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1 EXECUTIVE SUMMARY

Micro-mills, defined as coffee-growing operations that harvest 100-500 kg of coffee beans per year,
are prevalent in Costa Rica. These businesses must sort their product by size to access lucrative
international markets. However, current commercial solutions are too large and expensive for the
operating scale of micro-mills. To fill this need, we at Java Tech have designed a machine that can
sort coffee beans by size at an affordable price and appropriate scale for Costa Rican micro-mills.
The original proposal attached here outlines the intended design and associated specifications.
After one major revision of replacing an Archimedes screw with a power screw as the primary
driving mechanism of the sorting process, calculations were done for components, attachments,
and a power train. Regarding components, the frame was analyzed for safety against yielding,
buckling, and fatigue failure modes to determine a suitable material and cross section for the
constituent members. We determined that 1006 HR steel, the cheapest extruded steel available on
the market, may be used for most components. Three connections of interest were then analyzed to
ensure that the components may be joined safely and would not detach during operation. Finally,
an experiment was devised to quantify the torque that must be provided to the power screw by the
power train to successfully sort the beans. Based on the desired sorting speed and associated
power requirement, a motor was selected from McMaster-Carr and a gearbox was designed to
achieve the appropriate speed and torque outputs.

We at Java Tech believe this machine would be a massive benefit for micro-mills as it is tailor-made
for their specific needs and budget range. We hope that the rigorous design process outlined in the
following memos may be used in future work to bring this product to market. Finally, we would like
to thank Professor Hashemi for all the help throughout the project.



2 DESIGN PROPOSAL

Problem Statement

Coffee growing micro-mills in Costa Rica need to sort their coffee beans by size to access lucrative
international markets. International businesses expect to know the size (including tolerance) of the
coffee beans they purchase, so that they can be confident the beans are compatible with their
manufacturing processes and/or roasting procedures. However, current mechanized solutions are
prohibitively expensive because they are designed for loads relevant to larger, industrial-scale
coffee-growing operations. Micro-mills are defined as independent mills that produce finished
coffee ready for export in low volume. Micro-mills are typically family-owned farms that no longer
must rely on large cooperative mills because they have the equipment to process their own beans
[1]. Micro-mills harvest and sort beans once per year, yielding approximately 500 kg of product.
Few size-sorting machines appropriate for the scale of micro-mills exist on the market; the
proposed design aims to fulfill this need.

Background Research
Existing Products

There are several coffee bean sorting devices available on the market. However, as noted in the
problem statement, they are targeted at large scale producers whose production is in a different
order of magnitude than that of the micro-mills. High-end solutions optically sort the beans by color
in addition to separating them by size; these devices are very large and expensive, such as the one
shown below:

Figure 1 - Industrial Machine with Optical Sorting Capabilities [2]



From an interview with a micro-mill owner in Costa Rica, micro-mills do not require the extensive
features provided by these industrial devices. Typically, current commercially available size sorters
use a feeding hopper that dispenses the coffee beans onto a flat, perforated platform that forms the
sieve. The sieve(s) oscillate back and forth, mimicking the motion of a human doing so manually. A
bean falls through to the next sieve if it is smaller than the perforations. One such product, which
uses multiple sieve platforms such that the smallest beans are filtered to the bottom platform, is
shown below in Figure 2:

Feeding hopper

Inclined angle control set

scillating sieve

Outlet for graded green coffee bean

Figure 2 - Example Design with Oscillating Sieve Platforms [3]

Mechanisms Used in Proposed Design

The team proposes that the vibration method employed by the design in Figure 2 puts the device
under many cycles of stress, making it susceptible to general wear, and eventually experience
fatigue failure if not designed properly. To combat this, the team suggests a device that uses rotary
motion to perform the sorting rather than lateral vibration. The inspiration for the mechanism
comes from cement mixer trucks, which feature a large drum with an Archimedes screw pattern on
the inside, as shown below:

Figure 3 - Interior of A Cement Mixer Truck [4]



The Archimedes screw pulls the beans along increasingly wide slits in the drum, which filters the
beans by size. When a bean runs over a slit slightly larger than its width, it falls through into a bin.
Further research into the design of Archimedes screw mechanisms will be necessary to ensure
smooth integration into the coffee sorting device. The proposed design will borrow the feeding
hopper, motor/gearbox control, and overall structural frame from the device in Figure 2,
incorporating some modifications and substituting the Archimedes screw working principle.

Overview

A concept sketch showing the proposed design targeted at micro-mills is shown below.

Figure 4 - Concept Sketch of Proposed Design



The beans are fed into a hopper, which then feeds them into the sieve “drum”. This setup allows the
operator to load all the beans at once rather than having to continuously feed the hopper. Beans
waiting in the hopper are dispensed at a constant flow rate into the sieve drum.

The sieve portion consists of a large, fixed drum with slits of increasing width on the bottom face to
sort the beans. There is a main shaft running through the center of the drum, which will have a
Archimedes screw (helical surface surrounding a central cylindrical shaft) pattern along the length,
as shown in Figure 5 below:

Figure 5 5- Archimedes Screw and Drum Example [5]

The Archimedes screw will be suspended by low-friction ball bearings on either end and rotated by
a motor, gearbox, and belt powertrain. This design allows the beans to move forward linearly as the
shaft rotates, and the drum remains fixed in place. The size of the slits increases along the length of
the sieve, such that the smallest beans are filtered out near the hopper. The containers are to be
placed on the tabletop to enable the mill employees to remove them without bending down.

Frame and Main Components

The frame should be constructed from a strong, durable material that is resistant to the high
humidity and heat in Costa Rica, the target market. Options such as 80/20 extruded aluminum will
be explored due to its versatility and relatively low cost. Alloy steels, subject to different heat
treatments depending on the final load conditions, will also be explored. The critical areas for
analysis are the table legs and tabletop surface, which will be subject to cyclic loading. The weight
of the beans is applied to and removed from the tabletop, so fatigue failure must also be considered.
The legs must be designed so they do not buckle under the load. A mixture of materials may be used
if appropriate, with the goal of maintaining a lightweight device to reduce shipping costs.

Other critical areas of analysis are the attachment points of the hopper/trough to the frame, which
will also be subject to the heavy weight of the beans, and the bearings which support the



Archimedes screw. The shaft itself must be strong enough to avoid yielding under the torsional and
bending stresses associated with driving the beans forward.

