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Appendix J  Example Reports 
 
This appendix is intended to give examples of formal laboratory reports.  The format 

details may vary from one particular classes to another, so these are not intended to be used as 
“templates.”  Students in a given class should refer to the Laboratory Manual for that class, if 
there is one, for format and other particulars required for that class or by that instructor.  For 
example, students in EE283 Measurement Lab should consult the example “Ohm’s Law” 
laboratory report example in the class Laboratory Manual.  (However, note that that manual, for 
the example laboratory report section, figure and table numbering in that example conform to the 
chapter in a book format, since the report is one of the chapters, while yours should be simply 
“Figure 1” and “Table 1” and so forth because your laboratory report stands on its own.)  In the 
examples below, the figure and table numbers are given as for a normal lab report. 

 
These reports were generated from instructional material, actual student reports, or a 

combination of both.  The students who contributed these reports were good students.  Even so, 
they still had things to learn.  The same is true also of the other materials.  So, not everything in 
these reports is necessarily correct or to be recommended.  After each report is a Comments 
section that points out problems and issues that could have perhaps been handled better. 

 
The reports in this appendix are: 

 
1. “Comparison of Series and Shunt DC Motors” (a demonstration experiment, EGR222) 
2. “Frequency Characteristics of Resistors, Inductors, and Capacitors” (experiment, EE283) 
3. “Experiment RD3:  View Factor” (experiment, ME326) 
4.  “Stefan-Boltzmann Law” (experiment, ME326) 
5. “Field Effect Transistor Characterization” (a characterization, EE252) 
6. “Vibration Analysis of a Fiberglass Bow” (a characterization, ME322) 
7. “The No Load Cantilevered Beam Modeled as a Spring/Mass System—Effective Mass 

Considerations (Application:  Piper Cub Airplane Wing)” (a characterization, ME???) 
8. “Traffic Signal Controller” (a design exercise, EE241, example) 
9. “Forge Design” (a design exercise, ME342) 
10. “Strain Gage Based Force Transducer on a Beam with Multiple Boundary Conditions” (a 

characterization or experiment, ME 398-A) 
 
Thanks to former students Tom Wychock, Wyatt Culler, Andrew Bergey, Matt Parmenteri, Ryan 
Rozaieski, Mike Vamos, and Nick Rosati for their contributions of these examples.  Most of the 
reports are left as they were in the originals, though in some places spacing has been modified to 
squeeze out unnecessary blank space to make this document several pages shorter.  
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Comparison of Series and Shunt DC Motors 

<name> 
EGR222 

 
May 24, 2008 

 
Abstract 
 An experiment was conducted to compare the characteristics under varying loads of 
shunt and series wound DC motors.  The motor used was that of a toy train locomotive, 
with a load varying by the number of cars pulled.  In one series data was taken with the 
windings in series configuration, and the other case in shunt.  As expected, the speed 
dropped more rapidly with the series wound configuration, but the differences were not as 
large as expected, and the series configuration was more efficient. 
 
1.  Background 
 A test question in EGR222 asked what kind of motor maintained the same speed 
regardless of load up to the limit of its performance.  The correct answer was intended to be an 
AC synchronous motor, with the assumption of a constant frequency supply.  However, more 
than half of the students answered “a DC shunt wound motor” or the equivalent.  Some even 
cited the textbook which indeed stated that a DC shunt motor’s speed was almost independent of 
the load (Bolton).  One could also say the same of an AC induction motor.  However, “almost” is 
not exactly the same speed.  This experiment was conceived to demonstrate to the class that the 
shunt wound motor’s speed is not independent of load, but it is more nearly so than that of a 
series wound motor. 
 
 The “motor” utilized for the experiment was that of an Ives 3241 “Wide Gauge” (2 1/8 
in., the same as Lionel Standard Gauge) locomotive from c. 1924 (Greenberg).  The locomotive 
was already missing its normal reverse unit, so no damage was done to its value by adding a 
switch to enable it to run in either series (normal) or shunt mode.  The locomotive was originally 
intended to run on AC with operating Voltages up to about 20 Volts as a series, or “universal” 
motor, and in that era the ability to also run from DC (typically an automobile battery) was 
useful since AC utility power was not so universally available as now.  For the experiment 
operation in both modes was DC, since shunt wound motors are not effective with AC. 
 
2.  Procedure 
 
 An Ives No. 3241 locomotive was modified as shown in Figure 1 to allow operation in 
either series or shunt mode.  A circular test track (of circumference 129 inches at the center rail) 
was set up powered by a Hewlett Packard 6267B Power supply, rated up to 40 Volts and 10 
Amperes.  (Attempts to run in shunt mode with a smaller supply failed.)  The Voltage on the 
supply was set such that both the series and shunt wound configurations achieved the same 
speed, would both operate under a maximum load of three additional cars, and that the unloaded 
speeds were the same.  The Voltage chosen for series operation was 9.0 Volts, as measured by 
the meter on the power supply.  (The minimum Voltage that would allow readings at all load 
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levels was chosen to minimize dissipation in the motor, particularly in shunt mode.)  The 
locomotive was operated in series mode with no additional load, one, two, and three additional 
cars.  The cars used for added load were an Ives No. 191 coke car, a No. 191 tank car, and a No. 
195 caboose.  All of the cars were in heavily used condition, and no special efforts were made 
(such as oiling) to reduce their load on the locomotive.  The time to make five circuits of the 
track was recorded for each of the four operating conditions.  The times were kept manually 
using a watch inscribed “Disney, Quartz” bearing the likeness of Mickey Mouse.  The same 
procedure was then repeated using the shunt configuration, with 8.0 Volts giving an unloaded 
speed close to that of the unloaded series case.. 
 

 
Figure 1  Locomotive circuit 

 
3.  Results 
 
 The resulting time measurements for 5 circuits of the track obtained are given in Table 1.  
For purposes of designating the load, the locomotive counts as one unit and each additional car 
counts as a unit.  These results are represented graphically in Figure 2. 
 
 In order to better relate these data to normal speed vs. torque characteristics. The speeds 
were converted to scale miles per hour (mph) using an assumed 1/40 scale as shown in equation 
1: 
Speedmph = (129 in/circuit) (5 circuits) (1/12 in. per ft.)(1/5320 ft. per mile) (40 scale)  (1) 

      (time in seconds) (1/60 sec per min)(1/60 min per hour) 
 

Table 1  Series and Shunt Times 
 series shunt 
Load time time 
(cars) sec. sec. 

1 23 25 
2 27 25 
3 30 28 
4 48 33 
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Figure 2  Time for 5 circuits as a function of load for series and shunt configurations 

 
The five circuits amounts to .404 scale miles, giving 63 mph maximum speed, and other 

speeds inversely proportional to times scales down from that.  Figure 3 shows load versus speed 
for the two motor configurations. 

 
The current drawn by the locomotive from the power supply was observed using the 

ammeter of the power supply.  However, the current could not be measured with any degree of 
precision due to current surges as the locomotive traversed the sectional track.  At each 
mechanical junction the current would sharply drop and then bounce back.  Estimated values for 
the series configuration of the motor were about 2.4 Amperes, and for shunt configuration 8 
Amperes, with neither value changing enough to measure with changing load. 
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Figure 3  Scale speed versus load for series and shunt configurations 

 
It was noticed that the motor heated rapidly in shunt configuration.  It was clear that most 

of the energy was being dissipated as heat in the windings, and that such operation for any 
extended period would damage the motor. 
 
Conclusions 
 
 It is obvious that the shunt wound motor does not, in fact, maintain a constant speed with 
a varying load, even with the source Voltage remaining constant.  However, neither motor 
configuration was completely consistent with what would normally be expected.  For a series 
motor, the load – speed curve was expected to be of roughly 1/xy shape.  While that is true for 
the lower loads, the data point for the full load of locomotive plus three cars is significantly 
lower than expected.  It is likely that this is due to the nonlinear nature of actual mechanical 
friction.  The Voltage chosen for the experiment is not very far above the stall Voltage for either 
configuration.  While the shunt configuration did achieve higher speeds at each load with one or 
more cars, and dropped off much more slowly with load than the series configuration, the shunt 
motor drew much more power (about three times as much!) to achieve nearly the same results.  
Some of this extra power would have been additional connection losses between the power 
supply and the motor.  However, it is clear that the shunt configuration is inferior in efficiency 
for this motor, which was designed with windings to be used in series mode.  A motor with a 
field winding with many more turns, for a smaller shunt current, might well outperform the 
series motor significantly on DC. 
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 A sampling of the data points, the operation of the locomotive and the locomotive with 
three cars, was demonstrated to the EGR222 class on April 8, 2008. 
 
References 
 
Bolton, W.,  Mechatronics; Electronic Control Systems in Mechanical and Electrical 

Engineering, 3rd ed., Longman, Essex, England, 2003, p171. 
 
Greenberg, Bruce C., Greenberg’s Guide to Ives trains, 1901-1932, Vol. 1, 2nd ed., Greenberg 

publishing, Sykesville, MD, 1991, pp. 43, 53-55, 90-93, 99. 
 
 
Remarks: 
 This report uses a ‘hanging indent” style for references that is closer to what seems to be 
found today in journals and conferences than the Chicago style.  Notice that in Table 1 the font 
was imported along with the data from an Excel spreadsheet; it would have been better to first 
change the font and size to Times 12, as in the rest of the document.  However, sometimes an 
evenly spaced font (in which all characters use the same horizontal spacing) is desirable for 
tables, and Times does not have that property. 
 Notice that the procedure section contains some results, such as the Voltage setting that 
would give equivalent no extra load speed for the two different motor wiring configurations.  
This is OK since it is a calibration step, and thus legitimately part of procedure. 
 The equation is given only for the most complicated mathematical manipulation.  It is 
assumed that the typical reader can do basic unit conversions, such as seconds to hours, without 
needing details.  In the results section, the raw data is presented first, then manipulated into a 
form that the reader might expect.  Here, the transformation is to load versus speed.  Motor 
characteristics are typically given in torque versus speed (Bolton), which isn’t the same.  The 
infer torque, one would have to add another step, and assume that torque is equal to speed times 
the load.  However, that requires an assumption of the linearity of friction, so the results were left 
in the form given, which is relatively easy to understand and is sufficient to make the point that 
speed does change with load, even if that load is a resistance rather than a torque. 
 The graphics leave something to be desired: better resolution.  Line graphics imported 
directly from Excel or another line graphics program would have been better.  These are JPEG 
images that were pasted in.  Furthermore, they are at lower resolution than is desirable for good 
reproduction on paper (to keep the document size down).  (There’s a bad error in Figure 1!) 
 It would have been nice if this report had been more thorough.  Apparently no electrical 
measurements were made to find the respective resistances of the armature and field coils, or the 
resistance in transmission from the power supply to the motor proper.  It would have been 
helpful to know what the Voltage across the motor and the current through the motor for each 
trial.  With additional effort the locomotive could have been instrumented with meters having 
long RC time constant filters to overcome the electrical noise from track commutation.  These 
extra details might have allowed a more precise efficiency comparison between the two 
configurations.  A figure showing the experimental configuration would have been most helpful. 
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Experiment 5B:  Frequency Characteristics of Resistors, Inductors, and Capacitors 
<name> 
EE283 

November, 18 2010 
 
Abstract: 
 
 An experiment was conducted in order to determine the frequency response 
characteristics of singular resistors, capacitors and inductors in a single loop circuit.  The circuit 
components used were lab decade resistor, inductor, and capacitor boxes connected via banana 
clips.  The instruments in the lab were used to measure the outputs of the circuit.  As expected, 
the voltage dropped across the resistor was not dependent on frequency, the voltage dropped 
across the inductor increased with increasing frequency and the voltage dropped across the 
capacitor decreased with increasing frequency. 
 
Procedure: 
 
 The test circuit was constructed as shown in Figure 1.  RS was 100Ω.  The test resistance 
was 600Ω, the test inductance 70 mH, and the test capacitance .2µF.  Decade resistor, capacitor, 
and inductor boxes were used for the circuit components and were assumed to have actual values 
the same as the nominal values.  These circuit elements were swapped for each other once the 
voltage across them had been measured for each frequency.  A Tektronix AF6320 Arbitrary 
Function Generator was used to create a test sine wave at the desired frequencies.  An Agilent 
34401A 6 ½ digit DMM  was used to measure the voltage (RMS) across the current sensing 
resistor RS.  A Tektronix TDS 210 2 channel Digital Realtime Oscilloscope was used to measure 
the source voltage (RMS) as well as the voltage across the test impedance z (RMS).  The 
amplitude of the sine wave was adjusted to always be within 1% of 2.0 volts RMS for the source 
voltage as measured by the oscilloscope. 
 

 
 

Figure 1:  Circuit Diagram 



 156 

Results: 
 
 The measured voltages, calculated currents, and calculated impedances for the resistor, 
inductor, and capacitor are shown in Tables 1, 2, and 3; respectively.   The current in the single 
loop circuit was found by Ohms Law: 
 

𝐼 = #$
%$

(1) 
 
 Since this circuit was a single loop circuit, the current through the resistor was the same 
current that flows through the entire circuit.  The impedance of the circuit element in question 
was also found via Ohms Law: 
 

𝑍 = #'
(

(2) 
 

 Frequency was converted to angular frequency using the following relation: 
 

𝜔 = 2𝜋𝑓(3) 
 
  
Table I:  Resistor Frequency Response 

 
 
 The theoretical resistance for the last column was calculated using the formula: 
 

𝑍 = 𝑅(4) 
 

 In this case R was found by reading the nominal value on the decade resistor box.  The 
values for the calculated and measured impedances are very close. 
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Table II:  Inductor Frequency Response 

 
 The inductive reactance was calculated using the formula: 
 

𝑋/ = 𝜔𝐿(5) 
 

 Where L was nominal inductance on the decade inductor box.  Again, the calculated and 
measured values for impedance are close to each other.   
 
Table II:  Capacitor Frequency Response 

 
 
 The capacitive reactance was calculated using: 
 

𝑋1 =
2
31

(5) 
 

 Where C was the nominal capacitance as read from the decade capacitor box.  Again, the 
measured and calculated impedances were very close to each other. 
 
 
 
 The impedance versus frequency response characteristics of the resistor, inductor, and 
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capacitor are shown in Figures 2, 3, and 4; respectively.  Figure 5 shows the frequency response 
of each component on one plot.  A log scale was used on the plots to better show the frequency 
response characteristics. 
 

 
 
 Figure 2 indicates that the impedance of a resistor does not depend on frequency.  This 
linear relation was expected and is consistent with theory. 

 
 

Figure 2 
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 Figure 3 shows an increasing linear relationship between impedance of an inductor versus 
frequency.  Since the plot is a log plot, this linear trend indicates a directly proportional 
relationship between the impedance of an inductor and frequency.  This result was expected and 
is consistent with theory. 

 
 

Figure 3 
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 Figure 4 shows a decreasing linear relationship between the impedance of a capacitor 
versus frequency.  This linear trend indicates there is an inversely proportional relationship 
between the impedance of a capacitor and the frequency.  This result was also expected and is 
consistent with theory. 

