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Acoustic experiments - Instructor version

Task overview
· Topic: Acoustics, interference, frequency spectrum, Doppler effect 
· Target group: Physics teacher training students and minor physics students e.g., medicine students.
· Timeframe: 2.5 hours for conducting the task and writing the report. 
· Recommended to work in pairs.

The aim of this task is to introduce the students to several acoustics phenomena and give them some ideas on how they can be demonstrated experimentally. The task is divided into three parts. In the first part, students will study the interference of sound waves, in the second part they will study the frequency spectrum of different sounds, and in the third part they will study the Doppler effect.
Required equipment
· Two smartphones with PhyPhox installed (available for both Android and Apple devices)
· Computer with data analysis software (e.g., Excel)
· Elastic spring with low spring constant
· A stand for the spring
· Maybe further sound sources, e.g., tuning forks, music instruments, etc. (or alternatively Youtube-videos)

The length of the elastic spring should be sufficient for the phone attached to the spring to oscillate with several different amplitudes. It is not recommended to use springs with a high spring constant as students could damage their phones. Make sure that the students have secured their phones before they start conducting the experiment. In our laboratory, some of the students used a charger hole on the cell phone case to secure it to the spring, others tied their phone to the spring with a string.
The task can be easily adapted for a distance learning scenario. Students can use some kind of elastic band instead of a spring.
Pre-lab exercise
Before coming to the lab, students should install PhyPhox on their phones and should use it to record different sounds. It will be useful for the students to investigate what different kinds of data they can obtain from the app.
Part One – Sound Interference
Students can search for positions of local minimums by using their hearing or by using the PhyPhox app. We recommend searching by hearing first and after that students can compare their observations with measured data from the app.
During the task, you can give students guidance with the following questions:
1. What were you guided by when you were choosing the conditions (source position, loudness, frequency) in which you will conduct the experiment? 
2. Under what conditions, of the ones you tried, it was the easiest to hear interference minimums? Try to explain why.
If the students are in physics teacher training, you can ask them how they would conduct this experiment in the classroom with their students.
From our lab
Students placed the sound sources at the height of their ears and generated two equal tones. It was easier to notice the minimums for higher frequencies (over 2 000 Hz). We found an explanation that the human ear is most sensitive to the frequency range of about 2 000 Hz to 5 000 Hz. They also discussed how very high frequency tones would not be suitable for classroom experiments because they are irritating to listen to especially over a longer period. 
[bookmark: _Hlk127788779]Part two – Frequency spectrum of different sounds
In this part of the task, by using PhyPhox, students need to record the sound of a tuning fork, the sound of some musical instrument playing a certain note, then the sound of another musical instrument playing that same note and finally the sound of creasing paper. Since students probably won’t have musical instruments at their disposal, they can be instructed to find videos of the notes played on YouTube. Recorded sounds are then analyzed in PhyPhox app and Excel (or other data analysis software).
During the task, you can give students guidance in the form of the following questions:
1. What differences and similarities have you found between the  (amplitude in time) graphs of the different sounds? 
2. What part of the frequency spectrum will you use for your analysis?
3. For which sounds were you able to determine the fundamental frequency and higher harmonics?
4. How did you find the relationship between the fundamental frequency and the higher harmonics?
5. What similarities and differences have you noticed between the same notes played on different instruments?
6. How would you explain why the same note played on different instruments doesn’t sound the same?

[bookmark: _Hlk127791757]Data collection and analysis
[bookmark: _Hlk127792044][image: ][image: ]PhyPhox in Audio Spectrum mode will collect all the data that students need to conduct this part of the task. Graphs of amplitude in time can be analyzed directly in the application.Figure 2. A-t graph; guitar C4 note – periodic function
Figure 1.   graph; tuning fork – sinusoidal function

Students should export frequency spectrum data to a computer and analyze it in Excel (or other data analysis software) as it is impossible to do quantitative analysis in the application. Students can draw frequency spectrum graphs for different sounds by following the task instructions.

