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of a two dimensional droplet on a substrate (Figure 56). The equilibrium of the droplet shape can 

be assumed to be determined by the minimum of the Gibbs free energy of the configuration 

between the liquid-vapor, liquid-solid, and solid-vapor interfaces. This leads to the derivation of 

Young’s equation [51] or also known as the Young-Dupré equation [53]. 

 

 

Figure 56: The equilibrium shape of a 2D liquid droplet on a hydrophobic solid surface. 

 

3.2 Young’s Equation [51] 

Young’s equation [51] also known as the Young-Dupré equation [53] describes the 

ability of a liquid drop to wet a geometrically smooth solid surface. Generally, a liquid droplet 

brought into contact with a solid surface will form a measureable contact angle with the surface 

at the line defined where the liquid-solid, liquid-vapor, and solid-vapor surfaces meet. Young’s 

equation can be derived by considering a change in surface free energy,    , with a small 

displacement of the liquid at the contact line and an associated change in area of  solid surface 

covered by the liquid,    [51] using equation (10): 

        
  
  

   
     

  
          (10) 

Under equilibrium conditions, equation (11) can be combined with equation (10), 
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15 Injection Holding Time Experiment 

When injection molding a part, standard practice dictates that approximately 95% of the part 

volume is filled by the injection parameters and 5% of the part volume is filled with the holding 

parameters. The switchover from injection volume flow control to holding pressure control can 

be triggered by time, volume, or injection pressure. The standard practice in industry is to use the 

switchover by time parameter to locate a good volume (a volume that creates a partially filled 

part (a “short”)) to use as a switchover point. This is achieved by setting the holding pressure to 

0 psi for all profile points and switchover time to a time that is higher than necessary (i.e. 1 sec) 

to create a full part and then for each successive part reducing the switchover time (by 0.1 

increments) until a part is produced that is about 95% filled. The machine measures and reports 

the volume of polymer injected into the cavity on the holding pressure page. The volume 

recorded by the machine for the 95% filled part should be recorded and then entered into the 

switchover by volume setting on the holding pressure page. The machine should then be 

switched to switchover by volume for all future parts. The next step is to find out how much 

holding pressure to use. The goal is to match the holding pressure value to the injection pressure 

value at the switchover point. The injection molding machine displays graph of the melt pressure 

that is helpful in determining this value. It is an iterative process to select a stable holding 

pressure value. The next step is to determine the holding time for the part. For each new mold 

insert design, experiments must be run to determine the length of time necessary for the mass of 

the part to converge. Table 27 shows the masses of parts from five different holding times: 2.5 

seconds, 5 seconds, 10 seconds, 15 seconds, and 20 seconds. Figure 167 shows the average mass 

of the parts at the five levels of holding pressure. 
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Table 27: Holding time experiments to determine when mass converges. (Mass of parts in 

grams) 

Sample # 

Holding 

time = 2.5 

seconds 

Mass in 

grams 

Holding 

time = 5  

seconds 

Mass in 

grams 

Holding 

time = 10 

seconds 

Mass in 

grams 

Holding 

time = 15 

seconds 

Mass in 

grams 

Holding 

time = 20 

seconds 

Mass in 

grams 

1 7.6741 7.8073 7.8228 7.8412 7.8549 

2 7.6542 7.8106 7.8313 7.8403 7.8482 

3 7.6689 7.815 7.8195 7.8368 7.8565 

4 7.6599 7.8138 7.8192 7.8357 7.8503 

5 7.6478 7.8125 7.8224 7.8413 7.8486 

6 7.6553 7.8105 7.8271 7.8383 7.8544 

7 x 7.8145 7.8188 7.8669 7.8543 

8 x x x x 7.8501 

St. Dev. 0.009824391 0.002739656 0.004662 0.010789 0.003207 

Mean 7.660033333 7.812028571 7.823014 7.842929 7.852163 

 

 

Figure 167: Plot of the average mass of parts produced at five different holding times. Mass is in 

grams. 
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Figure 267: Pressure measurement for sample FFF. 

