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PROBLEM
When one pulls along a two wheeled suitcase, it can under certain 
circumstances wobble so strongly from side to side that it can turn over. 
Investigate this phenomenon. Can one suppress or intensify the effect by varied 
packing of the luggage?



TERMS & DEFINITIONS
When one pulls along a two wheeled suitcase, it can under certain 
circumstances wobble so strongly from side to side that it can turn over. 
Investigate this phenomenon. Can one suppress or intensify the effect by varied 
packing of the luggage?

𝐿 = 𝑙𝑒𝑛𝑔𝑡ℎ = 40 𝑐𝑚
𝐻 = ℎ𝑒𝑖𝑔ℎ𝑡 = 50𝑐𝑚

𝐵 = 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡𝑤𝑜 𝑤ℎ𝑒𝑒𝑙𝑠 = 39𝑐𝑚
𝑊 = 𝑤𝑖𝑑𝑡ℎ = 20 𝑐𝑚

Different Positions of Centre of mass

Detachment of both wheels

𝜏 = 𝐹𝑑
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QUALITATIVE ANALYSIS
- Cases for different effective height

- Five different phases



STAGE 1:
INITIAL CONDITION

Titled

Net Force = 0

No External Force

Acceleration = 0 (i.e. Constant Speed)

Both wheels are in contact with the floor

Weight of a suitcase

Normal Force by two wheels



STAGE 2:
EFFECT OF INITIAL DISTURBANCE

BUMP



STAGE 2:
EFFECT OF INITIAL DISTURBANCE (TORQUE)

•Different effect depending on the position of weight

•Case 1: High weight 

• Centre of mass now causes rotation

about the supporting wheel

• Torque created by the center of mass

• Angular acceleration is present

•Case 2: Low weight

• Low centre of mass acts as a restoring 

force that opposes the original

torque created by the initial disturbance

• Diminishes the wobble effect



STAGE 3:
HUMAN RESPONSE

Human exerts a periodic force 
that opposes the disturbance 
created by the weight.

Opposite direction to the torque 
created by the weight

Effect of inertia



STAGE 4:
POINT OF INSTABILITY

The restoring force overshoots

Overcompensation of restoring 
force would lead to the rather 
sharp increase in the oscillation.  



STAGE 5:
REPETITION AND AMPLIFICATION

When a suitcase meets a critical amplitude that exceeds what 
human can counteract, it overturns.



QUALITATIVE MODEL – SUMMARY 

Intensifies the initial disturbance 

(torque is applied in the same 

direction as disturbance)

Acts as a restoring force (torque 

is applied in the opposite 

direction as disturbance)

CASE 1 CASE 2



QUANTITATIVE ANALYSIS
- Net Torque Equation

- Literature Review: Suherman’s model

- Theoretical Prediction (Graphical 

Simulation)



TORQUE ANALYSIS
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Two Types of torque:

𝐼
𝑑𝜃

𝑑2𝑡
= 𝜏𝐻 − 𝜏𝑤

Net Torque Equation:

(Opposite Direction)

1) Torque by Weight

2) Torque by Human 



TORQUE BY WEIGHT
From basic torque equation:

𝜏 = 𝐹 × 𝑑1

Force is equivalent to the weight

𝐹 = 𝑚𝑔

Shortest distance is:
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TORQUE BY HUMAN (SUHERMAN’S MODEL) 

Two Fundamental Assumptions:

𝜏𝐻 = 𝑞𝜃 sin 𝜔𝑡 − 𝑘𝜃

𝜃: angle of rocking

𝑞𝜃 : amplitude of excitation torque

𝜔: walking frequency

k: constant for restoring torque 
Periodic Excitation Torque

(First Assumption)
Restoring Torque (Second 

Assumption)

… (2)

1) Puller’s walking motion induces a 

periodic moment on the handle of suitcase

2) Puller exerts additional restoring moment to 

suppress the wobble proportional to rocking angle 

𝜃

ℎ

2
𝑠𝑖𝑛𝜃

𝑑1 =
𝑏

2
𝑐𝑜𝑠𝜃 −

ℎ

2
𝑠𝑖𝑛𝜃

𝑏

2
𝑐𝑜𝑠𝜃 𝜏𝐻

𝜏𝑤



NET TORQUE EQUATION
Combining Equation 1 & 2:

