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Abstract 
 
The Final Design Review (FDR) presents a comprehensive overview of the spring rate 

measurement project for a pneumatic mountain bike tire. This report details the project's design, 

its implementation, and how it met all specified requirements. It also includes a discussion of the 

project's findings and recommendations for future work, assuming continuation of the project. The 

primary goal is to develop a device that allows professional race teams or experienced mountain 

bike riders to parameterize tires based on their spring rate in addition to internal pressure. 

 

Since the Critical Design Review (CDR), the design has undergone significant changes due to a 

switch to an in-line load cell from the original S-beam load cell. This design change allowed for a 

reduction in the overall dimensions and weight of the product, while still meeting the force 

requirements. 

 

The project involved manufacturing various dynamic components including upper and lower 

bearing adapters as well as static components such as the wheel axle and frame. Most parts were 

custom-made using both subtractive and additive manufacturing processes. The electrical 

components used include the load cell, Arduino microcontroller and supporting products. This 

report verifies the design specifications by detailing each of the test guidelines. 

 

The final design exceeded expectations in many areas but raised concerns about the design of the 

force application system. The switch to the smaller load cell initially introduced buckling of the 

force application system and eventual failure of the load cell as a result. A slight redesign was 

introduced to eliminate possible load cell failure. Key takeaways from the project include the 

importance of teamwork, a broad understanding of manufacturing processes, allowing sufficient 

project time for unexpected issues, and avoiding last-minute design changes. 

 

For future work, we recommend modifying the design of the force application system actuation to 

eliminate buckling entirely. Additionally, collecting sufficient data will enable us to properly 

recommend a range of values to achieve consistent parameterization, aligning with the project's 

scope.
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1 Introduction 
 

Our team of engineering students set out to design and build a device to measure the spring rate of 

a pneumatic mountain bike tire. The theory behind this project is that each tire will produce a 

unique spring rate at a given pressure when all other parameters are kept constant. This unique 

spring rate can be attributed to variations in the tire’s construction that arise during manufacturing. 

This idea can also be extended to explore how a tire’s construction will affect spring rate. With a 

functioning verification prototype the team intends to measure the spring rate of several tires that 

will vary in their construction, across a range of internal tire pressures and displacement amounts. 

The current hypothesis is that the same spring rate can be achieved for a more robustly constructed 

tire inflated to a lower internal pressure as with a weaker constructed tire at a higher pressure. The 

device consists of an L shaped frame which supports a wheel mounting system, a loading system 

and a data acquisition system. The loading system compresses the tire a predetermined amount 

and measures the force via a load cell which allows for a spring rate to be calculated.  

 

The following report details the overall design of the device, process of procuring materials, 

manufacturing components for a verification prototype, and assembling the prototype. Testing 

procedures to verify functionality of the prototype and their results are included in the report to 

verify how well the prototype met the engineering and user specifications set forth earlier in the 

project timeline. Project results are discussed, along with any necessary steps to remedy 

shortcomings or steps to advance the project. 

 

2 Design Overview 
 
This section will describe the final design of the device. This includes important changes to the 

design, overview of how to operate the device, potential risks associated with the device and 

measures taken to limit these risks. 

 

2.1 Design Description 
 
The final design of the tire spring rate measurement device is a manually actuated, lightweight 

device with an overall low risk. Figure 1 shows the completed final assembly except for the 

electrical components inside the electronics housing. 
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Figure 1: Isometric view of final tire spring rate measurement device. 

The device features an aluminum 8020 frame, stainless steel force application rod, force 

application handle made from a mountain bike handlebar, custom machined aluminum 

components and custom designed 3D printed components. More details on the manufacturing and 

assembly can be found below in the Implementation section. Operation of the device is rather 

simple, and set-up is quick. The entire process of set-up, operation and maintenance is outlined in 

the User Manual in Appendix A. The main risk associated with use of this device is pinching 

between the tire and the tire contactor component. This risk has been addressed with a warning 

message in the User Manual. A comprehensive Risk Assessment was conducted and can been seen 

in Appendix B, which highlights all other associated risks.  
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2.2 Design Changes Since CDR 
 

There have been quite a few notable changes to the design since the CDR. The most notable was 

the switch from the Omega S-beam load cell (borrowed from Cal Poly ME Department) to the 

FUTEK in-line load cell (donated by FUTEK). The FUTEK load cell the team selected was the 

LCM200 with a 500lb capacity, which was determined to be enough given the 450lb maximum 

load requirement in Table 1. This load cell was significantly more compact than the Omega S-

beam which further helped the design conform to the size and weight specifications in Table 1. 

This switch to a new load cell drove some component design changes to adapt the load cell to the 

device. 

 
Figure 2: Exploded view of new load cell assembly. 

The lower bearing adapter and the tire contactor, highlighted in Figure 2, got updated to mate to 

the new load cell. The tire contactor cap was also updated to fit the new tire contactor, shown in 

Figure 3. The previous version of the lower bearing adapter had a ½"-20 threaded stud on the 

bottom of it. This was updated to a 3/8”-24 tapped hole to mate with the FUTEK load cell’s 

threaded stud. Updates for the tire contactor included a recessed hole for the load cell to slide into 

Lower Bearing Adapter 

FUTEK LCM200 

Load Cell 

Tire Contactor 

Bearing 

Upper Bearing Adapter 
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and a modified counter-bored hole for the other threaded stud of the load cell to fit in and be 

captured with a nut. The decision to have the load cell sit inside of the tire contactor was made 

after some initial testing with the new load cell on top of the tire contactor. Results of this testing 

were noticeable buckling with the load cell as the fulcrum. The goal of changing the design to an 

internal mounting was to limit the possibility of buckling due to slight deviations from purely 

vertical translation. A closer view of the updated tire contactor and the cap for the counter-bored 

hole is shown in Figure 3. 

 

 
Figure 3: Close up view of the tire contactor assembly. 

 

There were design changes to the main frame assembly and wheel mount assembly due to the 

FUTEK load cell as well. With the reduced height of the force application assembly, the vertical 

member of the main frame was able to be shortened. The overall length of the vertical member 

went from 25” to 22.625” and a new hole was drilled in the member for the wheel axle threaded 

insert to mount into. The horizontal member was shortened and re-drilled to bring the whole wheel 

assembly closer to the vertical member and reduce the system's moment arm. The wheel axle was 

updated to have a longer threaded section on the frame side to increase thread engagement and 

resistance to bending. In addition, the orientation of the wheel and spacers was changed to have 

the wheel mounted onto the axle first, then both spacers mounted after, followed by the wing nut.  

