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Abstract 

 

Measuring Pilot Control Force in General Aviation 

Benjamin Wyma 

Dr. Brian Kish  

 

Flight test requires a variety of sensors and data systems to accurately read variables on an 

aircraft during testing. One of these important variables is the pilots control force. Control force is 

used in many tests in flight test to ensure the aircraft being tested meets the required FAA 

standards. One essential test is stick free longitudinal stability where control force is needed to 

calculate the stick free neutral points of the aircraft [1]. The objective of the project was to 

explore two methods of electronically measuring control force and determining which method is 

best suited for Florida Institute of Technology’s flight test class. The chosen method was 

designed, manufactured, implemented, and tested to determine the performance of the system. 

The load cell system performed well with room to improve in the design and implementation of 

the system. This paper discusses the advantages and drawbacks between two methods of reading 

control force in a Piper Warrior and Piper Cherokee 6 aircraft. 
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1.0. Introduction 

 The goal of this project was to make an accurate system that can read the pilots 

control force from engine start to engine off. The current system at the Florida Institute of 

Technology’s (FIT) flight test program is a handheld force gauge that the pilot must hold 

between their hand and the control wheel to measure control force. This handheld gauge is 

bulky and only records current force readings. This means the pilot must accurately read 

the gauge at the appropriate time while also performing all the actions required for the test. 

This is difficult as the tests sometimes require specific conditions to be met such as 

constant airspeed or constant altitude, thus increasing the pilots task load. This project 

aimed to create an easy-to-use system that requires minimal to no pilot interaction. This 

way the pilot can focus on performing the best test conditions while the electronics record 

the control force. The project was also intended to create a less bulky design and limit 

unnecessary equipment allowing the pilot to focus on the test. Finally, this project intended 

to interface the control force electronics with FIT flight test program’s new data acquisition 

system. This system was designed to take in multiple sensors and display them on an iPad 

using a graphical user interface (GUI).  

 The project explored two common methods of reading pilot control force and 

determined which is best for the FIT flight test program. The first method utilizes strain 

gauges on a load bearing member to read pilot control force. The strain gauge method 

provides benefits of a simple and cost-effective method to reading pilot control force. It 

however comes at the drawback of a slightly more cluttered design as there are more wires 

for the electronics and has more exposed electronics that could cause problems. The second 

method uses load cells as force bearing members to read pilot control force. The load cell 

method is a much more costly and complicated method with many more required 

manufacture parts. This brings the advantage of a cleaner design as the components are 

better hidden and harder to break in general aircraft use. 
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2.0. Literature Search 

The Federal Aviation Administration (FAA) does not dictate which design 

methods are required for testing, but they do require that testing meets set force 

requirements. FAA CFR part 23 section 143 states, “the control forces necessary must be 

determined by quantitative tests” [11]. The specific section of the CFR discusses various 

maneuvers and then dictates the conditions of the maneuvers and the maximum allowable 

pilot force required to perform the maneuver. There are many more sections in part 23 that 

require control force testing.   
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3.0. Force Measurement Concepts 

3.1.Strain Gauges and Load Cells 

 This project tested both strain gauges and load cells to determine which was the 

best method to record pilot control force. A strain gauge is a thin sensor with a small 

conductive wire running through it that will change in length when the attached surface is 

under tension or compression, as seen in figure 1 [6]. The strain gauge can be added to an 

electrical circuit to be used as a varying resistor by connecting wires to the terminals on the 

strain gauge. 

 

Figure 1: Strain gauge compression and tension [5] 

 Since strain gauges are resistors, they can be used in Wheatstone bridges with three 

other normal resistors. A Wheatstone bridge (seen in figure 2) uses Ohms law to measure 

voltage across the middle of the Wheatstone bridge (VG) and knowing the resistance of the 

three normal resistors, the resistance of the strain gauge can be calculated. The voltage 

across the bridge be plugged into a calibration equation to determine how much force is 

being applied to the system. Figure 2 shows a general Wheatstone bridge where R1, R2, and 

R3 are normal resistors with known resistance and Rx is the strain gauge with varying 

resistance. 
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Figure 2: Wheatstone bridge circuit diagram [6] 

 A load cell is a prebuilt strain gauge system where instead of the customer 

applying the strain gauge to a force bearing member of the system, a load cell becomes the 

force bearing member of the system. Both load cells and strain gauges come in many 

different types, shapes, and sizes. The load cell category of interest for this project is 

miniature compression load cells. Compression load cells contain several strain gauges 

inside the load cell and a Wheatstone bridge already made. Once the Wheatstone bridge is 

connected to a voltage source, VG can be measured and used to calculate force applied to 

the load cell. 

