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Executive Summary 

The Queen’s Rocket Engineering Team (QRET) designs and builds a new rocket every year to compete at 
the international Spaceport America Cup. They receive points depending on how accurately their 
rocket’s maximum altitude, or apogee, reaches 3,048 m (10,000 ft). QRET has asked for a closed-loop 
system to be developed by which the apogee of their rocket may be controlled. This system has been 
referred to as the Active Rocket Apogee Control (ARAC) system.  
 

QRET has specified several design constraints, including limiting the design space to within the tube of 
their 2018 rocket, Brigid. It is critical that the design is analyzed in detail; competition judges do not 
allow the rocket to launch if any doubt exists in system behavior.  
 
A preliminary design solution was presented during MECH-460. The premise of this system involved 
increasing the drag forces acting to slow down the rocket during flight with four flaps placed 
symmetrically about the circumference of the rocket tube. The amount that these flaps enter into the 
free-stream air around the rocket will be actively controlled to regulate drag forces and hence control 
apogee. 
 

The purpose of this project was to manufacture and test the proposed slider-crank actuator design, 

along with readily available DC motors, under an expected load case as a proof-of-concept prototype to 

gauge feasibility. At this early stage of the design process, focus was on engineering cost-effective 

solutions for both the mechanism and the testing apparatus. 

The motors and actuator design were tested at varying loads at room-temperature using a constant 

voltage power supply, until stall current was reached. A Torque vs Current graph was created for both 

motors in order to see which would be more feasible for actual use. It was recommended that future 

testing involve both high and low temperatures to replicate conditions experienced during flight. 

The machining techniques utilized were simple and cost-effective, ideal for the proof-of-concept which 

addressed many of the anticipated challenges relating to actuation of the mechanism under load. Each 

component was manufactured out of aluminum 6061 in the McLaughlin Hall machine shop. Bolts and 

bushings were ordered from McMaster-Carr, and two geared DC motors were purchased from Princess 

Auto.  

The testing performed concluded that the largest torque produced by the small motor during calibration 

was 0.23 Nm at 2.55 A, and the largest torque produced by the large motor was 0.52 Nm at 6.32 

A. These stall currents were determined by increasing the load applied incrementally until failure to lift 

the load was reached. The stall current of the large motor was found to 6.32 A. The low-cost motors 

tested were only able to lift a maximum of 2.56 kg at the end of the actuator. This was very low 

compared to the 20 kg load that would constitute implementation of the design in the rocket. 

Testing revealed that the mechanics of the design presented in this report can be suitable for the ARAC 

system with some modifications. Recommended design alterations include the use of dowels instead of 

bolts as pins to prevent loosening of the linkage assembly during actuation, along with 

substituting certain aluminum components with steel or plastic. The use of additional gearing to 

increase the available torque at the cost of reducing the already high actuation speed, or replacement of 

the motors with higher torque alternatives, should be considered.
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1 Background Information 
Queen’s Rocket Engineering Team (QRET) is a student engineering design team at Queen’s University [1]. 

Every year they design and build a rocket to compete in the Intercollegiate Rocket Engineering 

Competition at the Spaceport America Cup at the Spaceport America Facility in Las Cruces, New Mexico 

[2]. The rules of this competition dictate that 35% of the team’s overall score is determined by the 

accuracy of the launch vehicle’s apogee [3]. This is calculated according to:  

𝑃𝑜𝑖𝑛𝑡𝑠 = 350 − (
350

0.3 × 𝐴𝑝𝑜𝑔𝑒𝑒𝑇𝑎𝑟𝑔𝑒𝑡
) × |𝐴𝑝𝑜𝑔𝑒𝑒𝑇𝑎𝑟𝑔𝑒𝑡 − 𝐴𝑝𝑜𝑔𝑒𝑒𝐴𝑐𝑡𝑢𝑎𝑙| (1) 

Additional points are also awarded for the team’s design implementation and project technical report. 

Designing a rocket to obtain a specific apogee with no closed loop control is very challenging given the 

high number of unpredictable variables that impact a rocket’s flight. As such, one proposed method of 

overcoming this is to design a rocket that would intentionally overshoot the target apogee and 

incorporate an autonomous braking system which would decelerate the rocket to achieve the desired 

apogee. 

In order to control the apogee of the rocket, a system was designed and modelled during the duration of 

MECH-460 known as the Active Rocket Apogee Control (ARAC) system. The system featured four flaps 

which would pivot into the free-stream air around the rocket during flight to create additional drag forces 

and controllably limit apogee. The four flaps would be placed such that, when closed, the flaps would be 

flush with the outer surface of the rocket to maintain a smooth surface and prevent undesirable increases 

in the base rocket’s drag forces. The flaps would also be placed symmetrically around the rocket to 

prevent instability from asymmetric loading. Using the developed models, the flaps were sized so as to 

increase the rocket drag by approximately 200 N per flap. Under these loading conditions, the structure 

of the system was also analyzed to confirm the structure will not fail with a safety factor of 1.7.  

2 Project Scope 
The purpose of this project was to determine the output torque from a motor required to successfully 

actuate the system under a 200 N load.  The original scope dictated that the system would be actuated at 

varying thermal conditions, but due to time constraints this part of the scope was removed. The team also 

sought to test the mechanics of the system that was previously designed and refine them as necessary 

before the client implements the design in a future rocket. Due to lack of time, refinement of the system 

was not achieved. An assembly which reflects the critical elements of the final design, including a single 

flap and its associated mechanism, was developed for testing purposes.  

The testing conducted simulated the anticipated loading produced by the aerodynamic drag forces. 

Specific areas of interest include the flap operating mechanism design and the output torque required by 

a motor to actuate the flap. The results of the testing will be used by QRET to refine the design in future 

years until satisfactory results are achieved, mainly defined by the repeatable operation of the mechanism 

under maximum load conditions. The results of the project, including all manufactured elements and data 

collected during testing will be given to the client upon completion of the term. 
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3 Design Benefits 
Currently, QRET is highly reliant on simulations and modeling software when predicting rocket apogee 

and designing the rocket to achieve a target apogee. While simulations are highly beneficial and can help 

the team design a rocket with an apogee close to the desired altitude, they are severely limited and often 

have an error on the predicted apogee of approximate ±10%. There are many factors that are unknown 

and cannot be accounted for within modeling software, such as weather and wind, imperfections in 

surface finish, manufacturing deformities, and unknown weight distributions. As such, the current rocket 

design process lacks any adjustability to changing conditions. 