 

A final design change was made to the force application system’s threaded insert. After the first 

rounds of testing with the Omega load cell, the aluminum threads were not holding up well against 

the stainless-steel force application rod. A new design made from steel was manufactured using 

3/16” plate and a 2” long ½”-20 round coupling nut. 
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3 Implementation 
 

This section will endeavor in the process that was followed during the build of our Verification 

Prototype. Our process consisted of procuring materials, manufacturing components, assembling 

of the overall system, and software development needed to generate a spring rate measurement 

with the force measured from the FUTEK in-line load cell. 

 

3.1 Procurement 
 
The manufacturing of materials and components for this project consists of a variety of parts such 

as fasteners, bearings, and structural materials needed for the frame and housing functions of the 

product. To reduce the need for complex/expensive manufacturing, we decided to make use of 

additive manufacturing to generate components of this product that don’t require severe structural 

properties. The project scope is mostly aligned with being mechanically operated with electrical 

components to use the mechanical actuation for an output in data acquisition. The electrical 

components were primarily provided from our own personal inventories, apart from a few parts 

needed that were purchased from an online vendor such as Amazon, or from a local shop such as 

Coast Electronics RadioShack. Mostly all the mechanical/structural hardware was bought from a 

hardware store, McMaster Carr, or directly from a manufacturer, except for a handful of items 

such as the threaded inserts, bearing adapters, and the threaded wheel axle that were manufactured 

from raw aluminum stock that we provided from our own inventory. The load cell initially used 

was borrowed from the Cal Poly ME department, but the final design’s load cell was donated from 

FUTEK. 

 

3.2 Manufacturing 
 
Many of the components for this device were custom manufactured. This section will describe the 

manufacturing process for these components.  

 

Starting from the top of the device, the first manufactured component is the force application 

handle. It was made from an old mountain bike handlebar and an aluminum adapter plug. A band 

saw was used to cut the old handlebar in half. The plug was made from some 6061-T6 aluminum 

using a lathe and drill tap. The plug was turned down to the necessary OD to fit inside the 

handlebar. The whole assembly was then drilled through to create a hole for tapping. A ½"-20 tap 

was used to form threads in the plug so that the whole assembly could be threaded onto the force 

application screw. The force application screw was cut to the correct length using a horizontal 

band saw and the cut end was then deburred to allow for smooth threading of the handle. 

The next manufactured component was the force application threaded insert. Steel was used for 

this threaded insert because of the stainless-steel force application screw. A rectangle of 3/16” 

steel plate was cut and drilled with three holes, two mounting holes and a center hole for a round 

coupling nut. A 2” long ½”-20 round coupling nut was used. The center hole was drilled with just 

enough clearance for the coupling nut to slip through for welding to the plate. Four spot welds on 

the top and bottom side of the plate were done with a mig welder to complete the part. Similarly, 

a threaded insert was made for the wheel axle, but this one was made from 2.5” round stock 6061-
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T6 aluminum. The stock was turned down to create a 1.5” long boss at 0.75” diameter. A through 

hole was then drilled in the center of the boss to allow for tapping. The part was flipped in the lathe 

to face the other end down to a 3/16” flange. The through hole was then tapped with a ½"-20 tap. 

Once finished on the lathe, the two 5/16” mounting holes were drilled on a mill. 

 

 
Figure 4: Upper bearing adapter in the lathe chuck during the first operation. 

 

The next two components make up the bearing adapter assembly and were both made from 6061-

T6 aluminum. The upper bearing adapter was turned down in the lathe to 1-1/8” OD and then 

further turned down on one end to create the bearing inner race stud shown in Figure 4. The part 

was flipped to drill a 5/8” deep hole to allow for tapping. A ½”-20 tap was then used to form the 

threads in the hole. For the lower bearing adapter, it was turned down on one end to 1.5” OD and 

then bored out to create the seat for the outer race of the bearing. The part was flipped in the lathe 

to create a 0.50” long stud at .520” diameter. The stud was then through drilled to allow for tapping 

with a 3/8”-24 tap. The completed lower bearing adapter is shown in Figure 5. The bearing mating 

features for both parts were challenging due to tight tolerances so the bearing would fit nicely. 
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Figure 5: Lower bearing adapter top and bottom sides after manufacturing was complete. 

 

In the simplest manner, the main frame that is composed of the horizontal and vertical member, 

was manufactured out of stock 1-½” 8020 T-slotted aluminum framing. The members were 

measured and cut with a circular abrasive saw. Use of a file to debur the cut edges was very 

important at this point of the manufacturing due to the sharp edges created by the cut piece. Next, 

the cut 8020 sections had a7/8” hole drilled through them on a mill at specified locations to create 

mounting points for the manufactured 8020 threaded inserts.  

 

Many of the components were 3D printed for the device as well. The tire contactor, wheel hub 

spacers, and the DAQ housing were all 3D printed with PETG filament on a Prusa i3 MK3S+. The 

DAQ housing required one post-print manufacturing step, which was the setting of the heat-set 

inserts for the lid screws. Setting of the #8-32 inserts was accomplished with a soldering iron and 

the appropriate adapter as shown in Figure 6. 
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Figure 6: Using a soldering iron to set the heat-set threaded inserts into the DAQ housing. 

 

The wheel axle is another aluminum component that was manufactured on a lathe. Due to the 

length of the part, it was clamped in the chuck on one end and center point drilled and supported 

with a live center in the tailstock on the other end. The axle was turned down to 0.586” to match 

the ID of the wheel hub. The ends were turned down further to 0.495” to prep them for the ½"-20 

die. A parting tool was used to cut the excess material off each end. The die was then used to cut 

threads on each end of the axle. The completed wheel axle is shown in Figure 7. 

 

 
Figure 77: Wheel axle and threaded insert components. 
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3.3 Assembly 
 
The assembly process for the device required only basic hand tools including Allen keys, channel 

locks, a ratchet with sockets and wrenches. Assembly of the main frame involved the 8020 

fasteners, two 90-degree surface brackets and the horizontal and vertical 80/20 members. One 90-

degree bracket was mounted on either side of the 8020 sections with the fasteners to create the L-

shaped frame. Attention to the orientation of the vertical and horizontal members was taken when 

assembling so the threaded insert mounting holes were in the correct locations. The threaded 

inserts were assembled to the main frame through their mounting holes using the 8020 fasteners. 