 Strain gauges have many benefits including simplicity and cost efficiency. Load 

cells will typical cost five or ten times more than a strain gauge depending on the precision 

and environmental conditions the two systems are designed for [7][8]. Load cells have the 

added benefit of easy setup due to the load cell already having the strain gauge and 

Wheatstone bridge setup when purchased. 

3.2. ADC Amplifier 

 Analog to Digital Converter (ADC) helps read more minute changes in the strain 

gauge or load cell. An Arduino nano input has an analog read resolution of 10 bits meaning 

it can read in 210 - 1 or 1023 divisions of its maximum voltage range of 0-5 volts. This only 

allows for the Arduino nano to read changes of 5/1023 volts or changes of 4.88 millivolts. 

While this may seem precise, a strain gauge operates in micro volt increments therefore the 

Arduino nano does not provide enough precision to read small resistance changes in the 

strain gauge. To increase the Arduino Nano measuring resolution and ADC is used. An 

ADC converts the signal and amplifies it up to a higher resolution. The ADC used in the 

project amplifies up to a 24-bit resolution on a 5-volt range. This makes the measurable 
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voltage changes 2.98⋅10-7 volts or 0.298 microvolts. A downside to the ADC converter is 

that it adds additional noise to the signal. The ADC chosen for this project is the HX711 

ADC which interfaces well with Arduino nano and raspberry Pi. The HX711 allows for 

three different gains to pick from therefore the right balance between amplification and 

noise can be found. During testing of the system, it was found that the lowest gain on the 

HX711 ADC was best suited for the project. The two higher gains were adding too much 

noise to the measurements and provided more precision than was necessary for the system 

requirements. Figure 3 shows the HX711 ADC amplifier board used in the system.  

 

Figure 3: HX711 ADC amplifier [4] 

3.3. Arduino nano and Raspberry Pi (Rbpi) 

 Originally, the project was designed around connecting all electronics to an 

Arduino nano. The Arduino nano would then connect to the flight test data acquisition 

(DAQ) system’s raspberry PI via USB serial communication. This method provided a 

clean cable management solution. Only one cable had to run from the front of the plane 

where the control force system is located, to the back of the plane where the flight test 

DAQ system is located. While the system worked as intended, there was unwanted latency 

in the data transfer to the Rbpi and inconsistencies in communication between the two 

electronics. Thus, the Arduino nano was no longer used and the Rbpi became the controller 

and signal reader of the control force electronics. This required a V0+ V0- VG+ and VG- cable 

for each load cell for a total of twelve cables instead of the original one cable running from 

the front of the plane to the back. As a result, latency was no longer apparent, and the 

system was working more consistently. Each cable was bundled together to appear as one 

but resulted in a thicker cable than the system with an Arduino nano. All software was 



 

6 
 

created with the help of Daniel Owen and finalized in the Rbpi by Daniel Owen [2]. All 

control force related software is found in the software appendix. 

3.4. Circuit Setup 

 On the HX711 there are four holes on one side to connect to the Rbpi and six holes 

on the other side. Among these six holes, two are for the V0+ and V0- wires and two of the 

remaining for holes are for the VG+ and VG- cables. The two holes that are used depend on 

the gain desired where the B+ and B- holes correlate to the lowest gain which was chosen 

for this project. The four cables connecting to the HX711 from the Rbpi are power (VCC), 

ground (GND), clock (SCK), and data out (DT). The VCC and GND provide power and 

ground for the HX711 ADC which in turn provides power to the load cell or strain gauge 

Wheatstone bridge. SCK provides a timing signal to the HX711 ADC to determine when to 

take voltage measurements and DT provides data out from the HX711 ADC to the Rbpi. 

