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C.3    CHANNEL 3 

Table C.3 Measured depths of 15 samples for Channel 3 and statistical analysis for mean depth 

Sample 

1 

Sample 

2 

Sample 

3 

Sample 

4 

Sample 

5 

Sample 

6 

Sample 

7 

Sample 

8 

Sample 

9 

Sample 

10 

Sample 

11 

Sample 

12 

Sample 

13 

Sample 

14 

Sample 

15 

11.5 11 8.94 10.1 9.96 9.84 10.2 9.91 9.31 10.1 10 10.1 9.92 9.69 9.72 

9.78 10 10.4 9.97 9.72 9.86 9.69 10.2 10.4 10.4 9.39 9.62 9.81 9.74 9.61 

9.88 10.9 10.2 9.9 9.58 9.7 10.2 9.85 9.56 9.67 10.1 10.2 9.81 9.69 9.81 

9.67 10.6 9.85 9.67 10.2 10.2 9.45 10 9.46 10 10.2 9.5 9.5 10.1 10.1 

9.03 9.41 9.99 9.92 9.84 9.74 9.95 10 10.2 9.83 9.55 9.86 9.86 9.73 9.5 

9.58 10.8 9.53 9.73 9.68 9.95 9.62 9.79 9.38 9.62 9.9 9.56 9.56 9.85 9.69 

9.73 10.4 9.77 10.2 10.6 9.69 9.83 9.5 8.63 9.3 9.68 9.77 10.3 9.51 9.57 

9.83 10.3 9.91 9.67 9.78 9.94 9.74 10.2 9.9 11.2 9.88 9.66 9.6 9.97 9.72 

10.2 10.2 9.45 10.4 9.83 9.83 10.2 9.63 9.11 9.5 9.89 10 10.3 9.72 9.58 

10 10.3 9.8 9.75 10.6 9.68 9.58 9.63 8.78 9.2 10.2 9.74 9.89 9.85 9.97 

9.56 10.5 10.1 10 10 9.95 10.1 10.2 10.1 10.4 9.73 10 9.66 9.84 9.69 

10.1 10.3 9.12 9.61 9.16 9.8 9.63 10.1 9.3 10.4 10.1 9.6 10.1 9.92 9.88 

9.9 10.4 9.8 9.9 9.9 9.8 9.8 9.9 9.5 10.0 9.9 9.8 9.9 9.8 9.7 

Mean 9.87 
Std. 

dev 
0.18 N 15 t95,14 2.145 

95% 

Interval 
0.10 

Upper 

limit 
9.97 

Lower 

limit 
9.77 
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C.4    CHANNEL 4 

Table C.4 Measured depths of 15 samples for Channel 4 and statistical analysis for mean depth 

Sample 

1 

Sample 

2 

Sample 

3 

Sample 

4 

Sample 

5 

Sample 

6 

Sample 

7 

Sample 

8 

Sample 

9 

Sample 

10 

Sample 

11 

Sample 

12 

Sample 

13 

Sample 

14 

Sample 

15 

9.72 9.57 9.17 9.89 9 8.95 8.92 9.19 9.07 9.36 8.84 9.18 9.02 9.2 8.87 

10.1 9.05 9.19 9.07 8.73 8.96 8.62 9.18 9.36 9.19 8.8 9 9.01 9.39 8.94 

8.18 9.86 9.9 9.07 8.61 8.98 8.61 9.03 9.3 9.2 8.91 9.06 9.22 9.03 9.24 

9.38 9.91 8.9 9.27 8.41 8.79 8.79 8.95 9.13 8.9 8.53 8.69 8.95 9.09 8.76 

9.3 9.6 9.3 9.3 8.7 8.9 8.7 9.1 9.2 9.2 8.8 9.0 9.1 9.2 9.0 

Mean 9.09 
Std. 

dev 
0.25 N 15 t95,14 2.145 

95% 

Interval 
0.14 

Upper 

limit 
9.24 

Lower 

limit 
8.96 
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C.5   CHANNEL 5 

Table C.5 Measured depths of 15 samples for Channel 5 and statistical analysis for mean depth 