Once the main frame was assembled the force application system was next. 

 

The lead screw was threaded about halfway into the threaded insert in the horizontal member to 

allow for attachment of the load cell assembly and the force application handle. Two hex nuts were 

threaded onto the top section of the lead screw followed by the force application handle. A final 

hex nut was then threaded onto the lead screw to sandwich the handle. The desired handle height 

was measured and then the nuts were tightened down with wrenches to fix the handle position.  

 

 
Figure 8: Ball bearing pressed onto the upper bearing adapter. 

Next, the lower section of the force application system was assembled. For fitment of the bearing 

into each adapter, the upper adapter was turned down to make a hand press fit work, as shown in 

Figure 8. Once the inner race of the bearing was press fit onto the upper adapter, the outer race 

was pressed into the lower adapter. This fit ended up being a slip fit, so retaining compound was 

used to ensure the lower adapter would not fall off. The bearing adapter assembly was then 

threaded onto the lead screw followed by the load cell into the lower bearing adapter. To finish the 

force application system, a 3/8”-24 hex nut was threaded onto the lower stud of the load cell 

through the tire contactor. Finally, the tire contactor cap was pressed into the counterbored hole of 

the tire contactor. 
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The fully assembled force application system is shown below in Figure 9. 

 

 
Figure 9: Completed lower section of the force application assembly. 

 

Assembling the wheel axle was straight forward, by simply screwing the longer threaded end of 

the axle into the threaded insert of the vertical member. The other components of this sub-system 

are assembled during use of the device. 

 

3.4 Software & Electronics 
 
The electrical components of this project are composed of the load cell and Arduino products. The 

load cell being used from capturing the force signal induced by the compression of the tire. We 

used Arduino for their microcontroller processor and their Arduino IDE software development. 

Currently, we have connected the load cell to an amplifier to amplify the output signal from the 

load cell and load it into the linker of the Arduino. We have also connected an LCD screen to the 

Arduino board that displays the maximum value recorded during the measurement gathering 

process. All software programming has been developed using C++ programing language in the 

Arduino IDE program. Future plans for the electronic development will be to implement buttons 

to start/stop data collection, a power switch to power the electronics off/on, and to modify the code 

such that we can read out a spring rate measurement from our LCD screen.   
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4 Design Verification 
 

4.1 Specifications 
 
A set of design specifications for this project were synthesized through the application of Quality 

Function Deployment (QFD) and Failure Modes & Effects Analysis (FMEA). These methods 

highlighted important specifications that aligned with the stakeholders’ needs and safety concerns. 

The specifications are shown in Table 1 below. 

 

Table 1: Engineering Specifications 

Spec #   Specification   
Target 

Value   
Tolerance    Risk*   Compliance**   

1    Weight    
7 kg    

(15 lb)   
Max    H    A, I   

2  Cost of Production   $500     ±$50    M    A   

3   Nice Appearance    N/A    N/A    L    S   

4 
Time for user to get 

measurement    
2 min    Max    L                S 

5 
Force Application 

Repeatability  
2%    ±1%    H    A, T   

6 Force Capability    
2000 N 

(450 lbf)    
Max    H    A, I, T   

7 Number of Buttons    2    ±1    M    I   

8 Size   

L: 76.2cm 

(30in)   

W: 25.4cm 

(10in)   

D: 20.3cm 

(8in)    

Max    M    A, I    

*Risk of meeting specification: (H) High, (M) Medium, (L) Low   

**Compliance Methods: (A) Analysis, (I) Inspect, (S) Survey, (T) Test   

 
These specifications helped the team create the Design Verification Plan (DVP) for the project. 

Based on the Compliance column of Table 1, different tests or criteria were developed for each 

specification. The details of these tests including measurement type, acceptance criteria, 

equipment needed, and more are outlined in the DVP. The full DVP can be found in Appendix E. 

 

4.2 Testing and Results 

 
A set of two tests and 5 inspections were designed to ensure that all specifications listed in Table 

1 were in range of their target value with the added tolerances. These tests and inspections verified 

the weight, cost, appearance, measurement speed, repeatability, force capability, number of 

buttons, and size of the final device. 
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The repeatability of measurements test was conducted to verify the accuracy of measurements. 

These measurements relied on the minimal (or predictable) deflection of the frame and mounting 

axle, as well as the accuracy of the load cell and the electronics involved. The repeatability of 

measurements was tested by fixing the displacement of the force applicator, applying a force until 

the desired displacement is achieved, and extracting the maximum force value from the load cell. 

The test was conducted using three different displacement values, and for each displacement the 

force was measured ten times. Results of the test are shown below in Figure 10. 
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Figure 10 10: Summary of the force measurements gathered at each displacement with an 

average and corresponding standard deviation. 

 

Our most significant challenge occurred while conducting the maximum force capability test using 

the updated load cell. The initial prototype included an S-beam style load cell provided by Cal 

Poly and was later changed for a more compact threaded in-line load cell provided to us by 

FUTEK. It wasn’t until after the changes were made that the team realized the magnitude of 

structural rigidity the initial load cell had provided to the force application assembly. When 

conducting the test using the S-beam style load cell, the team was able to fully compress the tire 

such that it contacted the rim, thus achieving the maximum force value. While conducting the 

maximum force capability test using the new load cell, the force application system began to 

buckle after minimal force was applied. The test was stopped and after further inspection of the 

system, the load cell appeared to have significantly deflected and was later deemed broken. The 

force application assembly buckled because the tire contactor was not perfectly inline the tire it 

was contacting. A combination of the misalignment with the sheer amount of force being applied 

was enough to deflect the new load cell while the older, more robust load cell was better able to 

withstand the moment applied on it.  

 

The weight of the device was measured using a digital bike scale. Our measured value for the 

weight was 7.54 pounds, which was substantially below our design specification to keep the device 

under 15 pounds as seen in Figure 11. 
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Figure 1111: Picture of device weighed using a digital bike scale. 

After full assessment of our parts inquiry used to assemble the spring rate measurement device, 

we found that the total cost of production was $1204. Since our design specification was to keep 

the cost of production of the device under $500 with a tolerance of $50, we can conclude that the 

device did not meet the design requirement specified during our preliminary analysis. $948 of that 

cost is solely for the load cell from Futek, which was donated. 