Figure 3. Frequency spectrum for the C4 note played on a piano.

Figure 4. Frequency spectrum for the C4 note played on a guitar.
From our lab
Students agreed on the recording order so that the sounds from one group don’t interfere with the sounds from another one. Students themselves should remember to try to reduce the background noise, but if there is a need, you should warn them about it.
Some of the students had difficulties with determining which part of the spectrum they should remove from the analysis. Displaying all possible frequencies on the graph gives poor visualization of the experiment so students are advised to eliminate frequencies that are not relevant for their analysis. However, some of the students have also removed a part of the spectrum in which higher harmonics appear. Discuss with your students how they have determined which part of the spectrum they can remove from their analysis. During the task evaluation, many students pointed out that they didn’t know why the same notes played on different instruments sound different and that this analysis was particularly interesting to them.
Some students had difficulties with estimating the uncertainty of the fundamental frequency. Although the instructions explain the procedure in detail, several students estimated uncertainty as half the height of the maximum instead of half the width of the maximum.
Students had fun during the task in which they recorded themselves and a colleague saying 2 different vowels. During this task, it can be mentioned that speech therapists sometimes use a visualization of the sound waves of human speech to help people visualizing their progress in pronunciation.
Part three – Doppler effect
In this part of the task, students emit a high frequency tone from a phone that oscillates harmonically and collect information about the detected frequency with another stationary phone. Ultrasonic frequency is used in the experiment because the Doppler frequency shift is proportional to the value of the emitted frequency. When the emitted frequency is high, the difference between the emitted and detected frequency is noticeable even if the source of the sound is moving slowly. In addition, students will not hear emitted sounds which would be irritating to listen to, especially if several groups of students are conducting the task at the same time. It is still possible for some interferences to occur between different groups taking the measurements at the same time.On the other hand, it is not recommended to use frequencies greater than 20 kHz because the phones are not able to adequately broadcast them.
During the task, you can give students guidance in the form of the following questions:
1. How did you position your phones in this experiment? Why? 
2. What do you expect the  graph to look like for the detected frequencies? Explain your expectations.
3. How did you select the frequency range you displayed in the graph? In what frequency range do you expect to find the detected frequencies?
4. In what position is the source phone when the detected frequency is maximum, and in what when it is minimal? In what position is the phone when there is no difference between the emitted and detected frequencies?
5. How can you use the Doppler effect to determine the velocity of your phone in the equilibrium position?
6. If all local minimums/maximums of the detected frequency are not equal, what could be the reason behind this?
7. What are the limitations of this experiment?

Data collection and analysis
Students should place their phones so that the speakers and microphones of both phones are facing each other. The oscillations of the phone should be as one-dimensional as it is possible to achieve. The PhyPhox application in Audio Spectrum mode will collect all the data that students need to conduct this part of the task. Before the students start the measurements, it is important that they choose the method of data processing in PhyPhox according to the task instructions. The measurement instructions are explained in detail and it is important that students read them carefully before starting the experiment. 
Figure 5. An example of a graph of detected frequency in time for two different amplitudes of phone oscillation.

From our lab
Students successfully predicted the   graph, but they again had problems with displaying the collected data on the graph. PhyPhox (in the working mode described in the instructions) collects at any time only the frequency of the highest intensity, which in this experiment should be the frequency emitted by the source phone. However, most of the students also collected some of the much lower background noise frequencies in their measurements. In that case, if the students display all collected data, they will get a graph (example; Figure 6) which is a poor visualization of what is happening in the experiment. From such a graph students concluded either that they had misconducted the experiment or that the experimental setup was not working. The collection of lower frequencies mostly occurred at the beginning or end of the measurement, but it is possible at any part of measurement. 