The four cables going from the HX711 to the load cell or strain gauge Wheatstone bridge 

are the VG+ VG- V0+ and V0-. The two wiring diagrams are shown below where figure 4 is 

the setup for the strain gauge system and figure 5 is the setup for the load cell system. It is 

important to note the extra wiring seen in figure 4 associated with having four complete 

Wheatstone bridges. 

 

Figure 4: Wire diagram using strain gauges 



 

7 
 

 

Figure 5: wire diagram using load cells 

4.0. Methods 

4.1. Method 1 – Strain Gauges 

4.1.1. Concept 

 The first approach to reading pilots control force was suggested by Dr. Ralph 

Kimberlin and is a solution that he had worked with before as a flight test engineer. The 

method utilizes two or more strain gauges placed on stress induced beams of a custom-

made control wheel. When the pilot pushes and pulls, the strain gauges located on the front 

of the control wheel arms experience a change in electrical resistance due to the arms 

bending. The strain gauge electrical resistance changes effect the voltage reading in the 

Wheatstone bridge. The measured voltage change is plugged into a calibration equation 

that converts the voltage into pilot control forces. The same concept applies to strain 

gauges on the top of the two beams. When the pilot performs left and right turns on the 

control wheel, the forces exerted by the pilot can be calculated. The custom control wheel 

is shown below in figure 6. 
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Figure 6: Strain gauge method control wheel 

4.1.2. Design 

 The design consisted of a previously designed control wheel provided by Dr. 

Kimberlin (figure #), four strain gauges, four ADC amplifiers, twelve resistors (three for 

each strain gauge to make a full Wheatstone bridge), and an Arduino nano. The four strain 

gauges were placed on the arms of the control wheel, two on each side with one on the 

front facing side and one on the top facing side. These four locations allow for force 

reading in the push, pull, turn right, and turn left on both handles of the control wheel. As a 

result, a pilot can use one hand on either side of the control wheel to fly and still accurately 

record net forces. Each strain gauge was a part of its own Wheatstone bridge and ADC 

amplifier that were all connected to one Arduino Nano. Figure 7 shows the control wheel 

with the push and pull strain gauges installed on the left and right arms. 

 

Figure 7: Control wheel with strain gauges installed 

4.1.3. Problems 

 The main problem with this system involved the calibration. The device calibrated 

appropriately and would provide great readings if the cabling remained stationary. Once 
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any of the cables moved, the calibration was altered significantly to the point that the 

system required recalibration. Given the environment the system was going to be in, it is 

impossible to guarantee the cabling would not move. This issue is likely due to the 

electrical properties of the wire constantly being changed when touched or moved. While 

the change is miniscule, the ADC is amplifying the Wheatstone bridge readings and as a 

result smaller changes will have a larger impact on the system.  

A solution would be to have all the circuitry for the Wheatstone bridge contained 

on the control wheel arms. This would conceal the wiring so the Wheatstone bridge would 

not receive any external contact. However, concealing four strain gauges, twelve resistors, 

and four ADC amplifiers on the arms of the control wheel would cause clutter and make 

repairs and upgrades difficult.  

A different solution would be to use more strain gauges on the control wheel to 

create half and full Wheatstone bridges. In figure 2, the Wheatstone bridge displayed is a 

quarter Wheatstone bridge, meaning only one quarter of the resistors are strain gauges. In a 

half Wheatstone bridge the two strain gauges would experience the same manipulation in 

cable electrical properties since they would be having wires running from the control wheel 

to the circuitry. This presents another clutter problem. Each strain gauge would need to be 

located on the opposite side of the handle to its half Wheatstone bridge counterpart. This 

ensures that voltage recordings isolate only the bending force and will not be measuring 

two separate forces simultaneously. This solution provides four more sets of cables making 

eight cables running from the control wheel turn into sixteen cables.  

 Due to these problems, the development process was stopped after the prototype 

was tested to pursue the second method of reading pilot control force.  