 

The size of the device was iterated throughout the design process to achieve a compact and portable 

final product. Our target size included values that could not exceed a length of 30 inches, a width 

of 10 inches and depth of 8 inches. The size of the device was determined with a measuring tape 

according to the dimensions shown in Figure 5. The final measurements of the device were as 

follows: final length of 29 in, width of 18 in and depth of 7 in. The device was out of spec on the 

width dimension due to the force application handle, which was deemed acceptable because the 

use of the mountain bike handlebar was wanted by the whole team. 
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Figure 1212: Isometric view of the device with labeled dimensions for testing apparatus. 

An appearance specification was set in the early stages of the project to try and make the device 

as visually appealing as possible. This subjective specification is based on inspection from people 

outside the design/build group. The consensus was that our device “looks nice”.  

 

The time to collect a measurement specification was initially established to make device use time 

as fast as possible. In building and testing we found that the desired displacement would influence 

this time-based specification. Less displacement would yield a low “time to measurement”, while 

a higher displacement would increase that time. For 1.25” of displacement (chosen for expo 

display purposes) it takes 25 rotations of the handle to sufficiently advance the tire contactor. This 

took under 30 seconds and was paired with an electronically controlled sample time of 90 seconds. 

90 seconds is sufficiently long enough to gather data for a full displacement (bottom out) test and 

can be changed by modifying the code stored in the Arduino. 

  

The number of buttons specification was set at 3 in an attempt to limit the complexity of using the 

device. Currently there are 2 user interface buttons/switches. A switch to power on the device and 

a button to “test” and “retest”. The desired simplicity of minimizing the user interface buttons was 

achieved.   

 

5 Discussion & Recommendations 
 
The following section will discuss learning outcomes of the project and propose ways to improve 

the design and/or manufacturing to further the product development for additional testing or 

production.  

 

5.1 Discussion  
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During the project many challenges arose in the design, manufacturing, and testing phases. The 

general learning takeaways from the project were to work as a team, try to have a broad 

understanding of manufacturing processes, provide adequate project timing for things going 

wrong, and do not change the design at the last minute.  

 

While designing our device we relied heavily on collaboration between teammates. Ideation 

sessions ended up being the most effective for overcoming design challenges as the team was able 

to think of an idea, expand on that idea which would often lead to multiple solutions and ultimately 

a feasible solution for the problem. Our limited experience with the manufacturing process would 

also prove to be a challenge, a time-consuming one at that. However, as we progressed so did our 

ability to recognize limitations of processes and material selection. Additionally, we were able to 

manufacture parts in a more timely and efficient manner. Material compatibility arose as a problem 

during the testing phase. While steel fasteners and aluminum thread inserts may be commonly 

used in industry, we could not achieve success with our manufacturing tolerances.  A threaded 

steel force application rod would end up destroying the threads in one of our aluminum inserts 

during testing. Turning down a steel version on a lathe would have taken too long, so a threaded 

coupler was welded to a steel plate. The solution was far from beautiful but was extremely effective 

and allowed the project to keep going.  

 

While the general pacing of the project was stress free, there were times when individual tasks 

were not given enough time to be completed which necessitated the team to work longer hours 

than we were used to. This timing aspect leads directly to the final lesson which is do not change 

the design right at the end. Initial designs and testing were centered around using a department 

supplied s-beam type load cell and the design was very effective during testing. The cell is very 

robust and relatively large and heavy when compared to newer options. Over the course of spring 

quarter, we were in contact with Futek who were going to donate a smaller, more modern load cell 

to us. Week 8 was when we were able to integrate the new button style load cell into our design 

and test it. Unfortunately, the load cell immediately broke as it experienced a buckling load. The 

Futek cells are designed to only be in compression and are structurally very weak in any plane 

outside of pure axial compression. What we had not realized was that the s-beam loaner cell was 

actually a structural component of the device. As a team we overlooked this error and even Futek 

did not catch this as we were required to send them CAD files of our design for them to review 

and determine if the requested load cells were appropriate for the application. Luckily, we had a 

spare load cell, we made some changes to the device to minimize those out of plane forces, and 

we were able to showcase it at the senior design expo. The changes made are still not sufficient to 

make the device effective for testing as the load cells are still experiencing some out of plane 

loading.  

 

5.2 Recommendations and Next Steps 
 
The main recommendation to restore intended device functionality at this point consists of two 

options. The first is to revert the design to use the s-beam style load cell. The second is to refine 

the current design to eliminate out of plane loading. Finding an s-beam load cell is the easier of 

the two options. It is proven to work and from some limited research a used load cell can be found 

for between $130-$450 depending on force capability. Refining the current design would likely 
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increase the size and weight of the device, potentially to a point where portability is sacrificed in 

an appreciable way.  

 

The final electronics subsystem featured an Arduino with external breadboard and other electronic 

components that utilized classic male-to-female Arduino wires. The male pins on the wires were 

thin and would often break and the connections weren’t stable, meaning the structural integrity of 

the circuit would break under expected conditions. In order to produce the electronics for high 

volume purposes, the use of a PCB board in which wires could be soldered would be the most 

viable option. In addition, the electronics housing, 3D printed using PETG, could be scaled down 

to fit the new electronics and also made out of a more durable material, like aluminum, to resist 

fracturing in the event of the user dropping the device.  

 

One recommendation we received during the senior expo was implementing a method that free’s 

the displacement as well as the force. The current designs features a fixed displacement through 

the use of jam nuts, and a free force that was measured using a load cell. The implementation of a 

linear actuator coupled with the load cell would offer free force and free displacement. The benefits 

of free force and displacement is that it allows us to track a force with its corresponding 

displacement, plot a force vs displacement curve, and extract the spring rate from the slope of the 

linear portion of the curve. The downside of implementing a linear actuator as opposed to the 

current design of a manual force application system is that it would require more electronics and 

a stronger independent power source. A larger power source coupled with a linear actuator would 

increase the weight, cost and size of the device, potentially exceeding the specified limits stated in 

Table 1.  