The design of the drum may need to be refined in future work. The major area of concern with the
current design is the analysis of stress concentrations on the drum, which has many holes on the
bottom. If this analysis becomes too complicated with hand calculations and FEA becomes
necessary, this design will need to be revisited. Other possible options include a linear conveyor-
belt style sieve mechanism, using rollers or a power screw that pushes all the beans toward slits of
different sizes in the tabletop surface. There may be simplifying assumptions made to facilitate
analysis of the current design. The drum is currently proposed as formed sheet metal, welded along
the seam. Other options that do not require a weld may be considered.

Attachment of Components

Currently, the structural elements of the frame will be bolted together. Gusseted brackets may be
incorporated to increase rigidity if necessary. As noted above, the shaft will be supported by
bearings on either end; the exact method of attachment to the frame will need to be designed.
Welding the frame may be explored as an alternative option, but it likely will not be necessary.

Ideally, the sieving drum will consist of a metal drum (cylinder) with slits of increasing size
machined out of the bottom half. Alternative manufacturing techniques could involve plasma
cutting standard sheet metal and pressing it into a cylinder shape; two circular cut outs would then
be welded to either side.

Power Train

A DC brushless motor and a gear train that increases torque will be used in the proposed design.
The high torque, lower rpm output will drive the main shaft which holds the Archimedes screw.
Speed is not a critical factor, as micro-mills only harvest and sort their beans once per year. Thus,
the driving factors for the powertrain will be high torque to effectively move the beans and low
overall cost. Gears must be selected such that they can withstand the large forces required for the
sorting process.

Design Specifications
Overall Design Parameters

e (apable of holding and sorting up to 100 kg of coffee beans at a time. For a maximum
harvest of 500 kg per year, this would require loading the machine five times.



Budget-friendly, < $2,000
Overall footprint of approximately 1.5 m long X 0.5 m wide X 2 m tall
o Tabletop surface located 1 m off the ground for both easy loading on beans into the
hopper, and retrieval of bean bins once sorted by size.
Lightweight
Long life - since the machine theoretically only cycles five times per year at the maximum
harvest yield, it should last at least as long as the business.
Requires minimal maintenance and supervision during operation
Safe, easily operated by able-bodied mill employees
Speed not critical, but ideally completes sorting each 100 kg batch within 1 hour
Easily cleanable

Component Design Parameters

Structural Frame

Strong, rigid to avoid large deformations

Resistant to fatigue and buckling failure modes

Resistant to humidity and other environmental factors
o Good wear properties

Lightweight
Resists deformation under load of beans
Welds withstand weight of beans

Shaft/Archimedes Screw

High yield strength
Good wear properties
Long life

Motor + Gearbox

High torque (to spin drum and beans)

Gears have good wear properties, teeth withstand cracking/erosion over the life cycle of the
device

Reliable, long life

Potential Materials

Many of the components share similar requirements regarding material properties. In general,
materials used in this design must be:



e Strong

e Resistant to wear

e Manufacturable

o Cost-effective

e Aslightweight as possible

Due to the large loads this device must bear and its industrial application, it is anticipated that most
of the components will be made of metal. It may be beneficial to allow the mill operators to see
inside the drum to monitor the progress of the sorting process. For this reason, a transparent
thermoplastic may also be considered for the construction of the drum.

Conclusion

Our product is targeted towards micro mills that need to separate approximately 500 kg of coffee
beans once a year. Satisfying the needs of these customers requires attention to several important
aspects of the design. The device must be relatively small and much cheaper than the large-scale
devices currently on the market. It must be very strong, able to last many years, and operate
reliably to minimize capital and operating costs for the mill. To further reduce costs, custom sizes
and scarcely available parts should be eliminated wherever possible.

The proposed design to meet these requirements is summarized as follows. An Archimedes screw
on a central shaft is used to push and agitate beans that come in from a hopper. The Archimedes
screw pushes the beans over a drum with specific sized holes that are cut out to let the beans fall
into labeled buckets. The power that rotates the shaft comes from a gear box that takes in high rpm
from a DC brushless motor and outputs high torque. High torque is needed to rotate the weight of
the screw and push the weight of the coffee beans.

The choice to stay away from a vibratory table sift comes from the downsides of vibrations.
Vibrations can be noisy, affect surrounding machinery, and cause stress over time. However, using
the proposed mechanism to sort the beans introduces other risks that must be addressed
throughout the design process. Primarily, the shaft and drum will be under heavy stress throughout
the process, making the material selection and attachment methods of these components critical.
The areas of the frame supporting the hopper/trough, bearing the beans waiting to enter the
sorting drum, will also be under significant load. It is essential to select materials for these
components that satisfy the cost and weight goals while maintaining structural integrity.

If, for any reason, an element of the proposed design is deemed dangerous or inefficient,
alternatives will be promptly investigated. Possible examples include changing the drum
composition, shaft mounting scheme, or even using an entirely different sifting mechanism such as
spaced-out rollers as used in airport security. The mock-up will help determine potential issues and
modifications necessary.



3 COMPONENT DESIGN

Introduction to Components

The original proposed design for the coffee size-sorting device has been modified to simplify
construction and facilitate calculations using the techniques learned in class. Rather than using an
Archimedes screw to push the coffee beans forward, the central shaft will be a power screw that
drives a flat circular plate that moves the beans along the drum. A second plate will be used to keep
the beans in a compact cylindrical shape. A CAD model showing the new design and proposed
dimensions (all in mm) is shown below:




In this memo, the structural frame will be evaluated for safety against static yielding, buckling, and
fatigue failure modes. The frame may be modeled as a truss with some members under
compression, and all under cyclic loading. The material is selected based on static yielding analysis,
and subsequent calculations for buckling and fatigue will verify the material selection. The force
required to drive the coffee beans is determined experimentally and used to calculate the torque
required on the power screw. Stress analysis of the power screw is subsequently performed.

Loading Conditions & Simplifying Assumptions

By assigning material properties to components, the CAD model shown above was used to evaluate

the weights of critical components that the frame will need to support:

Component Material (general) Mass (kg) Weight (N)
Drum Steel 410.25 4024.6
Power screw Steel 140 1373
Push Platforms Steel 176 1726.6
Beans Coffee 50 735.8

[t was assumed that the bearings which support the shaft, drum, and platforms are simply
supported, thus meaning that the machine may be taken as a simply supported beam when viewed
from the long side under static conditions, as shown below:
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Thus, the minimum load supported by each side of the frame is given by:

_ Wdrum + VVscrew + Wplatforms

)
min 2

These sides will be modeled as trusses composed of pinned two-force members with hollow
rectangular cross-sections. The two opposites sides of the frame are subjected to different loading
conditions. The “exit” side, where the beans have been fully sorted, is approximated as static
loading since the mass of the beans is insignificant at that point. The “feeder” side, where the beans
are loaded into the drum, is subject to cyclic loading as the beans are inserted, then moved away
and sorted. Thus, the maximum force experienced by the feeder side is given by:

Enax = Fmin + Wheans

From this analysis, the feeder side is subjected to a more significant load and thus will be used for
calculation. The truss will be solved for the member forces, which will then be used to analyze
safety against yielding, buckling and fatigue.