 
 

Figure 4 



 161 

 
 
 Figure 5  demonstrates the differences in frequency response characteristics of  the circuit 
elements on one plot.  The impedance of a resistor does not vary with frequency and the 
frequency response of the inductor and capacitor are nearly opposite reciprocals of each other. 
 
Conclusions: 
 
 This experiment has demonstrated that the impedance of a resistor is not dependent on 
frequency, the reactance of an inductor is proportional to frequency, and the reactance of a 
capacitor is inversely proportional to frequency.  All of these results were consistent with theory 
which indicates the experiment was run well and that the theory is correct.  The slight deviations 
between the measured impedances and the theoretical impedances was due to resistance in the 
wires and the tolerances of the components themselves. 
 
Comments on the Laboratory Report: 
 While this is a generally good report by one of the best students we have had at Wilkes, 
there are numerous things that could have been done better: 

1.  The abstract needs to be of a different style that will set it off from the rest of the report.  
An abstract is not really part of the report proper.  Often the abstract is in bold type, it is 
not numbered, and the indentation may vary from the rest of the report. 

2. Furthermore, the author has no introduction (other than the abstract).  The abstract is 
written as if to serve as an introduction as well as being an abstract of the whole exercise.  
That leaves the first sentence of the body of the report as, “The test circuit was 

Figure 5 
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constructed as shown in Figure 1.”  The test circuit for what?  An introduction is needed 
to say what the exercise is about.  An abstract does not count!  It is not really part of the 
report proper.  If the laboratory exercise is an “experiment”, as in this case, where a 
laboratory result is to be compared to theory, then the hypothesis ought to be clearly 
stated before getting into the particulars about what was done in the laboratory. 

3. The figures and tables, with their titles, should be centered. 
4. Figures 2, 3, and 4 have titles above rather than below the figure.  The figure numbers 

and titles should be in the same size and font as the document text.  The figures also are 
grey rather than black, and make unnecessary use of color.  When there is only one set of 
data being plotted, a “legend” is unnecessary, and should be omitted, since the title will 
explain what is plotted in the graph.  A legend is appropriate for Figure 5, but could have 
been placed in an unused corner to avoid the large mostly blank area on the right.  That 
would allow the graph to be larger.  For these graphs, given that a straight line is 
expected, I’d think a line connecting the points would be appropriate.  In figures 2, 4, and 
5, the lowest decade of frequency, 1Hz to 10Hz, which contains no data, should have 
been omitted, both on the general principle of not wasting space and to be consistent with 
the other figure, number 3. 

5. I believe the laboratory exercise instructions explicitly called for the vertical axis of these 
graphs to be the logarithm of impedance, rather than impedance plotted on a log scale.  
The latter would normally be preferred, as is done for the frequency axis. 

6. The three tables seem to have been done by building a table in a spreadsheet program 
(perhaps Excel) then taking screen shots to produce some other sort of images (perhaps 
.jpg), that were then pasted into the report.  This doesn’t give as good visual resolution as 
directly building tables in Word or pasting in tables rather than images from another 
application.  (The effects are most noticeable if you try to re-size the graphic object.) 

7. The equation numbers should be flush against the right margin (right justified). 
8. The student uses the term “lab decade resistor, inductor, and capacitor boxes.”  The 

correct term is “substitution boxes”, for a selectable value component in a box of the sort 
used in the laboratories.  The word “laboratory” should normally be spelled out fully in a 
formal report. 

9. In several places a lot of blank space is left at the bottom of the page.  Generally this is 
undesirable, and things can be shifted to avoid this, with other material following filling 
in the gap until the next page.  Sometimes the sizes of figures and breaks can be modified 
to help make a good fit.  However, it is possible that the explicit formatting instructions 
demand that a figure or table immediately follow the callout paragraph, wasted space or 
not, leaving no choice.  The hanging two last words of the paragraph before Figure 2 look 
odd; I’d have omitted an earlier space so that the entire paragraph would be together. 

10. In the conclusions paragraph, the term “Reactance” rather than “Impedance” is used in 
discussing the characteristics of the capacitor and inductor.  Yet, throughout most of the 
report, the term “impedance” is used instead (for example, in Figure 5).  The author does 
not distinguish or make clear what the difference is, and treats them the two terms as 
synonymous.  That’s not quite correct. 
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Lab 7 
 

ME 326 Heat and Mass Transfer Laboratory 
 

Experiment RD3:  View Factor 
 

Written by: 
<name> 

 
Submitted to Dr. Bednarz 

 
10/31/12 

 



 

Abstract: 
 This experiment investigated the view factor for a rectangular aperture.  
Experiment was compared to theory by inspection which yielded a reasonable match. 
 
Introduction: 
 The view factor is a quantity that relates the fraction of the radiation leaving 
surface i that is intercepted by surface j.  The relationship is purely geometric and can be 
found analytically for simple cases.  For complex cases the relationship is often found 
numerically or by experiment.  This experiment investigated the view factor for a flat, 
black plate, and the radiometer. 
 
Procedure and Experimental Data: 
 This experiment used the Radiation Heat Transfer Apparatus.  The black plate 
was placed 50 mm from the radiation source.  The adjustable aperture plate was placd 
200 mm from the radiation source.  The radiometer was placed 300 mm from the 
radiation source.  The radiation source power was set to ~60%.  This caused the steady-
state temperature of the black plate to be 107 degrees Celsius.  The ambient temperature 
was 22 degrees Celsius.  Once steady-state was reached radiometer readings were taken 
for multiple aperture widths.  The experimental data is in Table 1 below. 

Table 1:  Experimental Data 

 
 
Results, Discussions, and Analysis: 
 For an arbitrary shape and arbitrary size, the view factor is given by equation 1 
(Kalim): 

𝐹56 =
2
78

9:;<89:;<=
>%?

𝑑𝐴5𝑑𝐴67=78
     (1) 

  
 Equation 1 is difficult to use in many situations.  For this situations, the view 
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factor can be written in terms of radiation heat transfer (Kalim): 

𝑞2C = 𝐹2DC𝐴2𝜖2𝜎(𝑇2I − 𝑇CI)     (2) 

Because the emissivity of the black plate is unity and the temperature of the radiometer 
is constant and close to room temperature, equation 2 can be simplified to (Kalim): 

𝑞′′2C ≈ 𝐹2DC𝜎(𝑇2I − 𝑇NI)     (3) 

 Solving this equation for the view factor yields: 

𝐹2DC =
OPPQ?

R(SQTDSUT)
      (4) 

 Equation 4 was used to calculate the view factor for this situation.  The value for 
q''12 is 5.59 times greater than the reading obtained from the radiometer.  This 
relationship was given by the lab maual.  The calculations for the view factor for each 
aperture width is in Table 2 below. 

 
Table 2:  View Factors 

Sample Calculations
Source Power:391𝑊 = 60 ∗ 5.59

View Factor:0.520 = _`2
a.bc(2d)ef∗((2dcgCc_)TD(CCgCc_)T)

 

 
 Various solutions to equation 1 are tabulated in Table 13.1, page 865 (Incropera, 
Bergman, Lavine, DeWitt).    The solution for this problem is given by the parallel plates 
with midlines connected by the perpendicular case (equation 5). 

𝐹56 =
[(i8gi=)?gI]Q ?D[(i=Di8)?gI]Q ?

Ci8
   (5) 

𝑊5 =
k8
/
;𝑊6 =

k=
/

     (6) 

 Where wi is the width of the aperture, wj is the width of the black plate, and L is 
the distance between the aperture and the plate.  This theoretical relationship was 
compared to experiment by graphing the experimental view factors as a function of 
aperture size.  This is in Figure 1 below. 
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 Figure 1 indicates an approximately linear relationship between and aperture size 
of 0 to 50 mm with a limiting value of 70 W/m2 for values greater than 50 mm.  
Equation 5 is approximately linear for sufficiently large wi and wj and has a limiting 
factor of 1.  Although the limiting factors are different, equation 5 and Figure 1 behave 
similarly.  This suggests equation 5 is fair model for this situation. 
 Finally, the view factor for an enclosure can be shown to equal 1 by the the 
conservation of energy.  The view factor represents the fraction of received radiation to 
the fraction of emitted radiation.  For each surface in an enclosure: 

𝐹56 = 𝑛,𝑊ℎ𝑒𝑟𝑒0 < 𝑛 < 1     (7) 

 However, by conservation of energy the emitted radiation in an enclosure must 
be equivalent to the absorbed radiation in the enclosure.  If the emitted radiation is 
assumed to be 1 W/m2, the absorbed radiation must be 1 W/m2.  Because the view factor 
represents the fraction of this 1 W/m2 each surface receives and the total radiation 
received must be 1 W/m2, it follows from the conservation of energy that: 

s
5t2 𝐹56 = 1      (8) 

Figure 1: Radiation as a 
Function of Aperture Width 
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Practical Applications: 
 The view factor is important for the design of forges and furnaces.  These devices 
operate at high temperatures and radiative heat transfer is the primary method of heat 
loss.  Furthermore, these devices require doors to allow the loading of material.  These 
doors act like the apertures investigated in this experiment.  Their shape will dictate 
their view factor.  A knowledge of view factors will allow forge and furnace doors to be 
designed that minimize the view factor for a given shape.  This will minimize the 
radiation losses from the doors and reduce the operating costs of the forges and 
furnaces. 
 
Conclusions: 
 This experiment examined the view factor for radiation through a rectangular 
aperture.  The view factor was calculated for each aperture width.  The received 
radiation as a function of aperture width was plotted and this was compared to equation 
5 by inspection. 
 
References: 
[1]  Incropera, Frank P., Theodore L. Bergman, Adrienne S. Lavine, and David P. DeWitt. 

 Fundamentals Of Heat And Mass Transfer. 7th ed. Hoboken: Wiley, 2011. Print. 

[2] Kalim, Perwez. Heat and Mass Transfer Lab Laboratory Manual. 5th . Wilkes-Barre, PA: 

 Wilkes University, 2011. Print. 

Comments: 
1.  In the procedure, the “Radiation Heat Transfer Apparatus” was called out but no 

reference to a description was given.  In a formal report a citation or other reference 
allowing the reader to find a description is normally needed, perhaps just reference [2]. 

2. The tables used seem to be images.  These were originally in an .odt document, and may 
have been converted on conversion, which is not a problem for the original. 

3. The Figure 1 title was correct in the original (an .odt document) but was messed up when 
transferred to Word.  That was not a problem in the original. 

4. Connected data points for Figure 1 seem preferable. 
5. This laboratory exercise seems at first more of a characterization than experiment.  

Statement of the hypothesis before procedure and data, would help.  As it is, the 
hypothesis first appears in the results section. 

6. The conclusion does not say anything about to what extent the experimental data was 
consistent with the hypothesis.  



 168 

 

 

 

 
 

Lab # 3 
 

Experiment # CV1 
Stefan-Boltzmann Law 

 
<name> 

 
 

18 September 2013 
 

ME 326, Section B 
Heat and Mass Transfer Lab 

Group 2 
 

Dr. Bednarz 
 

 

 

 

 



 169 

Abstract 

 The main purpose of the lab was to verify the accuracy of the Stefan-Boltzmann Law, as 

well as the Stefan-Boltzmann constant, denoted s.  A black plate, connected to a thermocouple, 

was heated by a radiation source where a nearby radiometer detected the heat flux from the plate.  

A console that displayed the temperature and heat flux of the plate also controlled the percentage 

of power to the radiation source.  Temperature of the surface, heat flux, and power setting were 

recorded for two separate trials of which five sub-trials were taken for both of the trials.  The 

radiometer was stationed at 110 mm (trial 1) and 220 mm (trial 2) from the radiation source, 

while the black plate was held at a constant distance of 50 mm.  The power setting was varied 

from 50%-90% to alter the temperature and heat flux for the trials.  For the first trial, the percent 

error was 11.68% when the experimental and theoretical Stefan-Boltzmann constants were 

compared.  However, for the second trial, the percent error was much higher—60.6%.  The 

calculated Stefan-Boltzmann constants for each trial were never more than a few tenths apart, 

meaning that the behavior of the experiment was stable and predictable.  
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Introduction   

 In applications of radiation, the heat flux generated by a surface is proportional to the 

fourth power of absolute temperature.  The constant that relates to this proportionality is called 

the Stefan-Boltzmann constant (s) and has been scientifically and experimentally proven to be 

5.67*10-8 W/(m2K4).  It is similar to conduction and convection coefficients, but differs because 

the surface or fluid interfaces do not affect the heat flux generated—the coefficient is always 

constant.  The Stefan-Boltzmann Law relates the absolute temperature of the object minus the 

surrounding temperature with the heat flux.  When performing the experiment, a black plate was 

set in front of the radiation source and the temperature of the plate was recorded as the radiation 

increased.  To note, the radiation recorded by the radiometer was not the actual heat being 

generated over the face of the plate.  Instead, the plate had a geometrical factor as to how the 

heat was dispersed over the plate.  So the heat flux was to be multiplied by a factor of 5.59R.  

For the entire experiment, the constant of proportionality was calculated and compared to the 

known value for each trial, while the behavior of the radiation was analyzed in a graphical 

format [1].  

 

Procedure and Experimental Data      

 The setup of the Stefan-Boltzmann Law used a radiation source, a mounted adjustable 

track integrated with a measuring stick, a radiometer, and a black plate.  A console that displayed 

plate temperature and radiation heat flux values had lead wires from a radiometer and a 

thermocouple connected to the ports of these displays.  The black plate was mounted on the track 

50 mm away from the radiation source.  Thermocouples, which sense temperature, were attached 

to the plate.  Since the plate and air were in thermal equilibrium, the surrounding temperature 

could be recorded before heating the plate.  The surrounding temperature was recorded at 

Tsurr=26oC.  This value would later be used in determining the Stefan-Boltzmann constant.  

Positioning the radiometer 110 mm away from the radiation source, it was connected to the 

console’s display and set facing towards the plate to detect heat flux.  The console had a knob to 

adjust the percentage of power being delivered to the radiation source.  Using this knob, five 

trials were done while varying the power to the heat source in increments of 10% beginning at 
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50% power and ending at 90%.  This in turn altered the temperature and heat flux readings of the 

plate, which were recorded in a tabular format.  A second trial was repeated with the black plate 

at the same distance of 50 mm from the radiation source while the radiometer was moved to 220 

mm.  Instead of setting the dial back to 50%, the first temperature, heat flux, and setting readings 

were taken at 90% power and worked backwards to 50% in decrements of 10%.  Tables 1 and 2 

show the two trials recorded data as well as units to the values. 

Table 1.  Experimental Data for Trial 1. 
Temperature (oC) R (W/m2) Setting 

65 60 50% 
81 89 60% 
91 109 70% 
118 175 80% 
142 245 90% 

 
Table 2. Experimental Data for Trial 2. 