The implementation of an active rocket apogee control system has numerous advantages as follows: 

1. Apogee control – the system will adapt as needed to obtain an apogee closer to the target altitude 

2. Technical points – novel features aid the team in obtaining points not only for flight performance, 

but also within the Project Technical Report and the design implementation evaluation 

3. Inspiration – tackling complex challenges inspires new members and promotes creative solutions to 

the team’s challenges 

4. Advancing understanding – The students who develop the rocket do so through a process of self-

learning and experimentation; such a system has not been analyzed to this level of detail and 

provides valuable learning opportunities 

4 ARAC System Design 

4.1 Introduction 
Based on the analysis conducted during the initial portion of the project, a preliminary design for the 

complete ARAC system was developed and can be found in the final report for MECH-460. Certain 

components of this preliminary design were targeted upon definition of the scope for this stage of the 

project. The goal of this narrowed design was to prove the principles inherent to the functionality of the 

system; once these concepts could be demonstrated with a functional prototype, the confidence gained 

would permit allocating additional resources to its further development. 

Along with narrowing the design to include only the necessary components for a proof-of-concept 

prototype, certain parts were also simplified for ease of manufacture. These simplifications were made at 

the cost of adding weight or volume required to the system, both of which would be undesirable for the 

final product. However, it was determined that these factors were not as important at this stage; future 

revisions in design can easily address these factors once the design has been proven successful. 

4.2 Overall Assembly 
Based on the geometry of the preliminary design, a new design was created which featured a single flap 

with slider-crank actuation mechanism, mount for the motor, and legs for supporting the entire 

assembly. This assembly will be referred to as the test assembly and can be seen in the figure below. 

Note that each of the components are further described within their respective subsection which 

follows. 
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Figure 1: CAD rendering of the test assembly. 

4.3 Linkage Track 
The linkage track component (featured in blue in Figure 1 above; Figure 2 and Figure 3 below) serves as 

the main structure for the entire test assembly. It has mounting holes for the motor mount and for the 

three legs which raise the linkage assembly to provide clearance for the linkages. The mounting holes are 

threaded holes for 8-32 size bolts which will be used exclusively throughout the entire assembly. There is 

also a clearance hole for the shaft of the motor to access the linkages below the linkage track. 

Furthermore, as the name implies, the linkage track provides most of the constraints which guide the 

slider linkage of the slider-crank mechanism (in yellow) during its motion; this guiding area will be referred 

to as the track. Note that the sizing of the track relative to the slider linkage is a critical element to the 

functionality of the design. For further information, see the Manufacturing and Design Discussion section. 

Additionally, the linkage track also provides a location to hold the pin which the flap adapter (in green) 

pivots about.  

 

4.4 Slider-crank Mechanism 
The slider-crank mechanism is divided into three main components as evident in Figure 4 and Figure 5 

below: the servo arm (pictured in black), the connecting arm (pictured in red), and the slider linkage 

Motor mount 

Rear leg 

Front legs 
Linkage track 

Flap adapter 

Slider-crank 

Figure 2: Linkage track - top isometric view. 

Mounting holes 

Pivot 

Motor shaft clearance 

Figure 3: Linkage track - bottom isometric view. 

Track 

Pivot 

Mounting holes 
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(pictured in yellow). Each of the linkages is connected to one another by pin joints such that the slider-

crank can actuate as required. The pins are simply 8-32 size bolts which slide within an oil-embedded 

bronze bushing. The servo-arm and slider arm both have threaded holes which hold the bolt while the 

connecting arm holds the bushings which promote smooth operation. Each linkage in the slider-crank can 

be seen in Figure 6Figure 8.  

 

 

Figure 4: Slider-crank assembly in track with flap adapter and pins; underside isometric view. 

Servo arm Connecting 

arm 

Slider linkage 

Pivot 

Flap 

adapter 

Pin joints 

Figure 5: Slider-crank assembly with bushings; side isometric view. 

Bushings 

Threaded 8-32 

Figure 6: Servo arm. 

Figure 7: Connecting arm. Figure 8: Slider linkage. 
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Note that the square hole in the servo arm is to accept the 5/32” square shaft of the motor. The larger 

diameter holes in the connecting arm are to allow for the press-fit of the bushings. The slot within the 

slider arm allows for clearance of the flap adapter during actuation. 

Upon initial testing, it was determined that the tightness of the 8-32 screws which hold these components 

together critically affected the smooth operation of the system. See the Manufacturing and Design 

Discussion section for further details. 

4.5 Slider Bearing Shaft 
The slider bearing shaft, featured as purple in the figure below, is a critical element to the design. This 

shaft presses against the slider arm to provide the additional constraint required for proper slider-crank 

motion through the track. The shaft is fixed from translation but is free to rotate as required by oil-

embedded bushings (featured in orange). These bushings will be pressed into the front two supports 

(featured as grey and transparent). The shaft was carefully positioned such that it does not interfere with 

any of the components throughout the mechanism’s travel. It must also take a majority of the load which 

are transmitted from the flap adapter to the slider linkage. 

 

 

4.6 Flap Adapter 
In the final system, the flap adapter is the component which would be used secure the flap to the 

mechanism. By using this adapter, the client may be able to change the overall dimensions of the flap 

Slider 

bearing 

shaft 

Front 

legs 

Bushing 

Figure 9: Slider bearing shaft in position on the test assembly; underside isometric view. 

Figure 10: Slider bearing shaft. 
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without having to remove the entire assembly from the rocket. As well, this method would allow the flaps 

to be made out of the same material which was cut from the rocket tube, decreasing the manufacturing 

time and maintaining continuity between the surface of the rocket and the flaps. However, for the proof-

of-concept prototype, the design of this component was simplified for ease of manufacture. 