Part 1: Static Yielding

The yielding analysis for the feeder side of the frame is shown below. The member cross-section
was determined by using McMaster-Carr to identify available standard rectangular tubing sizes. We
opted for a square section 25 mm X 25 mm on the outside with 2 mm thickness.
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Based on the worst-case loading conditions, it was determined that AISI 1006 HR steel would
provide a very substantial safety factor of against yielding. This is a cheap steel, which is
essential to our goal of designing an affordable machine for Costa Rican micro-mills. With this high
safety factor, it would likely be possible to make the frame out of aluminum instead, making the
device even cheaper. However, we propose that the high safety factor eliminates the need for
routine, costly inspections, and enables the potential for infinite fatigue life, as will be shown in Part
3.

Part 2: Buckling

The material and cross-section found in Part 1 were used to perform analysis of buckling of feeder-
side members under worst-case loading conditions.
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The smallest factor of safety for members in compression in the frame was suggesting
that the frame is very safe against buckling.

Part 3: Fatigue

Assuming 99.9% reliability and operation at room temperature, the feeder side members under the
most load (AB and AC) were evaluated for fatigue failure.
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Since the mean stress in the member is compressive, the Goodman equation was not used for
analysis. Instead, Eq. 8-42 from Shigley was employed. It was determined that the frame would

have infinite life with a safety factor of |n; = 45.5| suggesting that the frame is very safe against

fatigue failure.

Part 4: Power Screw

According to Prof. Hashemi’s advice, an experiment was conducted to quantify the force required to
push the beans along the drum. This was done by 3D printing mockups of the drum and power
screw/push platform assembly. ABS plastic was used as its friction properties are like those of steel
on steel. Prof. Hashemi suggested modeling the problem of bean movement as that of a piston
experiencing wall shear stress within a fluid. In the worst-case scenario in which the beans form a
fully compacted cylinder between the two platforms, such a model may yield a governing equation
of the form:

F = (ed)nDL

Where d is the bean diameter, D is the drum diameter, and L is the distance between the push
platforms. This model suggests that the resistance force is directly proportional to the area
multiplied by the grain size and an experimental constant, . While we recognize the real system
may exhibit non-linearity, it is assumed that the experimental results may be scaled linearly to find
the value of F for the real machine.

In the experiment, coffee beans were loaded into the drum and a force gauge was used to measure
the force required to begin movement of the beans, thus signaling the transition from static to
kinematic friction. The drum was secured to the table to ensure that it would not move when the
force gauge was pushed against it. A total of 10 force measurements were obtained, and the average
force value was calculated and used in the governing equation above. The experimental setup is
shown below:




Values of d, D, L were measured and used to find the proportionality constant a. The results are
tabulated below:

Quantity Value Units
d 8 mm
D 88 mm
L 50 mm
F 2.3 N
¢ T X8 j:S %50 2.08 x 107 N/mms?

The real drum dimensions and spacing between plates were determined by using the density of
coffee beans, approximately 750 %. Assuming that the machine should be capable of sorting 75 kg

with a drum ID of 700 mm and power screw of OD 3”, or 76.2 mm:

m 75 k
p=" kg = 01m?
P 7504
m

T T
A= Z(DZ —d?) = 1(0.72 —0.07622%) = 0.38 m?

L=Y- 01 o265
4 o038 M
These values of Dand L were plugged into the equation to determine the value of F. It was assumed
that in the worst-case scenario, the average coffee bean would be slightly larger than those used in

the setup, approximately 10 mm in diameter.

N
) (10 mm)m(700 mm) (265 mm) = 121.2 N = 22.75 lbf

F = (ed)nDL = (2.08 X 107° —
mm

This force was used to proceed with analysis of the power screw according to the schematic below:
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[t is important to note that for this mechanism to function, the disks must be connected to linear
rails on the inside surface of the drum. Without these rails, the disks would simply rotate with the
power screw and not cause linear motion of the coffee beans. It was assumed that a collar of d,. =
4" would be used on the feeder side, while the exit side would remain free on the end. Each support
bearing would act as a nut, in addition to the interior threads on each push platform/disk. It was
also assumed that the force F would be transmitted equally to each threaded section of interest (1
collar, 4 “nuts”) as the entire system must be in equilibrium. Therefore, the torque required to start
pushing the beans forward must overcome 5 total components of friction: 4 from thread
interactions, and 1 from the thrust collar. Using an ACME power screw, the governing equation then
becomes:

Fd,, (l + nfd,, sec a)] 4 fFd,.

2 \nd,, — flseca 2

The corresponding analysis is shown below:
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Therefore, the power train must be able to deliver at least [40.8 [b - in| of torque to the power
screw.

The power screw was then analyzed for failure due to thread damage and buckling to select an
appropriate material. First, the state of stress at the first thread was determined, assuming the first
thread bears 38% of the load:
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It was found that the power screw was under almost no effective stress due to its large size, with

o' = 31.93 psi| Therefore, it was assumed as a first guess that AISI 1006 HR steel, the material

used for the frame, would be suitable. This material was used to perform the corresponding
buckling analysis, assuming that the feeder end is fixed, and the exit end is free:
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Using AISI 1006 HR steel, the power screw has a factor of safety of |n = 1217|against buckling,
indicating a very high level of safety.

Summary of Components

In this memo, we have analyzed the frame as a truss under cyclic loading. Analysis was performed
to check against static yielding, buckling, and fatigue failure modes. It was determined that using
rectangular tubes made AISI 1006 HR steel with a 25 mm X 25 mm cross section with 2 mm
thickness would provide a very safe frame with infinite fatigue life. Due to the high factors of safety,
inspection and maintenance of the machine should be minimal, which is desirable for the intended
use case.

Furthermore, we analyze the torque required to start pushing the coffee beans during the sorting
process. The force required to push the beans was determined experimentally and plugged into
design equations for power screws. The result will be used to design the motor & gearbox assembly
that makes up the machine’s power train. It was also determined that the power screw would be
very safe against yielding and buckling if made of AISI 1006 HR steel.