Temperature (oC) R (W/m2) Setting 
85 54 50% 
101 73 60% 
112 88 70% 
134 122 80% 
143 140 90% 

 
 
Results, Discussion, and Analysis 

 The results obtained from the radiometer and thermocouples were accurate for the first 

trial.  However, the second trial was less accurate but followed a similar behavior as that of the 

first.  As the radiation source increased its thermal output, the plate increased in temperature 

thereby increasing the radiation detected by the radiometer.  In order to properly calculate the 

Stefan-Boltzmann constant, the temperature was converted to the absolute scale, or Kelvin, and 

the recorded radiation was modified by the geometrical factor of the black plate.  Equations 1 

through 3 show the modification factors and how to calculate the Stefan-Boltzmann constant.   

 

𝐾𝑒𝑙𝑣𝑖𝑛 = 273.15 + 𝐶𝑒𝑙𝑠𝑖𝑢𝑠    (1) 

𝑞~" = 5.59 ∗ 𝑅     (2) 

𝜎 = O�"
S��U��
T DS$���T      (3)	  
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Sample Calculations: 

Using Trial 1, 50% power setting, the temperature was converted to Kelvin (equation 1) and the 

detected radiation was modified with the geometric factor (equation 2). 

273.15 + 65�𝐶 = 338.15	𝐾								𝑎𝑛𝑑							273.15 + 26�𝐶 = 299.15	𝐾 

5.59 ∗ 60
𝑊
𝑚C = 335.40

𝑊
𝑚C 

Afterwards, using this information and the recorded surrounding temperature (26oC), the Stefan-

Boltzmann constant was calculated (equation 3). 

𝜎 =
𝑞~"

𝑇��N��I − 𝑇����I =
335.40

338.15I − 299.15I = 6.62 ∗ 10D�
𝑊

𝑚C𝐾I 

 

An average value for the constant s was calculated to compare with the known value 5.67*10-8 

W/(m2 K4).1  Table 3 shows the modified data for this experiment.   

Table 3.  Modified data for Trials 1 and 2. 
Trial 1 Trial 2 

Temperature (K) qb" (W/m2) Temperature (K) qb" (W/m2) 
338.15 335.40 358.15 301.86 
354.15 497.51 374.15 408.07 
364.15 609.31 385.15 491.92 
391.15 978.25 407.15 681.98 
415.15 1369.55 416.15 782.60 

 

The calculated Stefan-Boltzmann constant for the first trial was close to the known value of 

5.67*10-8 W/(m2 K4).  However, the second trial was not as accurate and provided a high percent 

error for the experiment.  Shown below is Table 4 which has the calculated Stefan-Boltzmann 

constants for both trials. 
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Table 4.  Calculated Stefan-Boltzmann constants. 
Trial 1 Trial 2 

s (W/(m2 K4)) s (W/(m2 K4)) 
6.62*10-8 3.57*10-8 
6.44*10-8 3.52*10-8 
6.36*10-8 3.51*10-8 
6.35*10-8 3.50*10-8 
6.31*10-8 3.56*10-8 

Average Value 
6.42*10-8 3.53*10-8 

As can be seen from Table 4, Trial 1 is accurate for the Stefan-Boltzmann constant with the 

percent error being 11.68%; however, the second trial is not as accurate with a percentage of 

60.62% error, but there is a legitimate reason as to why the error was so high.  The radiometer 

cannot sense the actual radiation emanating from the plate, but rather it senses the intensity of the 

radiation.  As the radiometer was moved to double the distance, the intensity decreased (due to 

the inverse square law) and thereby lowered the Stefan-Boltzmann constant.  The only way for 

the constant to be calculated accurately and precisely was to have the radiometer pressed against 

the black plate to know the real radiation heat flux being generated.  Figures 1 and 2 give a 

graphical representation of how the temperature to the fourth power relates to the emitted 

radiation. 

 
Figure1.  Radiation versus Temperature for Trial 1.   

 
The y-value points are very large making the spacing look linear rather than parabolic.  The 

parabola is fitted with a polynomial equation and a statistical R2 term. 
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Figure 2.  Radiation versus Temperature for Trial 2.  

  
The y-value points are very large making the spacing look linear rather than parabolic.  The 

parabola is fitted with a polynomial equation and a statistical R2 term.  
 

From both Figures 1 and 2, the R2 value is one or nearly one.  In statistics, the R2 value is 

an indicator for the variance of all the points in a model.  The farther it is from one, or 100%, the 

more variability in an experiment [1].  For the first trial, the R2 term came perfectly to one 

meaning that there was no variance in the recorded points.  The lack of error in this part of the 

experiment was due to how close the radiometer was to the plate and that it started in equilibrium 

at the beginning of the experiment.  Figure 2 shows that the R2 term was nearly one, two ten 

thousandths off, and showed little variance in the recorded points.  This value was so close to 

one that it could be assumed that there is no variance.  The error in the second trial was due to 

starting at 90% power and letting the plate cool as the setting was adjusted downwards.  If the 

plate did not cool enough before each reading, the temperature and radiation would be greater 

than the equilibrium point.  Overall, the Stefan-Boltzmann Law of radiation experiment was 

accurate numerically, graphically, and behaviorally. 
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Practical Application      

 One application of the Stefan-Boltzmann Law is increasing microwave efficiency.  A 

heat retentive plate made from ceramic or other materials that absorb electromagnetic radiation 

can be used in a microwave [2].  As the plate heats up from microwave bombardment, the 

microwave’s empty space containing air heats from convection with the plate.  Over time (within 

30 seconds) the air and plate come to almost the same temperature, with only minimal heat loss 

through the walls of the oven [2].  Using the Stefan-Boltzmann equation to determine the heat 

loss occurring in the microwave, it can be seen that the plate and surrounding temperature are 

nearly equal, thus reducing the overall heat loss in the microwave oven.  

 

Conclusion  

 Both behavioral and numerical data to the Stefan-Boltzmann Law experiment were 

accurate.  As the radiation power source increased the surface temperature of the black plate, the 

radiation heat flux increased.  Moving the radiometer further from the plate lessened the 

radiation sensed by the radiometer due to the thermal intensity decreasing.  After graphing the 

recorded points for each trial, it was determined that the relationship between the temperature to 

the fourth power and radiation had significant accuracy.  The statistical R2 term was one or 

nearly one for both Figures 1 and 2 meaning that the points would not deviate from the equation 

or trend line.  The calculated results were also successful in that the first trial came very close to 

the known Stefan-Boltzmann constant, 6.42*10-8 versus 5.67*10-8 W/(m2 K4), yielding a percent 

error of 11.68%.  The second trial result of 3.53*10-8 versus the actual 5.67*10-8 W/(m2 K4) was 

not accurate, displaying an error of 60.62%.  However, due to the radiometer measuring intensity 

of radiation and not the actual heat flux from the plate, the constant was expected to decrease.  

The error could have been further reduced if the radiometer was closer to the plate during the 

second trial.  Overall, the Stefan-Boltzmann Law of radiation was proved successfully by this 

experiment. 
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Comments: 
 This is a “good report” by a good student.  However, improvements that could be made: 

1. The abstract is set off by being on its own page.  That is good.  It also is not serving as 
the introduction; a separate introduction section follows.  It still might have been helpful 
to set the abstract style off somehow, such as the use of bold type. 

2. The informal word “lab”, used in the first sentence of the abstract, is better replaced by 
“laboratory exercise” if it refers to that, or to “laboratory facility,” if the room is meant. 

3. Needed commas are omitted in several places, notably in the introduction. 
4. The introduction paragraph needs to be divided into two pertaining to two different 

thoughts.  The first paragraph states the hypothesis, the physical principle to be tested in 
the experiment.  Starting with, “When performing the experiment …” describes the 
experimental approach.  As a different subject, it ought to have its own paragraph. 

5. The first line of the Procedure section begins with, “The setup of the Stefan-Boltzmann 
Law used …”  I think “setup” must be a favorite word among engineering students.  It is 
so vague it can mean anything.  A more explicit term for the laboratory test equipment 
configuration is needed, if that is what is meant.  In addition, the phrase “setup of the 
Stefan-Boltzmann Law” implies that it is the “setup” of the “Law” itself, rather than 
some experimental apparatus, that is under discussion.  (The vagueness of the term 
“setup” could mean it applies to the typeface and layout of the equation itself!)  Yes, the 
rest of the sentence allows a reasonably intelligent reader to figure out what is going on, 
but it is better to use English with precision.  “The experiment equipment configuration 
to test the Stefan-Boltzmann Law …” would be better.  “Used” is also an overly vague 
term that is popular, but wording with greater specificity is preferred.  In this case, 
without a complete rewrite, “included” might be marginally better.  The first sentence of 
any section or paragraph is usually the most important; it’s worth investing the effort to 
convey the intent as clearly as possible. 

6. The Procedure section paragraph is too long, and needs to be broken up.  The point at 
which discussion turns from configuration to conducting the exercise and collecting data 
would be a good place for a break to a new paragraph.  A figure showing the 
experimental configuration would have been most helpful. 

7. In equations one, units of “degrees” should have been attached to the constant.  In 
equation two units are also needed.  Similarly, in the sample calculations that follow, 
units need to be attached to all constants and calculated values. 

8. Indentation is inconsistent; sometimes paragraphs are indented, at other times not. 
9. Figures 1 and 2 have formatting problems.  There should be no outer frame.  There are no 

vertical grid lines.  The “goodness of fit” information should be in the text rather than as 
part of the figure.  (In this report the author at least makes good use of this information; 
in some reports it is shown in a figure but never discussed.) 

10. The use of scientific notation is customary for expressing the Stefan-Boltzmann constant.  
The author of this paper does a good job of using unit prefixes like mm as a good 
alternative for scientific notation throughout the paper where appropriate.  
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Field Effect Transistor Characterization 

EE251  Laboratory Report #3 
<name> 

May 26, 2008 
 
Abstract 
 The low frequency characteristics of the 2N7000 N channel MOS Transistor were 
measured and compared to published data for this transistor and the characterization of 
the transistor in PSpice using the published data.  The characteristics found in the 
laboratory were found to be inconsistent with the data for reasons that are not yet 
understood. 
 
1.  Procedure 
 The 2N7000 transistor (TO-92 package version) was characterized in the Electronics 
Laboratory of Wilkes University using the circuit shown in Figure 1.  The function generator 
used was the Tektronix model AGF 32022 Arbitrary Function generator; the power supply was 
the Aligent E3630A DC Power Supply, and the oscilloscope the Tektronix TDS2014.  The signal 
generator was set to give its maximum sawtooth amplitude between zero and approximately 10 
Volts.  This particular signal generator can be operated with a floating ground (reference) which 
was particularly useful for this exercise.  The DC Voltage at the gate was varied by changing the 
setting of the potentiometer R2, with the Voltage measured using a Jameco model JE110 Digital 
Multimeter.  For four Voltages from 2.0 Volts to 4.0 Volts, the characteristic curve was 
displayed on the oscilloscope with the X axis (channel 1) being the drain Voltage, and the Y axis 
being the Voltage across R3 in the drain circuit, which was proportional to drain current.  The 
polarity of the current measuring Voltage was reversed in order to render the normal display.  
Data from each curve were recorded for later analysis. 
 

 
Figure 1  MOSFET Characterization Circuit 

 
2.  Results 
 The data recorded is given in Table 1.  This data was derived from readings of the 
oscilloscope.  the inverted channel 2 Voltage measurements for drain current, ID, were converted 
by dividing the Channel 2 Voltage by 1K Ohms to get currents in mA.  Direct reading from the 
oscilloscope to a computer data file was not attempted because of the noise on the current 
readings.  The tabulated data is plotted in Figure 2 as the transistor characteristic curves. 
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Table 1  Transistor characteristic data as observed 

Gate Voltage Drain Voltage Drain Current 
      (Volts)        (Volts)      (mAmperes) 

1.5  for all  0.000 
2.0  0.0  0.000 
2.0  1.0  0.005 
2.0  2.0  0.006 
2.0  3.0  0.006 
2.0  4.0  0.007 
2.0  5.0  0.007 
2.0  6.0  0.008 
2.0  7.0  0.008 
2.5  0.0  0.000 
2.5  1.0  0.015 
2.5  2.0  0.025 
2.5  3.0  0.030 
2.5  4.0  0.032 
2.5  5.0  0.033 
2.5  6.0  0.034 
2.5  7.0  0.035 
3.0  0.0  0.000 
3.0  1.0  0.038 
3.0  2.0  0.052 
3.0  3.0  0.060 
3.0  4.0  0.065 
3.0  5.0  0.070 
3.0  6.0  0.073 
3.0  7.0  0.073 
4.0  0.0  0.000 
4.0  1.0  0.10 
4.0  2.0  0.15 
4.0  3.0  0.18 
4.0  4.0  0.20 
4.0  5.0  0.20 
4.0  6.0  0.20 
4.0  7.0  0.20 

 
 The desired characteristics of the transistor are VTN, the gate turn-on Voltage, and Kn, the 
parameter that characterizes the drain current as a function of Gate Voltage VGS.  The 
relationship for the saturated region, where VGS < VDS, is given in Equation 1 (Jaeger and 
Blalock): 
 

ID = (Kn /2) (VGS – VTN ) 2     (1) 
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In order to estimate the values of these parameters, the square root of ID was plotted against VGS, 
as shown in Figure 3, giving what should be a straight line. 

 
Figure 2  Observed transistor Characteristics 

 

 
Figure 3  Plot of square root of drain current versus gate Voltage for saturated region 

 
Using Figure 3 it is found that VTN is about 1.6 Volts.  The line was calculated to have an 

average slope of 0.179 mA½/V.  For each point an x intercept was calculated.  Averaging all of 
these gives VTN=1.52, assumed to be closer than the graphical estimate.  Kn was calculated for 
each point in the saturated region (VDS = 3V or more) using this VTN value and the corresponding 
ID and VGS using Equation 2.  The numbers averaged, to give Kn=.054mA/V2. 

 



 180 

Kn = 2 ID /(VGS – VTN ) 2     (2) 
 
 The values for ID for the largest VGS showed little fluctuation in the saturated region, 
suggesting that any attempt to find l, the rate of change of ID with respect to VDS, are suspect.  
The slope if ID from VDS = 3V to 7 V was used to calculate a supposed value for Lambda using 
Equation 3.   
 
   l est = (IDVGS=7V – IDVGS=3V)/(4V IDVGS=3V)   (3) 
 
 The four values were quite different, .08, .04, .05, and .03 V-1 respectively, for each of 
the four different VGS values.  The values for lower VGS were more affected by noise, but the last 
value may be too large from inclusion of the point at VDS=3V, which isn’t quite in the saturated 
region.  A reasonable guess based on these results would be about .04 V-1, with poor accuracy.  
Had VDS been larger or the data better, the estimate would be improved by using the projected ID 
at VGS=0 in the denominator. 
 
