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I was assigned the task of designing a cost effective under running single gantry crane to be manufactured from steel. I was asked to recommend a suitable bridge girder section for the design. The section couldn’t deflect more than 10mm while lifting a mass of 5000kg. To complete the task, I would have to make some assumptions as I didn’t have all the information I needed to complete the task. Here are my suggestions: 
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The beam will act as a simply supported beam with a centrally concentrated load as that’s where the maximum deflection will occur, so I used this equation:

I knew that:      =  10mm = 0.01 m
		L     =   10 m
                              E     = 210GPa =  Pa
I calculated the weight (W) by taking the sum of the mass of the max load and the lifting gear in kilograms and multiplying it by gravity to give its value in newtons:
			W = (5000+400) x 9.81 = 52974 N
I wanted to find I, so I had to rearrange the formula to make it the subject. This turned the formula into the following:
				
Now I could insert the known values to get the answer:
					
           				             (3 d.p)
In the tables for second moment of area, the values are given in . So, I had to convert the answer to I  from  to .
				
Now I could look for a suitable beam online. The most suitable beam I found was a 533 x 210 x 92 universal steel beam which had a second moment of area value of 55227 .  As this is more than the second moment area value calculated for the maximum deflection with the weight proposed for the situation then the beam won’t deflect more than the 10mm limit while under the maximum weight. The width of the flanges are 209.3mm, this is within the range for the hoist to fit onto the beam. The weight of the beam is 92.1 kg/m. This should be considered if you were going to choose a section for the runway beam. 
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(Sections Universal Beams (UB), 2018).
I decided to check the maximum deflection of my selected beam using the original equation to ensure the deflection didn’t exceed 10mm:
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Assumptions
To calculate the answer to the first question it was necessary to make a few assumptions. These assumptions dictated what formulae I could use to work out the second moment of area and ultimately what size beam I could recommend. The first assumption I made was that the bridge girder was simply supported. This can be easily assumed from the information and diagram that was given in the question. The bridge girder is connected to the end truck, the end truck also has wheels connected to it that run along the runway beam. This would mean that the ends aren’t fixed, and as it’s supported both sides this rules out a cantilever support. This leaves the simply supported option. I have assumed that the max load of 5000kg is a point load and not a uniform distributed load as the weight will be hanging off the beam by a hook and wire rope. This will end up concentrating the weight rather than distributing it out over the length of the beam, so this is how I’ve ended up coming to this assumption. As we are working out second moment of area with a maximum deflection value, I needed to know where the maximum deflection along the beam would be with a point load. On top of the max load the weight of the lifting gear must also be accounted for. I decided to look online for an electric wire rope hoist with a lifting capability of 5 tons (5 ton hoist, 2021). The weight of the hoist is 400kg and the flange fit range is 125-210mm, this was taken into consideration when selecting the beam. 
The maximum deflection in a simply supported beam with a central point load would occur in the centre of the beam, which can be annotated as X=L/2 (Adoniadis, 2021). As I wasn’t given a length for the beam I had to assume one. I did a bit of research online and found that an under running single girder crane has load capabilities of up to 10 tonnes. They also have a span length in the range of 3-16m (Single Girder Overhead Crane | Overhead Crane Design | AICRANE, 2021).  With the maximum load being 5000kg it would put it in the middle range for the span length. Armed with this information I decided to assume a span length of 10m as the middle range would be 9.5m but I decided to round it up to 10m to make it easier for calculation purposes. The final assumption I made was that the girder was an ‘I’ beam section. This would allow the trolley frame to run along the flange when moving.   
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Arthur C Ruge invented the first ever resistance strain gauge in 1938. He did this by taking a small piece of high resistance filament and bending it into a zig zag pattern. he then applied it to the test piece he wanted to monitor with a thin layer of glue which acted as an adhesive. he could then measure any stresses on the surface by detecting the changes in electrical resistance of the wires that run through the gauge. Arthur Then applied for a patent for his device but while the application was processing he discovered that Edward E Simmons had invented the device a year earlier. Both men then applied together for the patent in 1939 (Invention of the Strain Gauge, Arthur Ruge, 1938 | The MIT 150 Exhibition, 2021). 
There are 5 main types train gauges. these are hydraulic, mechanical, optical, electrical resistance and piezoelectric. Here is the breakdown of each type:
Hydraulic 
[image: A typical hydraulic strain gauge that regulates a machine using a Bourdon pressure tube. From US Patent 2,600,453]As the name suggests, hydraulic strain gauges use fluid to detect changes in movement. They work similar to a simple syringe. Syringes are characteristically the same as hydraulic pistons, where a small movement of fluid in the larger piston (the barrel) causes a greater movement of fluid in the small piston (the needle). In a working example, the larger piston would be connected to the area or item that is producing the stress. The smaller piston would then be attached via a small tube that would have a measurement scale on it to give a value for the movement as the fluid passed through. The difference in size between the pistons would give you a movement multiplier based on the movement of fluid in the smaller piston. Commonly, a hydraulic strain gauge would have a movement multiplier factor of 10 or so.  
Mechanical
[image: A simple Avongard crack monitor.]Mechanical strain gauges are the simplest of all the different types of strain gauges. They are used to discover things such as cracks in walls developing over a period of time. they're usually made up of two layers of plastic with the under layer having a ruled scale on it and the upper layer having a red line or pointer in the centre of the scale. The base of the under layer is then glued across the crack. As the crack starts widening the red pointer moves from the centre of the scale over time. The speed the pointer moves from the centre varies and indicates how severe the strain on the measured piece is. Typically, mechanical strain gauges will move over long periods of time from days to years. They can also be used in simpler forms to detect strain.  An example of this would be to fix a plain piece of glass of plastic over a crack and wait for it to shatter. This would indicate that the area is being subjected to stress. 
Optical
[image: Optical strain gauge for measuring strains in glass using polarized light, from US Patent 2,119,577.]Optical strain gauges measure how a material reflect or transmit light as they are subjected to stress and strain. The most common materials used for this type of method are plastics and glass. It works by shining a polarized light onto the test piece at an angle. Some of the light will be transmitted and some of the light will be reflected. The proportional values of the reflected and transmitted light will vary according to the amount of strain the material is under. The value of the reflected light will give a precise measurement of the strain that the material is taking. Optical gauges are useful to measure strain in applications such as car windscreens, big store front windows and glass water tanks.
[image: Closeup of an electrical resistance-type strain gauge.]Electrical resistance
Electrical resistance gauges are by far the most commonly applied type of gauge on this list. An electrical strain gauge is made up of a thin rectangular strip of foil with a zig zag wired patterns on them leading to electrical wires each side. The foil is then stuck onto the material to be measured with an adhesive, and the wires are connected to a monitoring circuit. As the material that is being measured starts to experience strain, the foil strip starts to bend out of shape. The zig zag wires will then either push together and become thicker or pull apart and become thinner. This leads to a change in the electrical resistance in the circuit as it becomes harder or easier for the electrons to carry the current down the narrower or wider wires respectively. A Wheatstone bridge is used to measure the resistance. The resistance value can then be appropriately converted to calculate the strain on the material. If the strain forces are small then typically the gauge returns to its original shape as the deformation would be elastic only. This means the gauge can make multiple measurements over a period of time. They can be used remotely and can be monitored from a safe distance, which make them useful to monitor strain on things such as airplane wings and girders at heights.