Sample 

1 

Sample 

2 

Sample 

3 

Sample 

4 

Sample 

5 

Sample 

6 

Sample 

7 

Sample 

8 

Sample 

9 

Sample 

10 

Sample 

11 

Sample 

12 

Sample 

13 

Sample 

14 

Sample 

15 

4 3.8 3.48 3 3.32 3.5 3.36 5.09 3.2 3.23 3.63 3.43 3.67 3.36 3.75 

4.2 4.1 3.6 3.8 3.59 3.17 5.05 4.03 3.44 3.74 3.48 3.5 3.56 3.21 3.61 

4 3.7 3.86 4.1 2.95 3.2 4.27 3.8 3.33 3.64 3.93 3.7 3.48 3.32 3.47 

3 3.9 3.75 3 2.89 3.36 3.09 3.09 3.1 3.06 3.27 3.9 3.4 3.17 3.8 

3.2 4.1 3.2 3.1 3.33 3.2 3.2 4 3.2 3.4 3.2 3.7 3.2 4.2 3.3 

3.3 3.9 3.47 3.6 3.86 3.4 3.7 3.7 3.3 3.21 3.15 3.4 3.2 4.63 3.4 

3.7 3.3 3.41 3.8 2.72 4.6 2.86 4.08 3.08 3.39 3.56 3.55 3.67 3.13 3.87 

3.6 3 3.41 4.4 2.54 3.9 2.84 4.59 3.17 4 4.1 3.1 3.36 3.14 3.6 

4 4.2 3.41 3.4 2.88 3.8 2.56 3.44 3.31 3.32 4.2 3.6 3.2 3.36 3.5 

3.2 3 3.53 3.3 2.95 4.3 4.24 3 3.5 3.03 3.6 3.33 3.5 3.2 3.2 

3.3 4.2 3.53 3.2 3.55 4.2 3.87 3.2 4 3.4 3.4 3.34 3.4 3.4 3.31 

3.3 5 3.53 3 3.83 4.4 4.61 4 3.16 3.2 3.3 4.32 3.5 3.1 3.59 

3.6 3.9 3.5 3.5 3.2 3.8 3.6 3.8 3.3 3.4 3.6 3.6 3.4 3.4 3.5 

Mean 3.54 
Std. 

dev 
0.19 N 15 t95,14 2.145 

95% 

Interval 
0.10 

Upper 

limit 
3.64 

Lower 

limit 
3.44 
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C.6   CHANNEL 6 

Table C.6 Measured depths of 15 samples for Channel 6 and statistical analysis for mean depth 

Sample 

1 

Sample 

2 

Sample 

3 

Sample 

4 

Sample 

5 

Sample 

6 

Sample 

7 

Sample 

8 

Sample 

9 

Sample 

10 

Sample 

11 

Sample 

12 

Sample 

13 

Sample 

14 

Sample 

15 

4.14 4.24 3.98 4.72 4.33 4.86 4.05 3.85 4.03 4.03 4.31 4.26 4.09 4.43 4.08 

4.39 4.24 4.35 4.5 4.52 4.35 4.02 4.15 4.41 4.43 4.17 3.99 4.26 4.28 4.04 

4.49 4.17 4 3.83 4.05 3.99 4.04 4.05 3.99 4.16 4.19 4.15 4.27 4.24 4.19 

4.72 4.22 4.38 4.69 4.71 5.49 4.61 4.37 4.5 4.3 4.5 4.59 4.74 4.57 4.47 

4.02 5.37 4.86 4.54 4.17 4.54 4.07 4.21 3.94 4.66 4.31 4.16 3.89 4.15 4.47 

4.28 3.76 4.16 3.94 3.97 3.67 3.86 3.85 4.17 3.97 3.85 4.07 4.15 4.03 3.87 

4.59 4.14 4.03 4.37 4.58 4.36 4.59 4.25 4.1 4.22 4.25 4.46 4.22 4.69 4.13 

4.17 4.44 4.94 4.65 4.5 4.72 4.3 4.22 4.49 4.55 4.2 4.07 4.14 4.54 4.09 

4.17 4.33 3.59 4.08 4.2 4.88 4.21 4.13 4.37 4.03 3.93 4.13 4.2 4.13 4.03 

3.94 4.5 3.69 4.55 4.15 4.16 4.66 4.52 3.94 4.19 4.03 4.42 4.1 4.53 4.5 

4.16 3.49 4.47 4.75 4.22 4.35 4.22 4.1 4.42 4.37 4.1 4.33 3.86 4.11 4.61 

4.74 3.71 3.89 3.97 4.05 3.93 3.99 3.82 3.97 3.66 4.15 3.83 4.46 3.8 3.98 

4.3 4.2 4.2 4.4 4.3 4.4 4.2 4.1 4.2 4.2 4.2 4.2 4.2 4.3 4.2 

Mean 4.25 
Std. 