3.  Modeling 
 The “Student” version of PSpice does not have the 2N7000 part in its library, so the 
generic NMOS transistor “MBreakN” was modified to match.  The key parameters found on the 
data sheet are shown in Table 2 (Fairchild).  Because of the wide range of possible values for 
VTN (given as VGS(th)),  the value from the characterization above, 1.52V, was used.  Equation 3, 
for transconductance given drain current, was solved to find a Kn of 90 mA/V2 for the typical 
transconductance at .5A of .3S. 
 
   gm = sqrt (2 ID Kn)      (3) 
 

Table 2  Key parameters from Data Sheet 
VGS(th)  Gate Threshold Voltage Minimum .3Volts, Maximum 3.9 Volts  

at VDS=VGS, ID=250µA 
Minimum .4Volts, Maximum 2.2 Volts  
at VDS=VGS, ID=1mA 

gfs  Forward transconductance Minimum .1 S, typical .3S at VDS=15V, ID=.5A 
 
 A PSpice circuit was constructed as shown in Figure 4, and the parameters set to 
represent the characteristics of the 2N7000: VTO 1.52  KP 90mA  LAMBDA .04  A simulation 
run was performed as a DC sweep with V2 varied from 0V to 7V in .01V increments, and V1 
varied from 2.0 to 4.0 Volts in .5 Volt increments, corresponding to the laboratory tests 
performed.  The results are shown in Figure 5.  While the general shape of the curves is not far 
different from that produced from the experimental data, the current scale is far different, by 
three orders of magnitude. 
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Figure 4  PSpice circuit for generating characteristic curves 

 

 
Figure 5  Characteristic curves generated by PSpice using datasheet Kn 

 
 A second PSpice run was made using instead the Kn value of .054 mA / V2 derived from 
the data taken in the laboratory.  The same values were used vor the other PSpice parameters.  
The set of curves generated is shown in Figure 6.  These curves indeed correspond fairly closely 
to the laboratory data as expected, although the top curve is not as flat as the lab data showed.  
(Also, note that these curves include the missing trace for VGS = 3.5 V, a setting that was not 
used in the laboratory.) 
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Figure 6  Characteristic curves using Experimentally determined Kn 

 
4.  Conclusions 
 The laboratory exercise was successful in producing characteristic curves for the 2N7000 
transistor, but the current scale for these curves, and the value of Kn found, differ greatly from 
those of the device data sheet.  The difference is about three orders of magnitude.  This is outside 
the bounds of device variations that can be expected.  Thus, it is not possible to escape the 
conclusion that some error was made in the experimental procedure.  Some of the possibilities 
include: 
 
1.  The oscilloscope scaling was incorrect for the probe for Channel 2.  However, the probes 
have at most a multiplier of x10, so at worst this would result in currents off by one order of 
magnitude, not three. 
 
2.  The currents were incorrectly written down as mA where they should actually have been in 
Amperes.  However, the largest current would then be .2 Amperes which would cause too large 
of a Voltage drop to allow a datum for the point at VGS=4V, VDS=7V. 
 
3.  The transistor may have suffered static or some other kind of damage.  However, this should 
have been apparent from a nonlinear scaling of the VGS values with potentiometer setting, and 
such an effect was not noticed. 
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 At this time, this lab exercise must be regarded as a failure, producing inexplicable 
results.  It needs to be repeated, and the source of the error found.  It would also be useful to 
repeat the PSpice runs using the full version found in the laboratories at Wilkes University, 
which included the 2N7000 part, and see if it is consistent with the data sheet values.  
Unfortunately, at this writing that version is unavailable due to a licensing process failure. 
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Remarks: 
 This is an example of what to do when the experiment fails.  The calculated value of Kn 
was so far off that there was no chance that this was just a random variation; there must have 
been some error.  It is not obvious exactly what the error was.  However, the lab report is due.  
So, in the conclusions, one can only state what has happened as forthrightly as possible, explain 
or suggest possible sources of the problem, and if no explanation can be found, recommend that 
the exercise be repeated. 
 One other thing to note here is the fact that for the Excel graphs, the fonts and font sizes 
were selected to match the document.  The colors were changed to monochrome and grey scale.  
Quite a bit of manipulation was needed for each of these graphs.  The PSpice circuit was pasted 
in with no special care (the colored lines are dark enough to print satisfactorily in monochrome), 
but the two PSpice graphs were originally white and green (or red) on black.  For a report, graphs 
should be black on white.  So, the original images captured from the screen were copied into an 
image manipulation program, Photostudio (which came with a Canon MP800 printer), and the 
negative was taken and then thresholded and saved as a PICT file, which was then inserted into 
Word.  (A JPEG or PNG might be more preferable now.) 
 In this particular report, the modeling followed the experiment procedure and results 
sections, because the modeling was used as an analysis tool, for verification.  If modeling is used 
as a design step, the simulation development and discussion might be better placed ahead of the 
laboratory procedure and results. 
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Abstract: 
 The goal of this experiment was to determine the logarithmic decrement and the natural 
frequency of a traditional bow.  Two cases were considered:  The case where an arrow was fired and 
the case where no arrow was fired (also known as a "dry fire").  A high speed camera recording at 
240 frames per second was used to record the bow firing.  Bow limb position data as a function of 
time was extracted from the video file using an image analysis program (ImageJ) and Scilab.  The 
logarithmic decrement was calculated using Excel while a Scilab script was used to plot a Fourier 
power spectrum to determine the natural frequencies. 
Experimental Setup: 

 
Figure 1:  Experimental Setup 

 Testing equipment was set up as indicated in Figure 1.  The test bow was a fiberglass bow 
with a 25 pound, 30 inch draw.  A bow holder was constructed to hold the bow perpendicular to the 
floor.  This holder was clamped to the bench for stability.  A TruFire arrow release was used to hold 
the bow at a consistent draw length of 14.25 inches.  This draw length is about half of the full draw 
of the bow.  A Casio Exilim series camera recording at 240 frames per second was used to capture a 
video of the bow when fired.  Two inch gridlines on a foam background were used for calibration of 
the image.  The experiment was conducted for the bow firing a standard target arrow and for a dry 
fire. 
Method of Analysis: 
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 Two programs were used to analyze the data for this experiment.  The first one was ImageJ, 
a free image analysis software while the second program was Scilab, an open source program 
comparable to Matlab.  Before the analysis began, the high speed video was converted to a sequence 
of TIFF images like the one in Figure 2 below. 

 
Figure 2:  Original Image 

 The series of TIFF images was opened as a stack in ImageJ.  The images were cropped to 
only show the upper half of the bow then were scaled up to increase their resolution.  After the 
scaling, the two inch grid lines were used to calibrate the pixel distances to actual inch distances.  An 
example of the cropped, scaled image is in Figure 3 below. 

 
Figure 3:  Cropped Scaled Image 

 The scaled images were then converted to 8 bit grayscale images.  A threshold command was 
used to convert the grayscale images into a binary image.  This essentially removed the background 
and made tracking possible.   An example of a binary image is in Figure 4 below.  
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Figure 4:  Binary Bow 

The position of the bow limb was tracked across the horizontal lines indicated in Figure 5. 

 
Figure 5:  Tracking Locations 

 This was accomplished using a "Plot Profile" command.  This command plotted the gray 
values of the image along the line.  Because the image was properly calibrated to the known scale, 
this profile plot tracked the distance in inches the bow limb was along the line.  Macro code found 
online (Appendix A) was used to plot the profile for each image in the image sequence.  The result 
of this plot was a large array (approximately 250x1200) saved as a .csv file.  This same procedure was 
repeated on the dry fired bow images. 
 Conditioning of the ImageJ data was accomplished by writing a script in Scilab (Appendix 
B).  The net result of the script was the creation of a data file that recorded the position of the bow 
limb along the tracking lines as a function of time as well as a plot of this data.  A characteristic plot 
is in Figure 6 below.  The script was run for each tracking location on the bow with arrow and the 
dry fired bow. 
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Figure 6:  Scilab Plot 

 Microsoft Excel was used for subsequent analysis in determining the logarithmic decrement 
and the damping ratio of the bow. 
Experimental Data: 
 Figures 8-10 below are plots of the bow limb position as a function of time.  Figure 7 below 
indicates where the measurements were taken relative to the upright bow. 

 
Figure 7:  Measurement Locations for Bow Firing an Arrow.
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Figure 8:  Bow Fired with Arrow:  Tip 

 
Figure 9:  Bow Fired with Arrow:  Mid 
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Figure 10:  Bow Fired with Arrow:  Base 

 This was repeated for a bow fired without an arrow (a "dry fired bow"). 

 
Figure 11:  Measurement Locations for a Dry Fired Bow 
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Figure 12:  Dry Fired Bow:  Tip 

 
Figure 13:  Dry Fired Bow:  Mid 
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Figure 14:  Dry Fired Bow:  Base 

Results and Analysis: 
 The zero displacement visible in Figures 8, 12, and 13 is due to issues in the data.  The bow 
limbs did not have that great of a displacement.  A comparison between Figures 9 and 12 
demonstrate how the arrow fired bow damped out faster than the dry fired bow.  This was due to 
the bow transferring energy to the arrow.  In the dry fire case all energy was transferred to the bow 
limbs which caused greater amplitude oscillations.  Bow manufacturers warn archers to never dry 
fire bows and these figures support this warning.  
 The data was exported to Microsoft Excel for some quantative analysis. The logarithmic 
decrement was recorded for each case by noting the position and time of each positive peak, and 
adding a linear regression through these points. Generally, five to seven peaks were recorded in each 
case.  Only the base data was analyzed for each firing case as it was thought to better represent the 
behavior of the bow.  Only significant peaks were recorded to avoid confusing noise with legitimate 
data.  The logarithmic decrement is summarized in Figure 15 below. 
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Figure 15:  Logarithmic Decrement 

 The logarithmic decrement represents the -ζωn term in the differential equation.  Assuming 
the natural frequency of the bow is constant (supported by Figures 16 and 17), the damping ratio 
was actually greater for the dry fired bow than the bow firing an arrow. 
 In addition to the logarithmic decrement, the natural frequencies of the bow was determined 
using a Fourier transform.  A script (Appendix C) was used to create the plots for Figures 16 and 17.  
Once again, only the base data was analyzed because it seemed to provide the least noisy signal. 
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Figure 16:  Frequency Spectra (Base) of Bow Fired with Arrow

 
Figure 17:  Frequency Spectra (Base) of Dry Fired Bow 

 This analysis indicates both the arrow fired and dry fired bow have peaks at 120 Hz, 100, 
Hz, and 140 Hz.  The dry-fired bow has additional peaks between 100 Hz and 120 Hz and 120Hz 
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and 140 Hz.  Unsurprisingly, the natural frequency of the bow did not depend on whether or not an 
arrow was fired. 
Conclusion: 
 The analysis above indicates the bow behaves like an underdamped spring mass system. The 
degree to which the system is dampened depends on numerous factors including weight, size, 
material, and in this case, the firing of an arrow. When the bow is dry fired the dampening is 
surprisingly more than when an arrow is fired.  The oscillation of the bow limbs was much greater 
for the dry fire than the arrow fire.  This was because energy was transferred to the arrow rather 
than staying in the limbs of the bow. 
 

 [Note: Each appendix was on a separate page in the original document.] 
 

Appendix A:  ImageJ Plot Profile Macro Code 
// StackProfileData 
// This ImageJ macro gets the profile of all slices in a stack 
// and writes the data to the Results table, one column per slice. 
// Version 1.0, 24-Sep-2010 <name> 
macro "Stack profile Data" { 
if (!(selectionType()==0 || selectionType==5 || selectionType==6)) 
exit("Line or Rectangle Selection Required"); 
setBatchMode(true); 
run("Plot Profile"); 
Plot.getValues(x, y); 
run("Clear Results"); 
for (i=0; i<x.length; i++) 
setResult("x", i, x[i]); 
close(); 
n = nSlices; 
for (slice=1; slice<=n; slice++) { 
showProgress(slice, n); 
setSlice(slice); 
profile = getProfile(); 
sliceLabel = toString(slice); 
sliceData = split(getMetadata("Label"),"\n"); 
if (sliceData.length>0) { 
             line0 = sliceData[0]; 
if (lengthOf(sliceLabel) > 0) 
sliceLabel = sliceLabel+ " ("+ line0 + ")"; 
         } 
for (i=0; i<profile.length; i++) 
setResult(sliceLabel, i, profile[i]); 
     } 
setBatchMode(false); 
updateResults; 
} 
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Appendix B:  Scilab Data Conditioning Script 
//This script is designed to condition the data from ImageJ 
clear 
clc 
clf 
AnalyzeCount=0 
tempmatrix=csvRead('Results.xls',ascii(9))//Read File 
Rows=size(tempmatrix,1)//Rows 
Columns=size(tempmatrix,2)//Columns 
whileAnalyzeCount<Columns-1 
AnalyzeCount=AnalyzeCount+1 
k=0 
bowx=[0] 
whilek<Rows//Looks at the matrix rows 
k=k+1 
iftempmatrix(k,AnalyzeCount+1)>100thenbowx=tempmatrix(k,2) 
end 
end 
iflength(bowx)>0thenBowCoordinate(AnalyzeCount)=sum(bowx)/length(bowx) 
elseBowCoordinate(AnalyzeCount)=0 
end 
end 
time=1:Columns-1; 
plot(time./240,BowCoordinate) 
xlabel('Time in Seconds') 
ylabel('Displacement in Inches') 

Appendix C:  Fourier Transform Code 
//Fourier Analysis Code 
clear 
clc 
clf 
y=[]; 
samplerate=240; //Sample Rate per Second 
Data=csvRead('BowLocation.csv'); 
for i=1:size(Data,1) 
    y(i)=Data(i,2) 
end 
fouriertransform=fftshift(fft(y)); 
n=1:size(Data,1); 
magnitude=log10(abs(fouriertransform)) 
frequency=n*(samplerate/size(Data,1)) 
plot(frequency,magnitude) 
title('Frequency Spectra of Bow Oscillations') 
ylabel('Common Log of Magnitude') 
xlabel('Frequency (Hz)')  
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Comments: 
 This is a nice report overall, but there are some issues which are a bit problematic. 

1.  The Abstract is used as if it is also an Introduction section.  An Abstract is not part of the 
report body.  The report should be complete without the abstract.  That’s not the case 
here.  If you start reading the report starting immediately after the abstract, you don’t 
understand what it is all about.  An abstract is a short summary that stands independently.  
It is normally formatted differently, often in a bold font.  The abstract normally includes a 
brief qualitative summary of results.  An introduction normally gives a much more 
detailed background and motivation for the laboratory exercise. 

2. This characterization exercise is described as an “experiment”, which isn’t quite the case 
because there is no hypothesis that is being tested.  The term “experiment” is sometimes 
used for an open-ended exercise with no hypothesis when some unknown is to be 
determined, but this exercise is more properly a characterization. 

3. Figure 1 should follow the callout rather than precede it. 
4. No reference or source is given in the “Experimental Setup” section for the arrow and 

camera particulars, which might have been helpful.  (“Procedure” probably would have 
been a better title for this section, since it addresses more than just the apparatus: also 
how it was used.) 

5. The labeling (axis labels, numbers) for Figure 6 are too small.  Those for Figures 8-10 
and 12-14 are marginal: larger would be better. 

