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Engineering a Temperature Sensor
Learning Objectives
· Construct a temperature sensor and investigate its design and limitations.
· Supplement classroom instruction on the electric circuits and thermodynamics with a hands-on engineering application.
Recommended Grades/Subjects
Grades 9–12/Physics
Time needed
The project was designed to be completed in one 45-minute period.
related EXPERIMENTS
“Series and Parallel Circuits” – Experiment 23 from Physics with Vernier
“Series and Parallel Circuits” – Experiment 10 from Advanced Physics with Vernier–Beyond Mechanics
Next Generation Science Standards (NGSS)
	Disciplinary Core Ideas
	Crosscutting Concepts
	Science and Engineering Practices

	ETS2.A: Interdependence of Science, Engineering, and Technology
	Patterns
Cause and effect
Scale, proportion, and quantity
Systems and system models
	Asking questions and defining problems
Developing and using models
Planning and carrying out investigations
Analyzing and interpreting data
Using mathematics and computational thinking
Constructing explanations and designing solutions
Engaging in argument from evidence
Obtaining, evaluating, and communicating information




Information for the Instructor
Building your own sensor, as students do in this engineering extension activity, is instructive for several reasons. Students will
· Gain experience interpreting circuit diagrams and building electric circuits.
· Practice troubleshooting and solving hardware and software problems.
· Develop an appreciation for the uses and limitations of commercially available sensors.
· Build a working instrument that they may not have access to otherwise.

The Background section of the Student Handout describes how to construct and calibrate the sensor in general terms. Depending on your students’ experience with building electric circuits or using Logger Pro, or simply in the interest of time, you may want to provide them the supplemental instructions at the end of this document. 

In the remainder of this document you will find additional resources to help you successfully integrate this engineering extension activity into your course:
· Answers to Sensor Evaluation Questions 
· Challenge Activities
· Construction Tips
· Supplemental Student Instructions – Temperature Sensor Construction, Calibration, & Troubleshooting


Answers to Sensor Evaluation Questions 
1.	When the resistor is well matched to the thermistor, the output voltage will vary by as much as 4 V. If the resistor is smaller than the minimum resistance or greater than the maximum resistance of the thermistor, the output voltage will not vary much at all from cold to hot temperatures.
2.	Because of its small size and mass, the thermistor should respond very quickly to changes in temperature.
3.	The temperature sensor students build in this activity is very similar in design to the Vernier Surface Temperature Sensor and will behave similarly. Depending on how accurate the values used in the Steinhart-Hart model or B-parameter model are, temperature agreement between their homemade sensor and the Surface Temperature Sensor can be very good. 
	The Stainless Steel Temperature Probe will react much more slowly than a homemade temperature sensor because of its greater mass.
4.	This homemade temperature sensor has a small size, reacts quickly to changes in temperature, and is comprised of a relatively simple circuit. As such, it is good for applications such as monitoring a chemical reaction or engine performance, where temperature changes can happen quickly and space is limited.

Challenge Activities
If your students need more of a challenge, provide them with one or more of the following options:
· Combine your homemade temperature sensor with a Vernier Digital Control Unit (DCU) to turn on a small DC fan when the temperature exceeds a target limit.
· Construct a voltage-divider circuit using two thermistors, rather than one with a standard resistor. Investigate out the output voltage changes when the two thermistors are at the same temperature and different temperatures. Can you tell which one is warmer? How?

Construction Tips
1.	Choosing a thermistor can be overwhelming because there are so many choices. Mouser Electronics sells an inexpensive 20 k NTC thermistor with a temperature range of -40ºC to +125ºC (catalog #81-NTSA0WB203EE1B0). The data sheet for this thermistor can be found online at http://www.murata.com/products/catalog/pdf/r44e.pdf. Any thermistor with a similar temperature range and resistance will work.
2.	The Steinhart coefficients (K0, K1, and K2) for your thermistor can be found in the manufacturer’s published data. For thermistor used in the Supplemental Student Instructions, we used the following coefficients:  K0 = 0.00102119, K1 = 0.000222468, and K2 = 1.33342E-7.
3.	To aid in fine-tuning your calibration model, add Parameter Controls to the Logger Pro file. This will allow you to make slight adjustments to your input parameters during data collection. Choose Parameter Control from the Insert menu, and then specify the name of the parameter. In Figure 1, two Parameter Controls have been added. They allow the user to fine tune the calibration to make the temperatures calculated using a B-Parameter calibration better match temperature readings from a temperature sensor.
[image: ]
Figure 1  Graph page showing adjustable parameter controls
4.	If using a multimeter to measure the voltage supplied by the interface, connect the Analog Breadboard Cable to Channel 1 on the interface. Attach the positive (red) lead on the multimeter to the 5V pin and the negative (black) lead to the GND pin.
5.	Your temperature sensor circuit should return a nice range of values between 0–5 V when you touch the tip of the thermistor. If the values appear to be reaching the limits too quickly, modify the size of the upper resistor (R1).
6.	If you are using a commercial sensor to validate your homemade sensor values, we recommend using the Vernier Surface Temperature Sensor; however, the Vernier Stainless Steel Temperature Probe will also work. Be aware that its response will be much slower due to the stainless steel casing on the probe. The steel acts as a heat sink causing the sensor to gain and lose heat more slowly. After a short period of time, however, the Vernier Stainless Steel Temperature Probe should read approximately the same temperature as your homemade sensor.