4.2. Method 2 – Load Cells 

 The second solution to reading pilot control force utilizes a Piper parts 

manufacturer approval (PMA) control wheel [10]. This is a control wheel that was built by 

Avion Research. This system design redirects pilot control force into load cells that read 

the pilots control force. This control wheel was chosen because it has a hollowed interior 

with an accessible compartment which allows electronics to be routed and store in the 

interior of the control wheel.  
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4.2.1. Concept 

 When a pilot is exerting force on the control wheel, the force is translated to 

control wheel shaft and then to the aileron and elevator systems. This force transfer allows 

the pilot to move the ailerons and elevator of the aircraft. The concept behind this design is 

to place a load cell in the force transfer line in between the control wheel and shaft. This 

way when the pilot exerts force on the control wheel that force is then exerted on the load 

cells. The load cells then exert force on the shaft which in turn exert force on rest of the 

control surface system. The pilot will not experience anything different from typical flying, 

but the force the pilot exerts can be read. 

4.2.2. Design 

 This system was designed to read both rotation and translation forces exerted on 

the control yoke by the pilot. Four load cells are used, one for each of the four forces 

(translational push, translational pull, rotational left, and rotational right). The load cells 

chosen for the design are compression only load cells. Initially it was considered to do one 

load cell that was able to read both compression and tension. This concept was avoided for 

several reasons. First, these load cells are both larger in size and in error presenting 

possible available space problems and accuracy problems. Furthermore, the compression 

and tension load cells would only be able to read push and pull data. Lastly, the bi-

directional load cells would have an added torque when turning the wheel causing possible 

unknown lifetime changes to the load cells. Due to the small, confined space to work with 

and a need for precise data, small yet accurate compression load cells were chosen. The 

following figure 8 shows the compression load cell chosen. The load cell has a max load of 

250 pounds, max operating temperature of 121oC and an accuracy of ±0.7% [8]. See 

vendor data appendix for full specifications of the load cells used. 
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Figure 8: Miniature compression load cell 

Each of the four load cells will be placed in a different orientation to read each of 

the four forces. All four load cells are held in place by components mounted to the control 

wheel. Each load cell has a 3D printed holder that prevents the load cell from translating on 

the surface it is resting on. For the turn right and turn left force load cells, the holder is 

mounted to the bottom of the control wheel inside the housing compartment. For the push 

and pull force load cells, the holder is attached to an L-bracket that rotates the load cells 

90o. This allows the load cells to be facing towards and away from the pilot. Figure 9 

shows the load cell and holder system for the left and right turn forces. Figure 10 shows the 

load cell, holder, and bracket system for the push and pull forces. 

 

Figure 9: Load cell inside holder 
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Figure 10: Load cell inside holder on L-bracket 

 Each load cell has a tensioner screw that is facing the load cell. The screw is 

tightened until it is pushed against the load cell to keep the load cell in place. The tensioner 

screws are held in place with custom machined brackets that attach to the control wheel 

shaft. One bracket is located on the left and one on the right of the control wheel shaft. 

Both custom brackets house two tensioning screws for a total of four tensioning screws in 

the system. Figures 11 and 12 show these brackets where the threaded holes are the holes 

the tensioning screws will go. The through holes on the brackets are for bolts to attach the 

brackets to the control wheel shaft. 

 

Figure 11: Shaft left bracket 
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Figure 12: Shaft right bracket 

 Figure 13 shows the tensioning screw brackets assembled to the control wheel 

shaft.  

 

Figure 13: Control wheel shaft and bracket assembly 

For this system to work, a custom shaft needs to extend beyond the standard shaft 

length into the control wheel. Two different chromoly tubes were ordered from WagAero 

[9] with the same outer diameter of 1-1/8” with one tube having a thickness of 0.065” and 
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the other having a thickness of 0.083”. Two different thickness tubes were ordered in case 

the tubing needed to be more rigid with the new equipment being attached to it. The final 

tubing used was the thicker 0.083” tubing for a stronger system. 