6. Figure 15 should not have a title at the top as well as the bottom, and should not be 
boxed.  No units are given for position.  The correlation expressions shown on the graph 
are never mentioned, and should be omitted unless explicitly discussed.  No legend is 
given for “Linear Bow Amplitude w/o [without] arrow.” 

7. There is a good bit of blank space at the bottom of many pages.  On the other hand, 
spaces between figure titles and the following text, and between the text and a following 
figure, are highly desirable.  Some engineering of the layout might have allowed a more 
easily readable paper and perhaps squeezed the length down by a page.  (For this manual 
the separate pages for the different appendices were consolidated to save a page.) 

8. While this report uses color unnecessarily, the colors used are ones which should print 
OK in monochrome. 
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<name> 
2/27/2013 
 
Experiment 9a:  The No Load Cantilevered Beam Modeled as a Spring/Mass  System—
Effective Mass Considerations          (Application:  Piper Cub Airplane Wing) 
 
Purpose: 
 
 To model the no load cantilevered beam as a spring mass/system to obtain an equivalent 
effective mass of the beam in a spring mass context. 
 
Questions: 
 
1.) The natural frequency of an undamped spring mass system is: 

𝜔s =
�������8��
�������8��

      (1) 

 Solving this for m yields: 
𝑚������5�� =

�������8��
3�?

       (2) 
 The spring constant of the beam is given by: 

𝑘������5�� =
�~ ¡

I¢¡
      (3) 

 Experimentally, the natural frequency is given by: 
𝜔s =

C>
S

       (4) 
 Substituting equations 3 and 4 into equation 1 yields: 

𝑚������5�� =
£�¤¡

T¥¡
?¦
§

?       (5) 

 Simplifying yields: 
 

𝑚������5�� =
S?�~ ¡

>?/¡
      (6) 

2.) Expected Slope Calculation:
. 144 = .028 ∗ .0018 ∗ 2700 

 
The expected slope is the linear density of the aluminum.  This experiment has demonstrated that 
the effective linear density for the vibrating beam is much less than its actual density. 
 
Data: 
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Table I:  Results 

 
Table II:  Slope and Linear Fit 

 

 
 

Figure 
1: Effective Mass as a Function of Length for Equation 7 
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Conclusions: 
  
 This experiment has demonstrated how the lineal density of a vibrating beam is less than 
its actual lineal density.  While this is a curious discovery it may not be valid.  This lab required 
the static deflection to be computed from the natural frequency.  This requirement means 
Equations 7 and 8 in the manual are coupled, explaining why identical results were calculated 
from each equation.  The data may be in error due to this coupling. 
 
 
Comments: 
 This seems more of an informal report than a formal report.  It does not have an abstract.  
There is no description of the experimental apparatus or procedure.  The results are presented in 
tabular form with no text and callouts.  This is all perhaps acceptable in an informal report.  I say 
“perhaps” because expectations for an informal report are much more open to interpretation and 
possible misunderstanding.  Just what is an “Informal Report”?  It could be anything from filling 
out a form to something just short of all the requirements of a formal report.  If you are asked for 
an informal report, be sure you know exactly what the expectations are.  In any case, even for an 
informal report, correct annotations and formatting of graphs and tables is still required, and you 
must use proper units for data.  Generally, an informal report will require a conclusions section, 
and it may require an abstract (though, apparently, not in this case). 
 This document was converted from an “.odt” file (LibreOffice application for word 
processing) which is why the tables were converted from the original document to jpg files in 
order to be inserted into this Word document.  The misalignment of the title for Figure 1 is also 
an artifact of conversion to a Word document from the original, which was correct. 

Figure 2: Effective Mass as a Function of Length for Equation 8 
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 Putting the goodness of fit equations on the graphs would normally not be done in a 
formal report; they would be in the text.  For this informal report, with no text in the results 
section, the placement used is satisfactory.  
 This exercise is on a blurry line between an “experiment” and a “characterization”.  
Calling it an “experiment” is appropriate because the performance is compared to what theory 
predicts.  The implicit hypothesis is that theory accurately predicts the behavior.  In this case, 
there is a significant difference between theory and experimental results.  The reader wonders, 
“Why?”  Some discussion is given to the issue, but no method for resolving the discrepancy is 
recommended. 
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Traffic Signal Controller 

Laboratory Report for Exercise #9 
EE241  Digital Design 

 
<name> 

Wilkes University 
May 29, 2008 

 
Abstract 
 A traffic light controller for an intersection of three roads (five corners) was 
designed using conventional sequential design techniques, and implemented with Low 
Power Schottky TTL logic.  The design was simulated with Logicworks 3 but the 
simulation results were incorrect.  However, the circuit was built and tested, and found to 
operate in a correct manner matching the requirements specified for the intersection. 
 
1.  Background 
 Brook Road, Laburnum Avenue, and Fauquier Avenue form an important intersection in 
northern Richmond, Virginia.  The first two roads are heavily used, but Faquier has only light 
traffic.  So, a traffic light controller design for this intersection was needed that would be 
sensitive to traffic conditions.  The design was to be used for instruction in the class EE241, to be 
implemented by students, so reasonable simplifications were considered acceptable, including 
use of the same time for Green lights for both of the main streets and Fauquier, and the Yellow 
timing could also be used if desired for Fauquier Green timing, although this was not done. 
 
2.  Specification 
 The intersection is shown in Figure 1.  Fauquier is to get a Green signal only when an 
automobile is detected on the inductive sensor embedded in the pavement of that road, and that 
Green cycle may add to the overall light cycle time.  The signals are not synchronized to other 
signals.  No delay between a light turning Red in one direction is needed before it turns Green 
for another direction. 
 

              
Figure 1  The intersection 
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3.  Design 
 The system outputs are the signals to the traffic lights.  Since both directions of a given 
street get the same signal, the different output signals can be simplified to those listed in Table 1.  
Furthermore, the Red signals can be considered combinational functions of the Green and 
Yellow signals, simplifying the design of the sequential machine that controls the traffic signal.  
There is only one input to the system, the vehicle sensor, identified as signal XS.  However, 
timers are needed for the Yellow as well as the Green lights.  In the interest of simplicity, the 
decision was made to give Fauquier Ave. the same length Green as the other streets.  These 
timers can be implemented as monostable multivibrators (one – shots) outside the sequential 
controller proper.  The timer triggers are identified as TG and TY for Green and Yellow 
respectively, and their outputs as XG and XY.  The resulting block diagram of the overall system 
is shown in Figure 2. 

Table 1  Output signals 
Output  Output 
Signal  Signal 
Name  Identity 
BR  Brook Road Red 
BY     Brook Road Yellow 
BG    Brook Road Green 
LR  Laburnum Ave. Red 
LY    Laburnum Ave. Yellow 
LG    Laburnum Ave. Green 
FR  Fauquier Ave. Red 
FY    Fauquier Ave. Yellow 
FG    Fauquier Ave. Green 
 

 
Figure 2  System Block Diagram 

 
     3.1  Output logic design 
 The design of the Red Logic is very straightforward.  Each Red is on whenever neither 
the Green nor yellow is on for that direction.  This gives the Red output equations given in Table 
2. 

  Table 2  Red Output Equations 
BR = (BG + BY)’ 
LR = (LG + LY)’ 
FR = (FG + FY)’ 
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3.2  Timer design 
 Design of the one-shots is a matter of choosing the time for each, and then selecting the 
component values for R and C to give the required delay.  Since the design is to use 74LS parts, 
the 74LS123 was selected because it incorporates two one shots into a single package.  The time 
delay is specified as a function of the R and C values connected to each section of the device is 
given by equation 1.  Since no special guidance for times was given, the design was developed 
for Green times of approximately 10 seconds and a Yellow time of about 5 seconds.  These times 
could be easily changed by the adjustment of the resistance values. 
 
     t = .45 R C             (1) 
 

The component values chosen are given in Table 3. Because the capacitor values are 
large, electrolytic capacitors must be used.  Since these have poor high frequency characteristics, 
it is necessary for small capacitors having good high frequency characteristics to be used in 
parallel with them. 
 

     Table 3  One – shot timer component values 
Timer  time (sec) R (W)  C (µF) 
Green  10  22K  1,000 
Yellow    5  12K  1.000 

 
     3.3  Sequential machine design 
 The sequential machine design is specified by the state diagram shown below in Figure 3.  
The sequence continues through states A to D unless the sensor, checked when the yellow phase 
of Laburnum Avenue ends, is active, adding states E and F to the sequence.  Thus, Fauquier 
follows Laburnum, an arbitrary choice allowed by an absence of a specific sequence in the 
specification.  The state diagram was converted into the form of a symbolic state table as shown 
in Table 4. 
 

 
Figure 3  Traffic Signal State Diagram 

 
 At this point, four different design approaches were considered.  These were:  Classical 
state machine design, One Hot state machine design. Almost One – Hot state machine design, 
and Counter based machine design 
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Table 4  Symbolic State table for the Sequential Machine 

 
 
          3.3.1  Classical State machine design 
 This approach minimizes the number of state variables.  With only six states, this would 
allow the use of only three latches.  Because the latch device to be employed is the 74LS74 dual 
D latch, two devices would be needed, meaning one would be wasted.  Still, this would be a 
smaller number than for the One – Hot designs. 
 A state assignment was made by simply assigning state variables to the states in Grey 
Code order.  Checking alternate assignments for optimality was not done pending comparison 
with the other design approaches.  The symbolic state table was then converted into the state 
table shown in Table 5.   This table was then converted into the Karnough Maps developed for 
AND-OR or BAND-NAND logic shown in Figure 4 . 
 

Table 5  State table for Classical State Design 

 
 
 The state variable excitation equations derived from Figure 4 are given in Table 6, and 
the Output Equations in  Table 7.  Assuming inverted inputs are available, the number of gates 
required is 20 for state excitation and output variables, with 56 inputs total.  No gate needs to 
have more than four inputs.  Using SSI TTL, this logic could be implemented with seven 
combinational devices (2 x 74LS00, 3 x 74LS10, 2 x 74LS20). 
 

Table 6  State Variable Equations for Classical Sequential Design 
D2 = Y2Y0’ + Y2XY + Y1XSXY’    (terms a,b,c) 
D1= Y2Y0’ + Y1 XY + Y2’Y0XY’ + Y1XSXG’  (terms a,d,e,f) 
D0= Y1’XG’ + Y2’Y0XG + + Y2Y0XY + Y2Y1Y0’XY’  (terms g,h,I,j) 
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Figure 4  Karnough Maps for Classical Sequential Design 

 
Table 7  Output Equations for Classical Sequential Design 

 BG= Y1’Y2’    (term k) 
BY= Y1’Y0    (term m) 
LG= Y2’Y1Y0    (term n) 
LY= Y2’Y1Y0’    (term p) 
FG=Y2Y0’    (term a) 
FY=Y2Y1    (term q) 
TG= Y1’Y2’ + Y2Y0’ + Y2’Y1Y0 (terms a,k,n) 
TY= Y1’Y0 + Y2Y1  + Y2’Y1Y0’ (terms m,p,q) 
 

 For the classical design, one final issue is the question of what happens if the machine 
happens to start up in one of the “Don’t care” states, G or H.  State H always goes to state E or F, 
but state G stays in G as long as XY is 1, turning on Yellow lights in all three directions, and then 
goes to A.  This is assumed to be acceptable. 
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          3.3.2  One-Hot machine design 
 In One – Hot design, one state variable is assigned to each state.  For this sequential 
machine, that requires 6 latches, or two 74LS74 devices.  In any given state, the state variable 
corresponding to the state is “1” and all other state variables are “0”.  It is usually necessary to 
initialize the machine on power – up to a desired legitimate state.  The state variable assignments 
are given in Table 8 along with the excitation equations, which can be derived directly from the 
state table.  Note that in this scheme, the output variables BG to FY correspond directly to the 
state variables QA to QF respectively, so no separate output logic is needed for these outputs.  
The combinational logic needed requires 21 gates having 47 inputs (exclusive of inverters, of 
which at least one is needed).  No gate needs to be larger than three input.  The combinational 
logic requires six devices (2 x 74LS10, 4 x 74LS00) plus an inverter (74LS04) for the input plus 
the three 74LS74 dual latches, for a total of 10 devices.  In addition, power-up reset is needed, so 
this approach is no better and perhaps somewhat worse than classical design. 
 

Table 8  One – Hot state variable assignment and equations 
State Variables Excitation and Output Equations 
A 100000 DA = QAXG + QDXS’XY’ + QFXY’ 
B 010000 DB = QAXG’ + QBXY 
C 001000 DC = QBXY’ + QCXG 
D 000100 DD = QCXG’ + QDXY 
E 000010 DE = QDXSXY’+QEXG’ 
F 000001 DF = QFXY + QEXG 
   TG = QA + QC + QE 
   TY = QB + QD + QF 

 
          3.3.3  Almost One-Hot design 
 This method is similar to One-Hot, but QA is omitted, and State A has all state variables 
equal to zero.  This can be more convenient if reset zeros all state variables rather than setting 
one of them to a 1.  One latch (for QA) is in effect replaced by logic that detects that all latches 
are zero, or any logic AND or NAND gates that would have used QA are expanded to a large 
enough size to have the inverted state variables to be substituted.  This would require at the very 
least a large gate (74LS30) and would save one latch.  So, this approach was judged as inferior to 
those above and not explored further. 
 
          3.3.4  Counter Based Machine Design 
 The nature of the state diagram suggests that implementation using a Medium Scale 
Integration (MSI) counter might be efficient, since the sequence is an ordered progression and 
always returns to the first state.  A counter such as the 74LS162 with a synchronous count enable 
and a synchronous clear is needed.  With some modification, a counter with an asynchronous 
clear could be used instead.  The light outputs can be generated using a decoder such as the 
74LS42.  Combinational logic is needed for the Count enable and Clear signals, as well as the 
timer outputs.  Figure 5 gives a diagram of the system.  Table 9 gives the state assignments.  The 
functions are derived from the state diagram, and are given in Table 10.  We want to count when 
in an even state when XG goes off, or in an odd state whenever XY goes off, unless we want to 
reset instead. 
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Figure 5  Counter based machine design diagram 

 
Table 9  Synchronous Counter Design 

State Variables (Q3 to Q0) 
A  0000 
B  0001 
C  0010 
D  0011 
E  0100 
F  0101 

 
Table 10  Count Enable, Clear, Output functions for the synchronous counter design 

ENP = Q0’XG’ + Q0XY’CLR 
CLR=Q1Q0XS’XY’ + Q2Q0XY’ 
TG = Q0’ 
TY= Q0 

 
 This design requires a device each for the counter and decoder, and six gates with 16 
inputs not counting inverters.  The largest gate has four inputs.  The combinational logic requires 
two devices (1 x 74LS20, 1 x 74LS10) plus an inverter for the clear signal and another for the 
input from the sensor.  However, the 74LS42 decimal decoder has active low outputs; if that is a 
problem, another inverter device is needed.  Overall, this design needs only 6 devices.  This 
efficiency suggests that the classical design might be made considerably more efficient by using 
a binary rather than a Grey code order for the state variable assignment. 
 