 

The frame was composed of 1515 8020 aluminum extrusion as well as 8020 brackets and 

hardware. The advantage of utilizing 8020 for this project was that it required minimal 

manufacturing and was cost effective given we were only building one model. The manufacturing 

of the frame just required cutting and drilling the aluminum extrusions. To manufacture the frame 

on a large scale, casting would be the most cost effective and efficient method. Purchasing large 

amount of 8020 framing and hardware would be expensive and inefficient. Casting the frame 

would also add structural rigidity. The current design uses 8020 hardware to connect two 

perpendicular extrusions, centralizing the loads on the hardware and relying on them to prevent 

considerable deflection. By casting the frame as one piece, no hardware would be required for the 

frame, there would be more structural rigidity as the frame material would experience the loading, 

and the frame size could potentially be reduced.  

 

The current design is solely intended for a user to measure and fine tune the spring rate of a 

mountain bike tire with a with a 15 mm hole in the hub of the wheel. These limitations are due to 

the overall size of the frame, location of the force application system, and the diameter of the wheel 

axle specified in the user manual in Appendix A. Technically, a user could measure the spring rate 

of just about anything but would require custom designs of fixtures to mount the device, and 

potentially adjusting the size of the frame to fit the intended device.  
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6 Conclusion 
 
Over the course of three quarters at Cal Poly, San Luis Obispo, our team was able to theorize, 

design, manufacture, test, and refine a novel design to measure the spring rate of a pneumatic 

mountain bike tire. The initial design was supposed to be much smaller, more portable, and mount 

in a way that would clamp around the tire and rim. After some research and per the advice of an 

industry professional it was apparent the design could damage some rims, so it had to change. The 

adaptation and timely implementation of a new design was a big success for the project’s timeline 

but more so for the quality of our team. The final design consists of a few key areas of success in 

our design regarding the structural frame, electronics, and force application system. The frame 

provides enough rigidity to not deflect and influence the spring rate. The electronics take the 

maximum force and specified displacement to calculate a spring rate, and the force application 

system can apply sufficient force while isolating rotational and translational motion. In total, with 

the department loaner load cell, the device can measure tire spring rate across a wide range of 

pressures and displacements.  

 

What we did not achieve was a more portable device. The current iteration is still relatively 

portable, but a bit larger than the initial goal of making something that can easily fit in a toolbox. 

A big limitation of this was the need to change designs and not have it clamp the tire and rim. 

While we were able to deliver a complete and functional device, we did not collect as much data 

as we initially set out to. Carrying the project forward Alex will use the device to collect data on 

more tires to evaluate how tire construction affects the spring rate.  

 

Broadly speaking, the main lessons learned from this project are being adaptable and being able 

to problem solve are crucial. These are applicable to any project regardless of the specific details. 

While not possible in all cases, our team recommends choosing team members whose skills 

complement each other’s and choosing members whom you get along with. We had the privilege 

of choosing our team ahead of time and this synergistic team environment undoubtedly contributed 

to our success in an appreciable way.   
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Appendices 
 

Appendix A – User Manual 
 

 

Spring Rate Measurement User Manual 
 

 
 
 
 
 
 
 
 
 

 

 

Warning: This device features moving components that can cause pinching. Keep your 

hands clear of the tire sampling area when operating the device. 
 Design measures have been taken to limit the number of hazards with the device,  

  but the compressive 

Warning: This device features moving components that can cause pinching. Keep 

your hands clear of the tire sampling area when operating the device. 
 Design measures have been taken to limit the number of hazards with the device,  

  but the compressive nature of the tire sampling area introduces the 

possibility of pinching. 
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Setup 

 

The device can be set up two ways, clamped to a rigid vertical support (like a bike stand) for 

repeated use or held upright by the user for on-the-go use. Care should be taken when clamping to 

ensure the clamps do not interfere with use of the device. 

 

Assembly 

 

The assembly of this product requires only a few steps. The wheel mounting will be covered first, 

with the mounting orientation shown below in Figure 1. 

 
Figure 13: Exploded view of the wheel mounting assembly. 

The first step is to mount the wheel assembly to the axle. The wheel hub will slide onto the axle 

until it comes in contact with the threaded insert as seen in Figure 2. 

Threaded 

mounting axle 

Long spacer 

Wheel hub 

Short spacer 

Wing nut 
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Figure 2: Zoomed in view of the wheel hub pressed against the spacer on the axle. 

Next, slide the combination of the shorter and longer 3D printed spacers onto the axle until it 

contacts the wheel hub. Finish mounting the wheel assembly by screwing on the wingnut tightly 

against the spacer as shown in Figure 3. The wheel assembly should not be able to move side to 

side. 

 
Figure 3: Side view of the complete wheel mounting assembly. 

For the electronics, the only assembly needed is the installation of the battery. First, the user will 

need to remove the top plate of the electronics housing by removing the four screws using a 3/32” 

hex bit as shown in Figure 4. 

Long spacer 
Wheel Hub 

Short spacer 

Wing nut 
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Figure 4: Electronics housing cover plate. 

Next, install a 9V battery into the battery compartment by pressing it into the slot while ensuring 

that the battery is in the correct orientation (+ and – terminals) when installed as shown in Figure 

5.  

 

 

 

 

 
Figure 5: Installation of the 9V battery. 

Lastly, reinstall the top cover plate by threading the four screws back into the electronics housing 

to complete the assembly process. The device will now be ready for the operational procedure. 

 

Operational Steps 

3/32” Hex bit screws 

Cover plate 

Battery Compartment 9V Battery (-) Terminal (+) Terminal 

Test/Reset button 

LCD Screen 

Power Switch 
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Once you have completed setup and assembly, the device is ready to operate. The components that 

are used in the following steps are labeled in Figure 6. 

 
Figure 6: Isometric view of the tire spring rate measurement device with labeled components of 

operation. 

The first thing the user needs to do is turn on the device by switching on the power switch located 

on the side of the electronics housing. Once the device is fully powered on, the user can begin 

advancing the tire contactor using the handle. Keep advancing the handle until the tire contactor is 

relatively close to the tire but ensuring that there is no contact yet as seen in Figure 7. It is very 

important that the user maintains proper safety precautions as outlined in the front page of this user 

LCD Screen 

Test/Reset Button 

Power switch  

Force applicator 

handle 

Jam nuts 

Tire contactor 

Tire tread 
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manual. During the data collection process, the user is more susceptible to pinch points and/or 

other forms of injury, so prioritizing safety during operation is most crucial at this point. 

