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LabView software. LabView code can be found in Appendix C. Calibration hardware and testing 

set-ups are discussed in section 4.1and wiring diagrams can be found in AppendixB. 

 

3.5    Temperature Compensation 

 Temperature compensation can be achieved passively (through the addition of a resistor 

in the Wheatstone bridge) and actively (through calibration). Pre-stresses associated with the 

installation of strain gages create an offset of the output of the strain gage. This initial non-zero 

offset becomes the baseline for the rest of calibration/testing. When the balance is heated, 

thermal strain is sensed by the strain gages, which is caused by a number of factors. To passively 

combat these effects, a temperature sensitive wire/resistor is added to one leg of the Wheatstone 

bridge that will increase in resistance as the temperature rises.  

 

Figure 26: Wheatstone Bridge with Temperature Compensation 

The size of the wire/resistor is determined by heating and cooling the balance, and iteratively 

changing the resistor size until the change in output voltage due to temperature only is between 

3-5microV/V over an 80-180 oF temperature range (8). A typical temperature compensation run 

is shown in Figure 27. 
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Figure 27: Example of Balance Temperature Compensation Run 

3.6    Calibration Fixture 

 Pictured below are the calibration stands, and adapters. 

 

Figure 28: Calibration Fixtures  
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Figure 29: Calibration Adapter  

The calibration stands shown in Figure 28 were made using steel bar stock. The stand on the left 

is used to hold the balance in place, while the stand on the right is used in the application of the 

thrust load. A brief FEA was performed on both stands to ensure the structures minimally 

deflected under full load. The calibration adapter shown in Figure 29 is used to apply both the 

thrust and torque loads to the balance. The adapter (the square aluminum piece) is affixed to the 

front of the balance, and holds the torque arm (the long rectangular tube) in place. The torque 

arm was also analyzed through FEA. This analysis was done in order to minimize weight, while 

maintaining the stiffness of the beam. It was determined that a steel structural tube would 

provide the best stiffness to weight ratio compared to a solid piece of steel. The drawings used to 

make the test stand and adaptor can be found in AppendixD.   

To apply known torques, dowel pins were used to precisely locate the arm to the metric 

end of the balance. The hardened steel dowel pins were chosen for their extremely tight 
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tolerance. The length of the adaptor arm was dictated by the strength of the material and the 

torque that was to be applied to the end of the balance. It is recommended to make the arm as 

long as possible to reduce the size of the weight that is to be added to the end of the arm. A 15 in 

long arm centered on the balance allowed a 2 lb weight in order to apply the full scale 15 in-lbs 

of torque.  

 

Figure 30: Calibration Set-up 

 A frictionless knife edge pivot was used with fishing line to apply the thrust load. The 

pivot has a set screw clamp that accommodates the stretch in the line under load. To ensure the 

�S�L�Y�R�W�¶�V���Z�H�L�J�K�W���K�D�V���Q�R���D�I�I�H�F�W���R�Q���W�K�H���U�H�D�G�L�Q�J�V���L�W���L�V���Q�H�F�H�V�V�D�U�\���W�R���H�Q�V�X�U�H���W�K�D�W���W�K�H���Y�H�U�W�L�F�D�O���I�D�F�H���L�V��

perpendicular to the floor. 
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Figure 31: Pivot Orientation  

 The line is fastened to a load platen where the weights may be applied. On the opposite end at 

the adapter, the fishing line is fed through a drilled socket head cap screw and tied to a washer. 

The washer is held in place by the hex pattern of the socket head cap screw as shown in Figure 

29. The tare weight is removed from the calibration using an iterative process discussed later.  

The calibration stand is designed for minimum deflection so it is overly stiff for the 

forces applied. Alignment of the stand is critical to ensure that the thrust force is applied 

perpendicular to the balance. 