 

22.4.12Sample GGG (Clamped) 

Table 112: Gap distance and offset measurements for sample GGG. 
Replicate

# 

Gap distance 

(μm) Left alignment structure Right Alignment structure Top Alignment 

1 40 -13 -13 

 2 38 -6 -6 

 3 35 -12 -12 

 4 36 -24 -24 

 5 37 -12 -12 

 6 37 -18 -18 

 7 30 -6 -6 

 8 34 -13 -13 

 9 30 -12 -12 

 10 39 -11 -11 

 average 35.6 -12.7 12.7 

 stdev 3.438345856 5.271516754 5.271516754 

 (+-) 95% 7.777538325 11.9241709 11.9241709 

 Gap High 2874.936268 Pascals 

  Gap Low 4482.26543 Pascals 
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Figure 268: Pressure measurement for sample GGG. 

 

22.4.13Sample HHH (Clamped) 

Table 113: Gap distance and offset measurements for sample HHH. 
Replicate

# 

Gap distance 

(μm) Left alignment structure Right Alignment structure Top Alignment 

1 7 -54 -16 

 2 6 -25 8 

 3 6 -46 -8 

 4 19 -52 -10 

 5 12 -44 -10 

 6 13 -67 -20 

 7 10 -68 -8 

 8 8 -62 -12 

 9 9 -47 0 

 10 8 -48 -7 

 average 9.8 -51.3 8.3 

 stdev 3.994440581 12.69339286 7.832269431 

 (+-) 95% 9.035424594 28.71245464 17.71659345 

 Gap High 6620.910377 Pascals 

  Gap Low 163107.0751 Pascals 
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Figure 269: Pressure measurement for sample HHH. 

 

22.4.14Sample III (Clamped) 

Table 114: Gap distance and offset measurements for sample III. 
Replicate

# 

Gap distance 

(μm) Left alignment structure Right Alignment structure Top Alignment 

1 12 -168 47 

 2 8 -148 46 

 3 12 -166 64 

 4 8 -168 47 

 5 10 -170 56 

 6 10 -173 59 

 7 16 -168 51 

 8 18 -153 60 

 9 8 -169 44 

 10 19 -154 62 

 average 12.1 -163.7 -53.6 

 stdev 4.175324339 8.628763269 7.441624673 

 (+-) 95% 9.444583654 19.51826251 16.83295501 

 Gap High 5788.353126 Pascals 

  Gap Low 46963.50474 Pascals 
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Figure 270: Pressure measurement for sample III. 

 

22.4.15Sample JJJ (Clamped) 

Table 115: Gap distance and offset measurements for sample JJJ. 
Replicate

# 

Gap distance 

(μm) Left alignment structure Right Alignment structure Top Alignment 

1 13 97 -11 

 2 12 93 6 

 3 12 104 -5 

 4 10 99 -5 

 5 12 101 10 

 6 12 91 5 

 7 10 105 -5 

 8 10 90 -9 

 9 8 117 -8 

 10 10 110 -7 

 average 10.9 100.7 2.9 

 stdev 1.523883927 8.602971063 7.202622979 

 (+-) 95% 3.447025442 19.45992054 16.29233318 

 Gap High 8692.230919 Pascals 

  Gap Low 16732.60215 Pascals 

  



287 

 

 

Figure 271: Pressure measurement for sample JJJ. 

 

22.4.16Sample KKK (Clamped) 

Table 116: Gap distance and offset measurements for sample KKK. 
Replicate

# 

Gap distance 

(μm) Left alignment structure Right Alignment structure Top Alignment 

1 10 91 -21 

 2 10 98 -14 

 3 7 98 -29 

 4 8 100 -8 

 5 9 97 -15 

 6 9 98 -12 

 7 8 95 -16 

 8 8 95 -17 

 9 8 96 -20 

 10 9 95 -19 

 average 8.6 96.3 17.1 

 stdev 0.966091783 2.496664441 5.704773829 

 (+-) 95% 2.185299613 5.647454967 12.9041984 

 Gap High 11562.74398 Pascals 

  Gap Low 19440.91705 Pascals 
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Figure 272: Pressure measurement for sample KKK. 