4 CONNECTIONS

Introduction to Connections

The design of the coffee bean size-sorting machine contains multiple connection points. The
featured methods of connection include joining truss members together with a connecting plate,
welding the shaft bearing to the truss frame, and bolting a spacer between the push platforms.
Rather than using screws to attach the bearing to the truss frame, welding was implemented for a
smoother connection. Forces generated during machine use and requirements for durability create
a need for the connections to be reliable and sturdy. The purpose of this memo is to analyze each
connection and determine the best screw, bolt, and type of weld for each connection. The CAD
model in Figure 1 below shows the draft of the design with dimensions in mm.

©720.00
©100.00

Figure 6: Updated CAD Model Used for Analysis

Loading Conditions & Simplifying Assumptions

The loading conditions used throughout this report are taken from calculations performed in the
component design memo and will be referenced as appropriate.

Part 1: Joining Truss Members with Connecting Plate

The first connection of interest is the attachment of the truss members at the joint circled in Figure
2 below:



Figure 7: CAD Model with jJoint of Interest Highlighted

It was decided to create this connection by attaching the members to a mounting plate using three
evenly-spaced bolts about the joint. The member forces found in the component design memo were
used to determine the reaction forces exerted on the joint, which in turn subject the bolts to direct
and indirect shear loading. The maximum loading conditions from the component design were used
to determine the most critical bolt and perform static failure analysis under worst-case conditions.
The minimum loading conditions were then used to determine the mean and alternating stresses
on the critical bolt for fatigue analysis.

Diagram and Loading Conditions

To design the mounting plate, it was assumed that the bolts would be spaced 50 mm from the joint
O on each member, as shown below in Figure 3:

proun h“'(

Figure 8: Diagram of Joint with Mounting Plate & Bolts



The forces Fy and F, acting on the joint were determined from the component analysis. Minimum

and maximum values are collected below:
(F)min = 3085 N
(E)max = 3722 N

(F) . =17812N

(F)max = 2149 N
Centroid of Bolt Geometry

Since the bolt geometry is not symmetric, the centroid must be calculated as shown below. As a first
guess, it will be assumed the bolts are M4 to calculate the areas; however, if all the bolts are the
same size, the centroid location will be the same as the areas will cancel. Using point O as the origin:

S xiA; 0+(—50)(§x42)+(—50 cos 30°)(%><42)

% = 2 PRTE = —-31.1mm
y _ Y Vidi _ 0+(50sin 30°)(%>;42)+(—50)(%X42) = -833mm
ZAi 3)(2)(4-2

Determining Resultant Shear Forces on Bolts

Based on the calculated centroid, the bolt geometry is shown below in Figure 4:

)

(Fina)2

Figure 9: Bolt Geometry and Forces



For worst-case conditions, the maximum values of F, and F, were used for analysis. The direct
shear force on each bolt was determined by sharing the loads F; and F, equally:

F, 3722
Fax =5 =—5—=1241N
2149
ay=—3—=7163N

To calculate the indirect shear force, the torque about the centroid was first calculated:
T = (0.00833 x 3722) + (0.0311 x 2149) = 97.85 N - m (CW)

Next, the radial distance from the centroid to each bolt was determined:

= \/m = 35.5mm
T, = \/m =52 mm
rs =+/18.92 + 8332 = 20.66 mm
Z riz = 35.5%2 + 522 + 20.66% = 4391 mm? = 4.391 x 1073 m?

This information was then used to calculate the indirect shear on each bolt:

Tr;  97.85x0.0355

Finad1 =572 = 2301 % 103 = /91N
Tr,  97.85 x 0.052
(Fing)z = —= = = 1159 N
md’2 =52 T 4391 %1073
Try  97.85 x 0.02066
3
(Fina)3 = = 461N

Y2 4391x 1073

Finally, the resultant force on each bolt was determined by breaking the direct and indirect shears
into x and y components and finding the resultant magnitude. For bolt 1:

(Fred)1 = Fax + (Fina)1x = 1241 4+ 791 c0s 20.1° = 1984 N

(FRy)1 = Fay — (Fina)1,y = 716.3 — 7915in 20.1° = 445 N

(Fr); = /19842 + 4452 = 2033 N

Repeating the calculations for bolt 2:

0, = tan™! (ﬂ) = 53.26°
31.1



(Fre)2 = Fax — (Fina)2x = 1241 — 11595in53.26° = 312.2 N

(FRy)2 = Fay + (Fina)2,y = 716.3 + 1159 cos 53.26° = 1410 N

(Fp), = /312.22 + 14102 = 1444 N

Repeating for bolt 3:

0, = tan~! (18'9) = 66.2°
3= T\g33) T o™
(Fre)s = Fax + (Fina)sx = 1241 + 461 cos 66.2° = 1427 N

(Fry), = Fay = (Fina)sy = 7163 — 4615in66.2° = 295 N

(Fr), = /14272 + 2952 = 1457 N

These calculations show that bolt 1 is most dangerous, with |F Rmax = 2033 N | This bolt will be

used in subsequent analysis.

Required Bolt Length

Before calculating the shear stress on the bolt, it is important to know the required bolt length to
see whether the shear plane acts on the threads or the shank. It is assumed that the mounting plate
is 5 mm thick, and from the component design, it is known that the hollow rectangular tubing of the
frame is 2 mm thick. It is also assumed that nuts will be used rather than tapped holes due to the
thin material. Starting analysis with M4x0.7 bolts, Table 8-7 may be used to determine the required
bolt length:

L>1+H

The grip lengthisl = 5 + 2 = 7 mm. Table A-31 does not provide recommended nut heights for M4
bolts. However, online resources suggest H = 3.2 mm. Therefore, L > 7 + 3.2 = 10.22 mm. The
threaded length is given by:

Ly =2d+6mm=2(4)+6=14mm

Since Lt is greater than the minimum length L, we round up to L = 14 mm such that the entire bolt
is threaded (i.e. [; = 0). Since there is no shank, the shear plane acts on the threads, and the minor
diameter area must be used.