To achieve the proper force transfer along the system, the hole in the control wheel 

was enlarged to allow a small amount of translation. The hole size was determined by 

adding four full load cell compression lengths to the diameter of the existing control wheel 

hole. Only two full load cell compression lengths are required, but to ensure forces are 

exerted on the load cells, the extra length was added. The bolt joint between the control 

wheel and shaft is depicted in figure 15 where the black region is the control wheel, and the 

silver region is the yoke shaft. Once the system is bolted in, there is room for the system to 

move which will be negated when the load cell tensioning screws are tightened thus 

making the system rigid. 

 

Figure 14: Depiction of through-bolt hole size mismatch 

 Once the shaft is bolted to the control wheel, the load cell tensioning screws are 

each tightened equally to try and maintain concentric bolt holes. If a tensioning screw is 

tightened too much, then there is a risk that the connector bolts touches the wall of the 

control wheel. This prevents proper transfer forces into the load cells. The final assembly is 

depicted in figure 15 where the black surface represents the available space inside the 

control wheel. 
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Figure 15: CAD full system assembly 

 The following figure 16 shows the completed system ready to be installed in the 

aircraft. 
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Figure 16:  Full System assembly 

 The following figure 17 shows the completed system installed in the aircraft.  

 

Figure 17: Control wheel system installed in Piper Warrior 
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 For the electronics of the system, all the cabling from the load cells was routed 

through the shaft of the control wheel. Additionally, a small hole was drilled near the back 

end of the shaft for the cables to exit without getting in the way of the control surface 

system. Each of the four load cells had its four wires soldered to its own four-pin female 

aviation connector. Once the control wheel was installed, the aviation connectors each 

plugged into a male aviation connector. Each connector has wires connected to a custom 

printed circuit board (PCB) that hold the four ADC amplifiers. The custom PCB is shown 

in figure 18 below. 

 

Figure 18: Electronics holder custom PCB 

 Originally the PCB also held the Arduino nano, but once the system was decided 

to directly hook up to the raspberry pi, wires were soldered directly into the pins where the 

Arduino nano would go, and the other end of the wires were plugging into the Rbpi 

general-purpose input/output (GPIO) pins. Figure 19 shows the completed PCB board with 

the storage box. Figure 19 shows the old version with the Arduino nano installed. Later 

versions have the Arduino nano removed and wires running from the Rbpi to the 

appropriate pin holes on the PCB. 
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Figure 19: Electronics storage case (Top) and HX711 soldered to custom PCB (Bottom) 

4.2.3. Problems 

 Two main problems were discovered while testing the control wheel. The first 

problem was that the system was not rigid enough when exerting forces on only the left or 

right side. This resulted in different calibration equations if the pilot is flying with just their 

left hand, right hand, or both hands. As a result, it was decided that when testing pilot 

control force the pilot will be required to only fly using their left hand as several tests 

require the pilot to have their right hand free to perform other tasks. To the pilots for the 

FIT flight test program, this will not feel much different from the current form of testing 

with one handheld force gauge. 

 The second problem encountered was friction in the system after performing 

maneuvers. It was found that there was too much friction in the system causing the load 

cells to not decompress back to their original zero force state. This resulted in the load cells 

resting around the three-to-eight-pound range after experiencing forces. This presents a 

problem because it shifts the calibration up by several pounds and without constant re-
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calibration, the data would not be usable. While it is possible for pilots to give callouts 

when not exerting force on the aircraft and observers zero out the scale with the software, it 

is easier for the pilot to perform a quick doublet. When the pilot gives a small push then 

pull or pull then push on the control wheel it was found that the system almost always reset 

back to zero. During testing, there was one instance when the system did not reset back to 

zero, but the system zeroed out after another doublet was formed. Another possible 

solution to the friction problem would be to redesign the interior bracket components to 

also allow for a spring in each direction. If a spring were tensioned properly between the 

custom brackets and the control wheel, the spring could provide the extra required force for 

the load cell to overcome the friction in the system and return to zero force. 

 Another problem as discussed earlier in the Arduino nano and Rbpi section was the 

communication latency between the Arduino nano and the Rbpi. This was solved by 

rewriting the software onto the Rbpi and directly connecting the ADC amplifiers to the 

Rbpi. While this solution cuts out any required serial communication, it may provide 

processing issues on the Rbpi as the workload has increased. Proper software optimization 

and cooling was used to reduce the risk of processing issues.  