 

3.7    Stress Analysis 

Both a static and dynamic stress analysis were performed to ensure that the balance is 

sensitive to the force/moment ranges required, and that the propeller passing frequency 
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frequencies fall above or below the fundamental frequency of the balance. Autodesk Inventor 

(version 2016) software for finite element analysis was used for this study. 

In both analyses, the material, constraints, contacts between components, and mesh are 

identical. Loads are only applied in the static case. The material properties for the aluminum 

used to make the balance are entered into the analysis. Figure 32 shows the material properties 

used for the 6061-T6511 aluminum. 

 

Figure 32: Material Properties of 6061-T6511 Aluminum  

Boundary conditions (constraints and loads) are then applied to the balance and are shown in 

Figure 33. A fixed constraint is applied to the three balance surfaces that come into contact with 

the calibration/test stands. The mount supports are not included in this selection. A 15 in-lb 

torque applied clockwise around the z axis is placed on an imaginary cylinder with a diameter of 

25mm fixed inside the endplate on the balance. The motor operates in the counter clockwise 

direction so the balance sees a moment of equal magnitude in the opposite direction. This outside 



43 

diameter of the cylinder represents the bolt circle diameter of the motor. A 15 lb force going 

from right to left,  split between four bolt hole centers in this imaginary cylinder, are applied to 

the endplate face. A 1 lb force going straight down is placed on the edge of an imaginary 

rectangle that goes straight through the center of the balance to simulate the weight of all of the 

c�R�P�S�R�Q�H�Q�W�V���D�W�W�D�F�K�H�G���W�R���W�K�H���H�Q�G���R�I���W�K�H���E�D�O�D�Q�F�H�����L���H�����P�R�W�R�U�����S�U�R�S�H�O�O�H�U�����D�Q�G���I�D�V�W�H�Q�H�U�V�������,�Q�Y�H�Q�W�R�U�¶�V��

gravity function was also activated.  

 

Figure 33: Stress Analysis Boundary Conditions 

Once the boundary conditions are determined contacts between components are created. All 

�V�X�U�I�D�F�H���F�R�Q�W�D�F�W�V���L�Q���W�K�L�V���V�L�P�X�O�D�W�L�R�Q���D�U�H���V�H�W���W�R���‡�E�R�Q�G�H�G�·�����7�K�L�V���P�H�D�Q�V���W�K�D�W���W�K�H�\���D�U�H���D�Q���L�G�H�D�O���M�R�L�Q�W����

and that the parts are not allowed to move in any way in relation to each other. Next a mesh is 

generated using Inventor�¶s auto mesh feature. The mesh is then manipulated by adding local 

mesh controls to surfaces and edges. On the ODU15X15 a local mesh control is placed to change 

the size to 0.01 inches on all the measurement beam surfaces where strain gages are to be 

attached along with conjoining radii, as shown in Figure 34. 
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Figure 34: Typical Mesh on Measurement Beams 

Most other critical/high motion surfaces (such as the thrust cage flex beams) have a local mesh 

control of 0.05 inches (Figure 35) while the non-critical surfaces of the balance are left with the 

original auto generated mesh size.  

 

Figure 35: Thrust Section Mesh 

In non-critical areas mesh size is not as important due to the lack of stress 

gradients/concentrations. Note in Figure 36 below that the top and bottom right portions of the 

balance are left with the original auto-generated mesh. Larger sections of the balance could be 
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covered in the auto-generated mesh. However since Inventor requires an entire continuous 

surface, or edge be picked to change the mesh size of an area; larger portions of the balance are 

covered in the 0.05 inch mesh control. Therefore any continuous plane not broken up by an edge 

will have the same mesh size over the entire section. 

 

Figure 36: Full Balance Mesh 

Due to the creation of the imaginary geometry to apply loads on the balance in specific locations, 

the auto-mesh feature generates a dense area of smaller elements on the surface of the end cap. 