Piezoelectric
[image: Illustration showing how a piezoelectric stain gauge works, from US Patent 2,558,563.]Piezoelectric strain gauges or piezoelectric transducers as they’re sometimes referred to, convert mechanical energy into electrical energy. They are the most ‘natural’ of all the strain gauges as they use materials such as quartz crystals and ceramics to detect changes. Piezoelectric gauges work by taking a flat material such as a quartz crystal and fixing electrodes with contact wires on the top and bottom faces. The wires form a circuit with a reading meter. The gauge is then bonded to the test piece with a thin layer of cement so that it stays firmly attached.  As the test piece incurs strain and starts to deform the crystal deforms as well. This produces a small change in voltage between the two electrodes at the top and bottom of the crystal as the shape alters. This in turn gets read by the wires and sent back to the reading meter. The bigger change in voltage, the bigger the strain the test piece is under. Piezoelectric is one of the more sensitive types of strain gauge as they can pick up minute changes in voltage. They also have good longevity and can last years of repeated use (Woodford, 2021). 
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All types of strain gauge could be used to detect strain in this particular scenario, but some are more suitable than others. As the bridge girder will be working at a height it would be advantageous to fit a strain gauge that has the capability of working remotely. Another advantage would be for the gauge to not take up much room as the crane could operate as normal. This would rule the mechanical and optical types out as they would need to be checked manually, which would require the tester to use specialised equipment to get to the operating height. The hydraulic type is also a poor option as it would take up room and would be awkward to fit around the hoist. 
This leaves the electrical resistance gauge and the piezoelectric gauge as the most suitable gauges for the task. However, there are some subtle differences between the two that makes one a slightly better choice than the other. The first and main difference being the loading conditions. Electrical resistance gauges can support both dynamic and static loads, whereas piezoelectric transducers can only support dynamic loads. This gives an advantage to the electrical resistance gauge as I would like to be able to measure the beam while it has dynamic and static loads applied. The second difference is the force range. The piezoelectric gauges have a detectable force ranging from 5KN to 1MN, in contrast the electric resistance gauges have a range of 5N to 40MN. Obviously the larger range is more beneficial in terms of measuring strain, so this is another advantage that goes to the electrical resistance gauge. Creep is the final big difference between the two gauges. Piezoelectric gauges can have sizeable drifts in output value, the results in measurement errors when loaded for prolonged periods. Electrical resistance gauges on the other hand have smaller drifts in output value when prolonged loading occurs (Tacuna Systems, 2021). With all this evidence considered, I decided to go with an electrical resistance gauge. Even though both gauges would do the job effectively, the electrical resistance strain gauge just edges out the Piezoelectric gauge with small advantages for the application of intended use.
With the electrical resistance gauge chosen, I now had to decide what formation to place the gauges in to maximise the detection of stress. A Wheatstone bridge must be formed to be able to accurately measure the change in resistance and calculate the stress. There are three types of Wheatstone bridge, these include:
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Quarter Bridge
A quarter bridge has two different types of configuration. The first type has one active gauge and three passive (dummy) gauges. The second type has one active gauge, two dummy gauges and one temperature sensing dummy gauge which compensates for changes in temperature. It is still known as a dummy gauge as it doesn’t detect strain. The dummy gauges on both types are used to complete the bridge gauge which is required to measure the resistivity changes. The active element in both types is mounted in the direction of strain that needs to be measured, this can be axial or bending. Sensitivity at 1000 µε for both types is ~0.5 mV/V (Wheatstone Bridge - Load Cell Manufacture, 2021). 
		    Type 1						Type 2
[image: Diagram
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(Measuring Strain with Strain Gages, 2021)