4.2.4. Calibration 

 For calibration, the handheld force gauge was used to push and pull on the left 

handle of the control wheel. A plot of the force recorded versus voltage recorded was made 

for push and pull forces (figures 20 and 21). All the calibration was done on the ground. 

Since the Piper Warrior has a reversible control system, someone held the elevator in place 

during calibration to keep the control wheel from moving while pushing and pulling. A 

second order polynomial trendline was made for each load cell and the resulting trendline 

equation used to calculate the force given the load cells current voltage reading. 
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Figure 20: Control force push calibration 
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Figure 21: Control force pull calibration 

4.2.5. Results 

 Table 1 shows the flight test push results. 

Table 1: Flight test push force data 

Test Type Test Number Handheld Gauge Force (lbs) Control Wheel Force (lbs) 

Push 1 

0 3.26 

5 13.65 

10 16.11 

15 13.77 

Push 2 

0 7.21 

5 9.69 

10 18.17 

15 18.79 

Push 3 

0 0.08 

5 9.23 
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10 19.54 

15 15.65 

  

Table 2 shows the flight test pull results. 

Table 2: Flight test pull force data 

Test Type Test Number Handheld Gauge Force (lbs) Control Wheel Force (lbs) 

Pull 1 

0 -0.75 

5 2.75 

10 7.74 

15 14.38 

Pull 2 

0 1.43 

5 6.43 

10 10.04 

15 15.6 

 

Figure 22 shows a graph of the test day results for push data and figure 23 shows a graph 

of the test day results for pull data. 
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Figure 22: Flight test push force 
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Figure 23: Flight test pull force 

 Pull force performed well during flight testing, but the push force did not. Push 

force error can be attributed to a poor calibration. To manipulate the calibration post flight 

test, an estimated factor was chosen for each handheld force gauge recording and the 

control wheel force was divided by the factor. These factors were held consistent across all 

tests to simulate an overall change in the calibration equation. The following table 3 shows 

each of the data points in the test, the division factors, and the resulting control wheel 

forces. 

Table 3: Calibration adjustment factors and newly calibrated forces 

Test 

Number 

Handheld Gauge 

Force (lbs) 

Control Wheel 

Force (lbs) 

Division 

factor 

New Control Wheel 

Force (lbs) 

1 

0 3.26 8 0.41 

5 13.65 2 6.83 

10 16.11 1.7 9.48 

15 13.77 1.07 12.87 

2 0 7.21 8 0.90 
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5 9.69 2 4.85 

10 18.17 1.7 10.69 

15 18.79 1.07 17.56 

3 

0 0.08 8 0.01 

5 9.23 2 4.62 

10 19.54 1.7 11.49 

15 15.65 1.07 14.63 

 Figure 24 shows the calibration adjusted data test results. 

 

Figure 24: Flight test push force adjusted calibration 

 The push data indicated by figure 24 then falls within a more acceptable margin of 

error for testing. Figure 24 does not validate push force to be accurate but does provide 

insight as to why the data may be inaccurate due to the calibration factor. Further flight 

testing should be conducted with a better calibration to validate the push force data reading 

system. 
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5.0. FAA Load Testing 

 The final control force system was flight tested on FIT’s Piper Warrior which is 

classified by the FAA as an experimental airplane. To move the system into FIT’s Piper 

Cherokee 6, the classroom aircraft, the system needed to be FAA certified. The Piper PMA 

verified control wheel used in the system already has approval from the FAA to be used in 

both the Piper Warrior and Piper Cherokee [10]. The FAA approval process requires proof 

that modifications made to the control wheel did not jeopardize its integrity. To show this, 

the control wheel was tested in compression and tension with 200 pounds, the minimum 

allowable force the control wheel needs to meet certification requirements. The testing 

apparatus used was created by Mark Albert [3] which allows the system to be tested in 

compression and tension. Figure 25 shows the control wheel compression test 

configuration, and figure 26 shows the compression test with eight 25-pound weights.  
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Figure 25: Control wheel compression test apparatus 
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Figure 26: Control wheel 200 pounds compression test 

