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[bookmark: _Toc501058302]Introduction
This manual describes how to run and troubleshoot the manufacturing process and provides a list of instructional material, figures, and wiring diagrams, which are crucial to the operation of this machine. 

[bookmark: _Toc501058303]Loading the Machine
The main power switch must be in the ON position.  It may take a few minutes for the machine to start up.  During the start-up, verify the pneumatics are secure and the wires and hoses are connected.  Select the job named “CHOIENGR480LOAD” from the main menu.  Make sure the cursor is at the top of the code. The line should read “0000 NOP”.  Turn the key in the left hand corner to PLAY mode.  Press START and the robot will position itself for loading.  The dispensers will be tilted upward, as shown in figure below, allowing the technician easy access to load parts.  
[image: Loading Position]
Figure 1. Loading Position
The glass tubes must be loaded in the left dispenser.  They will glide down the rod into place.  Be cautious not to apply too much pressure on the rod, for this may cause bending and misalignment.  To confirm the glasses are loaded to the back, a light push or blow on the glasses may be applied.  
The nozzles must be loaded in the right dispenser.  Use a long tool to make sure the nozzles are pushed all the way in.  Refer to the figure below for verification of glass and nozzle dispensers.  
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Figure 2. Front View of Dispensers

[bookmark: _Toc501058304]Preparing the Fusion Chamber
Plug in the power supply cable and the cooling fan cable. Make sure that the LED on the table-mounted solid state relay is off, then turn on the power supply and set the output voltage to 48 V (or maximum, whichever is highest). Attach a pneumatic hose to the copper coil for cooling (Note that this will be very loud. Do not turn it on before you are ready to run the machine). Finally, to test the coil-relay connection, set the Motoman pendant to teach mode and press INTERLOCK+8. The red LED on the relay should turn on, as should the green LED on the coil circuit board. If either does not turn on, check the power supply, relay, and coil connections. If the LEDs still do not light up, refer to the wiring diagram in Figure. 12.  If both LEDs light up, proceed to the next step.






[bookmark: _Toc501058305]Running Command
Once the dispensers are loaded, set the robot to HOME shown in figure below.  Look for the “CHOIENGR480” job. Make sure the cursor is at the top of the command.  The line should read “0000 NOP”.  Press START and run the job.  The robot arm will lower the nozzle dispenser to the nozzle support in the fusion chamber, and release one part.  Next, the glass dispenser will be lowered and a part will be placed on top of the nozzle, then the fusion process will begin.  Once the fusion is complete, the robot will lower the gripper to pick up the piece and the process is repeated until the dispensers are empty.  
[image: Home Position]
Figure 3. Home Position

[bookmark: _Toc501058306]Clearing Jams
When clearing jams, if the jammed part is still intended to be used, wear gloves when unjamming it. The part must be manually placed, but the program may be resumed after. If the jammed part is not intended to be used, gloves should still be worn but are not mandatory. The program must be restarted after the jam is cleared.



[bookmark: _Toc501058307]Nozzle Dispenser
If a nozzle becomes jammed in the dispenser, press HOLD or EMERGENCY STOP on the robot pendant. Visually inspect the dispenser.
[bookmark: _Toc501058308]Alignment Jams
If the nozzle has made it through singulation and is caught in the alignment tube, insert a small rod or screwdriver into the front of the dispenser and push the nozzle up toward the singulation chamber. Remove the rod and allow the nozzle to fall out. If the nozzle is still stuck, disengage the singulation cylinders and remove the pneumatic hose on the back of the dispenser. Turn the dispenser upside down and let the nozzles fall out the back. Reload and reset the robot, and run the program from the start.
[bookmark: _Toc501058309]Singulation Jams
If the nozzle is caught in the singulation chamber, detach the pneumatic hose on the lower singulation cylinder. Insert a small rod or screwdriver into the front of the dispenser and push the nozzle up then let it fall. If it falls out, reattach the pneumatic hose. If the nozzle is still stuck, refer to the section above to remove it from the dispenser.
[bookmark: _Toc501058310]Placement Failure
If the dispenser fails to place the nozzle into the fusion chamber, stop the robot and either place the nozzle in the chamber manually and resume the program, or remove the nozzle from working area and restart the cycle.
[bookmark: _Toc501058311]Glass Tube Dispenser
If a glass tube becomes jammed in the dispenser, press HOLD or EMERGENCY STOP on the robot pendant. Visually inspect the dispenser.
[bookmark: _Toc501058312]Alignment Jams
If the glass tube has made it through singulation and is stuck on the alignment rod, manually pull the glass tube off.
[bookmark: _Toc501058313]Singulation Jams
If the glass tube is caught in the singulation chamber, detach the pneumatic hoses on the lower singulation cylinders. Insert a small rod or screwdriver into the front of the dispenser and pull the glass tube down, reattach the pneumatic hose and resume the program. 
[bookmark: _Toc501058314]Pre-Singulation Jams
If the glass tube is stuck on the alignment rod before the singulation chamber, detach all pneumatic hoses and gently tap the back of the dispenser with a mallet or hammer. If the tube does not fall out, insert a small rod into the front of the dispenser and pull the tube down. Be careful not to move the alignment rod.
[bookmark: _Toc501058315]Placement Failure
If the dispenser fails to place the glass tube on the back of the nozzle fusion chamber, stop the robot and either place the tube on the nozzle manually and resume the program, or remove the tube (and currently placed nozzle) from working area and restart the cycle.