𝐼
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FINAL NET TORQUE EQUATION

Define: 𝑆 = +1, 𝑖𝑓 𝜃 > 0 𝑆 = −1, 𝑖𝑓 𝜃 < 0

Final Equation:

𝐼
𝑑2𝜃

𝑑𝑡2
= 𝑞0 sin 𝜔𝑡 − 𝑘𝜃 − 𝑆𝑚𝑔

𝑏

2
cos 𝜃 +𝑚𝑔

ℎ

2
sin 𝜃

𝑏: bottom length of a suitcase 

ℎ: effective height 

𝜃: angle of rocking

𝑞𝜃 : amplitude of excitation torque

𝜔: walking frequency

k: constant for restoring torque 

As effective height increases, net 

torque increases!

SIMPLE

ACCURATE



THEORETICAL PREDICTION – WOBBLE 
Sample Graph from our computer simulation (wolfram alpha) using values below:

y''(x)+0.69869 cos(y(x))-sin(y(x))+y x (2.3232 

x-0.46) = 0.6 sin(4.9946× 2.3232 x+0.426)

𝑚 = 12𝑘𝑔
ℎ = 0.458𝑚
𝑏 = 0.320𝑚

I =
4𝑚 ℎ2+𝑏2

3
= 4.996 𝑘𝑔𝑚2

Periodic Oscillation



LITERATURE REVIEW: SUHERMAN’S RESULTS
OVERTURN OF A SUITCASE

1. Sharp change in angular 

displacement

2. No wobble during the overturn

ROCKING ANGLE v TIME

OVERTURN (𝜃 >
𝜋

2
)



EXPERIMENT

- Experimental Setup

- Angular displacement vs. time

- Computational Analysis



EXPERIMENTAL SETUP 

Trackers Video Analysis

Height varied: 0.08m, 0.16m, 0.24m, 0.32m, 0.4m 

SET A

SET B

Treadmill 

= Constant 

Walking Velocity

Ramp 

Obstruction



RESULT 1: 0.08M EFFECTIVE HEIGHT OF CM 
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- Very minimal angular displacement

- Inaccurate measurement (interval: 0.1s)

- Hard to observe trend or data

Fast Fourier Transform



Any function can be broken down into a sum of a series of sinusoidal 
functions.

Using Fast Fourier Transform (FFT), equivalent complex equation was 
simulated. 

Using numpy package of Python, we did FFT to take second derivatives of 
the data in order to calculate the relationship with torque. 

SIMULATING THE EQUATION



ORIGINAL GRAPH (MAGNIFIED VERSION) 

• Angular Displacement vs.Time

• Average range: -0.04 ~ 0.01 (rad)



SECOND DERIVATIVE (ANGULAR ACCELERATION)

• Angular acceleration vs. time

•
𝑑𝜃

𝑑𝑡2
∝𝜏

• Average range: 

-1.02 ~ 0.88(rad/s/s)



RESULT 2: 0.16M EFFECTIVE HEIGHT OF CM 
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(c )

Time (t) in seconds (s)

Angle of tilt of the centre of the suitcase from vertical (q) in radians versus time (t) in seconds, height 2 (0.16 m)



SECOND DERIVATIVE (ANGULAR ACCELERATION)

• Angular acceleration vs. time

•
𝑑𝜃

𝑑𝑡2
∝𝜏

• Average range: 

-2.49 ~ 3.63(rad/s/s)



RESULT 3: 0.24M EFFECTIVE HEIGHT OF CM 
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SECOND DERIVATIVE (ANGULAR ACCELERATION)

• Angular acceleration vs. time

•
𝑑𝜃

𝑑𝑡2
∝𝜏

• Average range: 

-8.87 ~ 8.22(rad/s/s)



RESULT 4: 0.32M EFFECTIVE HEIGHT OF CM 
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SECOND DERIVATIVE (ANGULAR ACCELERATION)

• Angular acceleration vs. time

•
𝑑𝜃

𝑑𝑡2
∝𝜏

• Average range: 

-9.18 ~ 10.00(rad/s/s)



RESULT 5: 0.40M EFFECTIVE HEIGHT OF CM (OVERTURN)



SECOND DERIVATIVE (ANGULAR ACCELERATION)

• Angular acceleration vs. time

• Chaotic & sharp beginning

(Overshooting of restoring force)