Instead of adding a curved face where a flap would be mounted which would complicate manufacturing, 

this component was designed to be rectangular and the flap was omitted altogether. Despite these 

simplifications, adequate testing was still able to be completed. To mimic the loading which would occur 

in the real system, a hole was drilled through this component where weights could be attached. The flap 

has two additional critical areas: the pin location which the component will pivot about and the slot which 

will house another pin actuated by the slider linkage. Note that the pivot and slot pins will be 

manufactured in the same way as the linkage mechanism; an 8-32 bolt will act as the pin which rotates 

within an oil-embedded bushing. 

   

4.7 Supporting Legs 
There are three legs which will support the entire assembly such that the slider-crank mechanism has 

clearance from the table supporting it during tests (see the Testing and Methodology sections for further 

details). Each of the three legs has two mounting holes, again sized for 8-32 bolts, in order to be secured 

to the test assembly. The front two supports also feature a counterbored hole for the bushings which 

support the slider bearing shaft to be pressed into. 

Figure 11: Flap adapter within test assembly; side isometric view. 

Slot 

Pivot 

Weight 

mounting 

location 

Figure 12: Flap adapter; isometric 
view. 
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4.8 Motor Mount 
Two different motors were tested (as discussed within the Testing section which follows); it was 

determined that the larger motor was more adequate for the purposes of this system. This motor features 

a worm-and-wheel gearbox which rotates the output shaft perpendicular to the motor’s rotary axis. As 

such, the motor was mounted such that the rotor’s axis is parallel to the slider linkage axis and the gearbox 

output may still connect to the servo arm. A clearance hole was added to the linkage track component to 

allow the shaft of the gearbox to pass through and reach the servo arm. The motor mount has two holes 

which the stator can be bolted to; the mount can then be secured to the linkage track component via the 

associated holes.  

 

For completeness, despite it being determined that his motor was inadequate, below is a model of the 

motor mount used for the smaller motor. This motor featured a planetary gear train which meant the 

stator and rotor must be parallel to the servo arm’s axis of rotation. As this motor did not have any 

mounting holes which were easily accessible, the motor was clamped to the mount via four screws around 

its circumference. Mounting to the linkage track was done via the same holes as the previous motor 

mount, however a slot was cut into the motor mount to more easily centre the motor to the servo arm 

axis.  

Figure 13: Front support; side 
isometric view. 

Figure 14: Rear support; side 
isometric view. 

Clearance for 

shaft 

Linkage track 

mounting holes 

Motor mounting 

holes 

Figure 15: Motor mount; side isometric view. 
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The following photos show the actual mechanism manufactured with the small motor and its mount 

attached. 

 

4.9 Manufacturing Plan 
Manufacturing of all components, with the exception of the bolts and bushings which were bought via 

McMaster-Carr (see Economic Analysis section), was conducted by members of the team using the tools 

and equipment available within the McLaughlin Machine Shop. Specifically, a CNC programmable mill and 

a manual lathe were utilized to manufacture the bulk of the components. Hand tools such as drills, files, 

and taps were also utilized as necessary. For a detailed outline of the manufacturing plan, please see 

Appendix C. 

Special care was taken to ensure the clearances within critical areas was maintained in order to prevent 

binding during actuation under load. These included the track width and the slider bearing shaft which 

contain the slider linkage on all four sides, as well as the width of the slider linkage cutout which is pinned 

to the slot of the flap adapter. Tolerances between a close-running fit and a sliding fit (i.e. between H8/f7 

and H7/g6 for machined shafts and holes) were utilized in these areas. Producing these tight tolerances 

involved high-accuracy measurement tools such as micrometers and careful planning. For additional 

recommendations on the manufacturing process, please see the Manufacturing and Design Discussion 

section. 

Motor 

mounting 

holes 

Figure 16: Small motor mount; top isometric view. 

Track 

mounting 

holes 

Slot for track 

Motor shaft 

clearance 

Figure 17: Small motor mount; bottom isometric 
view. 

Figure 18: Manufactured ARAC system 
assembled; isometric view with flap open 

Figure 19: Manufactured ARAC system 
assembled, side view with flap closed. 
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5 Testing  

5.1 Methodology 
The testing that took place followed closely with the structure set out in Team 03’s MECH 462 Proposal 

Report, which can be found here. The testing methodology was changed due to a change in project scope 

and is outline below.  

The purpose of the completed testing was to determine how much torque the motor needed to output 

for the system to deploy under room temperature conditions while a range of forces acted on the flaps, 

from 0 to 200 N. The team was looking for loading cases where binding and seizing occurred.  Note that 

due to the change in project scope identified at the beginning of this report, the hot and cold tests outlined 

in the original Proposal Report were removed.   

To simulate the drag forces acting upon a single ARAC system flap during flight, a system was designed to 

match in-flight conditions to the best of the Team’s ability.  

The test assembly used is shown in Figure 20 below. Further images of the set up can be found in Appendix 

A.  

 

Figure 20: View of the test assembly with the flap actuated to 45 degrees. 

As explained in the Proposal Report, the test assembly was to be clamped down to the workbench, 

however upon setting up the system it was found that the assembly did not need to be clamped down, 

and that the clamps got in the way of the assembly’s ability to operate.  While there were originally two 

different sizes of geared motor that were to be tested, the small geared motor failed before testing, so 

no results were produced. It was calibrated and can be found included in the torque vs. current plot found 

in Figure 22. Another notable difference to the original test assembly is the use of a right-angle motor 

support plate.  This large plate was attached to the assembly to inhibit the motor from moving while in 

file:///D:/Abby/Documents/PC%20stuff/Uni/4th%20Year/MECH%20462/Proposal%20Report/MECH462_Team03_Proposal_Report.pdf
file:///D:/Abby/Documents/PC%20stuff/Uni/4th%20Year/MECH%20462/Proposal%20Report/MECH462_Team03_Proposal_Report.pdf
file:///D:/Abby/Documents/PC%20stuff/Uni/4th%20Year/MECH%20462/Proposal%20Report/MECH462_Team03_Proposal_Report.pdf
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operation. The plate was screwed to the linkage track and the motor itself was screwed to the 

perpendicular part of the plate.  This can be better seen in Figure 21 below.  

 

Figure 21: Side view of the test assembly to showcase the right-angle motor support plate. 