[bookmark: _Toc501058316]Diagrams
[bookmark: _Toc501058317]Mechanical Drawings
[image: ]
Figure 4. Glass Sorter
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Figure 5. Rod for Glass
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Figure 6. Rod Mount
[image: ]
Figure 7. Nozzle Dispenser
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Figure 8. Mounting Plate
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Figure 9. Nozzle Support Bar
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Figure 10. Nozzle Support
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Figure 11. Nuts for Pneumatics












[bookmark: _Toc501058318]Assembly Instructions
Step 2.
Step 1.

Step 4.
Step 3.
Step 6.
Step 5.
Step 7.
Step 8.

[bookmark: _Toc501058319]Motoman Job Program
0000 NOP
0001 DOUT OT# (2)  ON  //EXTEND ALL SINGULATION CYLINDERS
0002 DOUT OT# (3)  ON
0003 DOUT OT# (4)  ON
0004 DOUT OT# (5)  ON
0005 DOUT OT# (8)  OFF //ENSURE COIL IS OFF
0006 MOVL VL=200.0     //CLEAR COIL ASSEMBLY
0007 MOVL VL=75.0      //LINE UP WITH COIL FOR NOZZLE PLACEMENT
0008 MOVL VL=15.0      //POSITION NOZZLE DISPENSER AT NOZZLE HOLDER
0009 DOUT OT# (1)  ON  //TURN ON AIRFLOW
0010 TIMER T=0.30      //WAIT FOR NOZZLES TO FALL
0011 DOUT OT# (2)  OFF //DISPENSE ONE NOZZLE
0012 TIMER T=0.30
0013 DOUT OT# (2)  ON
0014 TIMER T=0.30
0015 DOUT OT# (3)  OFF
0016 TIMER T=0.30
0017 DOUT OT# (3)  ON
0018 DOUT OT# (1)  OFF //TURN OFF AIRFLOW
0019 MOVL VL=75.0      //MOVE GLASS DISPENSER INTO POSITION
0020 MOVL VL=75.0
0021 MOVL VL=75.0
0022 MOVL VL=15.0
0023 DOUT OT# (4)  OFF //DISPENSE ONE GLASS TUBE
0024 TIMER T=0.30
0025 DOUT OT# (4)  ON
0026 TIMER T=0.30
0027 DOUT OT# (5)  OFF
0028 TIMER T=0.30
0029 DOUT OT# (5)  ON
0030 MOVL VL=15.0      //MOVE GLASS DISPENSER OUT OF THE WAY
0031 MOVL VL=75.0      //MOVE GRIPPER INTO POSITION
0032 DOUT OT# (8)  ON  //TURN ON COIL
0033 TIMER T=180.00    //COOKING TIME    ADJUST AS NEEDED
0034 DOUT OT# (8)  OFF //TURN OFF COIL
0035 TIMER T=15.00     //WAIT FOR ASSEMBLY TO COOL DOWN
0036 DOUT OT# (6)  ON  //OPEN GRIPPER
0037 MOVL VL=75.0      //POSITION GRIPPER AROUND ASSEMBLY
0038 MOVL VL=15.0 
0039 DOUT OT# (6)  OFF //CLOSE GRIPPER
0040 TIMER T=0.50      //WAIT FOR GRIPPER TO CLOSE
0041 MOVL VL=75.0      //MOVE ASSEMBLY TO COOLING STATION
0042 MOVL VL=75.0
0043 MOVL VL=75.0
0044 DOUT OT# (6)  ON  //OPEN GRIPPER
0045 END



[bookmark: _Toc501058320]Wiring and Pneumatics
The following table gives connections for each of the valves. DOUT (#) is the output number on the Motoman pendant. Ref (#) refers to the pneumatics in Figure 2. 
	