 

22.4.17Sample LLL (Clamped) 

Table 117: Gap distance and offset measurements for sample LLL. 
Replicate

# 

Gap distance 

(μm) Left alignment structure Right Alignment structure Top Alignment 

1 7 22 18 

 2 4 34 6 

 3 7 30 0 

 4 7 30 5 

 5 9 28 2 

 6 7 28 14 

 7 8 30 5 

 8 7 29 8 

 9 4 24 6 

 10 3 35 11 

 average 6.3 29 -7.5 

 stdev 1.946506843 3.944053189 5.461989869 

 (+-) 95% 4.402998478 8.921448313 12.35502108 

 Gap High 11651.65616 Pascals 

  Gap Low 65739.35588 Pascals 
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Figure 273: Pressure measurement for sample LLL. 

 

22.4.18Sample MMM (Clamped) 

Table 118: Gap distance and offset measurements for sample MMM. 
Replicate

# 

Gap distance 

(μm) Left alignment structure Right Alignment structure Top Alignment 

1 10 0 62 

 2 11 15 56 

 3 5 10 53 

 4 5 25 59 

 5 6 5 54 

 6 8 13 47 

 7 5 6 50 

 8 9 20 41 

 9 11 8 53 

 10 14 17 55 

 average 8.4 11.9 -53 

 stdev 3.134042473 7.578478299 5.96284794 

 (+-) 95% 7.089204074 17.14251791 13.48796204 

 Gap High 8051.263161 Pascals 

  Gap Low 95138.88139 Pascals 
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Figure 274: Pressure measurement for sample MMM. 

 

22.4.19Sample NNN (Clamped) 

Table 119: Gap distance and offset measurements for sample NNN. 
Replicate

# 

Gap distance 

(μm) Left alignment structure Right Alignment structure Top Alignment 

1 9 9 85 

 2 11 8 89 

 3 11 5 84 

 4 8 13 95 

 5 6 9 86 

 6 7 9 85 

 7 8 18 91 

 8 1 10 84 

 9 7 10 85 

 10 10 14 85 

 average 7.8 10.5 -86.9 

 stdev 2.936362073 3.628590176 3.63470922 

 (+-) 95% 6.642051009 8.207870979 8.221712255 

 Gap High 8635.037923 Pascals 

  Gap Low 107697.0221 Pascals 
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Figure 275: Pressure measurement for sample NNN. 

 

 

22.4.20Sample OOO (Clamped) 

Table 120: Gap distance and offset measurements for sample OOO. 
Replicate

# 

Gap distance 

(μm) Left alignment structure Right Alignment structure Top Alignment 

1 40 36 12 

 2 44 34 29 

 3 46 37 24 

 4 42 27 38 

 5 49 33 41 

 6 46 19 53 

 7 46 29 41 

 8 49 28 46 

 9 50 30 42 

 10 49 22 40 

 average 46.1 29.5 -36.6 

 stdev 3.314949304 5.8357138 11.83403754 

 (+-) 95% 7.498415326 13.20038462 26.76859291 

 Gap High 2326.704202 Pascals 

  Gap Low 3230.635716 Pascals 
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Figure 276: Pressure measurement for sample OOO. 

 

22.4.21Sample PPP (Clamped) 

Table 121: Gap distance and offset measurements for sample PPP. 
Replicate

# 

Gap distance 

(μm) Left alignment structure Right Alignment structure Top Alignment 

1 26 0 123 

 2 12 10 80 

 3 8 -4 110 

 4 4 0 87 

 5 21 -5 117 

 6 11 11 78 

 7 15 -6 121 

 8 18 -9 74 

 9 20 -15 125 

 10 22 16 80 

 average 15.7 -0.2 -99.5 

 stdev 6.912950809 9.77297862 21.37106039 

 (+-) 95% 15.63709473 22.10647764 48.3413386 

 Gap High 3979.553919 Pascals 

  Gap Low 1982467.581 Pascals 
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Figure 277: Pressure measurement for sample PPP. 