Static Failure Analysis

From Table 8-1 for M4 bolts, A, = 7.75 mm?. The maximum shear stress experienced by bolt 1 is
then given by:



2933 o amp
T=a, T g5 T cbenMia
For first calculations, Class 8.8 bolts are checked, as they represent the average grade. From Table

8-11, S,, = 660 MPa. The factor of safety against static failure is the given by DET theory as:

Sy, 660
V3t V3 x2623

While marginally safe, this factor of safety was deemed unsatisfactory for the intended application
since the goal is to minimize maintenance/inspection for this machine. Thus, calculations were
repeated with M6x1, Class 9.8 bolts. The increased size and quality will make the bolts more
expensive but should lower costs associated with failure over the life of the product.

n=

From Table A-31 for M6 bolts, H = 5.2 mm. Therefore, the new minimum lengthis: L > 7 + 5.2 =
12.2 mm. The threaded length is Ly = 2d + 6 = 2(6) + 8 = 18 mm. Since once again the threaded
length exceeds the minimum suggested length, we round the bolt length to 18 mm and use the
minor diameter area in calculations. From Table 8-1, A, = 17.9 mm?, and from Table 8-11, Sy =
720 MPa. Therefore:

Fpy 2033
Tmax = A_r = m = 113.6 MPa
S, 720

n

V3Tge V3 Xx113.6

This safety factor was deemed satisfactory. Thus, the suggested fasteners for this joint based on
static failure are three M6x1, 18 mm long, fully threaded bolts.

Fatigue Failure Analysis

Fatigue was also considered, since from the component analysis it was found that the member
forces are fluctuating. First, the direct, indirect, and resultant shear forces on bolt 1 under the
minimum loading conditions were calculated:

Fan =2 =390 _ 1028
w33
1781.2
ay =——3— =59%N

T = (0.00833 x 3085) + (0.0311 x 1781.2) =81 N -m (CW)

Tr, 81X 0.0355

= = 655N
Yr?  4391x 1073

(Find)l =

(Fre)1 = Fax + (Fing)1x = 1028 + 655 c0s 20.1° = 1643 N



(FRy)1 = Fgy — (Fina)1,y = 594 — 655sin20.1° = 369 N

Fromin =+ 16432 + 3692 = 1684 N

The minimum shear stress is then given by:

_ Fmin _ 1684

Tmin = Ar —ngll'MPa

The alternating and mean stresses are then given by:

 Trax = Tmin_ 113.6 — 94
fa = 2 -T2
Tmax + Tmin 113.6 +94
tm = 2 -T2

=9.8 MPa

= 103.8 MPa

Finally, the Goodman equation was used to determine the safety factor for infinite fatigue life. For a
Class 9.8 bolt, S,;; = 900 MPa (Table 8-11),and S, = 140 MPa (Table 8-17). Therefore:

_(Bra VBuw\ " _ (¥3x98 V3x1038)" .
YE\Ts, s, ) T\ 140 900 — L

With a reasonably high safety factor, the joint should not fail due to fatigue.

Part 2: Welding Shaft Bearing to Truss Frame

The second connection of interest is the attachment of the truss members to the bearing at the joint
circled in Figure 5 below:

Figure 5: CAD Model with jJoint of Interest Highlighted

It was decided to create this connection by welding the members to the bearing using E60xx. T,
creating one cohesive part. The minimum and maximum forces that act on the bearing were found



in the component design memo and were used to determine the reaction forces exerted on the
welds, which in turn subject the welds to direct shear and indirect bending loading. The maximum
loading conditions from the component design were used to determine the most critical weld
location and perform static failure analysis under worst-case conditions. The minimum loading
conditions were then used to determine the mean and alternating stresses on the critical weld
location for fatigue analysis.

Diagram and Loading Conditions

It was assumed that the welded bearing acts as a beam of length 125 mm with a fluctuating center
load. The two members are joined at an angle of 30° and are made of AISI 1006 HR steel. These
welded members act as fixed supports on both sides, as shown below in Figure 6:

Fopin = 35623 N
Fnax = 4298 N

Figure 6: Diagram of Welded Bearing

The forces F,,;, and F,4, acting on the beam were determined from the component analysis.
Minimum and maximum values are collected below:

Fpin = 3562.3 N
Fpax = 4298 N

Using Table A-9 for fixed supports with a center load, the minimum and maximum reaction
moments on each side of the bearing were calculated:

Finl _ (3562.3)(125)

= 94 N -
3 8 55660.9 mm

Mpin =




Fpaxl (4298)(125
Mgy = mé“‘ _ ¢ ;( )=67156.25N-mm

Centroid of Weld Geometry

Since the weld geometry is symmetric, we can use Table 9-2 to determine the centroid and unit
second moment of area, I, as shown below:

X = —25—125
x_2_2— o mm
_—d—25—125
y_2—2 = o mm
d? 25)2
I, = ?(319 +d) = ( 6) (3(25) + 25) = 10416.67 mm3

Static Failure Analysis

The 3D loading configuration is shown below in Figure 7. E60xx is used for the welds with a throat
height of h = 6 mm. The members are hollow square tubes with a cross-sectional side length of 25
mm and are made of AISI 1006 HR steel.

F F W_szumw
—Eup c3562.2 N

h= bmm

N
7//.'/,_- /._/My,
P
A EeTe
s ’
u//
“Fa

AT 06 HR Steel

Figure 7: 3D Diagram of Welded Bearing with Loads

Each member shares half the applied load and is subject to a bending moment as calculated above.
To analyze the safety factor against static yielding, the values of F,,,,, and M,,,,,, are used.

The direct shear force on the throat is calculated by:



Enax/?2 4298/2
Ty = max/2 / =5.07 MPa
0.707hLyye1q  0.707(6)(100)

The indirect shear force on the throat due to bending is calculated by:

 Mpae  (67156.25)(12.5)
tind = 5707h1, ~ 0.707(6)(10416.67)

= 19.0 MPa

Due to the symmetric nature of the design, the resultant shear forces will be the same at both the
top and bottom welds. However, the top weld is under tension and will therefore be the dangerous
location. The result shear force is calculated by:

1 = V@D + Cima)? =/ (5.07)% + (19.0)2 = 19.7 MPa

The allowable shear stress for the E60xx weld is given in Table 9-6 as 7,;;,,, = 18 ksi. A conversion
factor of 6.895 MPa/ksi is used to convert this allowable shear stress to MPa. The safety factor for
the weld is therefore given as:

T 18)(6.895
n= allow:( )1(97 ):

TR

For the bearing base material of AISI 1006 HR steel, the yield strength is given in Table A-20 as
Sy = 170 MPa. The safety factor for the base material is therefore given as:

0.4S (0.4)(170)
Yy
= = = 4.88
"= 0707t (0.707)(19.7) 48]

These safety factors were considered sufficient for static loading, so analysis continued using these
weld parameters.