	DOUT (1)
	DOUT (2)
	DOUT (3)
	DOUT (4)
	DOUT (5)
	DOUT (5)
	DOUT (7)
	DOUT (8)

	Wiring
	Nozzle Dispenser Airflow
	First Singulation Cylinder for Nozzle Dispenser
	Second Singulation Cylinder for Nozzle Dispenser
	First Singulation Cylinder for Glass Tube Dispenser
	Second Singulation Cylinder for Glass Tube Dispenser
	Gripper
	Unused
	Coil Relay

	Pneumatic Connection
	Ref (1) Valve 1
	Ref (2) Valve 2
	Ref (3) Valve 3
	Ref (4)
Valve 4
	Ref (5)
Valve 5
	Ref (6) Valve 6
	NA
	NA

	State
	On = Flow
	On = Extended
	On = Extended
	On = Extended
	On = Extended
	On = Open
	NA
	On = Coil On


Table 1. Wiring and Pneumatic Connection


A wiring diagram between for the coil board is shown on the figure below.

Figure 12. Relay Wiring Setup







[bookmark: _Toc501058321]Operation of Each Major Section
[bookmark: _Toc501058322]Nozzle Dispenser
[bookmark: _Toc501058323]Overview
The nozzle dispenser places a single nozzle into the fusion chamber. Our nozzles were held within an aluminum extrusion assembly attached to the robot. This assembly would eject nozzles one-by-one while ensuring accurate placement and proper alignment.
[bookmark: _Toc501058324]Storage
The nozzle storage is located in the main shaft of the extrusion. The inner diameter of this shaft was large enough to allow the nozzles to slide down the shaft but small enough to ensure they did not rotate and jam sideways.
[bookmark: _Toc501058325]Singulation
Singulation of the nozzles is achieved by two single-action pneumatic cylinders located near the bottom of the extrusion. These cylinders alternate such that only one nozzles is dispensed at a time while the others are held in place.
[bookmark: _Toc501058326]Alignment
The inside diameter of the aluminum extrusion is too big to ensure accurate alignment of the nozzles. A 0.246” in diameter hole bored 1” into the bottom of the extrusion allows for a pneumatic hose of slightly smaller inner diameter to be inserted. This hose is chamfered at the top to allow nozzles to easily slide in without getting stuck on the edges. Even with the chamfer, the nozzles would occasionally get stuck, so a second 0.246” diameter hole was drilled into the top of the extrusion where a pneumatic hose would force air through. This gave the nozzles a little extra velocity as they left singulation and prevented them from getting stuck inside the exit tube.
[bookmark: _Toc501058327]Glass Tube Dispenser
[bookmark: _Toc501058328]Overview
The glass tube dispenser releases glass tubes one at a time onto the nozzles. Much like the nozzle dispenser, the glass tube dispenser is an aluminum extrusion with pneumatic cylinders for singulation.
[bookmark: _Toc501058329]Storage and Alignment
A single steel rod serves both as a method of storage and alignment. The glass tubes slide onto the rod and are stored near the top of the assembly. The tip of the rod has been sharpened; in conjunction with the tapered inside of the nozzle entrance, this tip acts as a guide, giving us a ~0.0625” tolerance with our tip placement.
[bookmark: _Toc501058330]Singulation
The glass tubes required special consideration for two reasons. First, the glass tubes were much more fragile than the nozzles, so the pressure had to be carefully controlled to prevent the cylinders from shattering the glass on impact. Second, the steel rod which held the glass tubes was so thin that the force exerted on it from the cylinder extension caused unacceptable amounts of deflection. To solve this, we placed two cylinders opposite of each other, using four in total.
[bookmark: _Toc501058331]Fusion Chamber
[bookmark: _Toc501058332]Overview
The fusion chamber is where the steel nozzle and glass tube are fused together to create the 3D printer hotend.
[bookmark: _Toc501058333]Coil
The coil is made out of copper tubing. Running current through this coil will heat ferrous materials within its confines (the nozzle in our case). The hollow tubing allows us to pump cold air through the coil, preventing overheating and oxidation of the tube surface, as well as reducing the risk of injury due to burns.
[bookmark: _Toc501058334]Nozzle Support
The nozzle support has three components: a steel bolt with a hole drilled, so that the nozzles fit nose first inside; a threaded ceramic cylinder to hold the bolt and provide an insulated interface between the bolt and the table; and a small aluminum extrusion section to raise the assembly, so that the top bolt surface is approximately halfway inside the coil extents.
[bookmark: _Toc501058335]Assembly Extractor
[bookmark: _Toc501058336]Overview
The assembly extractor removes the completed tube-nozzle assembly from the fusion chamber. 
[bookmark: _Toc501058337]Gripper
The pneumatic gripper we chose was small enough to fit inside the coil while having enough gripper travel to give us plenty of tolerance when we lowered it over the glass tube. The pressure had to be reduced to prevent the jaws from crushing the glass tube. Additionally, the gripper always grabs the full length of the glass tube to reduce the localized pressure on the glass.
[bookmark: _Toc501058338]Maintenance
[bookmark: _Toc501058339]Robot
Maintenance on the robot should be done by a licensed repair technician from Motoman.  
[bookmark: _Toc501058340]Pneumatics
A visual inspection of the hoses, cylinders, and grippers should be performed upon startup every time to ensure that all hoses are in good condition and sit snugly in their fittings.  Worn hoses and fittings that repeatedly become loose should be replaced.  
To check the condition of the pneumatic cylinders, supply pressure to each one in turn and verify that the plunder extends and retracts properly and that the cylinder does not leak air excessively.  If the plungers do not extend or retract properly, check the alignment of the cylinder with the hole in the side of the feeder tube.  If the problem persists, replace it immediately.  If the cylinders are leaky, check that the fittings are still in good condition, and if the problem persists replace the cylinders immediately.
To check the condition of the grippers, open and close them and watch to ensure full range of motion and good pressure seals.  If the grippers fail to fully open or fully close, clear any mechanical obstructions and try again.  If the problem persists, replace the grippers immediately.  If the pressure seal is not good, check that the fittings are still in good condition and if the problem persists replace the grippers immediately.
[bookmark: _Toc501058341]Fusion Chamber
Visually inspect the inductive heater for signs of corrosion.  Remove any corrosion found on the copper coil or inside the metal holding surface for the nozzle.  Make sure that all wires are firmly connected and that they are in good condition.  Replace any wires showing signs of excessive wear.  Ensure that the cooling system for the copper coil is operational.
[bookmark: _Toc501058342]Dispensers
The dispensers may become misaligned after the loading procedure or after several runs.  If this happens, depending on the severity of the misalignment, the robot may need to be recalibrated to ensure accurate part placement
The exit hose in the nozzle dispenser requires periodic expanding to ensure nozzles can easily fall out.  