The program assumes there is a high interest area at this point. However the imaginary structure 

and end cap are bonded to eliminate movement so no gradients will occur. A local mesh control 

is unable to change this effect. Once the mesh is generated the analysis can begin. 

 

3.7.1    Static (Motor OFF) case 

 All of the static stresses calculated in the simulation fell within the 4 - 6.8 ksi range 

chosen (see section3.4). Figure 37 shows the acceptable results for the stress analysis.  
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Figure 37: Stress Analysis (ksi) 

Von Mises stresses resolve multi-directional stresses into an equivalent uniaxial stress at any 

particular location (10). Figure 38 shows the direction and surface where each stress component 

acts. Equation 35 defines the Von Mises stress. 

�Œ�Ø�ä L §�5
�6

k�:�Œ�5�5F �Œ�6�6�;�6 E�:�Œ�6�6F �Œ�7�7�;�6 E�:�Œ�7�7F �Œ�5�5�;�6 E�x�:�Œ�5�6
�6 E�Œ�6�7

�6 E�Œ�7�5
�6 �;o          (35) 
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Figure 38: Von Mises Stresses 

Figure 39 shows the typical placement of the FEA data probes on the thrust section. These 

probes allow the user to determine various attributes at particular points on the model  

 
Figure 39: Thrust Section Typical Probe Placement 

Figure 40 shows the typical placement of the probes on the torque section.  

  
Figure 40: Torque Section Typical Probe Placement 
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Probes are placed approximately 0.04 inches from the fillets and centered on the measurement 

beam on both the thrust and torque sections (i.e. mesh grid spacing 0.01 inches). This position 

corresponds to the active grid center of the strain gage that is to be used with the inactive 

soldering tabs butted up against the edge of the fillet, as shown in Figure 41. 

 

Figure 41: Typical Gage Placement on Thrust Section Measurement Beam 

The radius of the thrust section fillets is 1/16 inch. The positions of the probes were determined 

by the geometry of the strain gage as well as the locations of the highest stress on the simulation. 

Torque, or the rolling moment, as it is called in the design of NASA internal balances, is hard to 

predict (5). It can also be measured in a number of different locations along the balance to 

include flex beams in the thrust section.   

The displacements of the balance under load follow the conventions set forth by section 

3.3 with slight variations. These asymmetric variations in displacement are considered 

negligible, and are most likely the result of the application of both thrust and torque (as opposed 

to the single load applied in the previous section), and the asymmetry in the geometry caused by 

the end gaps. The deflections presented in Figures 42-45 are due to full-scale torque and thrust 

applied simultaneously. 
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Figure 42: Resultant Displacement 

 
Figure 43: Z-Displacement 

 
Figure 44: Y-Displacement 
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Figure 45: X- Displacement 

Note that there is no displacement of the thrust section in the X or Y components, and that the 

torque measurement beams are almost solid in color in the Z component. This means that all of 

the strain gages placed on these measurement beams should read the force they are designed to 

read. A characteristic not shown above in section 3.3 is a similar displacement gradient in the 

torque section as the thrust section. This is shown in Figure 43, Figure 44, and Figure 45 above 

where the maximum displacement is on the left end of the torque measurement beam and no 

displacement on the right side creating a moment across the torque measurement beam. 

The maximum displacement in the Z-component is 0.00302 inches. As before the 

maximum displacement is on the bottom of the balance and is almost uniform. There is less than 

0.001 inches difference between the two thrust measurement beams. This is not considered to be 

an issue as the stresses meet the sensitivity requirements of the strain gages, the difference is 

very small, and the balance will be calibrated. 

The load proportion ratio, addressed in section 2.1, was calculated for both the right and 

left sides of the balance under full load, as shown in Figure 46. Local probes were used to 
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determine stress values for all eight flex beams and the measurement beam. Probes were placed 

at the highest stress points on each of the beams. 

 

Figure 46: Stresses Used for Load Proportion Ratio 

The equation below is used to calculate the ratio. 