 

22.4.22Sample QQQ (Clamped) 

Table 122: Gap distance and offset measurements for sample QQQ. 
Replicate

# 

Gap distance 

(μm) Left alignment structure Right Alignment structure Top Alignment 

1 17 46 -28 

 2 6 32 -21 

 3 6 48 -35 

 4 16 27 -27 

 5 21 41 -37 

 6 8 24 -28 

 7 11 37 -29 

 8 8 22 -21 

 9 10 23 -38 

 10 8 22 -26 

 average 11.1 32.2 29 

 stdev 5.152130088 10.15217546 6 

 (+-) 95% 11.65411826 22.9642209 13.572 

 Gap High 5480.66318 Pascals 

  Gap Low N/A Pascals 
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22.4.23Sample RRR (Clamped) 

Table 123: Gap distance and offset measurements for sample RRR. 
Replicate

# 

Gap distance 

(μm) Left alignment structure Right Alignment structure Top Alignment 

1 5 -4 53 

 2 17 -20 36 

 3 17 -17 50 

 4 17 -8 32 

 5 20 -7 56 

 6 27 0 35 

 7 5 -11 48 

 8 5 0 36 

 9 8 0 51 

 10 10 5 37 

 average 13.1 -6.2 -43.4 

 stdev 7.593125546 8.024961059 8.971560003 

 (+-) 95% 17.17564998 18.15246192 20.29366873 

 Gap High 4119.074511 Pascals 

  Gap Low N/A Pascals 

   

22.4.24Sample SSS (Clamped) 

Table 124: Gap distance and offset measurements for sample SSS. 
Replicate

# 

Gap distance 

(μm) Left alignment structure Right Alignment structure Top Alignment 

1 13 -28 28 

 2 8 -22 27 

 3 10 -31 40 

 4 12 -29 34 

 5 15 -20 36 

 6 10 -28 35 

 7 5 -20 42 

 8 8 -29 34 

 9 4 -27 40 

 10 8 -28 35 

 average 9.3 -26.2 -35.1 

 stdev 3.433495142 3.994440581 4.88648931 

 (+-) 95% 7.766566011 9.035424594 11.05323882 

 Gap High 7307.13244 Pascals 

  Gap Low 81325.74276 Pascals 
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Figure 278: Pressure measurement for sample SSS. 

 

22.4.25Sample TTT (Clamped) 

Table 125: Gap distance and offset measurements for sample TTT. 
Replicate

# 

Gap distance 

(μm) Left alignment structure Right Alignment structure Top Alignment 

1 3 -11 -12 

 2 3 -22 -19 

 3 12 -17 -20 

 4 9 -8 -9 

 5 5 -17 -10 

 6 4 -17 -13 

 7 7 -19 -17 

 8 10 -9 -7 

 9 10 -19 -13 

 10 5 -13 0 

 average 6.8 -15.2 12 

 stdev 3.259175083 4.685675571 5.981452815 

 (+-) 95% 7.372254038 10.59899814 13.53004627 

 Gap High 8799.423 Pascals 

  Gap Low N/A Pascals 

  



296 

 

 

Figure 279: Pressure measurement for sample TTT. 

 

22.4.26Sample UUU (Unclamped) 

Table 126: Gap distance and offset measurements for sample UUU. 
Replicate

# 

Gap distance 

(μm) Left alignment structure Right Alignment structure Top Alignment 

1 34 -69 -66 

 2 30 -79 -62 

 3 29 -66 -66 

 4 31 -79 -67 

 5 33 -69 -67 

 6 34 -78 -58 

 7 35 -70 -65 

 8 27 -78 -60 

 9 30 -67 -66 

 10 34 -79 -63 

 average 31.7 -73.4 64 

 stdev 2.668749187 5.601587077 3.12694384 

 (+-) 95% 6.036710661 12.67078997 7.073146966 

 Gap High 3304.677487 Pascals 

  Gap Low 4859.379345 Pascals 
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Figure 280: Pressure measurement for sample UUU. 

