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Experiment 8 Driven Damped Harmonic Oscillations 
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1. Introduction 

When an object connected to a spring and dropped from the equivalent position, it will 

always move up and down (Fig. 1.1). In classical mechanics, this vibrating phenomenon 

is called harmonic oscillation. Usually, to simplify the model, the oscillation is 

considered as ideal oscillation. An ideal oscillation has a fixed amplitude, which means 

the farthest distance the object can reach. However, in reality, because of the friction 

and other factors, the oscillation is a damped harmonic oscillation. The amplitude of a 

damped harmonic oscillation will be smaller and smaller and finally be zero, which 

means the movement will finally stop. 

This experiment will explore the properties of damped harmonic oscillation. In order to 

let the oscillation be more stable and the measurement more convenient, this experiment 

is going to use the driven damped harmonic oscillation. As Fig. 1.2 shows, the driver is 

an aluminum disk with a pulley. Use a string to connect two springs to the driver, when 

the disk move, the spring will vibrate simultaneously. It’s easy to know that damped 

oscillator is driven with a sinusoidal torque. 

                                                                
Fig. 1.1 Harmonic oscillation                                                 Fig. 1.2 Experiment design 

The angular positions and velocities of the disk and the driver are recorded as a function 

of time using two Rotary Motion Sensors.  

By measuring the key parameters, such as the angular velocities, the resonant frequency, 

the vibration period, etc., the factors which influence the oscillation can be found. 

2. Theory 

The oscillating system in this experiment consists of an aluminum disk connected to 
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two springs (Fig. 1.1). A string connecting the two springs is wrapped around the pulley. 

When the disk oscillates back and forth. This is like a torsion pendulum. The period of 

a torsion pendulum without damping is given by 

T = 2π
  

  
                                           Eq. 2.1 

 

Where I is the rotational inertia of the disk, and κ is the effective torsional spring 

constant of the springs. The rotational inertia of the disk is found by measuring the disk 

mass (M) and the disk radius (R). For a disk, oscillating about the perpendicular axis 

through its center, the rotational inertia is given by 

I = MR                                              Eq. 2.2 

The torsional spring constant is determined by applying a known torque (τ =  rF = rmg) 

to the disk and measuring the resulting angle (θ) through which the disk turns. Then the 

spring constant is given by  

κ =                                                    Eq. 2.3 

If a damped oscillator is displaced from equilibrium and allowed to oscillate and damp 

out, the equation of motion is  

+ + θ = 0                                       Eq. 2.4 

The solution to Eq. 2.4 is a damped sine wave: 

θ = θ e sin (ωt + φ)                                     Eq. 2.5 

where the angular frequency is given by 

ω = −                                                    Eq. 2.6 

When the damped oscillator is driven with a sinusoidal torque, the differential equation 

describing its motion is 

I + b + κθ = τ cos (ωt)                          Eq. 2.7 

The solution to this equation is 

θ =
⁄

( ⁄ )

cos (ωt − φ)                         Eq. 2.8 

where the amplitude of the oscillation is  

θ =
⁄

( ⁄ )

                                         Eq. 2.9 
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The phase difference between the driving torque and the resultant motion is: 

φ = tan
/

                                          Eq. 2.10 

The resonant frequency, ω , is given by 

ω =                                                Eq. 2.11 

When the driving frequency is equal to the resonant frequency, the amplitude is a 

maximum. Setting ω = ω  in Eq. 2.9: 

θ =                                           Eq. 2.12 

Examine the dependence of the phase difference, φ, on the driving frequency:  

1) As the driving frequency () approaches zero, φ = tan (0) → 0 . The resulting 

motion is in phase with the driving torque. 

2) At resonance, ω = ω , which results in 

θ = I κ⁄ cos(ω t − φ)                            Eq. 2.13 

Then: 

φ = tan
/

= tan (∞) =                    Eq. 2.14 

3) As the driving frequency () goes to infinity,  

φ = lim
→

tan
/

= tan (−∞) = π              Eq. 2.15 

The resulting motion is 180⁰ out of phase with the driving torque. 

3. Experiment 

In this experiment, the equipment in the table below is needed: 

Quantity Name Model N0. 

2 Rotary Motion Sensors PS-2120 

1 Mechanical Oscillator/Driver ME-8750 

1 Chaos Accessory CI-6689A 

1 Large Rod Stand ME-8735 

2 120-cm Long Steel Rods ME-8741 

1 45-cm Long Steel Rod ME-8736 
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2 Multi Clamps ME-9507 

1 Physics String SE-8050 

5 plastic shims of various thickness  

1 20 g Hooked Mass  

1 850 Universal Interface UI-5000 

1 PASCO Capstone UI-5400 

Table. 3.1 Equipment used in the experiment 

3.1 Set up 

 
Fig. 3.1.1 Driver                            Fig. 3.1.2 String and Magnet               Fig. 3.1.3 Complete Setup 

1. First mount the driver on a rod base (Fig. 3.1.1). Set the driver arm amplitude at about 

half maximum and rotate until it is vertically downward. Slide the first Rotary Motion 

Sensor onto the same rod as the driver. The orientation of the Rotary Motion Sensor is 

shown as Fig. 3.1.3. 

