of the rotary arm
and attached the head shaft and handle �rmly to this member making the racket
behave as a rigid body eliminating wobbling. Even though this increased the mass
by a fractional amount it was very e�ective in controlling the wobbling ( as can be
seen from �gures 3.8 to 3.11 )and making the mechanism repeatable.

Figure 3.3: Smash occuring at oblique angle.
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Figure 3.4: Head and shaft of the racket �exing back due to inertia before smash.

Figure 3.5: Head and shaft of the racket overshooting the handle due to the spring
back e�ect before smash.
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Figure 3.6: Racket �exing back during smash

Figure 3.7: Racket springing forward after smash
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Figure 3.8: Proper Smash motion after �xing the wobble, instance 1.

Figure 3.9: Proper Smash motion after �xing the wobble, instance 2.
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Figure 3.10: Proper Smash motion after �xing the wobble, instance 3.

Figure 3.11: Proper Smash after �xing the wobble, instance 4.

In an attempt to increase the speed further springs with higher sti�ness were tested,
this approach was based on the assumption that a spring with higher sti�ness gen-
erates a higher force for the same amount of extension which is evident from the

20
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spring equationF = K � X [1] (Also refer �gure 3.13). Two pairs of di�erent springs
of sti�ness higher than the current version were tried, however it was found that
they produced lower speeds than the softer spring. This was because as the sti�ness
increases more force is required to extend the spring which would store more energy
in the spring and when released would result in a higher speed of smash, however
springs of higher sti�ness were also found to have a signi�cantly less allowable range
of extension, and without enough extension of the spring enough energy would not
be stored in the spring which would results in lesser smash speed. The combined
result of these two opposing e�ects were that sti�er springs produced lesser speeds
than softer springs, thus this attempt was not fruitful.

Figure 3.12: Spring equation with illustrated factors [2]

Figure 3.13: Higher sti�ness springs tested: on the left, spring of K= 13.5 N/mm
and on the right, spring of K= 6 N/mm
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3. Development Work

After several smash tests it was observed that the rotary arm experienced buckling,
as it was now very long, very thin and experiencing high forces repeatedly. To solve
this a thicker �exing member (such as a 44mm X 44mm �ex link) should be used,
however adding thickness to the member also increases the mass (in this case by
four times). The best solution was to replace the current member 22mm x 22mm
with a 44mm x 22mm member (refer �gure3.15), this would make the rotary arm
thicker in the direction of the force reducing buckling while mass only increases rel-
atively minimally (in this case by only twice). This modi�cation was successful in
preventing buckling however the smash speed dropped to 23 m/s.

Since the �ex link modi�cation reduced the smash speed, in order to compensate it
was decided to minimize the mass as much as possible while having a long rotary
arm, as changes in these two directions proved to be fruitful from the previous it-
erations. Two carbon �ber hollow shafts were are used to to replace the �ex link
members of the rotary arm. The bottom carbon �ber member about 1 m long,
where the spring and the hinge were connected was chosen to be of larger diameter
and higher sti�ness (and hence higher mass) as this part experienced higher loads.
A shaft of smaller diameter, lesser sti�ness and lesser mass was connected to the
base shaft in order to extend the length of the rotary arm to 2 m measuring till the
racket tip. This modi�cation reduce did the mass of the system signi�cantly and
helped in achieving speed of about 30 m/s

After this point it seemed like most of the major �xes were done to the mecha-
nism, modi�cations based on trial and error did not seem to generate signi�cant
improvement anymore, thus it was decided to change the methodology and look
into the complete physics of the system in order to have a deeper understanding of
the system.

Figure 3.14: 44mm X 44mm �ex link member on the right and 44mm X 22mm
�ex link member on the left
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Figure 3.15: Carbon �ber shaft rotary arm
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3.1.3 Improvements - Theoretical approach

Figure 3.16: Schematic diagram of the experimental set up for replicating smash
using spring loaded mechanism.

A simpli�ed version of the mechanism is represented in the �gure 3.16, it consists
of a rotary arm hinged to the ground while the other end consist of the racket and
a spring whose one end is �xed in space while the other end is connected to the
rotary arm. To load the mechanism the rotary arm is pulled back to position 'a'
and held there, at this state the mechanism does not have any kinetic energy as
no parts are moving, but the spring is being stretched to the maximum (from X to
X+ � X)and hence it has maximum potential energy at this position. The potential
energy stored in the spring is given by the equation [?]:

EP otential =
1
2

K (� X 2) (3.1)

When released from position 'a' the spring begins to contract and so its potential
energy reduces, this energy lost by the spring gets converted into the rotational
kinetic energy of the rotary arm (assuming there are no other losses such as friction)
and hence rotary arm gains more speed, at all positions in between 'a' and 'b', the
system has non zero of rotational kinetic energy and spring potential energy
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3. Development Work

When the rotary arm reaches position 'b', the spring has contracted to its original
length and hence has given up all its potential energy, Thus the system only has
rotational kinetic energy at this position given by the equation[3]:

ERotational =
1
2

I! 2 (3.2)

Since energy is conserved, the total energy we put into the system must be equal
to the total energy of the system at any given time assuming there are no losses.
In other terms the total energy at position 'a' must be equal to the total energy at
position 'b', giving us the relation:

1
2

K (� X 2) =
1
2

I! 2 (3.3)

Simplifying this equation we get the relationship for angular velocity of the rotary
arm as:

! = � X

s
K
I

(3.4)

Using the relationship for linear velocity and angular velocity we can derive the
racket tip speed as:

V = R! (3.5)

Thus,

V = R(� X )

s
K
I

(3.6)

Assuming the rotary arm to be a solid cylinder spinning at its end (even though
the rotary arm is a hollow cylinder,the moment of inertia is very similar to a solid
cylinder and has been checked analytically), its moment of inertia is given by [4]:

I =
1
3

MR 2 (3.7)

Substituting 3.7 in 3.8, we get the �nal equation of the racket tip speed as:

V = � X

s
3K
M

(3.8)
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