[bookmark: _Toc501058343]Suggestions for Future Improvements
[bookmark: _Toc501058344]Nozzle Dispenser
[bookmark: _Toc501058345]Current Issues
The nozzle dispenser can fail at the exit hose.  The hose becomes too tight and requires constant maintenance, causing problems releasing the nozzle into the fusion chamber and alignment.  Loading is also an issue.  The current loading process is front loading, which requires stopping the assembly process, positioning the robot to its loading positioning, verifying the alignment, and restarting the assembly.  The current loading situation is slow and inconvenient.  
[bookmark: _Toc501058346]Singulation, Placement, and Loading Improvments
Rather than using the extrusion for alignment and two cylinders for singulation, this method would have a shaped gripper at the end to perform both tasks at once. This gripper would fully enclose flange of the nozzle when it was closed, but the tip still would stick out. This would then be aligned with the nozzle support and placed. The gripper would open and release the nozzle. As the dispenser was retracted from the fusion chamber, the gripper would close, preventing the next nozzle from falling out while also aligning it for the next assembly. This would eliminate the need for a separate singulation chamber, as well as the need for a pneumatic hose to force the pieces out. This would allow the nozzles to be loaded from the back (potentially while the machine is running).
[bookmark: _Toc501058347]Orientation Improvments
The nozzles would be placed in a vibrating hopper that feeds into a small tube. The nozzles would either be correctly oriented or turned around backwards at this point. From here, the tube would feed the nozzles onto a set of vibrating tines that are spaced apart a little less than the width of the flange of the nozzle. The nozzles would be moved along the tines and be correctly oriented because of their center of mass. The tines would then feed the nozzles into another tube that would lead to the dispenser.
[bookmark: _Toc501058348]Glass Tube Dispenser
[bookmark: _Toc501058349]Current Issues
The glass tube dispenser has several points where it can fail. In some cases, the tubes will get stuck on the alignment rod; this is issue is more prevalent when there are few nozzles loaded because there is less weight to push the tubes down the rod. The tubes can also get caught in singulation or bypass it entirely because of the delicate placement of the alignment rod and singulation cylinders.
The singulation cylinders can also push the alignment rod out of alignment (so maybe we should rename it the misaligned rod), causing the dispenser to drop glass tubes onto the table. Even if the glass tube makes it all the way down to the nozzle, the fit between the two is tight enough that without a way to force the tube onto the nozzle, the parts only mate about 20% of the time. 
Loading is also an issue. The robot has to be oriented so that the alignment rod is angled upward at eye-level. Not only is this slow and inconvenient to do, it is also dangerously easy to skewer your eyeball. The tubes do not always slide down the rod; the rod can be “plucked” to vibrate the tubes down its length, but this can cause misalignment of the rod.
[bookmark: _Toc501058350]Singulation, Placement, and Loading Improvements
Singulation and placement would both be performed at the end of the dispenser. The steel rod will be removed, and an aluminum extrusion with a slightly smaller inner diameter will replace the current one (a tube that is bracketed to the main plate could also be used). The singulation cylinders will be removed entirely and replaced with a single gripper near the exit of the assembly. The gripper will have concave effectors that will stop and ensure orientation of the glass tube. The gripper will then force the glass tube onto the nozzle and release it. As the dispenser pulls away and clears the placed tube, the gripper will close, preventing the remaining tubes from falling out. This method allows loading from the back instead of the front. A vibrating hopper with and appropriately-sized tube could be attached to the back to orient and provide a constant feed of glass.
[bookmark: _Toc501058351]Fusion Chamber
[bookmark: _Toc501058352]Current Issues
The glass-nozzle assembly must be allowed to cool for a few seconds before it can be picked up. This prevents the glass tube from cracking due to thermal shock from the cold gripper. Unfortunately, this increases total cycle time.
The screw and spacer assembly that hold the nozzle get hot along with the nozzle during heating. After repeated heating cycles, an oxidation coating forms on the surface of the support, creating excess friction for the nozzle and occasionally causing the nozzle to get stuck at the entrance of the hole.
The air-cooling system for the copper coil is very noisy, bordering on dangerous to be around for extended periods, but must be run for the duration of the heating process.
[bookmark: _Toc501058353]Cooling System Improvments
A small pump and water reservoir would replace the current air hose. This would be quieter than the current method and would also prevent oxidation of the coil (It would look much shinier!).
[bookmark: _Toc501058354]Nozzle Support Improvements
To prevent oxidation, the entire support assembly would be made out of polished ceramic. The hole for the nozzle would also have a slightly steeper chamfer. Together, these two improvements would allow for much more consistent placement of the nozzles, and the assembly would degrade much more slowly over time. To reduce total heating time, a ceramic with a low thermal conductivity such as zirconium dioxide would be ideal for this nozzle support.
[bookmark: _Toc501058355]Assembly Extraction Improvements
The nozzle support would be articulated, so that it could drop the nozzle assembly into an insulated collection chamber. This would allow the robot to position to place the next nozzle instead of positioning the gripper; the process for the next nozzle could begin as soon as the previous one was complete without waiting for the assembly to cool. This would remove the need for a gripper entirely.

