[image: ]Engineering a Temperature Sensor

Sensors are an essential part of science and engineering systems. They gather data, provide feedback, and can be used to guide scientific experiments and engineering systems. Correctly using a sensor requires that you understand how it operates and what its limits are. In this activity, you will build, calibrate, and evaluate a temperature sensor. 
Background
Temperature sensors are often built from electronic components called thermistors. A thermistor is a device whose resistance varies with temperature (the name comes from a combination of the terms “thermal” and “resistor”). Typical thermistors are made from ceramic semiconductors or from platinum wires wrapped around ceramic mandrels or spindles. They usually have negative temperature coefficients (NTC), meaning the resistance of the thermistor decreases as the temperature increases. The typical operating range depends on the thermistor’s material properties and fabrication process, but normally falls within -50°C to 150°C.  
Thermistors have several attractive features. The small size of most thermistors results in a rapid response to temperature changes making them very useful for control systems requiring quick feedback. Thermistors are very rugged and better able to handle mechanical vibration or thermal shock than other temperature sensors. They have excellent interchangeability due to their low cost, precision, and tolerance over a temperature range. Thermistors are used extensively in many applications, including automobile engines, digital thermostats, rechargeable battery packs, circadian rhythm devices, and fluid-flow measurements.
You can find the temperature of a thermistor if you know its resistance. The resistance-temperature relationship of a thermistor is nonlinear, but can be approximated using either the Steinhart-Hart or the B-parameter model. Both models give the absolute temperature of a thermistor in Kelvin. 
Measuring the Thermistor Resistance
The resistance of the thermistor (RT) can be measured indirectly by placing it in a voltage-divider circuit with a known resistor (R1), as shown in the diagram below.
[image: ]
Figure 1  Voltage-divider circuit
This is a common circuit design used to measure resistance. The output voltage Vout is related to Vin as follows:

 (1)		
where Vin is the voltage supplied by the interface, Vout is the measured voltage from your homemade sensor, and R1 is a resistor placed in series with the thermistor (RT).
You can algebraically manipulate Equation 1 to solve for the thermistor resistance. 

(2)		 
For this activity, the input voltage (Vin) is supplied by the interface and should be somewhat over 5 V. The Vernier Analog Breadboard Cable can be used to read the raw voltage (Vout) from your homemade sensor on its SIG1 line. After reading the raw voltage, you can create a calculated column in Logger Pro to solve for the resistance of the thermistor using Equation 2.
Choosing R1
The voltage divider in this activity is a simple circuit consisting of two resistances (a resistor, R1, and the thermistor, RT) wired in series with an input voltage (Vin  = +5 V). The output voltage, measured at a point between the resistances (Vout), will be a fraction of the applied voltage. For example, if RT = R1 in Figure 1, then Vout should measure approximately 2.5 V.
The value of the upper resistor, R1, will determine the range (or swing) of the sensor’s output voltage, Vout. R1 should be larger than the thermistor’s minimum resistance, but smaller than the thermistor’s maximum resistance. The thermistor’s range is usually included in the manufacturer’s data sheet. Choose a resistor to match your particular thermistor’s range.
Converting Resistance to Temperature: Steinhart-Hart Model
Once you know the thermistor’s resistance, you can substitute that value into the Steinhart-Hart or B-parameter equations to solve for the sensor’s temperature.
Note: Since both equations calculate temperatures in Kelvin units, you must subtract 273.15 from your final answer to display temperature values in degrees Celsius. Celsius units are more common and will allow for an easier comparison to the commercial sensor.
The Steinhart-Hart equation is a third order polynomial that provides a good approximation for temperature measurements within a limited range (about -80ºC to 130ºC):

(3)		
where T is the temperature in Celsius and RT is the resistance of your thermistor. K0, K1, and K2 are known as the Steinhart-Hart coefficients and can be found from the manufacturer’s published data.

Converting Resistance to Temperature: B-parameter Model
The B-parameter equation is a simplified version of the Steinhart-Hart equation that is often used when the manufacturer’s values for the three Steinhart-Hart parameters are unknown:

(4)		
where T is the temperature in Celsius, RT is the resistance of your thermistor. The values for the B-parameter and Int can be found experimentally by plotting the ln(RT) vs 1/T for at least three different data points. The average slope of this function will yield an estimate of the B-parameter and the intercept is Int.

MATERIALS
	Vernier Interface (LabQuest or LabPro)
	USB cable
	
	

	computer with Logger Pro software
	thermistor
	
	

	resistor (R1, chosen to match thermistor)
	breadboard
	
	

	Vernier Breadboard Cable
	
	
	

	
	
	
	



Construction & Calibration
Follow these steps to build your light sensor:
1. 	Build voltage-divider circuit by connecting the thermistor and appropriately-sized resistor to the correct lines on the Analog Breadboard Cable. Use the 5 V line as Vin and the GND line for ground.
2. 	Connect the Analog Breadboard Cable to a Vernier interface and start Logger Pro.
3. 	Set Logger Pro to read the raw voltage output (Vout) from the Breadboard Cable channel.  Create a new calculated column to convert the output voltage into the thermistor’s resistance using Equation 2 above.
4. 	Create a second calculated column to convert the thermistor’s resistance into a temperature. 
· If you have the thermistors’s coefficients, use the Steinhart-Hart model. 
· If you do not, you will need to first gather resistance vs temperature data for your thermistor, then plot ln(RT) vs. 1/T to determine the constants in the B-parameter model.
5. 	Test your temperature sensor. If you have a Vernier Surface Temperature Sensor or Stainless Steel Temperature Probe, compare its measurements to your homemade sensor.

Sensor Evaluation
1. As explained in the Background information, the resistor you choose to place in the voltage-divider circuit will determine the “swing” of the output voltage (i.e., the change in output voltage from cold to hot temperatures). What happens when you replace that resistor with a larger resistor? A smaller resistor? At what resistance will you get the largest swing in output voltage?
2. How quickly does your sensor respond to changes in temperature? Try moving it quickly from an ice bath to a mug of hot water.
3. Compare your temperature sensor to a manufactured light sensor, like the Vernier Surface Temperature Sensor or Stainless Steel Temperature Probe. How does the response from your sensor compare to the Vernier sensor?
4. List the advantages and disadvantages of your light sensor. Identify applications where it would work well and where it would not.
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