Figure 27 shows the control wheel tension test configuration, and figure 28 shows the 

tension test with the same 200-pound load. In the tension tests, there are two blocks of 

wood that the control wheel handles rests on. The blocks are used to translate the forces to 

the control wheel handles where the pilot would be exerting force in flight. 
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Figure 27: Control wheel tension test apparatus 
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Figure 28: Control wheel 200 pounds tension test 
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6.0. Discussion 

  While strain gauges provided accurate readings, it lacks consistent data. To 

increase consistency, it would require clutter around the control wheel and would not fit 

the design scope of the project. Clutter also causes issues with cables being ripped off the 

control wheel. The load cells provided similar accuracy readings with a more concealed 

design. This solution came at a higher cost and required a more complex design. The final 

flight test results for the load cell project showed promising pull data with no more than a 

2-pound error, but the push force testing showed some accuracy problems with the data. As 

the data was skewed by a consistent margin, the inaccuracies were corrected by a simple 

recalibration. To give the system the best calibration possible, an electronic force sensor 

with electrical data output should be used. This would eliminate parallax error and timing 

error in reading the current handheld force gauge. An issue with the current calibration 

system is the handheld force gauge. The gauge is difficult to hold at specified forces long 

enough to ensure stable voltage readings are recorded. As a result, many calibrations were 

reconducted because ground testing showed similar scaled effects as the flight test push 

data. Future flight test research should further perform additional tests with a new 

calibration equation should be conducted to ensure this holds true in flight testing.  

 Due to pandemic the timeline of development and testing was cut short. Only two 

pull tests and three push tests were conducted. The system will require a larger testing 

sample size before FIT classroom use to guarantee the system performs at a level better or 

equivalent to the handheld force gauge. The system should also receive simple ground 

testing to ensure there is little to no drift in the system from standard use. Depending on the 

drift experienced over long periods of time will determine how often the system should be 

recalibrated. 

 While the final system performed well, it was unexpected that the load cells would 

have significant trouble reforming back to their original shape. The friction is a byproduct 

of the system and can be reduced to attempt to fix the problem but the best approach to 

fixing this problem is using springs to help the load cells return to their original shape. Any 

forces the springs create on the system during testing can be compensated for in the 

calibration equation, and the pilot would no longer be required to perform doublets to zero 

the system out. 
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 The pandemic also affected testing with left and right turn forces. The load cells 

showed promising results in ground testing with consistent readings meaning the forces 

were being properly directed through the load cells. However, one of the load cell cables 

was damaged during the installation process. With limited testing time, the cable could not 

be replaced. 

 Future iterations of the load cell system should aim to simplify the interior housed 

components. Installation of all the components in the control wheel proved to be difficult 

as there was little space to fit the installation tools. The limited space also made it difficult 

to adjust the tensioner screws to contact the load cells. 
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7.0. Conclusion 

 The research aimed to explore different methods of reading pilot control force to 

determine which method is the best suited for the FIT flight test program. While the first 

approach to measuring pilot control force with strain gauges was promising, the final 

design would have many unwanted cabling and clutter on the control wheel. In a classroom 

environment, unnecessary clutter can not only be dangerous, but also affect testing 

apparatuses. For example, a student entering the aircraft could accidentally rip out a cable 

which would delay testing until the system is fixed. The load cell method was more 

expensive and complicated, but it had a safer, concealed design. This method provides a 

more durable system that is better suited for classroom environment. Based on these 

findings, the system chosen for a task should be decided based mostly on budget, purpose, 

and aircraft the system will be installed in. Once the control force system I implemented 

into the classroom, it will help students understand the desire for control force system in a 

flight test program. The system will also help the program to perform research in the 

general aviation industry that can help improve flying safety. 
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Appendix A Purchases 