Figure 6. An example of the   graph from which the detected low frequencies were not removed.
It was necessary to discuss with the students in which frequency range it is realistic to expect detected frequencies, why much lower frequencies are collected, and why they need to be removed when analyzing data. While this difficulty can be avoided by reducing the background noise, we think it's useful to discuss with students when and why some data can be removed from data analysis.
The students themselves discussed how oscillations in more than one dimension can affect the velocity of the phone in the equilibrium position. They concluded that because of that and the limitations of the phone as a measuring instrument all detected local minimums and maximums were not equal.
A significant part of the students did not carefully read the measurement instructions before conducting the experiment, so they successfully collected data only in the second or third attempt. Advice the students to read the instructions carefully.
Reporting
Students wrote their answers directly into the task document and sent the word/PDF document to the instructor. Students need to be reminded to attach all the results and graphs, and to write down their observations, explanations, and conclusions where they are asked to do so.
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FFT Amplitude (a.u.)


Amplitude =0.1 m
Peak-Frequency (Hz)	0	0	0.21689523100000002	0.331513	0.52810896100000004	0.82718865400000008	1.1278814610000001	1.420420153	1.7324489220000001	2.0252546910000002	2.3228418830000002	2.6230401140000001	2.925804152	3.2250500360000003	3.5247541900000003	3.8283287670000004	4.1275284590000005	4.4295585740000005	4.7255754580000007	5.026273958	5.3310916120000007	5.6240424579999999	5.9295581110000004	6.2287026880000003	6.5249956500000001	6.8228501490000006	7.1266412640000008	7.4302662640000001	7.7307912640000005	8.0299631100000006	8.3256923020000002	8.6287823790000004	8.9282942629999997	9.2267224550000009	9.5269757240000015	9.8258486470000008	10.127266070000001	10.425409647	10.725809108	11.021892877000001	11.327487915000001	11.621586377	11.926501107	12.227817415000001	12.528760261	12.821781299000001	13.128799183000002	13.431126568000002	13.724901875	14.025557606000001	14.335750298000001	14.620484374	14.925482144	15.228472913000001	17990	17982.421875	17994.140625	18017.578125	18005.859375	17982.421875	17994.140625	18011.71875	18011.71875	17988.28125	17988.28125	18011.71875	18011.71875	17988.28125	17988.28125	18011.71875	18011.71875	17994.140625	17988.28125	18005.859375	18017.578125	17994.140625	17982.421875	18000	18017.578125	18000	17982.421875	18000	18017.578125	18000	17982.421875	17994.140625	18017.578125	18005.859375	17982.421875	17994.140625	18011.71875	18000	17988.28125	17988.28125	18011.71875	18011.71875	17988.28125	17988.28125	18011.71875	18011.71875	17994.140625	17982.421875	18005.859375	18011.71875	17994.140625	0	0	0	time (s)

frequency (Hz)