Fatigue Failure Analysis

Fatigue was also considered, since from the component analysis it was found that the center load is
fluctuating. The maximum shear stress experienced by the weld is 7,4, = 19.7 MPa. Since the
center load applied is proportional to the shear stress experienced, the minimum shear stress
experienced by the weld is given as:

F . 3562.3
tmin = Tmax (me) = (19'7)( 4298 ) = 16.3 MPa
max

The shear stress amplitude is given as:

_ Tmax ~ Tmin _ 19.7 — 163

Ty = > > = 1.7 MPa

The mean shear stress is given as:



 Tinax  Tmin _ 19.7 4 16.3

Tm = > > = 18 MPa

For weld E60xx, the tensile strength is given in Table 9-3 as S,;; = 427 MPa. Using an as-forged
surface finish, Table 6-2 can be used to calculate k,:

kg = aS2, = (54.9)(427)~7°8 = 0.5568
This value can then be used to calculate the actual endurance strength S,:
Se = k4(0.5S,;) = (0.5568)(0.5)(427) = 118.9 MPa

The fatigue stress-concentration for the end of a parallel fillet weld is given in Table 9-5 as K¢ =
2.7. The Goodman equation is then used to determine the safety factor for infinite fatigue life:

(KB, KeBr,\ | (27(63)A7)  27(V3)(8)\
nf_( S 7 sw > _< 1189 '+ 427 > =57

The safety factors for the weld, base, and against fatigue failure were all deemed satisfactory. Thus,
the suggested weld for this design is E60xx with a throat height of 6 mm.

Part 3: Bolting Spacer for Push Platforms

The third and final connection of interest is the push disk connector, which encases the power
screw to protect against coffee beans and other sources of dirt. A sketch of the current design is
found in Figure 8 below.

Figure 8: Diagram of Push Disk Connector

As shown in the figure above, four bolts will be used to secure the push disk connector and ensure a
fixed relative distance as the power screw rotates to push the disks forward. The force of the coffee
beans, determined from the component design report, acts on each side of the push disk connector
and results in an axial force applied to each bolt. For calculations, we assume that the spacer is
made of plastic, as It does not need to bear a significant load and should be light and cheap.



Diagram and Loading Conditions

Standard M5 bolts will be used for this design. An updated diagram with the necessary dimensions
and loading conditions is found in Figure 9 below:

[
Call

Figure 9: Diagram and Loading of Push Disk Connector

The force Fj,4ns Was determined from the component analysis and is given as:

Fyeans = 121.2 N

Centroid of Bolt Geometry

Upon evaluating one side of the push disk connector, one can see that the centroid of the two bolts
lies directly between them. The axial force is applied at this location, which means that each bolt
will only experience a direct force (P) and no indirect force.

Determining Resultant Forces on Bolts

The direct axial force exerted on each bolt is given by:



_ Foeans _ 1212 _

P
2 2

Required Bolt Length and Stiffness

Before calculating the stress on each bolt, it is important to know the required bolt length. Starting
analysis with M5 bolts and nuts, Table 8-7 is used to determine the required bolt length:

L>1+H

As shown in the diagram, the grip length is determined from the 30 mm steel section and the 30
mm ABS section: [ = 30 + 30 = 60 mm. From Table A-31, the recommended regular hexagonal nut
height for M5 bolts is given as H = 4.7 mm. Therefore, L > 60 + 4.7 = 64.7 mm. This value will be
rounded up to L = 65 mm. Since L < 125 mm and d < 48 mm, the threaded length is given by:

Ly =2d+6mm=2(5)+6=16mm
The length of the unthreaded portion in the grip is given by:
lgy=L—L;y=65-16 =49 mm
The length of the threaded portion in the grip is given by:
le=1—1;=60—49 =11mm

The area of the shank of the M5 bolt is determined using the major diameter:
I s
A = — 2 = — 2 = 1 . 2
a=7 d 2 5) 9.63 mm

The tensile stress area of the threaded portion of the M5 bolt is given in Table 8-1:
Ap = 14.2 mm?
Assuming the bolts are made of steel with E = 210 GPa, the stiffness of each bolt is calculated by:

AgAE (19.63)(14.2)(210000)

Ky = A, ~ (19.63)(A1) + (12.2)(49)

= 64216.3 N/mm

Member Stiffness

As mentioned earlier, the two members of this design are a 30 mm steel section and 30 mm ABS
section. The two frustums created to represent this design are shown in Figure 10 below:
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Figure 10: Frustums for Member Stiffness
Each frustum has a thickness t = 30 mm and a diameter given by:
D =1.5d = 1.5(5) = 7.5 mm

The top frustum is made of steel with £ = 210,000 MPa, and the bottom frustum is made of ABS
with E = 2,300 MPa. The individual member stiffnesses are calculated by:

0.5774ndE

1 ( (1.155t+ D — d)(D + d) )
(1.155t+ D+ d)(D — d)

K, =

For convenience, this formula was provided in an Excel sheet. The resulting member stiffnesses for
the steel (1) and ABS (2) sections are found to be:

K, = 1388471 N/mm
K, = 15207 N/mm

The overall member stiffness is then calculated by:

k= () = (oY s0sz
™= \Km,  Kn,)  \1388471 ' 15207) /mm

Static Failure Analysis

With both bolt stiffness and member stiffness calculated, the value of C is found by:

Ky 64216.3

C = =
K, + K, 64216.3 + 15042

=0.81

For first calculations, the M5 bolts used will be Metric Grade 4.6, so Table 8-11 is used to obtain the
following properties:

Sp = 225 MPa

S,: = 400 MPa



S, = 240 MPa

These bolts should be serviceable for inspection, so the pretention is calculated by:
F; = 0.75A.Sp = (0.75)(14.2)(225) = 2396.25 N

These bolts should also be lubricated, so the torque factor is given in Table 8-15 as K = 0.18.
Therefore, the torque required to achieve the desired pretention is given by:

T = KdF; = (0.18)(5)(2396.25) = 2156.6 N - mm
The safety factor against static failure under the load P is given by:

_ ASp—F_ (14.2)(225) — (2396.25)
- cpr (0.81)(60.6)

=[163]

np

The safety factor against loosening under the load P is given by:

F, 2396.25

TA-0P (1-081)(60.6)

No

With relatively high safety factors, the size and grade were deemed satisfactory for static loading,
and fatigue was subsequently investigated.