          3.3.5  Binary ordered classical design 
 The classical approach was repeated with a binary state ordering.  This design resulted in 
15 gates and 39 inputs (exclusive of inverters), a considerable reduction.  The state table is 
shown in Table 10, and the Karnough Maps in Figure 6. 
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Table 10  A state table with binary assignment of state variables 
 

 
 
 

 
 

Figure 6  Karnough Maps for binary assignment of state variables. 
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 The state variable excitation equations and the output equations derived from the 
Karnough Maps are given in Table 11.  These functions can be implemented in TTL using x 
devices (1 x 74LS20, 2 x 74LS10, 2 x 74LS00) plus perhaps an inverter or two necessary to give 
inversions for single gate circuits if implemented with NAND logic. 
 

Table 11  State variable excitation and output equations for binary assignment 
D2 = Q2Q0’ + Q2XG + Q2Q0XSXY’ (terms a,b,c) 
D1 = Q1Q0’ +  Q1XY + Q2’Q1’Q0XY’ (terms d,e,f) 
D0 = Q2’Q1’Q0XY’ + Q0’XG’ + Q0XY (terms f,g,h) 
BG = Q2’Q1’Q0’     (term i) 
BY = Q2’Q1’Q0   (term j) 
LG = Q1Q0’    (term d) 
LY = Q1Q0    (term k) 
FG = Q2Q0’    (term a) 
FY = Q2Q0    (term m) 
TG = Q0’    (term n) 
TY = Q0    (term p) 

 
          3.3.6  Implementation 
 The binary ordered classical machine design  was the design chosen for implementation.  
The schematic of the circuit is shown in Figure 7.  The device identification and power and 
ground connections are given in Table 12.  There are several point to note.  The function FY was 
implemented using NOR logic (By DeMorgan’s Theorem) instead of AND to utilize the fourth 
gate on the device to be used to generate the red signals BR, LR, and FR.  There were two extra 2 
input NAND gates and two inverters needed, so the extra BAND gates were used as inverters to 
generate LG and FG.  Finally, a 3 input AND gate was used for BG, BY, and LY instead of 
NAND to eliminate the need to invert these signals. 

 
Figure 7  Traffic Signal Sequential Design Schematic
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Table 12  Traffic Signal Sequential Controller Power and Ground Connections 

 
 Figure 8 shows the design of the Red Signal output logic, and Figure 9 shows the design 
of the One-Shot timing circuits. 

 
Figure 8  Red signal output logic 

 

 
Figure 9  One – Shot timing circuit 
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4. Procedure 
 When this laboratory exercise was performed, the version of Logicworks available to 
simulate the system was Logicworks 3, which did not include One-Shot multivibrator.  So it was 
not possible to test the design as a complete system.  Instead, binary switches were used for 
inputs XG and XY, with inverters to generate XG’ and XY’, as shown in Figure 10.  A binary 
switch was used to generate XS.  The switches were manipulated to generate a timing sequence.  
Errors found were then used to correct problems in the design. 

 
Figure 10  Simulation Test Circuit 

 
 The design was then implemented using LSTTL logic on a solderless breadboard, with 
LEDs used to represent the traffic signals.  The correct operation of the circuit was observed, 
although occasional problems with the One-shots were observed, as described later. 

 
5.  Results 
 The simulation results in the form of a timing diagram are shown in Figure 11.  In this 
version of the report, there is still a fault in the design; the cycle goes from Brook Road Yellow 
to Laburnum Yellow without first going to Laburnum Green.  (This may be because the one-
shots were not quite properly manipulated.  There is also some reason to believe that the 
Logicworks 3 7474 part is not working correctly; for Q0 both Q and /Q outputs had 0 value at the 
same time, which obviously is not correct.  (This needs to be re-done in Logicworks 5.) 
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Figure 11  Timing diagram for simulation of the system 

 
 The actual circuit worked, following the normal two street cycle when the sensor was 
inactive, and including the Fauquier Avenue Green and Yellow when the sensor was active.  
There were occasions when the one-shots retriggered when they should not have, despite careful 
bypassing. 
 
6.  Conclusions 
 The actual circuit worked as expected, and was seen to operate correctly on May 30, 
2008, even though the simulated circuit failed.  The reasons for the simulation exercise failure 
may have to do with problems in Logicworks 3.  At this time no clear reason for the problem has 
been found. 
 The design used was one of several possible approaches.  This particular design could 
have also been built using a single GAL with perhaps one or two small SSI devices, and that 
would have been more efficient, but it could not have been simulated since Logicworks cannot 
represent the function of a GAL with a program generated using WinCUPL, and the Abel student 
edition that was supported by Logicworks is no longer available. 
 
Reference 
 
Fairchild, “DM74LS123 Dual Retriggerable One-Shot with Clear and Complementary Outputs,” 
accessed from: http://www.jameco.com/Jameco/Products/ProdDS/46480.pdf on May 29, 2008. 
 
 
Comments: 
 This example is a design oriented laboratory exercise at the more complex end of the 
scale.  Notice that the design documentation, including the decomposition of the overall system 
into three parts, the exploration of different design approaches, and the final detailed design steps 
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constitute most of the report.  For that reason, sub-headings are used, and these are numbered.  
Usually reports have a better balance of size between major headings, making the use of 
subheadings less necessary, but here’s an example to the contrary. 
 Good engineering design involves considering alternate ways to do things.  It is usually 
helpful to the reader to see very explicitly the approaches that were considered and how they 
compare with the method used.  Often these can be compared using a “metric” such as the 
number of devices, number of gates, or number of gate inputs.  Ultimately, it’s about cost, and 
these metrics can be used as surrogates for the quantities important if a design is manufactured in 
quantity.  If an actual SSI based design was to be built, the number of devices would be most 
important.  If it was to be built with CMOS custom silicon, the number of inputs (with 
allowances for latches and buffers and such) would be most important, because that scales 
closely with the number of transistors, and perhaps wafer device area.  If the design was to go 
into a Field programmable gate Array, the number of gates is probably the most important 
metric.  It might have been useful to include a table comparing the different methods with 
respect to these metrics.  If the alternative designs had been implemented further, those details 
might well have been relegated to an appendix, and even the K-maps might well have been put 
there as well. 
 Notice the different graphics.  The image that became Figure 7 was converted into a bit 
mapped graphic, then had to be stretched to fit the area.  It doesn’t look good.  (In the process, it 
was also converted to grey scale rather than color, and stored as a TIFF file.)  It requires 292 KB 
of storage.  Figure 10, with very similar content, was converted into a PICT file by the original 
program Logicworks 3 and then directly loaded into Word by insertion, and came out looking 
much better.  It requires only 16 KB, and still includes color.  The difference: the second graphic 
was not converted into pixels, it remained in a line oriented format.  That is much to be 
preferred!  If you use very many images, especially if they have sufficiently good resolution to 
print well, your document in electronic form will get quite large.  That means it’s an early 
candidate to throw away when people try to clear space, and will be slow to download.  Another 
example is Figure 11, captured by screen shot as an image, then stretched to larger size.  Because 
it is simple and most lines are vertical and horizontal, its limited resolution does not affect 
readability nearly so much as the process used to obtain Figure 7.  It was also much smaller, at 
4KB. 
 Notice that the State tables are listed as Tables, but the Karnough Maps are figures.  The 
latter perhaps could be justified as tables, but they do have the drawn gates. 
 (In this draft of this manual, the lab report above is an example only.  It has not actually 
been tested yet, and is hastily provided in its current form until the laboratory (and, especially the 
simulation) work on it can be completed.  Clearly one would prefer to show good simulation 
results.  The graph showing the results should be annotated to point out significant features, and 
that has been deferred for now until Logicworks 5 can be used to get good results.) 
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Abstract: 
 A propane fueled blacksmith forge was designed, built, and modeled in a finite 
element analysis (FEA) program for this project.  The thermal conductivity of the 
insulation was calculated experimentally.  The propane flow was assumed to be 
incompressible for any fluid dynamics calculations.  Experiment was compared to 
theory using FEA.  The FEA model closely agreed with actual measurements from the 
forge. 
 
Introduction: 
 Blacksmithing has been an important profession for much of human history.  
This is why the last name “Smith” is so common.  Although the blacksmith has largely 
been replaced by automated machinery today there is a revival of interest in learning the 
old methods for hobby and profit.  This is why we decided to pursue the “system design 
of our choice” project to construct a propane forge suitable for the hobby blacksmith 
using widely available parts. 
 We chose to build a propane fired forge as opposed to a charcoal, coal, or coke 
fired forge for multiple reasons.  The first reason is for ease of use.  Propane forges heat 
up quickly and do not require much tending to keep running.  In addition atmospheric 
forges such as our design do not require blowers either to reach forging temperatures 
unlike charcoal, coal, or coke forges.  The second reason is safety.  While coal and coke 
make excellent forging fuels their fumes release toxins that attack the nervous system.  
Burning propane is clean and safe.  Finally, propane is more widely available than 
charcoal, coal, or coke that is suitable for forging. 
  
Construction Procedure and Measurements: 
 The forge body was constructed using a steel bucket.  A 1.5” diameter hole was 
drilled in the bucket to mount the burner.  The burner holder was made from a 1.5” pipe 
nipple 4” long.  Three holes tapped to 1/4”-20 were drilled 120 degrees apart in the pipe 
nipple to hold the burner in place.  The burner holder was attached to the forge body 
using conduit lock rings.  Legs were fabricated using steel strapping that was bent then 
welded to the bottom of the forge.  The interior was lined with two 1” thick ceramic wool 
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fiber insulation blankets.  Everything except the insulation blanket was obtained locally 
which was ordered from an online casting supply house.  The exterior was painted with 
low emissivity (silver) header paint to minimize radiation losses.  The word “HOT” was 
painted on the side with black barbecue paint for safety.  The black paint also provided a 
high emissivity surface from which to measure the actual surface temperature using an 
infrared thermometer.  The mechanical drawing for the forge body is in Figure 1 below. 

 
 The burner was constructed using black iron pipe.  Galvanized is unsuitable 
because it releases toxic zinc fumes when hot.  Propane entered the mixing chamber 
from a 1/2” pipe nipple capped and machined to hold a .035” MIG welder contact tip.  
This was held in the mixing chamber using a 1.25 inch pipe plug drilled out to fit the 
nipple.  The contact tip served as a nozzle to increase the velocity of the propane flowing 
into the mixing chamber.  The mixing chamber was made using a Ward brand  
1.25”x.75” x 1.25” reducing tee.  Ward brand tees are tapered unlike most other brands.  
This allows the propane/air mixture to flow better into the burner tube.  The burner 
tube used a .75” pipe nipple 10” long.  The end of the burner had a stainless steel flare.  
The flare served as a diffuser that prevented combustion from occurring in the burner 
tube.  The burner flare was made from stainless steel and swaged using a custom turned 
tool to achieve the proper taper.  An oxyacetylene torch was used to heat the flare to a 

Figure 1: Forge Body 
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red heat for hot working during swaging.  The flare was mounted to the burner tube 
using three Allen key set screws.  The burner was sealed with a combination of liquid 
pipe dope and PTFE tape to prevent propane leaks.  Figure 2 contains a diagram of the 
burner.   

 
 The burner was tuned by lighting it outside of the forge and adjusting the 
position of the MIG contact tip in the mixing chamber to achieve the bluest and most 
stable flame.   
 A propane regulator was required to control the propane flow to the burner.  We 
used a high flow rate regulator designed for a propane smoker.  A gas grill propane 
bottle was used to fuel the forge.  It was connected with standard propane fittings.  A 
photograph of the assembled forge is in Figure 3. 

Figure 2: Side Arm Burner 
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 The forge was lit by placing newspaper in the forge body and lighting the 
newspaper.  Once the newspaper was lit the gas supply was turned on which lit the 
burner.  We found that 8 PSI on the regulator achieved the most stable flame with 
minimal fuel usage.  The forge was run for 20 minutes to allow it to reach the steady 
state temperature before temperature measurements were made.  The radiation and 
surface temperature on the exterior of the forge body were measured from the silver and 
black parts, respectively using an infrared thermometer.  The interior of the forge was 
estimated from the color of the walls.  This was necessitated because the interior 
temperature was greater than 2000 degrees F and outside of the measurable scale for 
our Type K thermocouple.  Figure 4 contains the image used for estimating the interior 
temperature. 

Figure 3: Assembled Forge 
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 The cooler parts are an orange-yellow while the hottest parts are a yellow-white 
color.  This corresponds to 2192-2372 degrees Fahrenheit [1].  A summary of all forge 
temperatures are in Table 1 below. 

Table 1:  Summary of Forge Temperatures 

Location Temperature (Fahrenheit) 
Surface Temperature (Black Paint) 376 

Radiation Temperature (Silver Paint) 336 
Interior Temperature 2192-2372 

 
Results, Discussions, and Analysis: 
 The infrared thermometer uses infrared radiation to calculate temperature.  The 
Stefan-Boltzmann law (Equation 1) for radiation from a black body is used to calculate 
the thermodynamic surface temperature [2]. 

𝑞′′ = 𝜖𝜎(𝑇�I − 𝑇NI)      (1) 
 The emissivity and thermodynamic surface temperatures are unknown.  In order 
to measure the thermodynamic surface temperature the infrared thermometer assumes 
an emissivity of 1.  As a result it inaccurately measures the thermodynamic temperature 
of surfaces that do not have an emissivity close to 1.  While black paint has an emissivity 
of about .94, silver surfaces only have an emissivity of about .26 [3].  This means the 
infrared thermometer receives less radiation than it expects from a silver surface and 
estimates the silver surface to be colder when in actuality it is not.  This also 

Figure 4: Forge at Temperature 
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demonstrates effectiveness of using silver paint to minimize radiation losses. 
 To compare experiment to theory, we calculated the thermal conductivity of the 
forge body based on an assumed heat generation term for propane combustion.  We 
then used that thermal conductivity in a FEA program which calculated the forge body 
surface temperatures based on the estimated interior forge temperature.  We compared 
the measured exterior temperature to the ones predicted by the FEA to evaluate the 
validity of our models. 
 The first step to calculating the thermal conductivity of the forge was to calculate 
the mass flow rate of propane into the forge.  Bernoulli's equation for a nozzle is: 

Q̈
©
= #??

Cª
       (2) 

 Solving for velocity: 

𝑉C =
C¬ Q̈
©

      (3) 

 Applying Equation 3 to the MIG contact tip (nozzle) allows the velocity of 
propane through the nozzle to be calculated.  The upstream nozzle pressure (pressure at 
the regulator) was 8 PSI.  Propane properties were obtained from [4]. 

𝑉 = C∗_C.C�� �?∗22aC�~ ��?

.22b_�~ ��?

𝑉 = 92.9 𝑓𝑡 𝑠
    (4) 

 The velocity allows the mass flow rate to be calculated.  The diameter of the 
nozzle was 0.035 inches. 

𝑚 = 𝜌𝐴𝑉      (5) 

𝑚 = .22b_∗>∗.d_a?