Supplemental Student Instructions:
Temperature Sensor Construction, Calibration, and Troubleshooting 

Build the voltage-divider circuit
1.	Insert the circuit end of a Vernier Analog Breadboard Cable into the breadboard.
2.	Connect the 15 kΩ resistor between the +5 V and SIG1 pins on the cable.
[image: ]
Figure 2  Vernier Analog Breadboard Cable pin-out
3.	Connect the thermistor between the SIG1 and GND pins on the cable. Thermistors are bidirectional so either wire can be connected to the signal line.
Connect the sensor to the interface
1.	Connect the Analog Breadboard Cable to Channel 1 on the interface.
2.	Optional:  Connect a Surface Temperature Sensor to Channel 2 on the interface.
3.	Connect the interface to the computer. If your interface has a power button, make sure it is turned on.
Software Setup
1.	Open Logger Pro.	
2.	Choose Set Up Sensors from the Experiment menu.
Tip: If you are using a Surface Temperature Sensor in CH2, it will automatically be set up for you.
3.	Click on the CH1 drop-down list and select Choose Sensor ►Voltage Raw ►Voltage (0–5 V). Close the Set Up Sensors window.
Tip: Values for electric potential (the default term used in Logger Pro for voltage) will be displayed in the digital meter. When you touch the tip of the thermistor, the values should decrease.
4.	Create a calculated column to perform the calibration (refer to the detailed Calibration section).
5.	Click [image: CollectNew] to begin data collection. The default display is raw voltage. To display temperature measurements from your homemade sensor on the graph, click the y-axis label and select Thermistor. Click Autoscale to resize the graph.
[image: ]
Figure 3  Thermistor temperature measurements
6.	If you are using a Surface Temperature Sensor to verify the readings from your homemade sensor, you can display those values on the same graph. Click the y-axis label and select More. Under Latest, check both Thermistor and Temperature, and then click OK.
Calibration
1.	Choose New Calculated Column from the Data menu. This column will be used to calculate the thermistor resistance.
2.	Enter Resistance as the Name of the new column and ohms as the Units. 
3.	Equation 3 must be entered into the Expression box. Substitute a value for the voltage supplied by the interface (Vin). Remember that the default name in Logger Pro for the voltage readings from the thermistor (Vout) is “Potential” (found by clicking the Variables button). If you have measured the voltage supplied by the computer at the 5V pin of the connector, use that number; if not use 5.2 volts, which is typical.
[image: ]
Figure 4  New calculated column window for thermistor resistance
4.	Click the Done button.
5.	Choose New Calculated Column from the Data menu a second time. This column will be used to convert the thermistor readings to temperature.
6.	Enter Thermistor for the Name of the new column and deg C for the Units. 
7.	Click the Parameters button and select Edit Parameters. Perform steps 8–11 according to the model you have chosen to use.
Steinhart-Hart Model
8S.	Obtain the Steinhart coefficients (K0, K1 and K2) for your thermistor from the manufacturer’s published data.	
9S.	Click the Add button and enter the Steinhart coefficients naming them K0, K1, and K2. Set the number of Places to 9. Click OK.
[image: ]
Figure 5  Parameters configuration window for Steinhart-Hart coefficients
10S.	Enter Equation 4 into the Equation box.
[image: ]
Figure 6  New calculated column window for Steinhart-Hart equation
11S.	Click Done.
B-parameter Model
8B.	Measure the resistance of your thermistor at three different temperatures. Enter the three resistance and temperature readings into a new data set in Logger Pro. The temperature should be in Kelvin. Make a New Calculated Column for the natural log of the resistance (ln(R). Make another New Calculated Column for the inverse of the temperature in Kelvin. Set up a graph with ln(R) on the vertical axis and 1/T on the horizontal axis. Perform a Linear Fit to find the slope and the intercept. The slope is the "B-parameter" and it and the intercept will be used for converting the resistance readings to temperature. Write down these two numbers. Note that the intercept will probably be negative.
9B.	Click the Add button. Enter the slope from the previous step as the Value for the B-parameter. Set Places to 0 and Increment to 10. Also add the value of the intercept. For the intercept, set Places to 3 and Increment to 0.01. Click OK.
[image: ]
Figure 7  Parameters configuration window for B-parameter
10B.	Enter Equation 5 into the Expression box.
[image: ]
Figure 8  New calculated column window for B-parameter equation
11B.	Click Done.
Troubleshooting
· Check that you have connected the thermistor and resistor to the proper pins on the Analog Breadboard Cable.	
· Make sure the Analog Breadboard Cable is plugged into CH1 on the interface, and that the interface is connected to the computer via the USB cable.
· The Analog Breadboard Cable is not auto-ID. Set it up in the Set Up Sensors dialog box.
· Complex issues such as the input impedance of the sensor interface may cause the calculated temperatures to be slightly high. Add a Parameter Control to the graph page for the input voltage (Vin) and try lowering it to make the calibration better.
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