Fatigue Failure Analysis

Before calculating the safety factor against eventual fatigue failure, the endurance strength S, must
be calculated along with the amplitude and mean applied load P. Assuming the threads are cut, the
fatigue stress-concentration factor for threaded Metric Grade 4.6 bolts is given in Table 8-16 as

Ky = 2.8. Therefore, the endurance strength is calculated by:

1 1
S, = i (0.55,) = 55 (0.5)(400) = 71.4 MPa

When all the beans are in the drum, the maximum applied load is given by B, ,,, = 60.6 N. When all
the beans have been sorted, the minimum applied load is given by P,,;, = 0 N.

The applied load amplitude is given as:

Prax — Pmin _ 60.6 — 0

P, = =30.3 MP
a > > 30.3 MPa
The mean applied load is given as:
Prax + Pmi 60.6 +0
p, =% T - = 30.3 MPa

2 2

The safety factor against fatigue failure is then calculated by:



L SwAc—F__(400)(142)- 239625
= _ =[20.
c(p, %—“et +P,)  (081)(303 (%) +303)

The safety factors against static failure, loosening, and fatigue failure were all deemed satisfactory.
Thus, the suggested fasteners for this design are M5x0.8 Metric Grade 4.6, 65 mm long bolts.
Additionally, the spacer may be made of ABS. Due to the high value of C, most of the load is taken up
by the bolts rather than the members. Since the bolts are very safe, we may also assume that the
spacer is safe.

Summary of Connections

In this memo, the points of connection for the truss frame, bearing, and spacer were all analyzed,
and appropriate design choices were made for each. Calculations involved bolts under shear, bolts
under tension, and welds under combined shear and bending. Analysis of each connection was
performed to check for both static and fatigue failure. To join the truss members, failure analysis of
the most dangerous bolt led to a recommendation of using M6x1, 18mm long, fully threaded bolts.
Furthermore, our calculations determined that welding the bearing to the frame using E60xx fillet
welds with a throat height of 6mm provides safety against throat failure under static and cyclic
conditions. The weld also provides enough support to prevent separation from the base material.
Tensile stress analysis was used on the bolts connecting the push disks to the plastic spacer. It was
determined that low-grade, small bolts could be used for this connection, though they need to be
long to accommodate the grip length. We suggest M5x0.8, 65 mm long bolts for this application.



5 POWER TRAIN

Introduction to Power Train

The design of the coffee bean size-sorting machine features a power train to run the power screw.
The development of the power train included picking the motor and designing the gearbox. The
best possible motor would be decided based on required speeds that are obtainable with the lead
screw selected previously. Forces generated during active motor use and requirements for
durability create a need for the gears to be reliable and uphold an acceptable factor of safety. The
purpose of this memo is to analyze each part of the gearbox and determine the required power and
torque of the motor and the best gear material and specification to handle the calculated power and
torque. The CAD model in Figure 1 below shows the draft of the design with dimensions in mm.

Figure 10: Updated CAD Model Used for Analysis

Loading Conditions & Simplifying Assumptions

The loading conditions used throughout this report are taken from calculations performed in the
component design and connections memos and will be referenced as appropriate.



Part 1: Motor Selection

The design of the power train began with specifying the desired speed at which the beans may be
sorted. [t was decided to design for a pushing speed of 1 in/s, or 60 in/min. This would allow
each 75 kg batch of coffee beans to be sorted in approximately 3 minutes (including the return
motion). With a maximum annual harvest of 500 kg, a micro-mill could sort their entire inventory
within 20-30 minutes using this machine.

From the component design, it was found that the required torque to sort the beans is 40.8 lb-in.
Additionally, the lead of the single-threaded, 3” ACME power screw used in the design is 0.5” in/rev.
This information may be used to determine the power that must be supplied by the motor:

v 60in/min _ 120
=TT 05 in/rev pm
_Tn  40.8x120
~ 63000 63000

hp = 0.078 hp

Looking at the McMaster catalog, the most commonly available motor power that exceeds our
requirement is 1/8 hp. For this design, motor 59825K49, which can deliver 1/8 hp at 475 rpm,
is selected. It is necessary to design a gear train to reduce the speed of rotation to achieve the
desired linear speed and meet the minimum torque requirement. By inspection, this gear train
needs an overall gear ratio of e = 4.

Part 2: Gearbox Design
Gear Selection

A two-stage gear reducer is employed for this design, using two identical pairs of gears such that

the input and output shafts are collinear. From above, we estimate that an overall gear ratio of 4 is
required, so a pinion/gear set with a gear ratio of 2 is selected from the McMaster catalog. For the
first iteration, we select the pinion 5172T21 and gear 5172T23 with the following characteristics:

P=16=—
d

N, =16 >d, =1"
N,=32->d,=2"
b =0.75"

¢ = 20°



Finding Output Speed/Torque

A schematic of the gearbox is shown below in Figure 2:

Both gear sets are
identical; Shaft 1 and
3 are collinear

Shaft 1
(input)

Shaft 3
(output)

Figure 11: Schematic of Gearbox

The output shaft will be coupled to the power screw, enabling the sorting motion. Gear ratios are
then applied to each shaft to determine the corresponding speed and torque. At the input (shaft 1):

n, =475 rpm

_ 63000hp 63000 x 0.125

T, = =16.61b-i
1 n 475 m

For the countershaft (shaft 2):

p

At the output (shaft 3):

N 1
ns =n, (— N—p) = —237.5 (— E) =[118.75 rpm = 120 rpm
g



N
T, =T, (N—g> =33.2(2) =[66.41b-in > 40.8 Ib - in]
14

This gearbox can output a torque of 66.4 Ib-in at a speed of 118.75 rpm, which significantly exceeds
the minimum torque requirement and very closely matches the target speed. Thus, the
performance of the design is deemed satisfactory and analysis proceeds to determine if the chosen
gears can withstand the applied stresses.

Force Analysis

Free body-diagrams of all the gears are shown below in Figure 3:

Figure 12: Gear Free-Body Diagrams

Each pinion/gear pair (A/B and C/D) experience equal and opposite contact forces. For pair A/B:

T, 166
——=3321b

F: =
T dy/2 0 05

F. = F,tan20° = 12.08 [b
For pair C/D:

Fr = T2 —33'2—664lb
Y d,/2 05

E' = F/tan 20° = 24.16 lb



Pinion C, being smaller and subject to the most force, is the most vulnerable gear in this design.
Therefore, it will be used for subsequent calculations. Once a safe design is determined for Pinion C,
factors of safety for the other gears will also be found to verify the decision.