I
∗ 92.9 = 10.4×10D_ 𝑙𝑏 𝑠   (6) 

 
 There are 21,591 BTU's of energy per pound of propane [4].  Assuming all of this 
energy is released upon combustion, the energy generation of propane burning in the 
forge is: 

10.4×10D_ ∗ 21591 = 224.4𝐵𝑇𝑈 𝑠   (7) 

 This is equal to 174.5x103 in-lb/s assuming 1 BTU=778 in-lb.  The thermal 
resistance of a cylinder is given by: 
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𝑅� ���N� =
³´(�µ �8)
C>�

      (8) 

 The thermal conductivity may be solved for since all other components are 
known.  Assuming steady state without energy storage the heat transfer equation is: 

174.5×10_in-lb/s = (C_dd µ¶D_cb µ¶)∗C>∗22.ca�
³´(2C c.ca)

   (9) 

𝑘 = .537 ft-lb
in-s µF

     (10) 

 This value was used for the thermal resistance of the FEA model.  The specific 
heat of the insulation was .27 BTU/lb-0F or 2530 in-lb-0F/lb-[4].  This was also used for 
the thermal analysis.  A detailed description of the thermal analysis is in Appendix A.  
The FEA model provided a method of comparing experiment to theory.  The radial 
temperature distribution as calculated by FEA is in Figure 5 below. 

 
 The surface temperature of this model ranged from 300-400 degrees.  Although 
this model is in close agreement with our measurements there are some issues with the 
model.  The radial heat distribution should be symmetrical.  This disagreement is most 
likely due to problems with meshing.  While the model is perfect from a design 
standpoint it is not optimal from an FEA standpoint due to sharp edges (these can cause 
singularities).  The non-symmetrical shape also caused non-uniform meshes which 
created an unusual temperature distribution. 

Figure 5: Radial Temperature 
Distribution 
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 Furthermore our hand calculations assumed incompressible flow for propane.  
This may be overly simplified due to the high velocity flow of propane through the 
nozzle.   
 
Conclusions: 
 The reasonable agreement between the FEA model and our measurements 
indicate a good agreement between experiment and theory.  The discrepancies between 
the model and experiment may be due to sharp edges on the model and the model's 
unusual geometry.  It may also be due to oversimplifications on model assumptions. 
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Appendix A:  Report on FEA Model 
 

 
 

Forge Design Analysis 
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Forge Thermal Model 
Created by 
Author: Matt Parmenteri  
Department: Department of Engineering and Physics 
Created Date: 11/30/2012  

 

Reviewed by 
Reviewer: Wyatt Culler & Ryan Rozaieski 
Department: Department of Engineering and Physics 
Model Created Date: 11/30/2012 
Reviewer 
Comments: 

Model is within expected margins of error. 

 
Executive Summary 
 
This model was created to test the experimental data acquired from the gas powered propane 
forge. A model of the forge was created in Autodesk Inventor and imported into Autodesk 
Simulation Multiphysics.  A thermal model was created using the CAD model from Inventor and 
the appropriate loads were applied. Conductive, convective, and radiative loads were accounted 
for appropriately. 
Summary 
Model Information 
Analysis Type - Steady-State Heat Transfer 
Units - English (in) - (lbf, in, s, °F, °R, V, ohm, A, in·lbf) 
Model location - C:\Users\Matt P\Documents\College\ME-326\Forge\Forge ASM Thermal 
Model 3.fem 
Design scenario description - Design Scenario # 2 
 
Analysis Parameters Information 
 
Multiphysics Information 
 

Use electrostatic results to calculate Joule Effects No   

Include fluid convection effects No   
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Processor Information 
 

Boundary Temperature Multiplier 1   

Convection Multiplier 1   

Radiation Multiplier 1   

Heat Generation Multiplier 1   

Radiation Temperature Increment To Absolute 459.7 °F 

Stefan-Boltzmann Constant 3.083e-011 in·lbf/(s*in²*°R^4) 

Default Nodal Temperature 70 °F 

Type of Solver Automatic   

Avoid Bandwidth Optimization No   

Stop After Stiffness Calculations No   

Control of Heat Rate at Boundaries Temperature Controlled   

Nodal Temperature Data Results in Output File No   

Equation Numbers Data Results in Output File No   

Avoid heat Flux Data Output Yes   

Element Input Data in Output File No   

Nodal Input Data in Output File No   

Perform Nonlinear Iterations No   

Criteria Stop When Relative Norm 

Maximum Number of Iterations 15   

Corrective Tolerance 0.001   

Relaxation Tolerance 0.001   

Relaxation Parameter 1   
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Part Information 
Part ID Part Name Element Type Material Name 

1 Forge Body:1 Thermal Brick steel, mild 

2 Insulation:1 Thermal Brick [Customer Defined] (Part2) 

3 Side Arm Burner:1 Thermal Brick steel, mild 

 

Element Information 
Element Properties used for: 
 

• Forge Body:1 
• Insulation:1 
• Side Arm Burner:1 

Element Type Thermal Brick 

Material Model Isotropic   

1st Integration Order 2nd Order   

2nd Integration Order 2nd Order   

Heat Flow Calculation Linear Based on BC   
 

Material Information 
 
 
steel, mild -Thermal Brick 

Material Model Standard   

Material Source Not Applicable   

Material Source File   

Date Last Updated 2012/12/03-15:30:14   

Material Description Customer defined material properties   

Material Model Isotropic   

Mass Density 0.000735489560061438 lbf·s²/in/in³ 

Thermal Conductivity 6.99403381028984 in·lbf/(s*in*°F) 

Specific Heat 396107.199511686 in·lbf/(lbf·s²/in*°F) 
 
 
Durablanket Ceramic Wool (Part2) -Thermal Brick 

Material Model Standard   

Material Source Not Applicable   
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Material Source File   

Date Last Updated 2012/12/03-15:46:51   

Material Description Customer defined material properties   

Material Model Isotropic   

Mass Density 0.00011977438128227 lbf·s²/in/in³ 

Thermal Conductivity 0.537 ft·lbf/(s*in*°F) 

Specific Heat 977500 in·lbf/(lbf·s²/in*°F) 
 

Loads 
FEA Object Group 1: Forge Temp 
Surface Controlled Temperature 

I
D Description Part 

Number 
Surface 
Number 

Magnitude 
(°F) 

Stiffness 
(in·lbf/s/°F) 

Load Case 
/ Load 
Curve 

Scale 
(in·lbf/s) 

Activation 
Time (s) 

Time 
Varying 

1 Unnamed 2 5 2300 1E11 1 1E11 0 No 

2 Unnamed 2 6 2300 1E11 1 1E11 0 No 
 
FEA Object Group 2: Natural Convection 
Surface Convection Load 

I
D Desc. Part 

Number 
Surface 
Number 

Coefficient 
(in·lbf/(s·°F·i
n²)) 

Ambient 
Temp (°F) 

Load 
Case / 
Load 
Curve 

Amb. Temp. 
Load Case / 
Load Curve 

Amb. 
Temp. 
Load 
Curve 
Mag. (°F) 

Coeff. 
TempDe
p. 

Coeff.T
able Id 

On 
Both 
Sides 

Ts 

1 Unnamed 1 20 0.010204 70 0 0 1 No 1 No Yes 

2 Unnamed 1 38 0.010204 70 0 0 1 No 1 No Yes 
 
FEA Object Group 3: Ambient Radiation 
Surface Radiation Load 

I
D Description Part 

Number 
Surface 
Number 

Magnitude 
(1) 

Ambient 
Temperature 
(°F) 

Load 
Case / 
Load 
Curve 

Ambient 
Temp 
Load 
Case / 
Load 
Curve 

Ambient 
Temp Load 
Curve 
Magnitude 
(°F) 

Both 
Sides 

1 Unnamed 1 38 0.6 70 0 0 1 No 
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Results Presentation Images 
 
Radial Temperature Gradient 

 
Comments: 
 This is a nice example of a design project in the mechanical domain.  Some issues are: 

1. The authors sometimes write in first person, particularly in the Introduction and 
occasionally later.  Generally third person passive voice is preferred. 

2. The figure titles were distorted/misplaced in converting this to a Word document; 
they were correct in the original. 

3. Figure 5 (shown larger in the appendix just above) is an example where color must be 
used.  Monochrome just can’t render this in a satisfactory manner.  The grey 
background will use up toner unnecessarily, though. 

4. There are severe margin problems in the appendix. 
5. Notice in equation 5: “10.4 x 10-3 lb/s”.  The common abbreviation “m” (milli) is not 

by custom used with lb.  The authors were attuned to this usage, and correctly used 
scientific notation instead; .0142 lb. would have also been acceptable.  
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Abstract: 

In this experiment, a force transducer was utilized to measure the magnitude and position of a 

load on a simply supported beam independent of boundary conditions.  Dr. Bednarz’s 

dissertation was used as a model for the experiment[1].  The transducer consisted of seven 

equally spaced strain gages.  The strain measurements were taken for a single load at a known 

location.  The system was calibrated for the known load, and then the experiment was repeated 

with an unknown load.  The boundary condition was switched and the system was recalibrated.  

The experiment proved that the force transducer worked efficiently even with various boundary 

conditions.  The max force errors were found to be 4.5 and 4.7% and the max zero errors were 

found to be 3.3% and 3.6% for each boundary condition.     
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Introduction:   

The purpose of this experiment was to recreate and verify Dr. Bednarz’s strain gage based force 

transducer with multiple boundary conditions [1].  Dr. Bednarz’s force transducer uses equally 

spaced strain gages to determine the magnitude and location of a load on a beam regardless of 

the simply supported beam’s boundary conditions [1].  Two boundary conditions were tested, 

Hard-Hard and Soft-Soft.  The Hard-Hard boundary conditions consisted of placing both ends on 

a flat metal surface.  The ends were not fixed to the table.  The Soft-Soft boundary condition was 

simulated by placing the ends on two kitchen sponges.  A known load was placed discretely at 

set locations on the beam.  The strain measurements were taken from the strain gages and then 

used to experimentally calculate the load and location.   

Procedure and Experimental Data: 

The experiment used a 24 inch Aluminum 6061-T6 beam that was 1/8” thick and 1 inch wide 

[2].  The beam was cleaned according to Vishay procedure.  The beam was initially degreased 

and wiped clean.  Isopropyl alcohol was used along with course sandpaper and then cleaned.  

Fine sandpaper was again used with isopropyl alcohol and then wiped clean with gauze.  Seven 

uniaxial strain gages were mounted longitudinally at positions located in Figure 1. 

 
Figure 1: Location of Uniaxial Strain Gages [2] 

Each gage was adhered on the beam using super glue and tape.  The tape was then removed and 

the gages were each soldered to leads.  The leads were checked for continuity and then 

connected to the Vishay Micromeasurement System 8000.  The beam was setup by setting the 

last three inches of each side on the designated boundary condition.  The two boundary 

conditions used were Frim-Frim (both ends placed unfixed on a metal surface) and Soft-Soft 

(both ends placed on a kitchen sponge).  A single known load was then placed on the beam at set 

discrete locations shown in Figure 2.   
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Figure 2: Locations of Discrete Load Placement [2] 

The actual Firm-Firm setup is displayed in Figure 3.  The strain gages were placed facing down 

so the leads would not get in the way when placing the loads.  Pencil marks were made where the 

intended load was to be tested, also shown in Figure 2.   

 
Figure 3: Beam Setup for Firm-Firm Boundary Condition 

For each boundary condition, two different loads were tested.  For Hard-Hard, both 5 and 6 

pound loads were used.  For the Soft-Soft boundary condition, both 3 and 5 pound loads were 

used.  The loads were achieved by hanging hand weights from the beam by rope.  An example of 

the simulated load can be seen in Figure 4.   
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Figure 4: 5 Pound Load, Soft-Soft Boundary Condition 

The strain data was converted from the Vishay Micromeasurement System 8000 to an Excel file 

for each gage with 0.01 second time intervals.  To find the strain for each load, all the strain 

values were plotted against time for each gage.  An example of one of these plots is shown in 

Figure 5. 

 
Figure 5: Strain vs. Time for Hard-Hard, 5 Pound Load 

Each load was left on the beam for approximately 20 seconds to allow the beam to settle and 

provide and accurate strain reading.  It can be seen in Figure 5 that the strain readings evened out 

after several seconds.  An average readings for each load was recorded when the strain varied 

less than five microstrain over several seconds.  Load 1 occurred at 5.25 inches, Load 2 at 7.75, 



 235 

Load 3 at 10.25 inches and Load 4 at 12.75 inches all measured from the end of the boundary 

condition.  All values for each trial were recorded in Tables 1 to 4.  

 

Table 1: Recorded Strain per Each Load, Hard-Hard, 5 Pound Load 

Strain Load 1 Load 2 Load 3 Load 4 
Gage 1 

(ue) 174 135 102 69.5 

 Gage 2 
(ue) 462 360 271 186 

 Gage 3 
(ue) 500 593 444 302 

Gage 4 
(ue) 387 621 624 425 

Gage 5 
(ue) 283 453 593 541 

Gage 6 
(ue) 182 291 379 476 

Gage 7 
(ue) 77.5 124 157 199 

  

Table 2: Recorded Strain per Each Load, Hard-Hard, 6 Pound Load 

Strain Load 1 Load 2 Load 3 Load 4 
Gage 1 

(ue) 187 152 115.5 77 

 Gage 2 
(ue) 507 413 314 210 

 Gage 3 
(ue) 631 678 514 342 

Gage 4 
(ue) 489 711 726 483 

Gage 5 
(ue) 358 519 675 620 

Gage 6 
(ue) 231 334 430 545 

Gage 7 
(ue) 98.5 141 174.5 223 
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Table 3: Recorded Strain per Each Load, Soft-Soft, 3 Pound Load 

Strain Load 1 Load 2 Load 3 Load 4 
Gage 1 

(ue) 156 128 98.5 75.5 

 Gage 2 
(ue) 310 254.5 193 145.5 

 Gage 3 
(ue) 372 389 295 220.5 

Gage 4 
(ue) 294 403 395 293 

Gage 5 
(ue) 223.5 304.5 401 364.5 

Gage 6 
(ue) 152.5 207 272.5 327.6 

Gage 7 
(ue) 82 109 142 171 

  

Table 4: Recorded Strain per Each Load, Soft-Soft, 5 Pound Load 

Strain Load 1 Load 2 Load 3 Load 4 
Gage 1 

(ue) 307 255.6 199 151.5 

 Gage 2 
(ue) 568.5 472.7 365.6 274.1 

 Gage 3 
(ue) 687.5 700.5 538.8 401 

Gage 4 
(ue) 547.8 728.5 718.5 534.8 

Gage 5 
(ue) 417.7 554.8 716 659.5 

Gage 6 
(ue) 292.5 387.6 501.3 600.5 

Gage 7 
(ue) 160.5 212 275 328.5 

  

Results, Discussion and Analysis: 

For the force transducers used in this experiment, the force can be calculated by using Equation 1 

which includes the measured strains, material properties and distance between the gages: 

𝐹𝑇C = −𝜀2 ∗
�Q(Q
¸Q¹Q?