There exists a hole in the bottom part of the motor support plate for the motor shaft to extend through 

to the linkage track and servo arm.   

To simulate a range of 0 to 200 N of force acting on the flap, a hole was drilled in the middle of the flap 

adapter, where a cable was looped through with a weight hanging off the bottom of this cable. The 

weights simulated loading cases of 0.49 N, 2.07 N, 3.68 N, 4.96 N, 6.51 N, 8.09 N, 9.54 N, 10.65 N, and 

25.06 N with 0.05 kg, 0.21 kg, 0.38 kg, 0.51 kg, 0.66 kg, 0.83 kg, 0.97 kg, 1.09 kg, and 2.56 kg weights, 

respectively.  Note that a 200 N loading case could not be achieved; this is further explained in section 5.2 

Results. 

5.1.1 Preparatory Tasks 
Before testing could commence, the output torque of the motor at each loading case needed to be 

calibrated. By attaching a pulley to the motor shaft of the large motor, weights were hung from the pulley 

and a multimeter and battery were used to find the current running through the system at each of these 

loading cases. The torque needed to lift each of these weights was then calculated, and a current vs. 

torque plot created for the large motor.  This plot can be seen in Figure 22 below, and the preparation 

procedure outlined in the Proposal Report can be found in Table 4 of Appendix B.  

file:///D:/Abby/Documents/PC%20stuff/Uni/4th%20Year/MECH%20462/Proposal%20Report/MECH462_Team03_Proposal_Report.pdf
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Figure 22: Torque vs. current plot created during calibration of the large and small motors. 

The largest torque produced by the small motor during calibration was .23 Nm at 2.55 A, and the largest 
torque produced by the large motor was 0.52 Nm at 6.32 A.  These stall currents were determined by 
increasing the load applied incrementally until failure to lift the load was reached.  
 
While preparing the assembly for testing it was noticed that the geared motor activated very quickly, 
resulting in the flap adapter opening up with too much force in a short interval of time.  This large impulse 
was putting stress on the flap adapter as it extended to its full deployment of 45°.  To manage this issue a 
microswitch was placed on the slider linkage to prevent the design from opening fully. This proved to work 
well throughout testing and prevented unnecessary damage to the mechanism.   
 

5.1.2 Testing Plan 
Once the calibration process was completed, testing began. The testing procedure followed closely 

matched the testing procedure that was outlined in the Proposal Report. A copy of this procedure can be 

found in Table 5 in Appendix B.  A modification to the procedure included the removal of clamping the 

test assembly to the workbench, as this was found to be unnecessary.  During testing weights of known 

masses of 5 kg, 10 kg, 15 kg, and 20 kg were not used, but a collection of heavy items was weighed using 

a scale and placed in the bag for the flap adapter to lift.  The loading cases used were recorded in the 

results.   

The recorded current readings for each load case were then compared to the Torque vs. Current plot 

created during the calibration process to determine the required torque the motor needed to apply to 

the test rig in order to lift a specific load acting on the flap.   

5.2 Results 
By the completion of testing, 9 different loading cases had been tested, each having recorded 5 current 

[A] values.  The average of these current values was taken to create the torque vs. current plot. Given the 

quality of the multimeter equipment used, there were several outliers in the data set. These were 

removed and will not be included in the analysis of the design. Figure 23 below shows the plot of the 

torque and lifted mass vs current for each loading case.  

0
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file:///D:/Abby/Documents/PC%20stuff/Uni/4th%20Year/MECH%20462/Proposal%20Report/MECH462_Team03_Proposal_Report.pdf
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Figure 23: Final results plot showing the current measured with the multimeter at each loading case [kg]. The torque was 
determined by comparing the current to the torque vs. current plot found in Figure 22.  

As read from the plot, the highest load case that could be lifted by the large DC geared motor was 2.56 kg 

at the stall current of 6.32 A, with an output torque from the large motor of 2.14 Nm.   

As seen in Figure 23, there is no linear fit to the data.  This makes it difficult to try to extrapolate this data 

to find out how much torque needs to be applied to the system in order for it to actuate a flap under a 

load of 20 kg.  Further testing needs to be done with more powerful motors to get a cleaner plot and more 

conclusive data.  

6 Design Criteria & Functional Specifications 
Table 1 below outlines the functional specifications of each system component and their corresponding 

design criteria.   

Table 1: Functional specifications and design criteria for each major component. 

System 
Component  

Functional 
Specifications  

Design Criteria  Criteria Met (yes/no) 

Geared DC 
Motor 

Actuate the test 
assembly remotely.  

Provide adequate torque to 
the test assembly to open the 
flaps to a 45° angle under a 
maximum 20 kg loading 
scenario. 

no 
- maximum loading for 
flap deployment was 
2.56 kg 

Test Assembly  

Servo Arm Transfer the force 
from the Geared DC 
Motor to the 
Connecting Arm 

Attach to the Connecting Arm 
via a pin joint and rotate to 
push the Connecting Arm 
towards the Slider Linkage. 

yes 

Connecting Arm Transfer the force 
from the Servo Arm 
to the Slider Linkage 

Maintain contact with both the 
Servo Arm and Slider Linkage 

yes 
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via pin assemblies to push the 
Slider Linkage along the track. 

Slider Linkage Transfer the force 
from the Connecting 
Arm to the Flap 
Adapter and Flap.  

Slide with little friction along 
the Linkage Track to push out 
the Flap Adapter and Flap from 
the test assembly.  

yes 

Flap Adapter Allow for the 
attachment of the 
carbon fiber flap.  

Requires 4 threaded holes that 
will be used to fasten the 
carbon fiber flap to the Flap 
Adapter, 1 hole for a pivot 
between the Flap Adapter and 
the Linkage Track, and a slot 
for the pin that attaches to the 
Slider Linkage.  

yes/no 
- flap adapter had 1 
single hole for a cable to 
thread through 
- a carbon flap was not 
attached to the flap 
adapter 

Linkage Track Main structure for 
the entire test 
assembly.  

Hold the entire assembly 
together and maintain a 
smooth surface for the Slider 
Linkage to glide upon.  

yes 

Front & Rear 
Legs 

Serve as a stand for 
the test assembly. 