Stress Analysis

The AGMA equation for bending stress on the gear teeth will be used to analyze safety:

. P KK, K
o = FK,K, E%
To apply the equation, all modifying factors must first be determined. Assuming medium shock at

the input and output, K, = 1.75. Based on average quality gears (Q,, = 7) and a pitch line velocity of

V =

mdpn,

= 62 ft/min, K;, = 1.1. Based on average mounting, K,, = 1.6. Based on N, = 16, ] =
0.275. Finally, assuming K; = K, = 1:

16 1x1l6x1

0=664x%x175x%1.1X 075 X 0278 - 15865 psi

Next, the allowable stress must be determined:

Se¥y

For the first iteration, it is assumed that the gears are made of 180 BHN steel with S; = 29 ksi.
Based on infinite life (Y5 = 1), room temperature (K = 1) and 99% reliability (Kz = 1):

29000 x 1

T = 29000 pst

Oqu =

Finally, the factor of safety for Pinion C may be determined:

Oall 29000
Ne =—"= =

o 15865_

This design is safe, but only marginally. To increase the factor of safety, increasing the hardness of
the steel was first investigated. For 300 BHN, g,;; = S; = 41500 psi, giving a new safety factor of:

Oall 41500
Neg =—"= =

o 15865_

While making the gears out of harder material increases safety, the gain is limited in comparison to
the cost of using stronger materials. Rather than continuing to test more premium materials, the
design is modified to use larger gears with the same gear ratio.



Selecting New Gears to Increase Safety

For the second iteration, pinion 5172T52 and gear 5172T54 will be used:

b =1.25"
¢ = 20°
The forces applied to the new gears are:
F, = ho_166_ e
dy/2 1

F. = F,tan 20° = 6.04 Ib

_ T 332
Sdy/2 1T

Fe

E' = F/tan20° = 12.06 Ib

d
Stress analysis on Pinion C requires recalculation of K,, and J. With a pitch line velocity of nl—”znz =

124 ft/min, K, = 1.15. With N, =20 and Ny =40,] = 0.35. The new bending stress is then:

10 1x1le6x1

175X 035~ 24435psi]

Using these gears reduces the bending stress by more than 6 times. Using 180 BHN steel again:

c=332%x175%x1.1x%

29000
"¢ = 94435

The safety factor is now very large, so cheaper materials are investigated. For AGMA Cast Iron
Grade 40, g,;; = S; = 13000 psi. Using this material gives:

13000
"¢ =324435

This design provides a good balance between safety and cost. For completeness, safety factors for
the other gears are computed as well:

13000

04 = 12482 psi > ny = =(10.41
1248.2
13000

og = 1092.3 psi > ny = =

1092.3



13000

JD=2185psi—>nA=m—

With a minimum safety factor of 5.32, this gearbox design achieves the required performance
parameters and should not fail. The suggested gears have diametral pitch 10, face width 1.25",
pressure angle 20°, and are made of AGMA Cast Iron Grade 40. The pinion has 20 teeth, and
the gear has 40 teeth.

Summary of Power Train

In this memo, the motor and the gears were selected and analyzed based on the desired design
specifications. Calculations involved determining the required power and torque of the motor to
move the coffee beans at the specified speed. The values for motor power were then used to
calculate the optimal gear selection for a high factor of safety. The properties of the 3” ACME power
screw selected to move the pushers determined the required torque for the design. Careful
selection of motors determined that Analysis of each gear in the power train was performed to
check for both static and fatigue failure. The selected motor was motor 59825K49, which can
deliver 1/8 hp at 475 rpm, meeting the required power and rotational speed needed to move the
beans at 1 in/s or 60 in/min.

As for the gear train, we selected pinion 5172T21 and gear 5172T23. The estimated gear ratio
required was 4, so two pinion and gear sets with gear ratios of 2 were enough. The chosen gears
were then analyzed under the stress of the motor and the rest of the system. The gears were first
assumed to have 180 BHN and 99% reliability. Using these assumptions, the factor of safety was
only marginally sufficient. By increasing gear size and using pinion 5172T52 and gear 5172T54, the
factor of safety able was increased without having to rely on more premium materials. The
suggested gear material is AGMA Cast Iron Grade 40 with the pinion having 20 teeth and gear 40
teeth.
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7 APPENDIX

Each team member conceptualized and sketched five ideas they felt were novel, feasible, and met
the requirements set by the scope of the project: each sketch contains a gearbox, powertrain, and
distinct frame. The pages below contain these 30 sketches.

Team members took turns presenting their sketches and receiving feedback from the other
members. Questions were asked to justify the use case and feasibility of each design. After all
designs were presented, a tournament-style bracket was constructed with the top five ideas to
determine the final idea for the proposal. This can be found below. These ideas were discussed
within the group and down-selected based on the design specifications, customer needs, and
competing products currently on the market. Potential issues, such as the design being too
simple/complex for this course, were identified.

The final two designs for proposal were the automatic coffee sieve/sorter and the automatic
chicken tenderizer. The group found both use cases exciting and the designs met all project
requirements. However, the feasibility of the chicken tenderizer was questioned due to the dynamic
nature of the device and the need for impact analysis. Professor Hashemi was consulted for his
opinion. He felt the coffee sieve was more meaningful if the target market was a large enough
supplier and the system would experience an appreciable load. Thus, the team proceeded with this
idea for proposal. A detailed sketch can be found in Appendix A-2 below.
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Appendix A-1: Nima Rakhshandeh Tali Sketches
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Appendix A-3: Joshua Weissert Sketches
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Appendix A-4: Jacob Ward Sketches

Sketch 1: Adjustable pillow
- Gearbox and motor to adjust back height
- Soft external frame for comfort
- Motor for power

hard frame motor [ 9earbox

Sketch 2: Automatic Chicken Tenderizer
- Gearbox to control motors for pounding

- Food-safe frame Sketch 4: Furniture Mover

- Motor for power - Gearbox to control mot.or ‘
linkage - Frame to allow for motion in the xy-plane
frame - Two motors to power movement

O— 1001 —G motor / 9earbox furniture
« reeg

| |
base frame ,/ﬂ/
Sketch 3: Table Cleaner/Disinfector NN
- Gearbox to control motors 1 “°+°'/9equ°"
- xy-axis gantry frame to move S 2 torgue
- Two motors to power each track frame
_ table _ Sketch 5: Back Scrubber Machine
9°"+"f - Gearbox to control motors (torque vs. speed)
—J - Frame to mount in shower
- frame
‘e, - - Motors to spin cleaning devices
i N motor jeeafbox
o

\ motor /qearbox —/ linkage |12
frame
)
D) shower mount

frame




Appendix A-5: Sean Isaac Sketches







Appendix A-6: Christopher Zhang Sketches
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