• Constant zero torque once the 

suitcase overturns



SUMMARY OF EXPERIMENTAL RESULT (SET A)

Effective Height (m) Range of angular 

acceleration (rad/s/s)

Average angular 

acceleration 

(rad/s/s)

0.08 -1.02 ~ 0.88 0.95

0.16 -2.49 ~ 3.63 3.06

0.24 -8.87 ~ 8.22 8.54

0.32 -9.18 ~ 10.00 9.59

0.40 Overturn N/A

As effective height increases:

=Increase in angular acceleration

= Increase in torque

= Increase in wobble

= MORE LIKELY TO OVERTURN



COMPARISON TO THEORETICAL PREDICTION
Theory (Oscillation)

Theory (Overturn)

Experiment (Oscillation)

Experiment (Overturn)

Verified!!
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SUMMARY OF EXPERIMENTAL RESULT (SET B)

Weight Dist. Speed (m/s) Angle Wobbles Overturn
Pivot wheel "" 70° 1 1

1 1
1 1

60° 1 1
1 1
1 1

50° 5 0
2 1
1 1

40° 1 1
1 1
1 1

Weight Dist. Speed (m/s) Angle Wobbles Overturn
Obstructed wheel "" 70° 0 0

0 0
0 0

60° 0 0
0 0
0 0

50° 0 0
0 0
0 0

Potential outlier @ 50° for opposite wheel



The closer the centre of mass to the obstructed wheel the less wobbles/overturns
the suitcase will have (Parallel axis Theorem).

Having the centre of mass closer to the pivot wheel causes more instability.

RESULTS DISCUSSION (SET B)

𝐼 = 𝐼𝐶𝑀 +𝑚𝑑2

38



FURTHER CIRCUMSTANCES OF 
OVERTURN

- Walking speed

- Angle of tilt

- Mass density

- Coefficient of Restitution 



Degree of tilt 0.81 m/s 0.92 m/s 1.04 m/s

70° O O O

60° N O O

50° N O O

40° N N N
At 0.81 m/s, stable until high angles.

At 1.04 m/s, stability reduced (high 

variations in 𝜏𝐻)

1) Angle of tilt vs Walking speed

APP FOR WALKING 
SPEED

ANGLE OF TILT



2) LOW WEIGHT:

Mass density vs Walking speed

No added mass 0.92 m/s

70° O

60° O

50° N

40° N

1.5 kg mass 0.92 m/s

70° O

60° O

50° N

40° N

3 kg mass 0.92 m/s

70° O

60° N

50° N

40° N

30° N

3) HIGH WEIGHT:

Mass density vs Walking speed

No added mass 0.92 m/s

70° O

60° O

50° O

40° N

1.5 kg mass 0.92 m/s

70° O

60° N

50° N

40° N

3 kg mass 0.92 m/s

70° N

60° N

50° N

40° N

30° N

For low weight:

As mass is 

increased, stability 

increases.

𝜏𝑤 ↓

For high weight:

As mass is 

increased, stability 

decreases.

𝜏𝑤 ↑



4) COR vs Walking speed

Indoor

(COR 0.35)

0.81 m/s 0.92 m/s 1.04 m/s

70° O O O

60° N O O

50° N O O

40° N N N

Outdoor

(COR 0.68)

0.81 m/s 0.92 m/s 1.04 m/s

70° O O O

60° O O O

50° O O O

40° O - -

• At lower walking frequency, suitcase was less stable for trials outdoors, due to higher COR and less 

energy loss. 

• At higher walking frequency, energy loss is less significant due to balancing effect of higher walking 

frequency.



CONCLUSION

Investigated circumstances when suitcase wobbles and turns over.