Support the test assembly 
while under severe 
compression from the 20 kg 
weight.  

yes 
- only under 2.56 kg 
loading 

Slider Bearing 
Shaft 

Provide the 
additional constraint 
required for proper 
slider-crank motion 
through the track. 

Take most of the load from the 
Flap Adapter that is 
transferred to the Slider 
Linkage. 

yes 
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7 Timing & Tasks  
The Gantt chart below outlines the timeline of all actions completed throughout the project. The manufacturing and construction phase was 

extended by 2.5 weeks, pushing the testing to take place 4 days later than planned.  This did not have a significant effect on the results obtained 

during testing but was a good lesson in how even a contingency plan can be insufficient.  
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8 Economic Analysis 
An economic analysis was performed for the proposal report with the purpose of estimating expenses 

and being able to compare with the actual costs of the project at the end of the semester. The following 

table illustrates the predicted costs—also seen in the proposal report.  

Table 2: Predicted costs for the project, calculated in the proposal report. 

ITEM SOURCE COST 
USD 

COST CAD TAX Shipping TOTAL 

Cost 
Associated 
Items 

      

Dry Ice (2 Kg) Science Store N/A $11.10 N/A N/A $11.10 

Styrofoam 
Cooler (5L) 

Canadian 
Tire 

N/A $7.99 1.13 N/A $9.03 

Geared DC 
Motor 

Princess 
Auto 

N/A $6.99 1.13 N/A $7.90 

Servo Arm McMaster-
Carr 

$7.23 $9.69 1.13 N/A $10.95 

Connecting 
Arm 

McMaster-
Carr 

$7.23 $9.69 1.13 N/A $10.95 

Slider Linkage McMaster-
Carr 

$7.23 $9.69 1.13 N/A $10.95 

Flap Adapter McMaster-
Carr 

$7.23 $9.69 1.13 N/A $10.95 

Linkage Track McMaster-
Carr 

$7.23 $9.69 1.13 N/A $10.95 

Front & Rear 
Legs 

McMaster-
Carr 

$7.23 $9.69 1.13 N/A $10.95 

Slider Bearing 
Shaft 

McMaster-
Carr 

$7.23 $9.69 1.13 N/A $10.95 

Oil-Embedded 
Flanged Sleeve 
Bearing 

McMaster-
Carr 

$6.60 $8.84 1.13 $2.00 $11.99 

Button Head 
Hex Drive 
Screw 

McMaster-
Carr 

$8.08 $10.83 1.13 N/A $12.23 

Labor Costs Source Quantity 
Required 

MRR Setup Time Hourly Rate TOTAL 

Waterjet 
Aluminum 
Components 
Labor Costs 

McLaughlin 
Machine 
Shop 

26” 15”/min 15 min $100/h $27.88 

       

file:///D:/Abby/Documents/PC%20stuff/Uni/4th%20Year/MECH%20462/Proposal%20Report/MECH462_Team03_Proposal_Report.pdf
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Non-Cost 
Associated 
Items 

Source COST 
USD 

COST CAD TAX Shipping  TOTAL 

Thermocouple Onno Oosten N/A N/A N/A N/A $0.00 

       

Hanging 
Weights (5 kg, 
10 kg, 15 kg, 
20 kg) 

Onno Oosten N/A N/A N/A N/A $0.00 

       

Wire David N/A N/A N/A N/A $0.00 

Oven Nicol Hall N/A N/A N/A N/A $0.00 

C-Clamps (3) QRET N/A N/A N/A N/A $0.00 

Mechanics 
Gloves (3) 

QRET N/A N/A N/A N/A $0.00 

12V Battery QSM N/A N/A N/A N/A $0.00 

Multimeter QSM N/A N/A N/A N/A $0.00 

Safety Glasses 
(3) 

McLaughlin 
Machine 
Shop 

N/A N/A N/A N/A $0.00 

       

Oven Mitts (1) Eric N/A N/A N/A N/A $0.00 

NET TOTAL 
COST 

     $156.78 

 

From the table, it can be seen that with all aspects of the project included, the total cost was predicted to 

be $156.78. This value was subject to change, as the scope of the project changed slightly throughout the 

semester. Below, the final evaluation of costs is summarized in a table.  

Table 3: Final evaluation of costs for the ARAC system project. 

ITEM COST ($) 
Aluminum  35.12 
Small Motor 9.99 
Large Motor 9.99 
Bolts 11.35 
Bearings  8.82 
TOTAL 75.27 

 

The final cost of the project ended up at $75.27. This value is drastically different from what was predicted 

and is due to several factors. The cost of aluminum was similar to what was expected, as well as both 

motors from Princess Auto, and the bearings and bolts from McMaster-Carr. Due to the scope change, 

the team was not required to perform temperature testing. This eliminated the costs of the Styrofoam 

cooler, and the dry ice. Labor costs were also removed from the picture, as the team manufactured 

everything on the Mill and the Lathe. Due to these changes in project scope and manufacturing plan, the 

overall cost of the project was reduced by over 50%.  
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9 Discussion and Future Recommendations  
The following sections discuss recommendations for future work to improve the accuracy of the 

modelling, expansion of the analysis scope to provide additional information, and a discussion of 

considerations.  

9.1 Motor Sizing 

9.1.1 Discussion 
The motor size was chosen based on a couple different constraints. For this project, the main purpose was 

to purchase a motor that would hopefully be able to generate enough torque to support the 20 Kg load 

predicted in MECH460 last term. Two motors were purchased from princess auto—both of different sizes. 

The larger motor, as expected, was able to generate more torque and had a higher value of stall current. 

For the scope of this project, a motor that could generate enough torque to operate the slider linkage 

with a small load was enough. After testing, the motor from princess auto was able to generate around 2 

kg of torque and was able to operate the slider linkage smoothly. This is significantly less than what is 

needed but was expected out of a cheap purchase. The main takeaway was the successful operation of 

the actuating air brake.  

In terms of physical sizing, the motor was too large in volume to be able to fit into the 6” diameter of the 

rocket. This is something that will be considered in future recommendations. For the purpose of this 

project, the motor had great functionality, and was well within the budget.  