 
Figure 7: Tire contactor in position directly above the tire tread, ready for data collection. 

Now the user can start the data collection process. Press the button marked “test/reset” on the 

electronics housing to initiate the data collection. The user can now begin to advance the tire 

contact plate into the tire by rotating the handle clockwise. The user will continue to advance the 

contactor down until it reaches the fixed displacement set by the jam nuts as seen in Figure 8.  

 

Tire contactor 

Tire tread 

Jam nuts 

Force applicator 

handle 

Small gap 
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Figure 8: Compression of the tire after the fixed displacement set by the lock nuts has been 

reached. 

The data collection will automatically stop on its own in 30 seconds. Once the data gathering 

sequence is completed, the LCD screen on the electronics housing will display the max value of 

tire spring rate (“Spring rate measurement = XX.XX lbf/in”). The user now has the choice to take 

the data being displayed or they can reset the data collection by clicking the same “test/reset” 

button as shown before. The user will have to unscrew the threaded force applicator before 

beginning the next data collection trial. 

  

Maintenance 

 

The only required maintenance designed for this product is to replace the battery when necessary. 

The process involves the reverse of the battery installation process. In the event that the product 

experiences component failure, the user will proceed to the troubleshooting/resources section of 

this user manual for more information. 

 

 

Tire contactor 

Jam nuts 

Force applicator 

handle 
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Troubleshooting/Resources 

 

This section comprehensively covers potential failure modes and corresponding recommended 

actions. 

 

The aluminum components have undergone rigorous testing and manufacturing processes to 

mitigate the risk of failure. However, due to extensive operational cycles, there's a possibility of 

thread wear in the threaded insert used for force application, which could lead to compression 

failure. In such an event, the user should promptly unscrew the force application rod to release any 

applied loads. To remove the threaded rod, the user must first unlock the jam nuts and then unscrew 

the force applicator handle. Following this, they can unscrew the rod from the threaded insert, 

which is affixed to the aluminum framing using two 8020 fasteners. Removal of the insert requires 

a 3/16” hex Allen key. These inserts are custom-manufactured components and aren't available for 

direct purchase. For guidance on manufacturing a replacement, refer to the manufacturing guide 

in Appendix F of the Spring Rate Measurement of a Pneumatic Mountain Bike Tire’s critical 

design review (CDR) report. 

 

Certain components are produced using additive manufacturing processes. The only 3-D printed 

part prone to failure is the tire contactor. If it experiences issues like cracking or permanent 

deformation, the user must ensure no loads are applied before attempting to replace it. Removing 

the tire contactor involves accessing and unscrewing the shallow hex nut attaching it to the load 

cell, after which the damaged contactor can be replaced. Replacement parts can be obtained from 

CAD files provided with the project documentation, ensuring a minimum infill setting of 80% for 

strength for the new 3-D printed part. 

 

Another potential failure mode involves the load cell, which, due to its compact size, may buckle 

or experience cantilever failure. Like the tire contactor, it's imperative to ensure no loads are 

applied before attempting removal. Following the procedure outlined for the tire contactor, the 

load cell can be unthreaded from the lower bearing adapter. Wired connections to the electronic 

housing must be carefully disconnected. Replacement load cells, such as the FUTEK LCM200 

with a 500 lb force capacity, are available from the manufacturer, but note that they constitute a 

significant expense. For further assistance or additional troubleshooting, users are advised to 

directly contact the project team. 

  



Spring Rate Measurement of a Pneumatic Mountain Bike Tire - 28 -  

Appendix B – Risk Assessment 
 

 



Spring Rate Measurement of a Pneumatic Mountain Bike Tire - 29 -  

 



Spring Rate Measurement of a Pneumatic Mountain Bike Tire - 30 -  

 



Spring Rate Measurement of a Pneumatic Mountain Bike Tire - 31 -  

 



Spring Rate Measurement of a Pneumatic Mountain Bike Tire - 32 -  
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Appendix C – Final Project Budget 
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Appendix D – Software 
 

--------------------------------------------- Calibration --------------------------------------------------------- 

 
/* 

   -----------------------------------------------------------------------

-------------- 

   HX711_ADC 

   Arduino library for HX711 24-Bit Analog-to-Digital Converter for Weight 

Scales 

   Created By: Olav Kallhovd sept2017 

   Modified By: F33 – Spring Rate Team (Spring 24’) 

   -----------------------------------------------------------------------

-------------- 

*/ 

 

/* 

   This example file shows how to calibrate the load cell and optionally 

store the calibration 

   value in EEPROM, and also how to change the value manually. 

   The result value can then later be included in your project sketch or 

fetched from EEPROM. 

 

   To implement calibration in your project sketch the simplified 

procedure is as follow: 

       LoadCell.tare(); 

       //place known mass 

       LoadCell.refreshDataSet(); 

       float newCalibrationValue = LoadCell.getNewCalibration(known_mass); 

*/ 

 

#include <HX711_ADC.h> 

#if defined(ESP8266)|| defined(ESP32) || defined(AVR) 

#include <EEPROM.h> 

#endif 

 

//pins: 

const int HX711_dout = 4; //mcu > HX711 dout pin 

const int HX711_sck = 5; //mcu > HX711 sck pin 

 

//HX711 constructor: 

HX711_ADC LoadCell(HX711_dout, HX711_sck); 

 

const int calVal_eepromAdress = 0; 

unsigned long t = 0; 

 

void setup() { 

  Serial.begin(57600); delay(10); 

  Serial.println(); 

  Serial.println("Starting..."); 

 

  LoadCell.begin(); 
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  //LoadCell.setReverseOutput(); //uncomment to turn a negative output 

value to positive 

  unsigned long stabilizingtime = 2000; // preciscion right after power-up 

can be improved by adding a few seconds of stabilizing time 

  boolean _tare = true; //set this to false if you don't want tare to be 

performed in the next step 

  LoadCell.start(stabilizingtime, _tare); 

  if (LoadCell.getTareTimeoutFlag() || LoadCell.getSignalTimeoutFlag()) { 

    Serial.println("Timeout, check MCU>HX711 wiring and pin 

designations"); 

    while (1); 

  } 

  else { 

    LoadCell.setCalFactor(1.0); // user set calibration value (float), 

initial value 1.0 may be used for this sketch 

    Serial.println("Startup is complete"); 