When setting the driver arm, pay attention that the arm can move smoothly, or the 

following steps will be affected. 

2. Attach a string to the driver arm and thread the string through the string guide at the 

top end of the driver. Connect the string to the pulley on the Rotary Motion Sensor. Tie 

one end of one of the springs to the end of this string. Tie the end of the spring close to 

the Rotary Motion Sensor. Tie a short section of string (a few centimeters) to the 
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leveling screw on the base and one end of the second spring to this string. 

When connecting the springs, try to make tense in the springs so that the amplitude will 

change more regular. 

3. Use two vertical rods connected by a cross rod at the top for greater stability. Mount 

the second Rotary Motion Sensor on the cross rod. 

4. Cut a string to a length of about 125 cm. Wrap the string around the large pulley of 

the second Rotary Motion Sensor twice. Attach the disk to the Rotary Motion Sensor 

with the screw. Thread each end of the string from the pulley through the ends of the 

springs and tie them off with about equal tension is each side. 

The disk should be able to rotate 180⁰ to either side without the springs hitting the 

Rotary Motion Sensor pulley, so that when doing the experiment, the data will not be 

irrupted. 

5. Attach the magnetic drag accessory to the side of the Rotary Motion Sensor. Plug the 

disk Rotary Motion Sensor into Channel P1 and plug the driver Rotary Motion Sensor 

into Channel P2.  

In the Setup section, adjusting the screw that has the magnet so the magnet is about 1.0 

cm from the disk is proper. In the following procedures, the distance will be changed. 

The channel of the Rotary Motion Sensor is different with Fig. 3.1.3. Pay attention that 

the disk Rotary Motion Sensor is plugged into Channel P1 and the driver Rotary Motion 

Sensor is plugged into Channel P2. 

6. Set the sample rate for both rotary motion sensors to 50 Hz. In the Hardware Setup 

in Capstone, click on Signal Generator #1 and choose the Output Voltage/Current 

Sensor. Connect the banana cords from the driver to Signal Generator #1 on the 850 

Universal Interface. In the Signal Generator setup, set Signal Generator #1 to a Negative 

Ramp with frequency of 0.001 Hz and an amplitude of 3.1 V. Also set the DC offset of 

6.1 V. Set the signal generator on Off. These voltages control the speed of rotation of 

the driver. Then, set a stop condition in the Sampling Control bar. Set it to stop when 

the Output Voltage falls below 3.1V.  

7. In the Capstone calculator, create the following calculations:  

AngVel = derivative(5, [Disk Angle, Ch P1(rad),▼], [Time(s),▼]) 

Angle Amp = amplitude(15,10,2, [Disk Angle, Ch P1(rad),▼]) 

DriverAngVel = derivative(5, [Driver Angle, Ch P2(rad),▼], [Time(s),▼]) 

Driving Frequency = 1/period(10,10,2, [Driver Angle, Ch P2(rad),▼]) 
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freq = smooth(29, [Driving Frequency(Hz),▼]) 

3.2 Procedures 

3.2.1 Direction check 

1. Click record button and rotate the driver arm about half a turn and then stop recording. 

Check the graph to see if the disk angle and the driver angle have the same direction. If 

not, open the properties for one of the rotary motion sensors in the Data Summary and 

click “Change Sign”. 

 
Fig. 3.3.5 Direction check 

The test the direction of the rotary motion sensors will make sure they read positive in 

the same direction.  

3.2.2 Basic measurement 

1. measure the mass of the disk and pulley with balance. Record the data in the table. 

 
Fig. 3.3.1.1 Disk mass   Fig. 3.3.1.2 Cylinder mass   Fig. 3.3.1.3 Disk radius   Fig. 3.3.1.4 Pulley radius 

2. Measure the radius of the disk and the groove of the pulley respectively with ruler. 

Take down the data. 

3. Calculate the rotational inertia according to Eq. 2.2 with the data. 

3.2.3 Properties of driven damped harmonic oscillations 

1. Create a graph of angular speed of the disk vs. time in the Capstone software. Crank 

the magnet all the way back. Click to record and displace the disk. After oscillating for 
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several seconds, stop recording. Repeat this step for three times to get more accurate 

data. 