9.1.2 Future Recommendations 
There are a couple things to consider for the future of this project, and the implementation of the air 

brake into the QRET rocket. Firstly, a servo motor that is small enough to fit within the 6” diameter 

constraint and can generate the necessary 20 kg of torque, is needed. This will be very costly and would 

not have fit within the budget of this project.  

Secondly, the motor will be required to actuate incrementally, and will be operated by a control system. 

Currently, the motor can only actuate from 0°-45° in one step. This will likely require the use of a 

programmed microcontroller. In the future, additional gearing in the motor may also be required—this 

would allow for some of the speed of the motor to be substituted for higher torque so that the 20 kg load 

requirement can be met.  

9.2 Manufacturing and Design 

9.2.1 Discussion 
Throughout the design review and manufacturing process, several elements of the ARAC design were 

brought into question. The initial design featured a fixed, rectangular slider bearing support compared to 

the manufactured rotary, cylindrical slider bearing shaft mentioned within the ARAC System Design 

section above. Through discussion with the faculty advisor, Dr. Ciccarelli, along with Dr. Bryant and 

Professor Sneep, it was determined that loading of the flap adapter would cause deflections in the slider 

linkage. If the deflection was large enough, the linkage may bind on the sharp corners of the fixed support 

and prevent actuation. As such, a simple design revision in which the fixed support was replaced with a 

freely rotating shaft would mitigate such an issue. Testing confirmed that the shaft was sufficiently able 

to support the slider linkage even under the loads considered with minimal addition to friction. Care was 
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given to size the diameter of the shaft adequately so as to support the linkage while allowing for the 

necessary linear motion under load. 

In a similar manner, the area of the linkage track which supports the slider linkage on the remaining three 

sides was also a zone where friction and tolerances were critical to design functionality. Testing of the 

system revealed that, if not addressed, the friction of these faces with standard milled finishes could 

prevent actuation. As such, the friction between the track and the slider linkage in this area must be 

decreased as much as possible. Along with sizing the components between a close-running and a sliding 

fit (i.e. tolerances between H8/f7 and H7/g6 for machined shafts and holes), it was determined the friction 

could be decreased by polishing the mating surfaces. Polishing was first done by filing all corners such that 

the burrs left from machining could be removed. As well, filing of all corners allowed for any debris which 

may be trapped between the surfaces to escape to, preventing binding. All mating surfaces were then wet 

sanded by hand with 320, 600, and 1200 grit sandpaper. Note that wet sanding was the preferred method 

as it was less likely to add deep scratches to the surfaces. Special care must be taken to prevent misaligning 

the surface of the parts during sanding; the sandpaper should be held to a very flat surface such as a sheet 

of glass or certified granite plate, and the part held firmly and parallel to the sandpaper. The surfaces were 

then rubbed with a fine scouring pad (product name Scotch-Brite [4]) which further polished the surfaces 

to a shine. The mating surfaces were also given a generous amount of thin, light-duty chain oil as 

lubrication. It was determined that this process adequately reduced the frictional forces between mating 

surfaces to promote actuation of the device with the motor tested.  

During testing, it was determined that as the system was actuated under load several times, certain bolts 

would work themselves loose. Specifically, the bolts which pinned the slider-crank assembly together, as 

well as those that pinned the flap adaptor pivot point, would loosen, in turn causing misalignment which 

led to binding. It was determined that after approximately 5-10 actuations of the ARAC system, these 

bolts would loosen to a point which significantly decreased performance. Using bolts as pins, despite being 

the most cost-effective, was determined to be the most likely failure mode of this design. To temporarily 

mitigate this, after two or three trials these bolts would be tightened; however, this was done by hand 

and hence was imperfect between trials despite friction being highly dependent on the tightness of these 

pins. 

9.2.2 Future Recommendations 
Two major recommendations to the manufacture and design of the ARAC system are made. The first, 

most critical recommendation is to replace the bolts used as pins throughout the assembly with a method 

less prone to loosening during actuation. Along with the original method for comparison, a proposed 

design alteration involving the use of dowel pins with retaining clips is pictured below. 
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In this revised design, the dowel pin would be pressed into one of the linkages and a retaining clip (see [5] 

for more details) installed to retain the linkage between from sliding apart. By using the clip, rotation of 

the linkages cannot act to loosen the pinned connection. Although strength was not determined to be an 

issue during these tests, for the same material the dowel pins have a higher shear strength than the bolt 

because the threading creates many stress concentrations and decreases the effective diameter. This 

design has some inherent drawbacks however, such as the fact that the press-fit cannot be easily adjusted 

to set the desired minimal spacing between linkages. Recall that if this spacing is too large or too small, 

binding or excess friction can prevent actuation. 

Another significant modification recommended is to replace the slider linkage and at least portions of the 

track with materials other than the 6061 series aluminum. Mild steel, which may be more easily surface 

ground to achieve higher tolerance specifications and smoother surfaces, is one alternative to consider. 

Mild steel may also be heat-treated to increase hardness if use of the current aluminum parts presents 

issues relating to softness, such as galling or distortion of holes. Plastics, such as acetal (product name 

Delrin) or PTFE (product name Teflon), should also be considered as some alternatives for these same 

parts due to their low frictional coefficient [6]. 

Further recommendations include altering the lubricant used from the low-viscosity chain oil, which has 

a high tendency to drip off the surfaces, to a medium viscosity grease. Additionally, if machining is to occur 

in the McLaughlin Hall Machine Shop, consider developing a complete CNC program to machine all 

components and remain on the milling machine or lathe until the parts are complete. By machining the 

same part across several days, it was found that lots of time was spent simply realigning and re-fixturing 

the material within the machines. By allocating larger blocks of time, the amount of realignment and re-

fixturing can be decreased.  

Based on the success of the mechanical components, it is also recommended that future attention be 

focused on increasing the torque output of the motor through either replacement of the motor with a 

larger size or with additional gearing. It was noted previously that the speed of actuation during testing 

was very quick; an increase in torque will easily constitute the reduction in speed. It is also recommended 

Bolt acting as 

pin; friction 

depends on 

tightness 

Bushings 

Threads 

which loosen 

during 

actuation 

Figure 24: Tested design in which a bolt was used as a pin. 