dev 
0.08 N 15 t95,14 2.145 

95% 

Interval 
0.05 

Upper 

limit 
4.30 

Lower 

limit 
4.20 
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C.7   CHANNEL 7 

Table C.7 Measured depths of 15 samples for Channel 7 and statistical analysis for mean depth 

Sample 

1 

Sample 

2 

Sample 

3 

Sample 

4 

Sample 

5 

Sample 

6 

Sample 

7 

Sample 

8 

Sample 

9 

Sample 

10 

Sample 

11 

Sample 

12 

Sample 

13 

Sample 

14 

Sample 

15 

4.15 4.17 3.89 4.15 4.09 4.15 4.1 3.96 3.98 4.11 4.03 4.43 4.47 4.1 4.19 

3.94 4.37 4.41 4.21 3.94 4.19 4.22 4.43 4.71 4.42 4.17 3.94 4.27 4.35 4.05 

4.19 3.66 3.77 3.81 3.86 3.91 4.14 3.88 3.74 3.83 4.1 4.04 4.07 4.03 3.82 

4.03 4.02 4.1 4.17 4.2 4.14 3.89 4.11 3.92 3.88 4.19 4.75 4.38 3.99 3.99 

4.05 4.52 4.83 4.37 4.32 4.3 4.37 4.27 4.66 4.52 4.26 4.31 4.25 4.49 4.49 

4.39 4 4.32 4.36 4.22 3.96 4.05 4.35 3.85 3.93 4.32 4.27 4.36 4.3 4.3 

4.21 4.25 4.3 4.27 4.48 4.3 4.3 4.33 3.93 4.19 4.31 4.47 4.37 4.14 4.47 

3.91 3.98 4.15 4.3 4.05 4.43 4.44 4.37 4.49 4.17 4.35 4.36 4.26 4.11 4.22 

4.28 3.94 3.6 3.71 3.76 4.35 4.22 4.15 3.64 3.48 4.27 4.24 3.98 4.2 4.2 

4.25 4.44 4.41 4.27 4.65 4.2 4.32 4.6 3.7 4.07 4.3 4.47 4.14 4.37 4.2 

3.94 3.99 3.93 3.94 4.42 4.14 3.88 4.15 4.16 4.7 4.46 3.89 4.24 4.38 3.92 

4.25 4.16 4.04 4.36 3.94 4.43 4.39 4.24 4.3 3.92 4.2 4.33 4.48 3.99 4.42 

4.1 4.1 4.1 4.2 4.2 4.2 4.2 4.2 4.1 4.1 4.2 4.3 4.3 4.2 4.2 

Mean 4.18 
Std. 

dev 
0.06 N 15 t95,14 2.145 

95% 

Interval 
0.03 

Upper 

limit 
4.19 

Lower 

limit 
4.13 
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C.8   CHANNEL 8 

Table C.8 Measured depths of 15 samples for Channel 8 and statistical analysis for mean depth 