 
Fig. 3.2.3.1 Period run 1               Fig. 3.2.3.2 Period run 2                    Fig. 3.2.3.3 Period run 3 

Add coordinates to the graph by using the coordinate tool in Capstone software. 

Measure the average period in each run and take down the data. In this way, the resonant 

frequency can be measured. 

2. Create a digits-display of the angle of the Disk Rotary Motion Sensor. Start recording. 

Hang a cylinder on the top of one of the springs and measure the resulting angle through 

which the disk rotates. Then stop recording.  

 
Fig. 3.2.3.4 Displacement angle 

Use the data measured in the previous procedures, it’s easy to calculate the torsional 

spring constant by applying to Eq. 2.3. Take down the data. Remove the cylinder from 

the strings. 

Through this step, the spring constant will be calculated. When hanging the cylinder, 

the graph in the Capstone software will seem like a mess, but the only data need to be 

recorded is the displacement angle. The cylinder will be no longer after measuring the 

spring constant. 

3. Create a graph of “Angle Amp” vs. “freq.”. Set Signal Generator #1 on Auto. Set the 

magnet spacing to 6 mm by inserting a 6 mm shim between the magnet and the 

aluminum disk to gauge the distance.  

4. Click the record button to start. As the set in the previous step, the data collection 

will automatically stop when the driving voltage drops below 3.1 V at the end of the 

ramp. 

Since the frequency of the signal generator ramp is set for 0.001 Hz, data collection 

will take 1000 seconds (16.7 minutes). 



9 
 

 
Fig. 3.2.3.5 3mm data                                                 Fig. 3.2.3.6 4mm data  

 

Fig.3.2.3.7 6mm data                                     Fig. 3.2.3.8 Resonance curves 

5. Adjust the magnetic damping screw to about 4 mm from the disk and repeat the data 

collection. Then, adjust the magnetic damping screw to about 3 mm from the disk and 

repeat the data collection. 

Display the data in one graph may be easier for analysis. According to Eq. 2.9,  𝜃 =

⁄

( ⁄ )

 is not a symmetric function, thus the graph will not be a symmetric 

one. 

6. For the 3 mm damping, record the amplitude as it damps out in time. Turn the signal 

generator off and create a graph of Angle vs. time in Capstone software. Set the Start 

Condition to Disk Angular Velocity is above zero. Rotate the disk about 360⁰ (6.28 rad) 

and hold it. Start recording and let go of the disk. Stop recording after the disk stops.  

 
Fig. 3.2.3.6 Damping coefficient measurement 

Use the function tool to fix the graph with a damped sine on the Capstone software. 

Record the coefficients. Compare to the theory and calculate the damping coefficient b 
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using Eq. 2.5. 

3.3 Data 

3.3.1 Raw data 

1. Basic measurement 

Object Mass (g) ± 0.005g Radius (m) ± 0.0005m 

Disk 121.11 0.045 

Cylinder 20.05 0.023 

Table. 3.3.1.1 Mass and radius 

2. Period data 

Experiment Period (s) 

Run 1 1.427 

Run 2 1.405 

Run 3 1.412 

Average 1.415 

Table. 3.3.1.2 Period data 

3. Resonance curves data 

Spacing 6mm 4mm 3mm 

Resonance frequency (Hz) 0.69 0.69 0.70 

Amplitude (rad) 3.39 2.82 2.54 

Table. 3.3.1.3 Resonance curves data 

4. Damping coefficient data 

f = Ae sin(ωt + φ) + C 

A 76.7 

B 18.4 

ω 11.4 

φ -33.7 

C -1.13 

RMSE 0.798 

Table. 3.3.1.4 Damping coefficient data 

3.3.2 Analyzed data 

1. Theoretical values calculation 

1) Resonant frequency 

According to Table. 3.3.1.2, the resonant frequency is: 

f = =
.

= 0.707 (Hz)                            Eq. 3.3.2.1 
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2) Spring constant and rotational inertia 

 

According to Eq. 2.3 Fig.3.2.3.4, and the data of Table. 3.3.1.1: 

κ = =
. × . × . ⁄

.
= 2.929 × 10  𝑘𝑔 ∙ 𝑚 ∙ 𝑟𝑎𝑑 ∙ 𝑠      Eq. 3.3.2.2 

According to Eq. 2.2: 

I = MR = × 0.12111 kg × (0.045m) = 1.226 × 10 kg ∙ m       Eq. 3.3.2.3 

3) Theoretical period and resonant frequency 

According to Eq. 2.1: 

T = 2π = 1.29s                                  Eq. 3.3.2.4 

f = =
.