Half Bridge
A half bridge also has two types of configuration, both types have two active gauges. The first type has one active gauge mounted in the direction of axial strain and the other active gauge is placed perpendicular to the first and acts as a Poisson gauge. It can measure both axial and bending strain. Sensitivity at 1000 µε for the first type is ~0.65 mV/V. The second type has both active gauges placed in the direction of the bending strain, one on top of the test specimen and one underneath. It can only measure bending strain and rejects axial strain. Sensitivity at 1000 µε for the second type is ~1.0 mV/V. Both types have two dummy gauges added to complete the bridge. They also both compensate for changes in temperature (Wheatstone Bridge - Load Cell Manufacture, 2021). 
                                Type 1                                                              Type 2
[image: Diagram
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(Measuring Strain with Strain Gages, 2021)
[image: Graphical user interface, diagram, website

Description automatically generated]Full Bridge     
The full bridge structure utilises all 4 gauges and there are 3 different types of configuration. The first type has two gauges on the top of test specimen measuring tensile strain and two placed on the underneath of the test specimen measuring compressive strain. All four gauges run in the direction of the banding strain and as a result this type can only measure bending strain. this type compensates for lead resistance and also temperature. The sensitivity at 1000 µε for this type is ~2.0 mV/V (Wheatstone Bridge - Load Cell Manufacture, 2021).
(Measuring Strain with Strain Gages, 2021)

[image: Graphical user interface, diagram, website

Description automatically generated]The second type has two gauges mounted either side of the test specimen running in the direction of the bending strain, the upper measuring tension and the lower measuring compression. The other two gauges run perpendicularly to the first two. These act as Poisson gauges, with the upper one measuring the compressive Poisson effect and the lower measuring the tensile Poisson effect. This type only measures bending strain and compensates for the aggregate effect on the principal strain measurement due to the Poisson’s ratio of the test piece material. It also compensates for lead resistance and temperature. The sensitivity at 1000 µε for this type is ~1.3 mV/V (Wheatstone Bridge - Load Cell Manufacture, 2021).	(Measuring Strain with Strain Gages, 2021)

[image: ]The third type has two gauges mounted either side of the test specimen running in the direction of the axial strain, both of these gauges measure the tensile strain. The other two gauges run perpendicularly to the first two. These act as Poisson gauges, with both measuring the compressive Poisson effect. This type only measures axial strain and compensates for the aggregate effect on the principal strain measurement due to the Poisson’s ratio of the test piece material. It also compensates for lead resistance and temperature. The sensitivity at 1000 µε for this type is ~1.3 mV/V (Wheatstone Bridge - Load Cell Manufacture, 2021).
(Measuring Strain with Strain Gages, 2021)

With the different Wheatstone bridges considered. I chose to apply the first type of the full bridge formations in the direction of the bending stress. The reasons being that the main brief of the task was to ensure the girder doesn’t exceed 10mm deflection. This will be measured in the bending stress, and the first type of full bridge measures bending strain exclusively. It also has the highest sensitivity of all the gauges so it would be the most accurate at detecting strain. 
To summarize, I calculated the minimum second moment of area that the girder would need to have to be able to keep the deflection under 10mm. With the result I then chose a suitable beam and checked the maximum deflection of the selected beam to ensure it was under the required 10mm when under the maximum load. To do all of this I had to make assumptions based on information that I was given. Finally, I looked into different types of strain gauges and Wheatstone bridges to decide the best type of gauge for the task that I was given.    
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= Measures axial or bending strain

= Requires a passive quarter-bridge completion resistor known as a dummy resistor
= Requires half-bridge completion resistors to complete the Wheatstone bridge

= R4 is an active strain gage measuring the tensile strain (+¢)

Figure 5. Quarter-Bridge Strain Gage Configurations
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Figure 6. Dummy strain gages eliminate effects of temperature on the strain measurement.

Half-Bridge Strain Gage
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Figure 7. Half-bridge strain gages are two times more sensitive than quarter-bridge strain gages.
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Figure 8. Full-Bridge Strain Gage Configurations





image11.png
Configuration | - Only Bending Strain Configuration Il - Only Bending strain Configuration Il - Only Axial Strain





