P20129 Heat Switch Design Manual
Mechanical Design
Summary:
The majority of the changes on the mechanical side of the system were made to reduce
complexity, decrease manufacturing time and increase manufacturing precision. The ratchet teeth
geometry was changed to allow for three axis CNC milling that greatly improved the surface finish
and refined rotary performance of the ratchets. Additionally, the diameter of the upper ratchet
shaft was increased and shortened to reduce deflection under machining loads. The ratchet
housing was simplified from a two to a single piece construction which eliminated the need to
machine custom threads and an extra part. The arms had their aluminum supports removed for
simplicity, while being flat billet as to eliminate the need to bend sheet metal, normally a process
which lacks precision. The heat transfer path was also modified to be flexible, while utilizing
purchased and easy-to-manufacture billet components.

Solenoid
The Ledex rotary solenoid was chosen due to its ability to transmit the necessary torque at the
target system voltage while having minimum controls. The other benefits of this particular solenoid
are that it was a relatively low cost solution, and when combined with a ratchet mechanism, would
allow for an actuation system that would have no excessive current draw over the large periods
of time during which the system is active.

Solenoid Housing
Material
The solenoid housing was designed from 6061-T6 aluminum alloy for the specific strength
and ease of machining as well as the price per pound of raw stock and reasonable thermal
conductivity value.

Design
The housing incorporates the mounting screws that are a part of the solenoid assembly
and holds the solenoid off of the mounting fixture to reduce any heat transfer from the
solenoid heating up under load. The housing has a lot of flexibility and not many
requirements so any further redesign should be only to improve manufacturability if
anything.

Ratchets
Material
The ratchets are part that can see a lot of wear. Therefore, AL7075 was chosen for
superior hardness and wear resistance compared to AL6061.

Teeth Geometry
The teeth are made by a radial pattern of an extrude cut. Two angles inside the sketch
determine its geometry. The angle of the extrude cut can be adjusted by altering the plane
of sketch.
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The angle between the valley and crest of a tooth must be less than 45 degrees or
solenoid will not be able to rotate the ratchet over the teeth of the other.

The angle of the tooth crest and valley with respect to the bottom surface should be equal
(or very close to equal), to ensure full engagement of the teeth between the upper and
lower ratchet.
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Tooth Crest Angle

Tooth valley angle

Teeth Rounds
Rounds on the teeth are necessary for machining. They should be at least .001” greater
than the radius of the ball end mill used to surface finish. The current CAD geometry is
based on a 1/32” Diameter ball end mill. Small end mill sizes are more likely to break
while machining. It is recommended the team orders 1/32” Ball End Mills, as the shop will
not be guaranteed to have some on hand.
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Ratchet Flats
The Flat on the side of the ratchet is to be either perpendicular or parallel to the hole
through the shaft. This is so that a machinist can indicate off this feature and hold the
feature in a vertical mill to allow for machining.

Upper Ratchet Shaft
The diameter of the upper ratchet shaft must be smaller than the inner diameter of the
ratchet spring. However extremely small diameters will cause the shaft to deflect when it
is being machined and drilled.

Lower ratchet thru hole
The thru hole thru the axis of the lower ratchet should be a sliding fit over the solenoid shaft (less
than 0.002” greater in diameter).

Cam
Material
The cam sees load, but the forces are not such that they require strong materials. Its
geometry is such that wear is not an issue. Thus, it can be made from AL7075 or AL6061.

Cam Geometry
The profile of the cam has a clover design as opposed to the peanut of the original design
the miniaturized heat switch is based upon. This is so it meshes with the 45-degree
rotation of the solenoid. The solenoid must rotate of a degree that evenly divides into 360,
or cam geometry will be impossible to design.
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Cam Profile
The profile is a circle with circular cutouts arranged in a 90-degree radial pattern about
the center axis, with rounded corners of equal radius.

Small portions of the original circle remain, such that when the arms rest on these spots,
the force from arms will be directed through the center axis of the cam. Thus, no moment
is created on the cam, and the cam (along with the system) will remain in the closed
position until the solenoid is actuated. As soon as the arms leave these spots, a moment
will be created on the cam and the system will be forced open by the arm spring.

Cam Thru Hole
The thru hole of the cam should be a diameter such that it should be a sliding fit with
upper ratchet. No more than Ø0.004” max difference between the shaft and the thru hole
should be allowed. The current machined parts are over this allowance, which causes
slop between the two parts, and they should be re-machined.
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Ratchet Housing
Material
The ratchet housing is a non-load bearing part. So it is made of AL6061-T651 for
manufacturability and low cost.