1. Developed mathematical simulation to model the wobble (FFT)

2. Simulation verified -> Comparison to theory

3. Studied effect of varied packing of the luggage
A. Significance of effective height of CM 

B. Effect of other positions of CM vs. Wheel Position

4. Considered other factors that influence the wobble 
A. Walking Frequency

B. Angle of tilt

C. Coefficient of Restitution

D. Different mass density
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SUITCASE AS AN “INVERTED PENDULUM”

Distance between CM and the 

Pivot point

Simple Pendulum Crazy Suitcase

Massive Bob Centre of mass of packing

Amplitude 𝜃 Angular Displacement 𝜃

Length of Rod Distance between CM and the Pivot

Bob’s trajectory Direction of wobble

𝜃 = 𝐴𝑛𝑔𝑢𝑙𝑎𝑟 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡

Direction of wobble



SUITCASE AS AN “INVERTED PENDULUM”

Distance between CM

and the Pivot point

𝜃 = 𝐴𝑛𝑔𝑢𝑙𝑎𝑟 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡

Direction of wobble

𝑓 =
1

2𝜋

𝑔

𝑙 Length of Rod

Relation between effective height 

and the frequency of oscillation 



ASSUMPTIONS
1.A constant initial disturbance was employed to start the 
wobble (e.g. instability) of a suitcase.

2.The suitcase and its wheels were regarded as rigid 
bodies.

3.Human always responded to the instability by exerting 
restoring torques that were just enough to stabilise the 
motion

4.Human response time was always constant



SUITCASE IN 3-DIMENSION

When wobble



SUITCASE IN 3-DIMENSION

CM →
𝑎

2
,
𝑏

2
, 𝑐 = 𝑥, 𝑦, 𝑧

Handle →(
𝑎

2
,
𝑏

2
, 𝑐 + 𝑑) = (𝑋, 𝑌, 𝑍)



SUITCASE IN 3-DIMENSION

Change in co-ordinate when tilted



SUITCASE IN 3-DIMENSION

When a suitcase is initially pulled by a person, there will 
be a rotation about y-axis. 

This rotation is followed by x-axis and z-axis. 



POSSIBLE WOBBLING MOTIONS
- GENERAL FORMULA

𝑥′
𝑦′

𝑧′

=
cos 𝛼 sin 𝛼 0
− sin𝛼 cos 𝛼 0

0 0 1

1 0 0
0 cos 𝛽 sin𝛽
0 − sin𝛽 cos 𝛽

cos 𝛾 0 sin 𝛾
0 1 0

− sin 𝛾 0 cos 𝛾

𝑎

2
𝑏

2
𝑐

NEW 

Centre of 

Mass

PREVIOUS 

Centre of 

Mass

y-axisz-axis x-axis

SHIFT IN CENTRE OF MASS OF AN OBJECT



POSSIBLE WOBBLING MOTIONS
- GENERAL FORMULA

𝑋′
𝑌′
𝑍′

=
cos 𝛼 sin 𝛼 0
− sin𝛼 cos 𝛼 0

0 0 1

1 0 0
0 cos 𝛽 sin𝛽
0 − sin𝛽 cos𝛽

cos 𝛾 0 sin 𝛾
0 1 0

− sin 𝛾 0 cos 𝛾

𝑎

2
𝑏

2

𝑑 + 𝑧

NEW 

Centre of 

Mass

PREVIOUS 

Centre of 

Mass

y-axisz-axis x-axis

SHIFT IN CENTRE OF MASS OF A HANDLE



POSSIBLE WOBBLING MOTIONS
- GENERAL FORMULA

𝑅𝑧𝑅𝑥𝑅𝑦 =
cos 𝛼 sin 𝛼 0
− sin 𝛼 cos 𝛼 0

0 0 1

1 0 0
0 cos 𝛽 sin 𝛽
0 − sin 𝛽 cos 𝛽

cos 𝛾 0 sin 𝛾
0 1 0

− sin 𝛾 0 cos 𝛾

=

cos 𝑎 sin 𝛼 cos 𝛽 sin 𝛼 sin 𝛽
−sin 𝑎 cos 𝛼 cos 𝛽 cos 𝛼 sin 𝛽
0 − sin 𝛽 cos 𝛽

cos 𝛾 0 sin 𝛾
0 1 0

− sin 𝛾 0 cos 𝛾

=

cos 𝑎 cos 𝛾 − sin 𝑎 sin 𝛽 sin 𝛾 sin 𝛼 cos 𝛽 cos 𝑎 sin 𝛾 + sin 𝑎 sin 𝛽 cos 𝛾
−cos 𝑎 sin 𝛽 sin 𝛾 − sin 𝑎 cos 𝛾 cos 𝛼 cos 𝛽 cos 𝑎 sin 𝛽 sin 𝛾 − sin 𝑎 sin 𝛾

−cos 𝛽 sin 𝛾 − sin 𝛽 cos 𝛽 cos 𝛾