  } 

  while (!LoadCell.update()); 

  calibrate(); //start calibration procedure 

} 

 

void loop() { 

  static boolean newDataReady = 0; 

  const int serialPrintInterval = 0; //increase value to slow down serial 

print activity 

 

  // check for new data/start next conversion: 

  if (LoadCell.update()) newDataReady = true; 

 

  // get smoothed value from the dataset: 

  if (newDataReady) { 

    if (millis() > t + serialPrintInterval) { 

      float i = LoadCell.getData(); 

      Serial.print("Load_cell output val: "); 

      Serial.println(i); 

      newDataReady = 0; 

      t = millis(); 

    } 

  } 

 

  // receive command from serial terminal 

  if (Serial.available() > 0) { 

    char inByte = Serial.read(); 

    if (inByte == 't') LoadCell.tareNoDelay(); //tare 

    else if (inByte == 'r') calibrate(); //calibrate 

    else if (inByte == 'c') changeSavedCalFactor(); //edit calibration 

value manually 

  } 

 

  // check if last tare operation is complete 

  if (LoadCell.getTareStatus() == true) { 

    Serial.println("Tare complete"); 

  } 
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} 

 

void calibrate() { 

  Serial.println("***"); 

  Serial.println("Start calibration:"); 

  Serial.println("Place the load cell an a level stable surface."); 

  Serial.println("Remove any load applied to the load cell."); 

  Serial.println("Send 't' from serial monitor to set the tare offset."); 

 

  boolean _resume = false; 

  while (_resume == false) { 

    LoadCell.update(); 

    if (Serial.available() > 0) { 

      if (Serial.available() > 0) { 

        char inByte = Serial.read(); 

        if (inByte == 't') LoadCell.tareNoDelay(); 

      } 

    } 

    if (LoadCell.getTareStatus() == true) { 

      Serial.println("Tare complete"); 

      _resume = true; 

    } 

  } 

 

  Serial.println("Now, place your known mass on the loadcell."); 

  Serial.println("Then send the weight of this mass (i.e. 100.0) from 

serial monitor."); 

 

  float known_mass = 0; 

  _resume = false; 

  while (_resume == false) { 

    LoadCell.update(); 

    if (Serial.available() > 0) { 

      known_mass = Serial.parseFloat(); 

      if (known_mass != 0) { 

        Serial.print("Known mass is: "); 

        Serial.println(known_mass); 

        _resume = true; 

      } 

    } 

  } 

 

  LoadCell.refreshDataSet(); //refresh the dataset to be sure that the 

known mass is measured correct 

  float newCalibrationValue = LoadCell.getNewCalibration(known_mass); 

//get the new calibration value 

 

  Serial.print("New calibration value has been set to: "); 

  Serial.print(newCalibrationValue); 

  Serial.println(", use this as calibration value (calFactor) in your 

project sketch."); 

  Serial.print("Save this value to EEPROM adress "); 

  Serial.print(calVal_eepromAdress); 

  Serial.println("? y/n"); 
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  _resume = false; 

  while (_resume == false) { 

    if (Serial.available() > 0) { 

      char inByte = Serial.read(); 

      if (inByte == 'y') { 

#if defined(ESP8266)|| defined(ESP32) 

        EEPROM.begin(512); 

#endif 

        EEPROM.put(calVal_eepromAdress, newCalibrationValue); 

#if defined(ESP8266)|| defined(ESP32) 

        EEPROM.commit(); 

#endif 

        EEPROM.get(calVal_eepromAdress, newCalibrationValue); 

        Serial.print("Value "); 

        Serial.print(newCalibrationValue); 

        Serial.print(" saved to EEPROM address: "); 

        Serial.println(calVal_eepromAdress); 

        _resume = true; 

 

      } 

      else if (inByte == 'n') { 

        Serial.println("Value not saved to EEPROM"); 

        _resume = true; 

      } 

    } 

  } 

 

  Serial.println("End calibration"); 

  Serial.println("***"); 

  Serial.println("To re-calibrate, send 'r' from serial monitor."); 

  Serial.println("For manual edit of the calibration value, send 'c' from 

serial monitor."); 

  Serial.println("***"); 

} 

 

void changeSavedCalFactor() { 

  float oldCalibrationValue = LoadCell.getCalFactor(); 

  boolean _resume = false; 

  Serial.println("***"); 

  Serial.print("Current value is: "); 

  Serial.println(oldCalibrationValue); 

  Serial.println("Now, send the new value from serial monitor, i.e. 

696.0"); 

  float newCalibrationValue; 

  while (_resume == false) { 

    if (Serial.available() > 0) { 

      newCalibrationValue = Serial.parseFloat(); 

      if (newCalibrationValue != 0) { 

        Serial.print("New calibration value is: "); 

        Serial.println(newCalibrationValue); 

        LoadCell.setCalFactor(newCalibrationValue); 

        _resume = true; 

      } 
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    } 

  } 

  _resume = false; 

  Serial.print("Save this value to EEPROM adress "); 

  Serial.print(calVal_eepromAdress); 

  Serial.println("? y/n"); 

  while (_resume == false) { 

    if (Serial.available() > 0) { 

      char inByte = Serial.read(); 

      if (inByte == 'y') { 

#if defined(ESP8266)|| defined(ESP32) 

        EEPROM.begin(512); 

#endif 

        EEPROM.put(calVal_eepromAdress, newCalibrationValue); 

#if defined(ESP8266)|| defined(ESP32) 

        EEPROM.commit(); 

#endif 

        EEPROM.get(calVal_eepromAdress, newCalibrationValue); 

        Serial.print("Value "); 

        Serial.print(newCalibrationValue); 

        Serial.print(" saved to EEPROM address: "); 

        Serial.println(calVal_eepromAdress); 

        _resume = true; 

      } 

      else if (inByte == 'n') { 

        Serial.println("Value not saved to EEPROM"); 

        _resume = true; 

      } 

    } 

  } 

  Serial.println("End change calibration value"); 

  Serial.println("***"); 

 

 

} 

 

------------------------------------------- Read_1x_load_cell ------------------------------------------------- 

 
/* 

   -----------------------------------------------------------------------

-------------- 

   HX711_ADC 

   Arduino library for HX711 24-Bit Analog-to-Digital Converter for Weight 

Scales 

   Created By: Olav Kallhovd sept2017 

   Modified By: F33 – Spring Rate Team (Spring 24’)  

   -----------------------------------------------------------------------

-------------- 

*/ 

 

/* 

   Settling time (number of samples) and data filtering can be adjusted in 

the config.h file 
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   For calibration and storing the calibration value in eeprom, see 

example file "Calibration.ino" 

 

   The update() function checks for new data and starts the next 

conversion. In order to acheive maximum effective 

   sample rate, update() should be called at least as often as the HX711 

sample rate; >10Hz@10SPS, >80Hz@80SPS. 