Geometry
The ratchet housing helps keep the ratchets in alignment and provides an upper restrain
for the return spring. The geometry was simplified from two to a single piece construction
to simplify machining.

Flats
The flats on each side are not completely necessary. They exist so the part may be
clamped in a mill vice while drilling the solenoid clearance holds, instead of using v-blocks.
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Solenoid Clearance Holes
The solenoid has two threaded rods which would normally interfere with ratchet housing.
These holes should be the same diameter as a tight or normal fit clearance hole for the
threat on the rods (which appears to be a 5-40 thread). Larger holes create slop and may
pose a problem during vibration.

Flex Pivots
Pivot Selection
The flex pivots used by the previous group P19129, were smaller in diameter and had
yielded during testing over the summer (of 2019), which decreased the actuation
reliability. The flex pivots were also held in by screws which could loosen over time. The
combination of these issues led to the arm working its way off of the flex pivot after
approximately 300 cycles. Thus, larger flex pivots were chosen since they would be
stronger, and the system was designed around thermal press fits between the flex pivots,
arms, and mounting plate. Manufacturing problems led to the press fits being bonded in
with Epoxy. It is unknown how the epoxy will handle cryogenic temperatures. And the
effect of cryogenic temperatures on thermal press fits should be explored.
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Arms
Material
The arms are made of copper since they are part of the heat path.

Geometry
The arms previously had complex bends that relied and sheet metal bending, a process
which lacks precision. Thus, the arms were made completely flat to remove this process.
The geometry of the arms largely remained the same otherwise.

Heat Path Pin Holes
The heat path pin holes were simplified to be non-threaded holes to simplify the
manufacturing on both the heat path pin and the arms. They are now held in by setscrews
thru the front of the arms. This is also easier to manufacture than the previous clamp
design.

Flex Pivot Location
The flex pivot was placed as close to the center of mass of arm to reduce moment on flex
pivots by the arms. This was placed before the braided wire and clamps were added to
the system.
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Bearing Holders
Material
The holders see load, but the forces are not such that they require strong materials. Its
geometry is such that wear is not an issue. Thus, it can be made from AL7075 or AL6061.

Geometry (with bearings)
The geometry remained largely the same as the previous group’s design, just adjusted
for the removal of the aluminum arm supports. The upper and lower bearing holders are
now identical, aside from the holes (threaded vs. thru), to simplify the machining process.

Geometry (without bearings)
The current machined system includes bearings; however, the bearings may not provide
enough friction (on the cam) to prevent the system from resetting itself on the return stroke
of the solenoid. Therefore, the bearings were removed from the cad model. These have
to be manufactured.
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Heat Path Pins
Material
The pins are made of copper since they are part of the heat path.

Geometry
The external threads were removed in favor of a clean shaft to improve manufacturing.
The shaft should be a precision sliding fit with the hole in the arms.

Wire Clamps
Material
The clamps are made of copper since they are part of the heat path.

Geometry
The clamps are designed to be as simple as possible. Thus, it is a plate with two holes.
It relies on clamping force applied with screws.

Spring Selection
Material
The material chosen was 302 stainless for its non-martensitic properties. Beryllium was
looked into because it maintains its material properties under cryogenic conditions but is
expensive and would be a long lead time item. However, spring constant is proportional
to a material’s modulus of elasticity. 302 stainless steel’s modulus of elasticity only
increases 7% between 73 K and 294 K. Therefore, it was determined that the increased
spring constant would have a negligible effect on the system. Calculations for this can be
found in heat_switch_verification.xlsx.
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Return Spring
The previous chosen spring had a large inner diameter compared to the ratchet shaft and
no feature to hold it concentric. This allowed the spring the shift off axis during actuation
and caused misalignment in the original P19129 prototype. The spring also appeared to
be too stiff to allow for successful actuation (the heat switch always returned to original
position and would only remain closed while the solenoid was powered). Therefore, a
new spring, softer spring with less preload was selected that inner diameter matching the
upper ratchet shaft diameter. Calculations for this can be found in
heat_switch_verification.xlsx.

Arm Spring
The arm spring remained the same. Calculations showed that the spring would not inhibit
the arms from opening. The arm spring also provides force that holds the cam in place
between actuations of the solenoid. Ideally, the spring should be as stiff as possible, but
not so stiff to prevent the arms from opening.
Calculations for this can be found in heat_switch_verification.xlsx.

