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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 strain gage. 
Background
When a force is exerted on an object, the length of the object changes. The ratio of the change in length to the original length is called strain. A strain gage is a small section of very fine wire that changes electrical resistance when its dimensions are changed. In use, a strain gage is attached to the surface of the object to be measured in such a way that when the mechanism is deformed, the conducting material is also deformed. Consider two strain gages that are glued to the top and bottom of a metal cantilever beam. When a force is applied to the beam, it bends down in proportion to the force (Hooke’s law). As the bar bends downward, the top of the bar stretches as it is placed in tension. The top strain gage is also stretched, and its resistance increases slightly because the length of gage wire increases while the width of the wire decreases. For the strain gage on the bottom of the bar, all of these effects are reversed—the bottom of the beam is placed in compression and the gage decreases in resistance. These changes in resistance are small, but they can be measured accurately with the proper circuit. A Wheatstone bridge circuit is a well-known circuit that is designed to convert small changes in resistance to changes in voltage. 
The Wheatstone bridge circuit contains four resistances and a constant voltage excitation source. In a half-bridge configuration, two of the four resistors are strain gages. All four components are arranged in a diamond pattern, as shown in Figure 1. Ideally, the resistors have approximately the same resistance as the two strain gages. A DC excitation voltage (Vex) is applied across the top and bottom of the diamond and the output voltage (Vout) is measured across points A and B.
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Figure 1  Wheatstone half-bridge circuit

The two strain gages are mounted on a test specimen such as a long, thin metal bar (see Figure 2). The strain gages are mounted on opposite sides of the bar at the location where the strain is to be measured. When the circuit is balanced, the voltage at both points A and B in Figure 1 will be one-half of the excitation voltage. Therefore, the output voltage (the voltage drop across points A and B) will be approximately zero.
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Figure 2  Strain gage mounting

When a force is applied, the resistance of the strain gage in tension increases and the resistance of the gage in compression decreases. This change in resistance creates a voltage change at point B. The voltage at point A has not changed and is still equal to one-half the excitation voltage. Consequently, a small voltage difference will appear across points A and B. The voltage between these points (Vout) can be monitored and is proportional to the amount of bending or strain in the structural member.
In our circuit, the excitation voltage (Vex) of the circuit can be supplied by the +5 V terminal on the Vernier Analog Breadboard Cable. Since the circuit’s output voltage (Vout) is never very large (a few millivolts), the output voltage must be amplified so that it can be measured. The Instrumentation Amplifier is used to provide this amplification (see Figure 3).
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Figure 3  Apparatus setup

The output voltage (Vout) of the half-bridge circuit is related to the excitation voltage (Vex) by the relationship


where ε is the strain, Vex is the excitation voltage, and GF is the non-dimensional “gage factor” of the strain gage (this is a value supplied by the manufacturer, and is typically slightly greater than two).
After mathematically rearranging the equation, the strain in the beam is represented by the following equation. Notice that the strain varies linearly with the output voltage.


Be aware when testing your device that there are a number of sources that may cause the Instrumentation Amplifier to initially read a nonzero output voltage even when no load is applied to the beam (e.g., a slight imbalance between the bridge resistances or electrical interference from surrounding devices). The Zero feature in Logger Pro can be used to correct for this initial offset voltage. Choose Zero from the Data menu to zero the Instrumentation Amplifier before taking any measurements.

MATERIALS
	Vernier LabQuest or LabPro interface
	glue for strain gages

	Vernier Logger Pro software
	aluminum bar (1/8″ × 1/2″ × 10″)

	computer
	set of small weights (100–500 grams)

	USB cable
	breadboard

	Vernier Instrumentation Amplifier
	jumper wires

	Vernier Analog Breadboard Cable
	two 120 Ω (±1%) precision resistors

	two 120 Ω strain gages
  
	clamp to secure bar at one end



Construction & Calibration
Follow these steps to build your strain gage:
1. Securely glue the strain gages to opposite sides of the aluminum bar. Be careful that any un-insulated leads from the strain gages are not in contact with the bar itself. Likewise, be careful that the leads are taped down to the bar so that if the leads are pulled, they will not break off of the strain gage. Clamp the aluminum bar firmly to a table top or fixture.
2. Construct the Wheatstone bridge circuit on the breadboard. Use the 5 V and ground lines from the Analog Breadboard Cable to power it and connect the output to the Instrumentation Amplifier. Adjust the knob on the Instrumentation Amplifier to ±20 mV. Note: If the strain gage measures outside of ±20 mV, you can change to the ±200 mV setting.
3. Connect the Breadboard Cable and Instrumentation Amplifier to a Vernier interface and start Logger Pro. Zero the Instrumentation Amplifier before applying any strain to the aluminum bar or collecting data.
4. Collect data from the Instrumentation Amplifier for a trial run; you should find that the output voltage varies with the strain applied to the aluminum bar. Troubleshoot if necessary.
5. Calibrate the strain gage by creating a New Calculated Column in Logger Pro to convert the output voltage (measured in volts) into a strain measurement (measured in mm/mm), using the last equation shown in the Background information. Note: The gage factor for your strain gage should be included in the manufacturer information. The gage factor of most strain gages is a little greater than 2. 

Sensor Evaluation
1. How “noisy” is your strain gage? In other words, how much does the measured strain vary from moment to moment even when the applied force does not change at all? Investigate and create a list of possible sources of the noise. 
2. Stray electric fields created by nearby electronic devices may cause some noise in your strain gage measurements. Investigate how and where to shield your strain gage from these electric signals. 
3. Compare the measured strain to the theoretical strain. The theoretical strain can be computed with the equation



where  is the strain, F is the applied load, L is the length of the beam to the center of the strain gage, y is the distance to the neutral axis, E is the elastic modulus (7 x 1010 N/m2 for aluminum), and I is the moment of inertia ( for a rectangular bar). 
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Figure 4  Cross-section of strain gage apparatus

4. The actual load is a known value that the user hangs from or places on the cantilever beam. Use the equation provided in Sensor Evaluation Question 3 to compute the load that is hanging from or placed on the cantilever beam and compare this measured load to the actual load.
5. Connect a Vernier Dual-Range Force Sensor to the interface. Instead of hanging weights of known mass, use the Force Sensor to apply and measure the load. Before loading the beam, hold the Force Sensor vertically with no load on the hook and zero the sensor. Then hang the Force Sensor from the free end of the beam, and slowly pull down on it to deflect the beam. Compare the load that was measured by the Force Sensor to the calculated load.
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