Amplitude=0.15 m
Peak-Frequency (Hz)	0	0	0	0.21367038400000002	0.31551203799999999	0.52348861499999999	0.82244534500000011	1.126021422	1.4176137680000001	1.719620691	2.0181954600000003	2.3215318440000003	2.6206337290000001	2.922673267	3.2239233820000002	3.5276101130000002	3.8234554200000002	4.1210705350000003	4.427126189	4.7186691889999999	5.0245916500000005	5.3233801880000007	5.6274139960000005	5.9197727650000003	6.2188849950000007	6.5197374180000001	6.8238501870000006	7.1210381100000006	7.4186723410000006	7.7290540330000006	8.0219043790000004	8.3210817630000005	8.620095494000001	8.9219305700000007	9.2228007240000007	9.5228025700000014	9.8206984930000001	10.121778223000002	10.424016146000001	10.721909031000001	11.021709453000001	11.322253069	11.625809722000001	11.92256676	12.222918914000001	12.523571952000001	12.819821414000002	13.120515375	13.421001144000002	13.723018221	14.023905028000001	14.322665143	14.619546643000001	14.921876912	15.220405181	15.522554489000001	15.827977258000001	16.119624334000001	16.427202834000003	16.724426526000002	17.024894257	17.319947257000003	17.626021449	17.92430641	18.222285294000002	18.523321563	18.822699794000002	19.120696025000001	19.424773755	19.717895293000002	20.025763524000002	20.323275101	20.623229523000003	20.922200985	21.225304600000001	21.527721138	21.820646176	22.119689984000001	22.419944099000002	22.722188984000002	23.021046945000002	23.325330598000001	23.625580444000001	23.922460521000001	24.222179521000001	24.523974444	24.823038020000002	25.121249674000001	25.420874866000002	25.724730635	26.017916250000003	26.326435866000001	26.627080942000003	26.923475442000001	27.222687980000003	27.519978480000002	27.823567249000003	28.119776787000003	28.421987941000001	28.721481518000001	29.019469710000003	29.324221671	29.622969786000002	29.924395594000003	30.224306632000001	30.524582901000002	30.818475670000002	31.119868747000002	31.421688439	31.513984554	18000	17988.28125	17970.703125	18000	18035.15625	17994.140625	17964.84375	18005.859375	18035.15625	18005.859375	17970.703125	17988.28125	18029.296875	18005.859375	17970.703125	17988.28125	18029.296875	18011.71875	17976.5625	17982.421875	18023.4375	18017.578125	17976.5625	17976.5625	18017.578125	18023.4375	17982.421875	17970.703125	18017.578125	18029.296875	17994.140625	17970.703125	18011.71875	18029.296875	17994.140625	17964.84375	18000	18029.296875	18011.71875	17970.703125	17988.28125	18029.296875	18011.71875	17970.703125	17988.28125	18029.296875	18011.71875	17976.5625	17982.421875	18023.4375	18017.578125	17982.421875	17976.5625	18017.578125	18023.4375	17982.421875	17970.703125	18011.71875	18029.296875	17994.140625	17970.703125	18011.71875	18029.296875	17994.140625	17970.703125	17994.140625	18029.296875	18005.859375	17970.703125	17994.140625	18029.296875	18011.71875	17970.703125	17988.28125	18023.4375	18011.71875	17976.5625	17982.421875	18023.4375	18017.578125	17982.421875	17976.5625	18017.578125	18023.4375	17982.421875	17970.703125	18011.71875	18029.296875	17988.28125	17970.703125	18000	18029.296875	17994.140625	17970.703125	17994.140625	18029.296875	18005.859375	17970.703125	17988.28125	18029.296875	18011.71875	17976.5625	17988.28125	18023.4375	18011.71875	18000	0	0	0	0	time (s)

frequency (Hz)


Peak-Frequency (Hz)	0	0	0.21661384600000003	0.32440838500000002	0.51865715400000001	0.92834146100000003	1.4243278070000001	1.9214082680000002	2.4248999980000003	2.9228541520000002	3.4280541130000004	3.9233083440000001	4.4254595349999999	4.92913142	5.4230542270000006	5.9252713040000007	6.4218501490000008	6.9252345720000008	7.4251437640000004	7.9253910330000004	8.4260314940000001	8.9270427249999997	9.425159378	9.9250901470000006	10.427084300000001	10.924435800000001	11.423788454	11.927051069000001	12.427740453	12.930923991	13.426595452000001	13.926157029000001	14.425722336000002	14.924642413000001	15.428259758000001	15.925575566000001	16.422741296000002	16.928829103000002	17.428959988000003	17.924263641	18.422782910000002	18.928969640000002	18000	18000	17979.4921875	18020.5078125	18000	17988.28125	18008.7890625	17979.4921875	18020.5078125	17997.0703125	17988.28125	18005.859375	17979.4921875	18020.5078125	17988.28125	18008.7890625	18002.9296875	17979.4921875	18020.5078125	17997.0703125	17991.2109375	18002.9296875	17979.4921875	18020.5078125	17997.0703125	17991.2109375	18011.71875	17979.4921875	18020.5078125	17994.140625	18011.71875	18000	17979.4921875	18020.5078125	17979.4921875	17994.140625	18000	17979.4921875	18020.5078125	0	0	0	time (s)


frequency (Hz)
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