[bookmark: _Toc501058356]Performance Data
Five complete tests were run with the setup described above. The success rates for the nozzle and glass tube dispensers are given in the following table.
	
	Glass Tube Dispenser
	Nozzle Dispenser

	Singulation
	80%
	80%

	Placement (Absolute)
	20%
	80%

	Placement (Conditional)
	25%
	100%


Table 2. Component Success Rate
If a part fails to make it through singulation, it cannot possibly be placed. The absolute placement statistics give the success rate of part placement for the five trials. The conditional placement statistics give the success rate for part placement given that the part made it through singulation.
Overall, out of five runs, we had one fully-successful test, giving a success rate of 20%. This low success rate is largely due to our glass dispenser’s inability to force the glass to onto the nozzle.
The duration of each stage of the cycle is listed in Table. 3
	
	Robot Motions
	Glass-Metal Fusion
	Cooling
	Total

	Time (sec)
	21
	180
	15
	216


Table 3. Cycle Time Breakdown
The total time for a cycle is 3 minutes and 36 seconds. The proposed improvements would eliminate the cooling time and reduce the motion time to approximately 17 seconds; effects on heating time from changing the nozzle support are unknown and are assumed to be unchanged. This brings the total cycle time down to 3 minutes and 17 seconds, an 8.80% time reduction from before.
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