Order Item Name Vendor /Website Part # / order # QTY Unit Cost Total Cost 

1 Weight Weighing Load Cell Amplifier amazon 114-1684962-5242608 3 $5.69 $17.07 

2 Strain gauges Omega N/A 1 $80.00 $80.00 

3 High-Strength 2024 Aluminum Bar, 1-1/8" Thick x 1-1/8" Wide, 1/2 Feet Long McMaster-Carr 86895K23 1 $22.14 $22.14 

4 Corner Machine Bracket, Finish-Your-Own, 316 Stainless Steel, 2" x 1" x 1" McMaster-Carr 2313N12 3 $6.83 $20.49 

5 18-8 Stainless Steel Narrow Hex Nut, 5-40 Thread Size, packs of 100 McMaster-Carr 90730A006 1 $5.66 $5.66 

6 Black-Oxide Alloy Steel Socket Head Screw, 5-40 Thread Size, 1/2" Long, packs of 100 McMaster-Carr 91251A128 1 $9.70 $9.70 

7 Black-Oxide Alloy Steel Socket Head Screw, 10-24 Thread Size, 1/2" Long, packs of 100 McMaster-Carr 91251A242 1 $11.19 $11.19 

8 Alloy Steel Low-Profile Socket Head Screw, Black-Oxide, 1/4"-28 Thread Size, 3/8" Long, packs of 10 McMaster-Carr 92220A208 1 $4.89 $4.89 

9 Alloy Steel Low-Profile Socket Head Screw, Black-Oxide, 1/4"-28 Thread Size, 1/2" Long, packs of 10 McMaster-Carr 92220A211 1 $5.94 $5.94 

10 18-8 Stainless Steel Button Head Hex Drive Screw, 5-40 Thread Size, 1/4" Long, packs of 100 McMaster-Carr 92949A131 1 $3.83 $3.83 

11 18-8 Stainless Steel Binding Barrels, 10-24 Thread, 1" Long, packs of 5 McMaster-Carr 99637A206 1 $7.29 $7.29 

12 Micro Load Cells DigiKey 480-6091-ND 5 $656.53 $3,282.65 

13 PCB Boards JLCPCB N/A Custom Component 4 $10.81 $43.24 

14 Chromoly Tubing 1-1/8" O.D. 0.083 Wall WagAero L-533-083 2 $5.57 $11.14 

15 Chromoly Tubing 1-1/8" O.D. 0.065 Wall WagAero L-533-065 1 $5.82 $5.82 

     
Total $3,531.05  
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Appendix B Drawings  
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Appendix C Wire Diagrams 
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Appendix D Software 

Rbpi threads function 

def threadFunctionControlForce(dataObj): 

    tareFlag = 0 

    while 1: 

        hx711 = HX711( 

            dout_pin = 5, 

            pd_sck_pin = 6, 

            channel = 'A', 

            gain = 128 

        ) 

 

        hx711_2 = HX711( 

            dout_pin = 13, 

            pd_sck_pin = 19, 

            channel = 'A', 

            gain = 128 

        ) 

        hx711.reset() 

        #hx711_2.reset() 

        measures = hx711.get_raw_data(2) 

        measures_2 = hx711_2.get_raw_data(2) 

     

        value = np.average(measures)/1000 

        pull_val = (0.0001 * value * value) - (0.008 * value) - 0.5898 

        #value1 = np.average(measures_2)/1000 

        push_val = (0.0006 * value * value) - (0.2694 * value) + 29.597 

         

        dataObj.Push = push_val 

        dataObj.Pull = pull_val 

 

Rbpi Stick force main function 

def stick_forceRead(ser): 
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    going = 1 

    string = "" 

    while going: 

        line = str(ser.read()) 

        if line[3:4] == "n": 

            going = 0 

            continue 

        string = string + line[2:3] 

    out = string.split(",") 

 

    push = -1000 #str(out[0]) 

    pull = str(out[0]) 

    push_val = float(push) 

    pull_val = float(pull) 

 

    return [pull_val, push_val] 

 

Rbpi GUI variables function 

def stick_force(): 

    pull_val = round(x.Pull, 2) 

    push_val = round(x.Push, 2) 

 

    pull.set(str(pull_val)) 

    push.set(str(push_val)) 

 

    return [pull_val, push_val] 
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Appendix E Vendor Data
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