Sample 

1 

Sample 

2 

Sample 

3 

Sample 

4 

Sample 

5 

Sample 

6 

Sample 

7 

Sample 

8 

Sample 

9 

Sample 

10 

Sample 

11 

Sample 

12 

Sample 

13 

Sample 

14 

Sample 

15 

4.96 5 4.72 4.9 5.11 5.1 5.64 4.2 4.55 4.07 4.75 4.5 4.63 4.6 4.59 

4.02 4 5.16 5.36 4.43 5.05 4.81 4.6 5.27 5.85 4.69 4.83 4.5 4.48 5.11 

4.66 5.5 3.93 4.35 6.63 6.87 5.8 4.92 3.98 4.17 4.75 4.27 4.63 4.74 4.63 

5.24 5.68 4.27 4.71 5.6 5.46 4.5 5.31 5.08 4.2 4.72 4.65 5.02 4.53 4.82 

4.47 5.37 5.35 5.25 4.91 5.33 5.2 5.8 6.14 5.8 4.25 4.6 4.58 4.69 4.59 

4.8 6 4.11 4.91 7.08 4.24 6 5.97 4.63 4.75 4.97 4.91 4.92 4.85 5.22 

5.11 4.2 4.17 4.42 5.97 6.01 5 5.01 4.5 4.04 4.65 4.74 4.46 4.87 4.79 

4.39 5 5.73 5.14 4.76 4.77 4.94 6.46 5.79 5.82 4.66 4.7 4.61 4.87 4.24 

4.87 5.2 3.86 4.41 5.64 5.27 6.5 4.08 4.46 4.26 4.54 4.48 4.68 4.61 4.63 

4.86 5.4 4.48 4.43 5.58 5.69 4.5 5.44 3.66 4.11 4.63 4.66 5.04 4.75 4.91 

4.48 4.8 5.01 5.22 4.65 4.86 5.31 5.5 5.46 5.73 4.47 4.85 4.37 4.38 4.49 

5.09 5.5 4.15 4.21 5.05 6.51 6 5 4.25 4.53 4.8 4.66 4.88 4.88 4.87 

4.7 5.1 4.6 4.8 5.5 5.4 5.4 5.2 4.8 4.8 4.7 4.7 4.7 4.7 4.7 

Mean 4.92 
Std. 

dev 
0.30 N 15 t95,14 2.145 

95% 

Interval 
0.17 

Upper 

limit 
5.09 

Lower 

limit 
4.750 
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APPENDIX D: COMPLETE DESCRIPTION OF RUPTURE TEST SET UP 

 

D.1 Experimental apparatus 

All of the components of the rupture test set up is shown in the Fig. D.1. More details about the components and vendors are listed in Table D.1 

  

Figure D.1 Illustration of all the components of apparatus in order. 
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Table D.1 Parts list for rupture test set up 

 

 

 

 

 

 

Part name and number Quantity Company Location 

Compressed Nitrogen gas 1 Airgas PA, USA 

¼” NPT Female x Female x 

Male T joint 

P/N- 9171k32 

1 McMaster Carr IL, USA 

PEEK 1/4" NPT Male x 1/4-28 

Male Adapter 

P/N-U501 

1 IDEX Corporation IL, USA 

PEEK microfluidic shut-off 

valve 

P/N – P-732 

2 IDEX Corporation IL, USA 

Super flangeless ferrule 

P/N – P-250 

2 IDEX Corporation IL, USA 

Super flangeless nut with ¼-28 

thread 

P/N – LT-115 

2 IDEX Corporation IL, USA 

1/16” OD x 0.03”ID FEP 

tubing 

1 IDEX Corporation IL, USA 

Vacutight headless fitting 

P/N – P-844 

1 IDEX Corporation IL, USA 

Vacutight ferrule 

P/N- P-840 

1 IDEX Corporation IL, USA 

Microtight adapter 1/16” OD x 

1/32” ID 

P/N – P-881 

1 IDEX Corporation IL, USA 

PEEK tubing 1/32” OD x 0.02” 

ID 

2 
IDEX Corporation 

IL, USA 

A-10 pressure transmitter 

P/N - 50426834 

1 WIKA Instrument Klingenberg, 

Germany 

 

DC Power supply 

Model - 1672 

1 
BK Precision 

Corporation 
CA, USA 

DAQ board 

Model – NI USB 6212 
1 

National 

Instruments 
TX, USA 
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D.2   Rupture test procedure 

The pressure transducer requires an input voltage of 0-30V DC power supply. 

Two of the variable outputs of the power supply were set to “Independent” mode. The 

positive terminal of the master was connected to the negative terminal of the slave and 

to the ground terminal using jumper wires. Both of the ground terminals of the slave 

were connected to the ground terminal of the master and the negative terminal of the 

slave. 

Switch on the power supply and set the voltage of both the channels to 15V so 

that the lead wire from the negative terminal of the slave provides -15V and the positive 

terminal supplies +15V. Connect the “red” wire of the transducer to the positive 

terminal of the power supply, the “black” wire to the negative terminal of the power 

supply, and the “white” wire to the ground terminal of the power supply. This completes 

the power supply connection to the transducer. 