= 0.775 Hz                               Eq. 3.3.2.5 

4) Damping coefficient  

According to Eq. 2.5, if a damped oscillator is displaced from equilibrium and allowed 

to oscillate and damp out, the equation can be expressed as: 

 

θ = θ e sin (ωt + φ) 

According to Fig. 3.2.3.6: 

B =                                          Eq. 3.3.2.6 

and the damping coefficient  

 

b = 2BI = 2 × 18.4 × 1.226 × 10 = 4.51 × 10      Eq. 3.3.2.7 

 

5) Difference 

Use the equation: 

difference =
  

 
× 100%         Eq. 3.3.2.8 

Items Theoretical value Empirical value Difference (%) 

Frequency 0.775 Hz 0.707 Hz 8.77 

Period 1.29 s 1.415 s -9.69 

Table. 3.3.2.1 Difference between the theoretical value and empirical value 

2. Propagation of error 

1) Spring constant and rotational inertia 
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δκ = (δr)
∂κ

∂r
+ (δm)

∂κ

∂m
+ (δθ)

∂κ

∂θ
= 0.414 × 10  kg ∙ m ∙ rad ∙ s  

δI = (δM) + (δR) = 6.326 × 10   kg ∙ m   

2) Resonant frequency and period 

δT = (δI) + (δκ) = 0.129 s  

δf = (δT) = (δT) − = 0.254 Hz  

3) Damping coefficient 

δb = (δB) + (δI) = (δB) (2I) + (δI) (2B) = 3.720 × 10   

4. Analysis 

4.1 The resonant frequency 
As Fig. 3.2.3.8 shows, the resonant frequency is almost the same. The only change is 

the amplitude. As known from Eq. 12: 

θ =
τ

b
I κ⁄  

For the three cases, I κ⁄  does not change. Therefore, θ  is decided by , where b is 

the damping constant and the increasing of damping leads to the smaller b. In this way, 

the bigger distance is, the sharper the peak shows up as the driving angular frequency 

approaching the natural oscillation angular frequency (resonance frequency). 

4.2 3mm resonance curve fit 
Apply a User-Fit function to the 3 mm resonance curve in the form of the amplitude 

function given in Eq. 2.9. 

 
Fig. 4.1 Function for 3mm data 
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𝜃 =  
0.00166(±2.8 × 10 )/1.361 × 10  (±6.326 × 10 )

(19.34 − [4.46(±0.0010)] + 1.43 ×
(± . × )

.
× 10  (±6.326 × 10 ) × 19.34

 

This fix the experiment well. 

4.3 Phase difference analysis 
Since the graphs are quite similar for some extend, first take 6mm for example.  

4.3.1 At high frequency 

 
Fig. 4.2 6mm damping at high frequency 

The graph fits a sinusoidal curve. From the figure: 

ω = 6.78 ± 0.048 

The time delay of the two oscillation is: 

(3.860 − 3.480) = 0.380 s 

∆φ = ω∆t = (6.78 ± 0.048) × 0.380 = 2.576 ± 0.018 rad 

4.3.2 At resonance frequency 
 

 
Fig. 4.3 6mm damping at resonance frequency 

The graph fits a sinusoidal curve. From the figure: 

ω = 6.86 ± 0.048 

The time delay of the two oscillation is: 

(302.700 − 302.280) = 0.420 s 

∆φ = ω∆t = (6.86 ± 0.048) × 0.420 = 2.881 ± 0.020 rad 

4.3.3 At low frequency 
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Fig. 4.4 6mm damping at low frequency 

The graph fits a sinusoidal curve. From the figure: 

ω = 3.16 ± 0.013 

The time delay of the two oscillation is: 

(456.460 − 456.420) = 0.020 s 

∆φ = ω∆t = (3.16 ± 0.013) × 0.020 = 0.063 ± 2.6 × 10  rad 

In conclusion, the table below can be used for analysis: 

 

Items High frequency Resonance frequency Low frequency 

Theoretical value 3.142 1.571 0 

Empirical value 2.576 2.881 0.063 

%diff 17.8% 45.5% - 

Table. 4.1 Phase difference between driving oscillation and disk oscillation of 6mm damping 

From Table. 4.1, the empirical phase difference is close to the theoretical values, 

except the resonance frequency. Generally, the error is acceptable.  

The result shows that the resulting motion has the same phase with the driving torque 

as the driving frequency goes to 0, a π/2 phase difference with the driving torque as 

the driving frequency equals to the resonant frequency and out of phase with the 

driving torque as the driving frequency goes to infinity. 

5. Improvement proposals 

1. When setting the driver arm, it didn’t work smoothly, and that brings lots of trouble 

for calculating the resonance frequency. 

2. The spring didn’t always keep in tension, and this will bring error of spring 

constant. 

 