�.�˙�˘ L �� �Ø
�� �Ø �>�Ô�Ø�Ø�å�Ô�Ú�Ø k�� �Ñ o

��          (36) 

�.�˙�¿ L
�Ô�Ø�Ø�å�Ô�Ú�Ø �:�� �Ñ �;

�� �Ø �>�Ô�Ø�Ø�å�Ô�Ú�Ø k�� �Ñ o
          (37) 

The FEA analysis predicts that the load proportion ratio to be 0.665:0.335 for the right side, and 

0.685:0.315 for the left side. The load proportion ratios were also analytically calculated using 
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Equations 10 and 11. LNM = 0.5439, and LNF = 0.4560. Due to the two different size flex beams 

on the balance, two spring constants were required to be calculated in the analytical method. 

These two spring constants were then added together to create an overall flex beam spring 

constant. The safety factor of the balance under load is shown below. 

 
Figure 47: Safety Factor (4.72) 

An analysis of the ODU15X15 balance using equations 13 and 27, presented in section 2.1, yield 

stresses under the strain gages of 5.41 ksi for the thrust measurement beams and 4.785 ksi for the 

torque measurement beams. Since the torque measurement beams do not have rectangular cross 

sections the equations in section 2.1 have to be modified to incorporate the proper area moments 

of inertia. The analytical and FEA analyses can be compared to calibration data where applied 

thrust is 14 lb and applied torque is 15 in-lb, such as run 1. The run 1 raw voltage data for thrust 

and torque are multiplied by 1000 to convert to mV, and then divided by the sense to get output 

in mV/V; giving Thrust = 0.9532 Torque1 = 1.017 Torque2 = 1.057. Applying Equation 34 to 

the FEA for each bridge the following stress outputs are obtained: Thrust = 4.933 ksi Torque = 

4.835 ksi Torque = 4.917 ksi. These values show that the FEA stresses, analytical stresses, and 

actual balance outputs correspond well (1 mV/V = 4.542 ksi). Note that 15 lbs thrust is applied in 
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the FEA, while 14 lbs thrust is applied in the calibration. For detailed calibration information see 

section 4. 

3.7.2    Dynamic (Motor ON) case 

 A frequency analysis was performed to find �W�K�H���E�D�O�D�Q�F�H�¶�V���Q�D�W�X�U�D�O���I�U�H�T�X�H�Q�F�\. A one lb 

mass cylinder is constrained to the end of the balance to simulate the motor and propeller 

component�¶s mass, and position of the center of gravity. Using the speed of the motor, a passing 

frequency output can be calculated for a given number of blades on a propeller. This value is 

used in the frequency analysis and the design of the balance in order to avoid (above or below) 

exciting the natural resonance in the balance (11). As an example consider a rotational speed of 

10,000 RPM and a two blade propeller. The frequency to be avoided is 333 Hz.  
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Figure 48 shows the final modal analysis of the ODU15X15 balance, which has a fundamental of 

107 Hz. A full modal analysis will also predict higher frequencies and should be evaluated. 

 
Figure 48: Frequency Analysis 
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While this analysis is done through computer simulation, a physical test could also be 

performed. In �5�8�$�*�¶�V��propeller balance development, unsteady frequency testing was 

employed. The balance and test article were excited to a set frequency while load measurements 

were completed (11). Frequencies chosen were based on propeller blade count and RPM. Use of 

the ODU15x15 will require careful consideration of the dynamic loads on a case by case basis.  