Mechanical Recommended Improvements
Current Mechanical Issues and recommended solutions:
● Ratchet does not work
○ Arms are only held in closed state when solenoid has power
○ True rotational displacement of the system does not match the theoretical, so the
ratchet does not actually get over the “peak” of the ratchet teeth.
■ Files in solidworks and drawings have been created for new revision of
ratchet and cam to fix this (did not get machined before campus shut
down)
○ A force analysis on the ratchets should be done to make sure that the arms can
clamp on to the cam with enough force to hold the system closed on the
backstroke of the solenoid.
●

●

Solenoid has reliability issues at cryogenic conditions
○ Numerous tests were conducted at 77K and while reliability was improved by
modifying the solenoid (removing the felt and adding lubrication) the performance
was never established as reliable for the solenoid at that temperature.
■ Investigate other approaches/appropriately temperature rated
components
Flex pivots were bonded into the support plate and arms using anaerobic adhesive
(Loctite 648 with Loctite 7649 activator).
○ Originally designed to have a slight press fit which would be done thermally by
heating up 1 component and assembling the other one
○ Machine shop tolerances were too large to have a slight press fit that it was
designed for.
■ Needs to be tested in cryogenic conditions to see if adhesive performs as
expected or could use a set screw or other method defined in the flex
pivot installation guide
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Electrical Design
The design was an attempt to combine a full lab test system onto one board. The system should
have data collection capability, hardware control elements, being heat switch and thermal load
control, as well as the ability to be powered from a single 24VDC power source.

Heat Switch Lab PCB Rev-A
Power system
LM2596
The LM2596 was picked for multiple reasons.
● Versatility at a max of 40V 3A
● Inexpensive ‘evaluation boards’ on amazon
● Relatively small footprint
● Standby functionality
● Minimum output voltage of 1.23V
● Detailed ON Semi datasheet
This data sheet drove the selection of many of the passive components. The data sheet also
provides equations for determining the resistor values required for the feedback divider. These
calculations can be seen in the following directory:
Design Master Folder > Final Electrical Turnover > Documentation > LM2596Calcs.xlsx

Figure 1: LM2596Calcs.xlsx reference image.
The highlighted and bolded cells are the parts of the design that may change. The table on
the left is calculated based on those values.
To use this spreadsheet:
1. Change the Desired Vout to the max output voltage desired from the LM2596
2. Set One fixed resistor value as R1
a. If the output of ‘Closest pot values’ shows ‘#N/A’ then the R1 value is too low
b. Or desired output voltage is to high given the R1 selected
c. Given the AD7376 as specified is only 10kΩ this might cause limitations using the
excel sheet
3. The ‘Closest pot values’ shows the closest potentiometer values to reach the desired
voltage given 7-bit resolution of the digital potentiometer
4. The Binary index shows the binary value that should be written to the SPI bus to set the
specific resistance and therefore output voltage.
5. The inductor selection tab pulls from the On-Semi data sheet that recommends output
capacitor and inductor size and manufacturer.
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a. Many of the recommended inductors and capacitors are no longer produced but
datasheets can be found for the obsolete parts, thus the parts sourced were as
close as possible to the obsolete recommended parts.

AD7376
The AD7376 was selected for the large voltage range. It is also the only digital potentiometer on
Digi key to have the required voltage range at the time of writing. If an alternative package can
be found I recommend switching because TSSOP14 is very small and hard to work with.

Teensy 3.2 micro-controller
This is the most flexible selection of the system. Given the design no longer utilized the analog
input of the microcontroller there is no large advantage to using an Arduino µC over a more
powerful Linux based platform. The Teensy 3.2 was selected because of 4 years of personal
experience with the µC.

General Design Choices
A single value of resistor was chosen for multiple reasons. Firstly, building the board
would be simplified. Secondly, the cost break of resistors in number, over ten, can be utilized.
Lastly, the value resistor allowed for the versatility to parallel or series them when required to
create other values easily when troubleshooting. The same can be said for the Schottky diode.
Through-hole components were used largely to make troubleshooting and swapping
components easier and not require the use of the CEMA lab.

Software Design
The software design is minimal because of problems with breadboarding the entire circuit. There
are libraries for much of the equipment selected. This does provide the opportunity to switch to a
more powerful micro controller to communicate directly to the lakeshore. I did not test a script
written by P19129 which is supposed to communicate between the serial port of a Linux box in
the lab and the lakeshore for data collection purposes.