   If you have other time consuming code running (i.e. a graphical LCD), 

consider calling update() from an interrupt routine, 

   see example file "Read_1x_load_cell_interrupt_driven.ino". 

 

   This is an example sketch on how to use this library 

*/ 

 

#include <LiquidCrystal.h> 

#include <HX711_ADC.h> 

#if defined(ESP8266) || defined(ESP32) || defined(AVR) 

#include <EEPROM.h> 

#endif 

 

// Pins: 

const int HX711_dout = 4; // MCU > HX711 dout pin 

const int HX711_sck = 5;  // MCU > HX711 sck pin 

const int buttonPin = 2;  // the number of the pushbutton pin 

 

// HX711 constructor: 

HX711_ADC LoadCell(HX711_dout, HX711_sck); 

 

const int calVal_eepromAdress = 0; 

unsigned long t = 0; 

 

// initialize the library by associating any needed LCD interface pin 

// with the Arduino pin number it is connected to 

LiquidCrystal lcd_1(12, 11, 10, 9, 8, 7); 

 

void setup() { 

  // Set up LCD 

  lcd_1.begin(16, 2); 

  lcd_1.print("Starting..."); 

 

  // Set up serial communication 

  Serial.begin(57600); 

  delay(10); 

  Serial.println(); 

  Serial.println("Starting..."); 

 

  // Set up HX711 

  LoadCell.begin(); 

  float calibrationValue; 

  calibrationValue = 696.0; 

 

#if defined(ESP8266) || defined(ESP32) 

  // EEPROM.begin(512); 

#endif 
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  EEPROM.get(calVal_eepromAdress, calibrationValue); 

 

  unsigned long stabilizingtime = 2000; 

  boolean _tare = true; 

  LoadCell.start(stabilizingtime, _tare); 

  if (LoadCell.getTareTimeoutFlag()) { 

    Serial.println("Timeout, check MCU > HX711 wiring and pin 

designations"); 

    while (1); 

  } else { 

    LoadCell.setCalFactor(calibrationValue); 

    Serial.println("Startup is complete"); 

  } 

 

  // Set up button pin 

  pinMode(buttonPin, INPUT); 

} 

 

bool collectData = true; 

bool maxReached = false; 

float maxOutput = 0.0; 

float lastOutput = 0.0; 

unsigned long startTime = 0; 

unsigned long stopTime = 0; 

const unsigned long maxRunTime = 30000;  // 30 seconds in milliseconds 

const float minDifference = 100.0; 

const float decreaseThreshold = 50.0; 

unsigned long dataCollectionStartTime = 0;  // Store the time when data 

collection starts 

 

void loop() { 

  // LCD display loop 

  static boolean newDataReady = false; 

  const int serialPrintInterval = 0; // Increase value to slow down serial 

print activity 

 

  // Start recording data collection time 

  if (collectData && !dataCollectionStartTime) { 

    dataCollectionStartTime = millis(); 

  } 

 

  // Check if 1 minute has passed and return the maximum value 

  if (millis() - dataCollectionStartTime >= maxRunTime && maxReached) { 

    lcd_1.clear(); 

    lcd_1.setCursor(0, 0); 

    lcd_1.print("SRV (lb/in):"); 

    lcd_1.setCursor(0, 1); 

    lcd_1.print(maxOutput * 0.0022053861 / 0.5); // Apply conversion 

factor to final output 

    Serial.print("Maximum output value recorded: "); 

    Serial.println(maxOutput * 0.0022053861 / 0.5); // Apply conversion 

factor to final output 

    while (true); // Stop simulation 

  } 
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  // Check for new data/start next conversion if data collection is 

enabled: 

  if (collectData && LoadCell.update()) newDataReady = true; 

 

  // Get smoothed value from the dataset if data collection is enabled: 

  if (collectData && newDataReady) { 

    if (millis() > t + serialPrintInterval) { 

      float currentOutput = LoadCell.getData(); 

      currentOutput = abs(currentOutput); // Take the absolute value of 

the current output 

      lcd_1.clear(); 

      lcd_1.setCursor(0, 0); 

      lcd_1.print("Load cell val:"); 

      lcd_1.setCursor(0, 1); 

      lcd_1.print(currentOutput); 

 

      if (!maxReached && (millis() - dataCollectionStartTime >= maxRunTime 

|| abs(currentOutput - lastOutput) >= minDifference)) { 

        maxOutput = currentOutput; // Update maximum value 

        dataCollectionStartTime = millis(); // Reset start time 

        maxReached = true; 

      } else if (maxReached && currentOutput > maxOutput) { 

        maxOutput = currentOutput; // Update maximum value if the current 

output is larger 

      } 

 

      newDataReady = false; 

      t = millis(); 

      lastOutput = currentOutput; 

    } 

  } 

 

  // Check if the button is pressed to restart data collection 

  if (digitalRead(buttonPin) == HIGH) { 

    restartDataCollection(); 

  } 

 

  // Receive command from the serial terminal: 

  if (Serial.available() > 0) { 

    char inByte = Serial.read(); 

    if (inByte == 't') { 

      LoadCell.tareNoDelay(); // Initiate tare operation 

    } else if (inByte == 's') { 

      // Toggle data collection 

      collectData = !collectData; 

      if (collectData) { 

        Serial.println("Data collection resumed."); 

      } else { 

        Serial.println("Data collection paused."); 

      } 

    } 

  } 
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  // Check if the last tare operation is complete: 

  if (LoadCell.getTareStatus() == true) { 

    Serial.println("Tare complete"); 

  } 

} 

 

// Function to restart data collection process 

void restartDataCollection() { 

  collectData = true; 

  maxReached = false; 

  maxOutput = 0.0; 

  lastOutput = 0.0; 

  dataCollectionStartTime = 0; 

} 
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Appendix E – Design Verification Plan & Report (DVPR) 
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Appendix F – Test Procedures 
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