It is important to use balanced propellers to avoid excitation.  
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4    CALIBRATION  

4.1 Calibration Set-up 

The calibration of a balance requires a number of different components. This includes a 

power supply, junction box, weight platens, the previously described test stands and arms, and a 

voltage data acquisition system. See sections 3.4 and 3.6 for the design discussion of these 

components. The rig allows for known static forces to be applied to the balance, while the stand 

and data acquisition equipment provide a rigid support to keep the balance from moving and 

record the voltage outputs of the balance, respectively. The final calibration set-up is pictured 

below. 
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Figure 49: Calibration Set-up 

A junction box is used in order to direct all of the current flows, and to create a robust 

connection between each of the components. As shown in the photo above the power is supplied 

to the balance bridges from the left side of the junction box. The voltage source and sense lines 

connect to the bottom of the junction box. BNC connectors are used on the back side of the box 

to provide the output signals for each of the Wheatstone. BNC cables with low pass filters, which 

filter out anything above 40 Hz, are then used to connect the splitter junction box to the DAQ 
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(exits right), which then connects to the computer. Sense lines are used to monitor the actual 

voltage supplied to the balance. Using sense to measure the voltage at the bridge supply, it is 

determined that the power supply is to be set to 5.14 volts in order to achieve the required 5 volt 

input at the bridges. The wire length from the balance to the splitter junction box if 6ft. Current 

supplied to the balance is determined by the power supply module and was recorded to be 0.042 

amps at the time of calibration. 

 

Figure 50: Calibration Wiring Diagram  

The complete calibration wiring diagram is provided in Appendix B. 

The calibration stands are installed on a level rigid metal table. The table is a tube steel 

frame with a piece of 0.25 inch thick aluminum plate covering the top. The assemblies are 

aligned to each other with spirit levels and by taking measurements from the bases using 

calipers.  

With the stands installed and the wiring in place, the balance can be installed onto the 

calibration stand. The attachment point for the balance is identical to the attachment point used to 

mount the balance during testing. The adapter is then assembled. Two tapered dowel pins locate 
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the torque moment arm onto the adapter plate. A socket head cap screw with a hole running 

through it is then installed on the center of the adapter plate to apply the thrust loads and hold the 

torque moment arm in place. Fishing line long enough to hang off the table, as shown in Figure 

49, is tied to a washer and then the other end is fed through the hole in the socket head cap 

screw. The washer stops the line from passing completely through the fastener, as shown in 

Figure 29. The adapter is then installed onto the balance, and fishing line is looped through the 

holes on either end of the torque moment arm, tied off, and hung for the duration of calibration. 

The knife edge pivot is then installed to the top of the opposite calibration stand. The line passes 

over the turning circle and hangs. The bolt on the turning circle is used to hold the turning circle 

in place while no load is applied. Only the vertex of the knife edge pivot comes into contact with 

the knife edge. A weight platform is then hung from this fishing line where it will remain for the 

duration of the calibration process. To verify the perpendicularity of the thrust line to the balance 

in the horizontal plane a square is placed along the torque moment arm. If adjustments are 

needed the holes in the knife edge are large enough to slightly modify its position. In the vertical 

plane a level and a pair of calipers are used. The level is set along the top of the balance and the 

calipers are used to measure between the level and the fishing line near the balance and then 

again near the knife edge. The knife edge was then shimmed until the two measurements 

matched. The torque arm did not require adjustments, because the arm is fitted with dowel holes 

to locate it precisely to the adapter plate, the bottom of the weight mounting holes are flush with 

the center of the beam, and the holes are 7.5 inches from the center of the balance. 
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4.2 Calibration Procedure 

A calibration must be completed in order to relate the voltage output to the force being 

applied. This is done by applying known loads and recording the voltage output of the bridges. 

With this information, an empirical math model can be created to relate applied loads to 

electrical signals. The best calibrations are achieved when the balance experiences the same 

environmental conditions during calibration as it will see during testing (6). 

The calibration load schedule for the ODU15X15 balance was completed using the 

principles of Design of Experiments (12). A sequential experiment featuring a 2k factorial design 

and subsequent augmentation to a Central Composite Design (CCD) was proposed.  