Heat Switch Lab PCB Rev-B
The Rev-B board does not change any of the previous component selections as its primary design
goal was to fix the manufacturing error that caused a dead short on Rev-A. Rev-B adopts an
easier 4 layer layout where the top and bottom layers (1, 4) are VCC and the middle layers are
GND (2,3). The layout was improved as well as the addition of bypass capacitors to the AD7376
as per the datasheet recommendations.

Electrical Recommended Improvements
Current Electrical Issues and Recommended solutions
Heat Switch Lab PCB Rev-A
Note: many of the issues of Rev-A are solved with Rev-B.
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Figure 1: Rev-A reference layout
Primary problem with Rev-A is the lack of isolation between the output of the high power
LM2596s and the top layer poured ground plane, shown below.

Figure 2: U4 and U5 poured output trace, ground plane not shown.
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Figure 3: U4 and U5 poured output trace, ground plane shown. Note the lack of isolation
between the output and the ground layer.
This lack of isolation was not caught by the DRC, (design rules check), because it is not treated
like other traces. A possible solution to further test this board is to de-solder U4 & U5 and
physically cut the copper down to the FR4 to isolate the trace. I was unable to de-solder the chip
because of the ample heat sinking.
Other problems with Rev-A:
1. Only a 2-layer board
a. This is not a huge problem, but running power traces across the board breaks up
the ground plane which is not ideal
b. This can be fixed by:
i.
an increase in via stitching the bottom and top ground planes (functional)
ii.
Close attention to crossing traces to avoid cutting ground planes
(combined with i, can be decent)
iii.
Or making a 4-layer board with power and ground layers (best option)
2. Lack of sufficient bypass capacitors on ICs, specifically on the supply to the two AD7376
a. Add capacitors near the supply pin of the ICs
3. Use of open inductors likely causes a lot of RF noise
a. Source sealed capacitors
b. Inductor size can likely be reduced
4. Layout is not optimized
a. Move things around
5. Banana Plugs are for 2mm plugs not standard lab size plugs
a. Replace the 2mm socket with 4mm socket
6. Relay requires a 5V signal, but Teensy 3.2 is a 3.3V chip
a. Replace 5V relay with a 3.3V relay
b. Or replace the relay with a transistor (better)
7. The header for the SD card reader is mirrored
a. Flip the pinout to the header
8. Used a variable voltage supply for the fixed µC supply
a. Use a fixed voltage regulator for the µC and SD card supply.
9. A physical power switch is used for the power to the µC
a. A transistor should be used to cut the power when plugged into a computer and
powered from the power supply simultaneously so there will be no human errors
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b. Alternatively, a power supply can always be used and a data only USB can be
used to communicate between the µC and host PC
10. Reverse polarity protection is diode based
a. Should be transistor based
11. The µC cannot communicate directly with the Lakeshore temperature monitor
a. A Linux based µC may excel in this area and be a sufficient replacement since
the analog pins of the Arduino are not utilized

Heat Switch Lab PCB Rev-B

Figure 4: Rev-B reference layout
Rev-B fixes some of the issues from Rev-A primarily the grounding issue with U4 and U5. Below
are the issues that remain between Rev-A and Rev-B. The following list is the same list as for
Rev-A with the fixes that can be found on Rev-B crossed off.
1. Only a 2-layer board
a. making a 4-layer board with power and ground layers (best option)
2. Lack of sufficient bypass capacitors on ICs, specifically on the supply to the two AD7376
a. Add capacitors near the supply pin of the ICs
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3. Use of open inductors likely causes a lot of RF noise
a. Source sealed capacitors
b. Inductor size can likely be reduced
4. Layout is not fully optimized
a. Move things around
5. Banana Plugs are for 2mm plugs not standard lab size plugs
a. Replace the 2mm socket with 4mm socket
6. Relay requires a 5V signal, but Teensy 3.2 is a 3.3V chip
a. Replace 5V relay with a 3.3V relay
b. Or replace the relay with a transistor (better)
7. The header for the SD card reader is mirrored
8. Used a variable voltage supply for the fixed µC supply
a. Use a fixed voltage regulator for the µC and SD card supply.
9. A physical power switch is used for the power to the µC
a. A transistor should be used to cut the power when plugged into a computer and
powered from the power supply simultaneously so there will be no human errors
b. Alternatively, a power supply can always be used and a data only USB can be
used to communicate between the µC and host PC
10. Reverse polarity protection is diode based
a. Should be transistor based
11. The µC cannot communicate directly with the Lakeshore temperature monitor
a. A Linux based µC may excel in this area and be a sufficient replacement since
the analog pins of the Arduino are not utilized
12. Mounting holes are not in the corners
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