The output voltage from transducer is 0-10V and is compatible with the DAQ 

board NI USB-6212 which accepts output analog voltage in the range ±10V. DAQ 

board has input ports which receives signals from external sensor and output ports 

which sends signals to the actuators and instruments for control engineering. The pinout 

configuration of the screw terminal is shown in Fig. D.2. The “black” wire from the 

transducer is connected to the channel AI 8 (screw terminal 16) and “blue” wire from 

the transducer is connected to the channel AI 0 (screw terminal 15) of the DAQ board 

using lead wire and alligator adapter.  
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Figure D.2 Pinout configuration of screw terminals of NI USB-6212 

A program was developed using LabVIEW software version 2015 to record the 

rupture pressure of the bonded samples. There are two windows displayed, “Block 

diagram” and “Front panel”. Code for the program was developed in the block diagram 

window and the result of the code was displayed in the front panel which served as a 

user interface. The front panel and the code for the rupture test are shown in Figs. D.3 

(a) and (b) respectively. 

 

Figure D.3 (a) Front panel of rupture test program 

RUN 
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Figure D.3 (b) Block diagram of rupture test program 

 The bonded sample to be tested was connected to the micro capillaries and the 

program is executed by clicking the RUN button in the front panel. The pressure of the 

compressed nitrogen is increased gradually and updated continuously in the Front 

panel. When the sample ruptures, the pressure starts decreasing and at this point the 

program is stopped by clicking the “Stop” button. The user is prompted to save the 

pressure readings from the start until the end in “.lvm” format to the desired location 

which can be later converted to an Excel file.  

D.3   Experimental results 

A.   Open loop system 

Consolidated graphs of the rupture pressure data for all of the samples as obtained 

from the LabVIEW program are shown in Figs. D.4 (a) – (f). Maximum value in the 

exported data is considered as the rupture pressure. 
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Figure D.4 (a) Rupture pressure data of all samples for Channel 1 of AR 1:10 with depth 

10µm 

 

 

 

Figure D.4 (b) Rupture pressure data of all samples for Channel 2 of AR 1:50 with 

depth 10µm 
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Figure D.4 (c) Rupture pressure data of all samples for Channel 3 of AR 1:100 with 

depth 10µm 

 

Figure D.4 (d) Rupture pressure data of all samples for Channel 5 of AR 1:10 with 

depth 5µm 
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Figure D.4 (e) Rupture pressure data of all samples for Channel 6 of AR 1:50 with depth 

5µm 

 

Figure D.4 (f) Rupture pressure data of all samples for Channel 7 of AR 1:100 with 

depth 5µm 
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Table D.2: Calculation of mean rupture pressures for samples bonded using open loop system. 

 

 
 

 

 

Samples
Max.Pressure 

(Psi)
Samples

Max.Pressure 

(Psi)
Samples

Max.Pressure 

(Psi)
Samples

Max.Pressure 

(Psi)
Samples

Max.Pressure 

(Psi)
Samples

Max.Pressure 

(Psi)

Sample 1 787.77 Sample 1 746.20 Sample 1 624.53 Sample 1 931.20 Sample 3 847.19 Sample 1 696.43

Sample 2 566.16 Sample 3 651.39 Sample 8 490.16 Sample 3 907.53 Sample 4 728.85 Sample 4 642.79

Sample 3 747.52 Sample 4 784.76 Sample 9 458.46 Sample 4 815.36 Sample 5 1059.89 Sample 6 734.17

Sample 4 907.57 Sample 5 526.58 Mean 524.38 Sample 5 845.78 Sample 8 737.00 Sample 8 729.44

Sample 8 879.98 Sample 6 882.30 Std. dev. (sx) 88.16 Sample 6 896.05 Sample 9 725.66 Sample 9 970.55

Sample 9 1102.78 Sample 8 812.90 N 3 Sample 8 710.31 Sample 10 582.54 Sample 10 463.34

Mean 831.96 Sample 9 786.17 t95,2 3.182 Mean 851.04 Mean 780.19 Mean 706.12

Std. dev. (sx) 179.50 Sample 10 724.11 Interval 161.97 Std. dev. (sx) 80.93 Std. dev. (sx) 160.78 Std. dev. (sx) 163.89

t95,5 2.571 Mean 739.30 Upper limit 686.35 N 6 N 6 N 6

Interval 188.40 Std. dev. (sx) 109.14 Lower limit 362.41 t95,5 2.571 t95,5 2.571 t95,5 2.571