Bushings 

Retaining 

clip cannot 

loosen 

Pressed pin 

Figure 25: Recommended change to use a dowel pin and 
retaining clip instead of a bolt as the pin. 
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that additional electronic components such as a proper motor controller and rotary encoder be used to 

provide closed-loop feedback to more finely control mechanism actuation.  

9.3 Testing 

9.3.1 Discussion 
The original scope intended for the team to test the system in a room temperature environment, a cold 

environment, and a hot environment. This part of the scope was eliminated in Week #10 as time was 

becoming scarce and the manufacturing of the part proved to take much longer than anticipated.  Because 

the team did manufacture the product entirely themselves, it was seen as an appropriate change to the 

scope that only the room temperature testing scenario be completed.  Had the team outsourced the 

manufacturing of the design, it could have been completed much faster and all 3 of the testing scenarios 

could have been completed.  However, the cost of such an operation would have been far over the allotted 

budget that QRET provided for this project, and the team gained lots of hands on experience working in 

the McLaughlin Machine Shop. The ability to turn a 2D design into a 3D product proved to be difficult and 

taught the team valuable skills such as tolerancing, and the importance of being adaptable while still 

remaining compliant to the design’s purpose. 

When it came time for testing, the results were not as appropriate as the team had hoped.  Recall that 

the system was to apply a drag force of 200 N, which meant for testing purposes that the design had to 

lift a mass of 20 kg.  At the end of testing it was found that the maximum load the design could handle 

was 2.56 kg.  This load scenario was the highest load that the design could handle while still actuating the 

flap adapter to a 45-degree angle.  Beyond this benchmark, the flap adapter would only open to a 30-

degree angle. It should be noted as well that 6.32 A was the stall current for the large motor - the 

maximum current the multimeter could read under the load scenario.  The stall current was first reached 

for the load scenarios applied before the final load, at 0.97 kg and 1.09 kg.  It can be said that the stall 

current then takes place at a loading scenario of .097 kg.  

While testing occurred, physical changes to the system were noted at key loading scenarios.  It was noticed 

at the loading scenario of 0.21 kg the design became very sensitive to how tightly it was assembled.  There 

were multiple screws and fasteners holding it together, and how tightly or loosely those were assembled 

had an effect on the flap adapter’s ability to deploy to a 45-degree angle.  As the system was actuated 

repeatedly, the assembly would become loose and the flap adapter would fail to deploy to a 45-degree 

angle.  The assembly would then be tightened, but by tightening too much the force applied by the motor 

was not being transferred all the way from the motor shaft to the flap adapter; some of the energy was 

being lost along the way in the friction between the assembly and screws and fasteners.  From this point 

forward, the design was tightened before each new loading scenario was added, and if the flap adapter 

did not deploy, the system was loosened slightly until it performed properly.   

At a loading scenario of 0.97 kg the assembly began to shake as it actuated.  This is the point when the 

assembly was struggling to actuate, but with repeated testing it would eventually actuate the flap to 45 

degrees.  This was discussed briefly with Dr. Bryant at the Design Review #2, and it was concluded that 

including a jitter in the system would prevent the assembly from binding and needing a lot of force to 

overcome its bound position. A jitter would require the motor to be constantly moving back and forth 

slightly, but not enough to actuate the flaps in any way.  By keeping the motor in motion the system will 

have less opportunity to bind and no great force would need to be overcome to actuate the system, which 

is what was causing the “shake” during testing.  
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9.3.2 Future Recommendations 
To honor the scope outlined in the original proposal for this project, it is recommended that the team 

perform the hot and cold testing when feasible to do so.  It is unknown how hot or how cold the inside of 

the rocket gets at 30,000 ft, but it can be assumed that the variation in temperature between launch and 

apogee is significant; the air temperature at launch is 45 °C, and the air temperature at apogee is -56.5 °C.   

Another recommendation for future testing would be to include an Arduino into the testing set up.  The 

Arduino would be programmed to control the speed and actuation time of the motor.  For testing 

performed in this project the motor was actuated with full force, meaning there was no progressive 

torque application.  This put a lot of strain on the assembly because the flap adapter was deploying very 

quickly.   

By implementing the jitter discussed with Dr. Bryant the system would avoid any binding scenarios that 

could require extra force to be applied to actuate the system.  This will be investigated further as the ARAC 

system is developed by QRET in future years.  
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11 Appendix A – Additional Images of the Test Assembly 
The following photos depict the testing apparatus used. 

 

Figure 26: Closed test assembly with C-Clamp. Later found to not need the clamp. 
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Figure 27: Actuated test assembly with C-Clamp. Later found to not need the clamp. 
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12 Appendix B – Detailed Testing Plan from the Proposal Report 
The following table shows the testing plan, in detail, utilized for the above tests. 

Table 4: Preparation Procedure for calibration as outlined in the Proposal Report. 

Step Description Tools 

1 The stand-alone geared DC motor will be screwed down on its side to a piece 
of 2x6 lumber, which is then clamped down to the edge of a workbench via 2 
C-Clamps (Figure 17). This enables the shaft of the motor to protrude over the 
edge of the workbench, while the rest of the motor is held in place on the 
workbench. 

 

 
Figure 28: Isometric drawing of the calibration assembly. 

• Motor 

• 4x 1” 
screws 

• Scrap 2x6 

• 2x C-
clamps 

 

2 A pulley of known radius will be attached to the motor shaft. • Aluminum 

3 A cable will be attached at one end to the pulley. This cable will hang a weight 
of known mass (5 kg, 10 kg, 15 kg, and 20 kg) from the other end towards the 
floor.  
 

• Cable 

• Weights 

4 The torque on the motor for each loading case will be manually calculated by 
multiplying the force of each weight (mass and gravitational acceleration) by 
the radius of the pulley.   
 

 

5 For each loading case, the motor will be switched on and will turn the shaft to 
lift the given weight. The motor will be connected to a multimeter and battery 
which will measure the current running through the motor. The calculated 
torque and the recorded current for each loading case will be plotted on a 
Torque vs. Current plot. 

• Battery 

• Multimeter 

• Motor 
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Table 5: Testing plan as outlined in the Proposal Report. 