 

22.4.27Sample VVV (Unclamped) 

Table 127: Gap distance and offset measurements for sample VVV. 
Replicate

# 

Gap distance 

(μm) Left alignment structure Right Alignment structure Top Alignment 

1 25 -35 95 

 2 22 -47 95 

 3 20 -46 93 

 4 27 -43 96 

 5 28 -35 90 

 6 21 -50 94 

 7 17 -50 90 

 8 25 -56 99 

 9 25 -45 90 

 10 31 -39 94 

 average 24.1 -44.6 -93.6 

 stdev 4.148627618 6.78560568 2.951459149 

 (+-) 95% 9.384195671 15.34904005 6.676200596 

 Gap High 3724.373713 Pascals 

  Gap Low 8474.403122 Pascals 
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Figure 281: Pressure measurement for sample VVV. 

 

22.4.28Sample WWW (Unclamped) 

Table 128: Gap distance and offset measurements for sample WWW. 
Replicate

# 

Gap distance 

(μm) Left alignment structure Right Alignment structure Top Alignment 

1 22 64 -10 

 2 23 66 -32 

 3 28 58 -19 

 4 25 70 -18 

 5 33 66 -18 

 6 31 65 -21 

 7 37 63 -16 

 8 41 64 -15 

 9 23 61 -17 

 10 21 73 -19 

 average 28.4 65 18.5 

 stdev 6.883151733 4.242640687 5.602578771 

 (+-) 95% 15.56968922 9.596853234 12.67303318 

 Gap High 2836.218776 Pascals 

  Gap Low 9719.769091 Pascals 
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Figure 282: Pressure measurement for sample WWW. 

 

22.4.29Sample XXX (Unclamped) 

Table 129: Gap distance and offset measurements for sample XXX. 
Replicate

# 

Gap distance 

(μm) Left alignment structure Right Alignment structure Top Alignment 

1 28 48 -39 

 2 24 39 -51 

 3 16 46 -50 

 4 18 38 -42 

 5 16 54 -50 

 6 22 39 -47 

 7 24 34 -35 

 8 31 45 -42 

 9 38 48 -51 

 10 35 30 -43 

 average 25.2 42.1 45 

 stdev 7.714344503 7.32499526 5.617433182 

 (+-) 95% 17.44984727 16.56913928 12.70663386 

 Gap High 2923.988388 Pascals 

  Gap Low 16090.99361 Pascals 
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Figure 283: Pressure measurement for sample XXX. 

 

22.4.30Sample YYY (Unclamped) 

Table 130: Gap distance and offset measurements for sample YYY. 
Replicate

# 

Gap distance 

(μm) Left alignment structure Right Alignment structure Top Alignment 

1 15 28 105 

 2 18 38 103 

 3 13 33 106 

 4 12 44 95 

 5 19 33 87 

 6 20 44 94 

 7 12 33 87 

 8 14 44 96 

 9 16 40 92 

 10 15 43 98 

 average 15.4 38 -96.3 

 stdev 2.836272985 5.887840578 6.799509786 

 (+-) 95% 6.415649492 13.31829539 15.38049114 

 Gap High 5716.431142 Pascals 

  Gap Low 13880.5424 Pascals 
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Figure 284: Pressure measurement for sample YYY. 

 

22.4.31Sample ZZZ (Unclamped) 

Table 131: Gap distance and offset measurements for sample ZZZ. 
Replicate

# 

Gap distance 

(μm) Left alignment structure Right Alignment structure Top Alignment 

1 18 -30 -46 

 2 11 -20 -18 

 3 10 -30 -38 

 4 9 -14 -13 

 5 10 -27 -32 

 6 10 -15 -30 

 7 12 -31 -16 

 8 15 -21 -24 

 9 15 -20 -24 

 10 8 -19 -27 

 average 11.8 -22.7 26.8 

 stdev 3.190262964 6.32543367 10.17404104 

 (+-) 95% 7.216374824 14.30813096 23.01368084 

 Gap High 6557.909134 Pascals 

  Gap Low 27207.21118 Pascals 
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Figure 285: Pressure measurement for sample ZZZ. 
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