Upper limit 1020.36 N 8 Interval 84.94 Interval 168.76 Interval 172.02

Lower limit 643.56 t95,7 2.37 Upper limit 935.98 Upper limit 948.95 Upper limit 878.14

Interval 91.26 Lower limit 766.10 Lower limit 611.43 Lower limit 534.10

Upper limit 830.56

Lower limit 648.04

CHANNEL 7CHANNEL 1 CHANNEL 2 CHANNEL 3 CHANNEL 5 CHANNEL 6
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B. Closed loop system 

Rupture pressure data of all samples bonded using the closed loop system are 

shown in Figs. D.5 (a) to (f).                  

    
Figure D.5 (a) Rupture pressure data of all samples for Channel 1 of AR 1:10 with depth 

10µm 

 

Figure D.5 (b) Rupture pressure data of all samples for Channel 2 of AR 1:50 with 

depth 10µm 
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Figure D.5 (c) Rupture pressure data of all samples for Channel 3 of AR 1:100 with 

depth 10µm 

 

Figure D.5 (d) Rupture pressure data of all samples for Channel 5 of AR 1:10 with 

depth 5 µm 
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Figure D.5 (e) Rupture pressure data of all samples for Channel 6 of AR 1:50 with depth 

5 µm 

 

 
Figure D.5 (f) Rupture pressure data of all samples for Channel 7 of AR 1:100 with 

depth 5 µm 
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Table D.3: Calculation of mean rupture pressures for samples bonded using closed loop system 

 

 

 

 

Samples Max.Pr.     

(psi)
Samples

Max.Pr. (psi)
Samples Max.Pr.    

(psi)
Samples

Max. Pr .    (psi)
Samples Max. Pr.      

(psi)
Samples Max. Pr.      

(psi)

Sample 10 980.88 Sample 12 817.18 Sample 7 528.59 Sample 12 783.31 Sample 12 909.48 Sample 7 757.44

Sample 12 855.07 Sample 14 872.24 Sample 14 750.11 Sample 13 885.85 Sample 14 899.28 Sample 14 836.72

Sample 13 937.31 Sample 7 830.80 Sample 16 678.39 Sample 15 1052.28 Sample 15 879.07 Sample 18 757.90

Sample 15 906.84 Sample 11 725.25 Sample 19 445.53 Sample 7 934.07 Sample 7 988.40 Sample 19 639.51

Sample 7 842.73 Sample 16 762.95 Sample 21 447.54 Sample 11 909.94 Sample 11 923.83 Sample 20 757.99

Sample 16 1016.49 Sample 17 890.54 Sample 22 455.55 Sample 14 1053.10 Sample 16 878.16 Sample 23 758.99

Sample 17 845.46 Sample 18 701.80 Mean 550.95 Sample 16 1093.90 Sample 17 1038.12 Mean 751.42

Mean 912.11 Mean 800.11 Std. Dev. 132.15 Sample 17 996.50 Mean 930.90 Std. Dev. 57.70

Std. dev. 69.28 Std. dev. 72.18 N 6 Sample 18 1088.66 Std. dev. 60.25 N 7

N 7 N 7 t95,6 2.571 Mean 977.51 N 7 t95,3 2.571

t95,6 2.447 t95,6 2.447 Interval 138.70 Std. dev. 73.42 t95,3 2.447 Interval 56.07

Interval 64.07 Interval 66.76 Upper limit 689.66 N 9 Interval 55.72 Upper limit 807.50

Upper limit 976.19 Upper limit 866.87 Lower limit 412.25 t95,6 2.306 Upper limit 986.63 Lower limit 695.35

Lower limit 848.04 Lower limit 733.35 Interval 56.44 Lower limit 875.18

Upper limit 1109.54

Lower limit 996.66

CHANNEL 7CHANNEL 1 CHANNEL 2 CHANNEL 3 CHANNEL 5 CHANNEL 6
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APPENDIX E: COMPLETE DESCRIPTION OF CLOSED LOOP SYSTEM  

E1     Experimental apparatus 

All the components used for the experimental set up is shown in Fig. E.1. More details about the parts are given in Table E.1. 