Step Description Tools 

1 The motor is mounted to the motor mount as seen in Figure 1.  A 
rectangular shaft is attached to the motor on one end and inserted 
into the square hole of the servo arm at the other end.  
 

• Rectangular 
shaft 

• Test Assembly 

• Motor 

2 The entire test assembly is clamped down to the edge of the 
workbench, and a chosen weight is hung from the flap adapter by a 
thin cable.  
 

• 3x C-Clamps 

• Weights 

3 The motor is then activated, which enables the test assembly to 
extend the flap adapter outwards to 45°.  While the motor is 
working, a multimeter reads the current passing through the motor.  
 

• Multimeter 

• Battery 

4 Step 3 is then repeated for all five of the loading conditions, for 
which current readings will have been collected for all of them. 
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13 Appendix C - Detailed Manufacturing Plan from the Proposal Report 

13.1 Overview 
The manufacturing of all parts can be done on a standard, manual 3-axis milling machine and lathe with 

typical tooling. However, CNC equipment was used during certain repetitive operations to decrease the 

time required for manufacturing. Machining was completed within the McLaughlin Machine Shop by the 

team to decrease manufacturing costs. Rough machining of 2D components using the water-jet cutter 

was considered; however, the associated costs were deemed too high for this stage of the project. The 

following sections describe, in detail, the machining procedures required for each particular component; 

note that the dimensions given are in inches as this is the standard for machining processes and tooling 

can be more conveniently and affordably purchased than metric alternatives. Also note that the 8-32 bolts 

and bushings were bought off-the-shelf. 

13.2 Linkage Track 
The linkage track was machined from a block of 6061 series aluminum with dimensions approximately 

1”x1”x4.5”. The sides were then be milled flat and square using a large face-cutter such that the exact 

dimensions are 0.75”x1”x4.5”. With the block oriented such that the 0.75”x4.5” face is in the x-y plane of 

the mill, the large step leading to the pivot point and the clearance area for the flap adapter was cut first 

using a ½” round-nose endmill to achieve the roughly the required dimensions, then a ¼” round-nose 

endmill was used to achieve the appropriate corner fillet size. The mounting holes for the motor mount 

and the rear support were then drilled using #29 drill bit such that they may be tapped to the 8-32 screw 

size. The clearance hole for the motor shaft was also drilled using a 0.2” diameter drill bit. 

The block was then be flipped such that the top face which was just cut is now on the bottom. The part 

was levelled using parallels and zeroed using an edge finder before the track area was then machined 

using a ½” flat end mill. 

The final process required the part to be placed on its side such that the holes for the flap adaptor pivot 

point and the front leg mounting locations may be drilled using the #29 size bit. The part was then 

removed, hand tapped using the 8-32 size tap, and lightly chamfered using a file to remove any sharp 

corners. 

13.3 Flap Adapter 
In much the same way as the linkage track, the flap adapter was made from a block of series 6061 

aluminum which was face-milled on all sides to achieve square and flat faces with dimensions of 

0.6”x0.2”x1.55”. With the stock placed such that the 1.55”x0.6” dimensions are in the x-y axis of the 

machine, a ½ flat end mill was used to cut the outer profile of the part. Next, a 0.1” round end mill was 

used to cut the slot in which the slider linkage was pinned to. Finally, the pivot hole was drilled using a 

#28 drill bit such that the hole is slightly oversized to accept the 8-32 screw as the pivoting pin and a 0.1” 

hole was drilled to later mount weights to. 

13.4 Leg Supports 
The front two leg supports are identical to one another, so the machining processes were the same. A 

block of 6061 series aluminum with dimensions 0.25”x0.9”x1.25” was used. With the faces milled flat and 

square, only two operations are required. The first was to drill the hole which the bushing pressed into 

using a ¼” drill bit followed by a 0.3125” flat end mill to counterbore the bushing face. The next operation 
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was to drill the two holes using the number #28 drill bit for clearance of the mounting holes. Note that 

the only critical dimension in this part is the distance between the bushing hole and the clearance holes 

as this will affect the slider bearing shaft location. 

The rear leg support was manufactured in much the same way. A block of the same series aluminum was 

finished to 0.25”x0.75”x1.15” with the face mill before a #29 drill bit was used to create holes in the top 

face. These holes were tapped to 8-32 for mounting to the slider track component. None of the 

dimensions on this component are critical.  

13.5 Servo Arm, Connecting Arm, and Slider Linkage 
As the water-jet cost for manufacturing these components was deemed too high, these parts were cut on 

the milling machine. Note that finishing work will still be required if the water-jet was to be used as it does 

not produce an adequate surface finish for dimension critical components due to expansion of the cutting 

kerf through material depth. 

The production of the three components were similar due to their simple two-dimensional features. The 

parts were first milled square to their rough dimensions following the CAD model. The outer profiles were 

then cut using ¼” end mill to finish dimensions. The inside portion of the slider linkage which connects to 

the flap adapter was then cut with a smaller 0.125” end mill to achieve the required inner fillet radius. 

The connecting arm was then drilled to ¼” in order to accept the bushings, while the other two 

components were drilled with the #29 bit and tapped to accept the 8-32 bolts. The hole in the servo arm 

was then drilled 0.15” to accept the motor shaft. 

13.6 Motor Mount 
The motor mount was produced using a 1.5” length of angle aluminum with wall thickness of 0.125” and 

height 0.75”. The holes which mount the motor to the mount were drilled and tapped to 8-32. The holes 

mounting to the slider linkage were then drilled using the slightly oversized #28 drill bit for the bolts to fit 

through. Finally, a portion of the bracket was cut to allow clearance for the motor shaft to fit through and 

access the servo arm. 

13.7 Slider Bearing Shaft 
The slider bearing shaft was the only component which requires the use of a lathe. The component was 

cut from a piece of rough stock approximately 0.5” in diameter and 1.75” in length. Next, the outer 

diameter was turned to 0.3” across the length of the part. The open end was then turned to 0.125” in 

diameter, 0.25” across the length of the part. The component was then parted off to final length, before 

the material was flipped in the jaws of the lathe. The final operation was to complete the other side to 

the same 0.125” diameter for 0.25” length. 

 