 

Figure 51: Factorial and CCD Calibration Designs 

The left square with the solid black and center blue data points represents the required data 

points to produce a first order plus two factor interaction model. This is the classic factorial 

design. The open circles in the interior of the square are confirmation points. These points are 

used to compare measurements to empirical model predictions. The right square shows the 

additional points required in red to produce a quadratic model. Using the factorial design, the 

center points allow a test for quadratic curvature. That test result will decide whether a full 

quadratic model would better represent the data. Available weights for the calibration dictated 
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that the thrust limits be dropped to 14 lbs. The final design load schedule featuring the factorial 

design in block one and the extra points required for the CCD in block 2 is given in Table 1. 

Center points are included in both blocks. The run schedule is fully randomized. 

Block Run Type Thrust (lb) Torque (in-lb) 
Block 1 1 Factorial 14 15 
Block 1 2 Factorial 0 15 
Block 1 3 Factorial 0 -15 
Block 1 4 Confirmation 12 7.5 
Block 1 5 Confirmation 2 7.5 
Block 1 6 Center 7 0 
Block 1 7 Confirmation 4 -7.5 
Block 1 8 Confirmation 5 7.5 
Block 1 9 Confirmation 12 -7.5 
Block 1 10 Center 7 0 
Block 1 11 Factorial 14 -15 
Block 1 12 Center 7 0 
Block 1 13 Factorial 0 15 
Block 1 14 Factorial 0 -15 
Block 1 15 Factorial 14 -15 
Block 1 16 Factorial 14 15 
Block 2 17 Axial 14 0 
Block 2 18 Axial 0 0 
Block 2 19 Axial 7 15 
Block 2 20 Axial 7 -15 
Block 2 21 Axial 0 0 
Block 2 22 Axial 7 15 
Block 2 23 Axial 14 0 
Block 2 24 Center 7 0 
Block 2 25 Center 7 0 
Block 2 26 Axial 7 -15 

Table 1:  Calibration Run Schedule  

Prior to starting the calibration experiment, the balance must be powered for a few hours to 

ensure that all electrical components have reached a steady state temperature. Once the warm-up 

is complete, weights were added and removed to the load platens in accordance with the run 

schedule shown in the table one. Each run of the schedule consists of an initial zero applied load 
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recording (tare), a loaded recording per the schedule, and a final tare recording. The recordings 

take 20 measurements approximately 1 second apart. This data is then filed raw and averaged by 

the LabView code. See Appendix C for the full LabView code. See Appendix E for the averaged 

raw results from calibration. 

 

4.3 Calibration Results 

 Calibration of the balance reveals that the balance performs with error commensurate 

with typical NASA LaRC wind tunnel balances. During initial calibration runs, the voltage 

supply to the balance allowed for large ranges of input voltages. This problem was remedied by 

switching to a more robust supply. No other issues were seen during the calibration of the 

balance. With this data, a 2nd order regression model was generated using ordinary least squares 

fitting to accurately predict the thrust and torque loads. The models output a response in 

millivolts per volt of excitation using inputs of lb and in-lb for the thrust and torque respectively. 

The regression models (shown in Table 2) are then input into the Labview code for use during 

testing. Loads are solved for iteratively in the LabView code using the methods shown in 

reference 13. 

 Thrust (mv/V)  Torque (mv/V) 
Intercept -4.1630E-06 -5.3645E-05 

Thrust  (lb) 6.8202E-02 6.5685E-04 
Torque (in-lb) -1.4048E-04 1.3799E-01 

Torque x Torque (in-lb) (in-lb) -5.9117E-06 -4.7799E-06 
Torque x Thrust (in-lb) (lb) 4.2239E-07 -1.2544E-05 

Torque x Torque (in-lb) (in-lb) 7.3980E-06 -2.8944E-06 

Table 2: Calibration Regression Models 

The regression models were used to predict responses at the design point locations and at four 

interior confirmation points. Traditionally the standard deviation of the residuals is used to help 
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