+ 𝜀C ∗
�?(?
¸?¹Q?

+ 𝜀_ ∗
�¡(¡
¸¡¹¡T

− 𝜀I ∗
�T(T
¸T¹¡T

    [2]                     (1) 

Where 

𝐹𝑇C = 𝐹𝑜𝑟𝑐𝑒	𝑇𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑒𝑟	𝐷𝑖𝑟𝑒𝑐𝑡𝑙𝑦	𝑡𝑜	𝐿𝑒𝑓𝑡	𝑜𝑓	𝐺𝑎𝑔𝑒	2	 #  
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𝜀 = 𝑆𝑡𝑟𝑎𝑖𝑛	𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑	(𝜇𝜀) 

𝐸 = 𝑀𝑜𝑑𝑢𝑙𝑢𝑠	𝑜𝑓	𝐸𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑦	𝑜𝑓	𝑡ℎ𝑒	𝑆𝑒𝑐𝑡𝑖𝑜𝑛	(𝑝𝑠𝑖) 

𝐼 = 𝑀𝑜𝑚𝑒𝑛𝑡	𝑜𝑓	𝐼𝑛𝑒𝑟𝑡𝑖𝑎	𝑜𝑓	𝑡ℎ𝑒	𝑆𝑒𝑐𝑡𝑖𝑜𝑛	(𝑖𝑛I) 

𝑦 = 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒	𝑓𝑟𝑜𝑚	𝑁𝑒𝑢𝑡𝑟𝑎𝑙	𝐴𝑥𝑖𝑠	𝑜𝑓	𝑡ℎ𝑒	𝑆𝑒𝑐𝑡𝑖𝑜𝑛	 𝑖𝑛  

𝑑 = 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒	𝑖𝑛𝑏𝑒𝑡𝑤𝑒𝑒𝑛	𝑔𝑎𝑔𝑒𝑠	 𝑖𝑛  

Since the beam used was a prismatic, homogenous and constant gage spacing, the coefficients 

can be collected into a global calibration factor called 𝛽.  Equation 1 can be rewritten as: 

𝐹𝑇C = 𝛽(−𝜀2 + 𝜀C + 𝜀_ − 𝜀I)            [2]                                    (2) 

The strain values were organized by location and load in Tables 5 and 6. 

Table 5: Strain per Force and Location, Hard-Hard Boundary Condition 

Force 
(lb) 

Point 
(in) 

Exp 
Strain 
1 (𝜇𝜀) 

Exp 
Strain 

2 
(𝜇𝜀) 

Exp 
Strain 

3 
(𝜇𝜀) 

Exp 
Strain 

4 
(𝜇𝜀) 

Exp 
Strain 

5 
(𝜇𝜀) 

Exp 
Strain 

6 
(𝜇𝜀) 

Exp 
Strain 

7 
(𝜇𝜀) 

5.0 5.25 174 462 500 387 283 182 77.5 
6.0 5.25 187 507 631 489 358 231 98.5 
5.0 7.75 135 360 593 621 453 291 124 
6.0 7.75 152 413 678 711 519 334 141 
5.0 10.25 102 271 444 624 593 379 157 
6.0 10.25 115.5 314 514 726 675 430 174.5 
5.0 12.75 69.5 186 302 425 541 476 199 
6.0 12.75 77 210 342 483 620 545 223 

 

Table 6: Strain per Force and Location, Soft-Soft Boundary Condition 

Force 
(lb) 

Point 
(in) 

Exp 
Strain 
1 (𝜇𝜀) 

Exp 
Strain 
2 (𝜇𝜀) 

Exp 
Strain 
3 (𝜇𝜀) 

Exp 
Strain 
4 (𝜇𝜀) 

Exp 
Strain 
5 (𝜇𝜀) 

Exp 
Strain 
6 (𝜇𝜀) 

Exp 
Strain 
7 (𝜇𝜀) 

3.0 5.25 156 310 372 294 223.5 152.5 82 
5.0 5.25 307 568.5 687.5 547.8 417.7 292.5 160.5 
3.0 7.75 128 254.5 389 403 304.5 207 109 
5.0 7.75 255.6 472.7 700.5 728.5 554.8 387.6 212 
3.0 10.25 98.5 193 295 395 401 272.5 142 
5.0 10.25 199 365.6 538.8 718.5 716 501.3 275 
3.0 12.75 75.5 145.5 220.5 293 364.5 327.5 171 
5.0 12.75 151.5 274.1 401 534.8 659.4 600.5 328.5 
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Equation 2 was used to calculate the experimental forces.  As the load moved from position to 

position, the active force transducers changed.  The transducer will give a full reading when the 

load is in the middle of all four strain gages.  A partial reading occurs when the force falls within 

only one of the strain gages of the transducer.  Zero readings occur when the load in not within 

the included strain gages.  The following color code will be used: 

 

Full 
Force 
Zero 

Partial 
Both systems were calibrated for the heavier known force.  For the Hard-Hard Boundary 

Condition, a 𝛽 of 0.013057 was found, and for the Soft-Soft Boundary Condition a 𝛽 of 

0.012564 was found.  These calibration factors were then used to calculate the lighter load.   

Table 7: Experimentally Calculated Forces for Hard-Hard Boundary Condition 

Force 
(lb) Point FT2 FT3 FT4 FT5 

5.0 5.25 5.24 1.85 -0.16 0.01 
6.0 5.25 6.03 3.33 -0.20 0.02 
5.0 7.75 2.57 5.24 2.48 -0.01 
6.0 7.75 2.98 5.97 2.85 0.01 
5.0 10.25 -0.14 2.66 5.14 2.49 
6.0 10.25 -0.18 3.28 5.97 2.67 
5.0 12.75 -0.08 0.00 2.45 5.13 
6.0 12.75 -0.10 -0.07 2.82 5.99 

 

Table 8: Experimentally Calculated Forces for Soft-Soft Boundary Condition 

Force 
(lb) Point FT2 FT3 FT4 FT5 

3.0 5.25 2.91 1.66 -0.09 0.00 
5.0 5.25 5.04 3.13 -0.18 0.02 
3.0 7.75 1.41 2.93 1.40 -0.01 
5.0 7.75 2.38 5.04 2.45 0.02 
3.0 10.25 -0.07 1.21 2.87 1.72 
5.0 10.25 -0.16 2.21 4.96 2.81 
3.0 12.75 -0.03 0.04 1.38 2.86 
5.0 12.75 -0.14 0.03 2.42 4.98 
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Two types of error were calculated from the calculated forces, the force error and the zero error.  

The force error is applied to the blue primary force values.  These values should be identical to 

the applied force.  The force error formula is shown below in Equation 3: 

𝐹𝑜𝑟𝑐𝑒	𝐸𝑟𝑟𝑜𝑟 = ¶SDÊs�ks
Ês�ks

∗ 100                       [2]                   (3) 

Where 

𝐹𝑇 = 𝐹𝑜𝑟𝑐𝑒	𝑇𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑒𝑟	𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑	𝑉𝑎𝑙𝑢𝑒	 𝑙𝑏  

𝐾𝑛𝑜𝑤𝑛 = 𝐾𝑛𝑜𝑤𝑛	𝐿𝑜𝑎𝑑	(𝑙𝑏) 

It is known that the zero positions should yield no load readings.  Therefore the zero error can be 

found using Equation 4: 

𝑍𝑒𝑟𝑜	𝐸𝑟𝑟𝑜𝑟 = 𝐹𝑇/𝐾𝑛𝑜𝑤𝑛 ∗ 100                [2]                         (4) 

Where 

𝐹𝑇 = 𝐹𝑜𝑟𝑐𝑒	𝑇𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑒𝑟	𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑	𝑉𝑎𝑙𝑢𝑒	 𝑙𝑏  

𝐾𝑛𝑜𝑤𝑛 = 𝐾𝑛𝑜𝑤𝑛	𝐿𝑜𝑎𝑑	(𝑙𝑏) 

The partial readings were used to calculate the position of the load between the middle two 

gages.  The ratio of the partial to the full reading should result in the experimental position which 

was half way or 0.5.   

𝛼 = 𝐹𝑇 N��5N�/𝐹𝑇¶���                             [2]                         (6) 

𝛼 = 𝑅𝑎𝑡𝑖𝑜	𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛	𝐵𝑒𝑡𝑤𝑒𝑒𝑛	𝑀𝑖𝑑𝑑𝑙𝑒	𝐺𝑎𝑔𝑒𝑠	

𝐹𝑇 N��5N�	𝑎𝑛𝑑	𝐹𝑇¶��� = 𝐹𝑜𝑟𝑐𝑒	𝑇𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑒𝑟	𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡𝑠	 #  

 

Equations 3 and 4 were used to find the error of each Force Transducer and Zero values for both 

boundary conditions, shown below in Table 9 and 10.   

Table 9: Error and Relative Position for Hard-Hard 

Force 
(lb) 

Point 
(in) 

FT2 
(lb) 

FT3 
(lb) 

FT4 
(lb) 

FT5 
(lb) 

Force 
Error  

Zero 
Error 

Use 
partials 
to get 
Alpha 

5.0 5.25 5.24 1.85 -0.16 0.01 4.7% 3.1% 0.35 
6.0 5.25 6.03 3.33 -0.20 0.02 0.5% 3.3% 0.55 
5.0 7.75 2.57 5.24 2.48 -0.01 4.7% 0.3% 0.51 
6.0 7.75 2.98 5.97 2.85 0.01 0.5% 0.2% 0.50 
5.0 10.25 -0.14 2.66 5.14 2.49 2.9% 2.9% 0.52 
6.0 10.25 -0.18 3.28 5.97 2.67 0.5% 2.9% 0.45 
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5.0 12.75 -0.08 0.00 2.45 5.13 2.6% 1.7% 0.52 
6.0 12.75 -0.10 -0.07 2.82 5.99 0.1% 1.7% 0.53 

 

Table 10: Error and Relative Position for Soft-Soft 

Force 
(lb) 

Point 
(in) 

FT2 
(lb) 

FT3 
(lb) 

FT4 
(lb) 

FT5 
(lb) 

Force 
Error  

Zero 
Error 

Use 
partials 
to get 
Alpha 

3.0 5.25 2.91 1.66 -0.09 0.00 2.8% 2.9% 0.57 
5.0 5.25 5.04 3.13 -0.18 0.02 0.8% 3.6% 0.62 
3.0 7.75 1.41 2.93 1.40 -0.01 2.4% 0.2% 0.52 
5.0 7.75 2.38 5.04 2.45 0.02 0.9% 0.5% 0.53 
3.0 10.25 -0.07 1.21 2.87 1.72 4.3% 2.3% 0.58 
5.0 10.25 -0.16 2.21 4.96 2.81 0.9% 3.3% 0.55 
3.0 12.75 -0.03 0.04 1.38 2.86 4.5% 1.0% 0.52 
5.0	 12.75	 -0.14	 0.03	 2.42	 4.98	 0.3%	 2.8%	 0.51	

 

The theoretical moment was calculated for the Hard-Hard 6 pound load at 12.75 inhes.  The 

equation was found to be 𝑀 = 1.46𝑥	, 0 < 𝑥 < 12.75 and 𝑀 = −3.54𝑥 + 63.75	, 12.75 < 𝑥 <

18.  Then the moments were found theoretically by using the strain values and Equation 6: 

𝑀 = �(
¸
∗ 𝜀                                      [2]                       (6) 

𝑀 = 𝑀𝑜𝑚𝑒𝑛𝑡	 𝑖𝑛#  

𝐸 = 𝑌𝑜𝑢𝑛𝑔P𝑠	𝑀𝑜𝑑𝑢𝑙𝑢𝑠	 𝑝𝑠𝑖  

𝐼 = 𝑀𝑜𝑚𝑒𝑛𝑡	𝑜𝑓	𝐼𝑛𝑒𝑟𝑡𝑖𝑎	 𝑖𝑛I  

𝑦 = 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒	𝑡𝑜	𝑠𝑡𝑟𝑒𝑠𝑠	 𝑖𝑛  

𝜀 = 𝑆𝑡𝑟𝑎𝑖𝑛	 

Table 11: Experimental Moment Values 

Distance (in) 1.5 4 6.5 9 11.5 14 16.5 
Moment (in#) 1.81 4.85 7.88 11.08 14.11 12.41 5.19 
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Figure 6: Theoretical Moment vs. Experimentally Measure Moment 

The values were more accurate the farther away from the load they were.  Inaccuracy occurred 

near the load.  This error may arise from using rope which may actually cause a half inch 

distribution force.   

Conclusion: 

The objectives of the experiment to recreate and verify the force transducer were accomplished.   

The force transducers displayed max force errors of 4.5 and 4.7% and max zero errors of 3.3 and 

3.6% for each boundary condition.  The transducer can be applied to larger scale systems where 

it would be inconvenient or impossible to weigh the unknown loads.  In the lab, the process for 

understanding how this force transducer works was learned.  Analysis and simplifying of large 

amounts of raw data was also learned.  Solver was utilized to calibrate data and the calibration 

factor was used to calculate results with other data.     
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Comments: 
Overall this is a good report.  Some suggested improvements are: 

1. The word “gauge” is spelled as “gage” throughout the report.  That spelling is less 
common, but is in use for these devices. 

2. Figures 1 and 2 are grey instead of black.  Using Word’s picture corrections, these 
images can be darkened and given increased contrast to appear as shown below: 

 
3. There is a methodology inconsistency: The schematic shown in Figure 2 differs from the 

experimental apparatus shown in the photograph of Figure 3.  Figure 2 shows the ends of 
the beam as rigidly secured to supports.  The actual end of the beam are “unfixed,” not 
secured, but merely resting on the supports at either end (as also described in the text). 

4. Furthermore, Figure 2 does not give units for various quantities shown. 
5. Figure 5 has such closely spaced points that markers should not be used.  The response 

would be clearer with just a line, which is obscured by the markers.  There should be 
vertical grid lines since reading the times accurately may be important to the reader. 

6. Tables 7 and 8 have no callouts. 
7. The color coding of tables 7 to 10 has black lettering superimposed on dark blue, which 

will most likely not be readable when printed.  Rather than use white lettering, the shade 
of blue (or grey) should be much lighter.  Use of a light grey background stipple of 
various distinctive sorts is preferable to color when printing in monochrome is needed.  
The table showing the color coding should formally be a figure or a table.  (Functionally, 
it’s actually a “legend” that applies to all of the following tables.) 

8. The problems of Figure 5 recur in Figure 6.  The continuous line should not have markers 
since the points are so tightly spaced.  Vertical grid lines are needed since the points do 
not occur at the horizontal axis values shown.  The figure should not have a frame outline 
(Figure formatting should be consistent.).  The legend labels “series 1” and “series 2” are 
meaningless.  If a legend is to be used, the labels should be “calculated” and 
“experimental,” or something else that will help the reader discern which is which. 

9. The placement of reference numbers to the right of equations is confusing.  Perhaps 
citation in the text instead would be preferable. 

10. The phrase “max zero errors” should spell out “maximum” in formal writing. 