 

 

 

 

 

 

 

 

 

 

 

Figure E.1 Illustration of all the components of closed loop system in order
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Table E.1 Parts list for the closed loop bonding system 

Component Name Part number Company Location 

Butane gas burner ZA 3HP 
Iwatani Corporation 

of America 
NJ, USA 

8 quart pressure cooker - Philippe Richard CA, USA 

Vinyl tube 3/8"OD x 

1/4"ID 
652395 Louwes NC, USA 

1/4" pipe dia, 1/4" NPT 

male end barbed hose 

fitting 

5346K27 McMaster IL, USA 

3/8" x 1/4" bushing 4429K471 McMaster IL, USA 

tee joint 4429K252 McMaster IL, USA 

3/8" threaded pipe nipple 4568K151 McMaster IL, USA 

1/2" x 3/8" bushing 4429K413 McMaster IL, USA 

Control Valve with electric 

actuator 

B215HT046/T

FRB24-SR-NC 
Belimo Switzerland 

1/2" x 1/4" bushing 645891 Louwes NC, USA 

90⁰ NPT male elbow 50925K111 McMaster IL, USA 

k-type thermocouple 
5TC-GG-K-

30-72 
Omega Engineering CT, USA 

24VDC power supply DCP-250-P Kele TN, USA 

NI USB 6212 780107-01 National Instruments TX, USA 

NI 9211 779001-01 National Instruments TX, USA 

Cdaq-9171 781425-01 National Instruments TX, USA 

Vacuum rubber tubing 62996-335 VWR International PA, USA 

Vib. Damping clamping 

hangers 
2615T11 McMaster IL, USA 

Barbed hose fitting 1/4" 

hose ID x 1/4" NPT female 

pipe 

5361K52 McMaster IL, USA 

Vacuum connector 1/4" 

probe 
353444 

Torr Technologies, 

Inc. 
WA, USA 
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E.2   Experimental procedure 

The Type K thermocouple with lead wires is connected to the DAQ board NI 

9211 which can receive voltage in the range of ±80mV. The positive wire (yellow color) 

was connected to screw terminal “0” and the negative lead wire (red color) was 

connected to screw terminal “1” of the DAQ board NI 9211 and was connected to the 

computer. A proportional type of control valve with an electric actuator was used to 

maintain even temperature during the bonding process. The valve requires 24VDC 

input power and generates output voltage in the range of 2-10V, which is compatible 

with the USB 6212 DAQ board. A step-down transformer that converts 110VAC to 

24VDC was used to supply power to the control valve. A program was developed in 

LabVIEW using the built-in PID module, which continuously compared the measured 

temperature from the thermocouple with the set temperature, and a signal 

corresponding to the error was sent to the control valve. The temperature at the boiling 

point was maintained at the set point temperature with  <±0.15 ̊C deviation. Figures E.1 

and E.2 show the front panel and block diagram of the LabVIEW program. 

The polymer samples were inserted inside a sealing bag and sealed using a food 

sealer. The bag was connected to the rubber tube using the connector and the 

thermocouple was inserted into the bag via rubber tube. The entire assembly was then 

immersed in DI water in the pressure cooker. The user should enter the desired bonding 

temperature on the front panel as the set temperature. Output high should be 6 and low 

should be 3 in the output range in front panel. The PID gains were determined 

experimentally and good response was observed for values of Kc=1 min-1, Ti=0.2 min 

and Td=0.2 minute. After entering all the values, the water was heated by switching on 

the butane burner and the program was started. The plot shows the temperature 

variation of the bonding process and the temperature value and the input voltage to the 
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control valve is continuously indicated in the indicator in front panel. The burner is kept 

on high flame until the temperature was about 5⁰C lower than the set temperature and 

then the flame was reduced to its minimum setting. Once the set temperature was 

reached, a timer was started and bonding was done for 15mins. After 15 mins, the 

burner was turned off and the program was stopped by pressing the “Stop” button on 

the front panel. 

 

Figure E.1 Front panel (user interface) of LabVIEW program for closed loop system  
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Figure E.2 Block diagram of closed loop system for bonding process 
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