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ABSTRACT 
Reducing the labor CONTENT of an electronic product 
assembly has been shown to be an effective strategy to 
reduce labor cost. In many cases it permits production 
operations in high labor rate markets to successfully 
compete with operations that have available sources of local 
low cost labor. There have been a number of papers written 
to support and justify this strategy. [1,2,3] Automating 
assembly processes that are traditionally manual is the basis 
of a tactical plan that potentially allows the strategic 
objective of reducing labor content to be met.  The word 
potentially is used with purpose. Investing in hundreds of 
thousands of dollars of leading-edge automation equipment 
does not an automated factory necessarily make. If the 
automated processes require constant human monitoring and 
intervention, or electrical test yields are low and rework 
labor high, the objective of the automation (and the capital 
investment) is defeated - we say instead of automating, we 
faux automate. The objectives of this paper are to:  
1. Provide examples of real world automation opportunities 
for future conversion from high to low labor content and,  
2. Address the key elements that are needed to exploit this 
automation – not simply faux automate. Specifically: 
a. Designing a product for automated assembly. 
b. A factory infrastructure that has proactive process control 
built in and, ideally, automated proactive process control 
that self-corrects process issues, i.e., Meta Process Control. 
c. A skilled workforce that can develop and maintain the 
automated processes organized in a way to minimize cost.  
 

To achieve these objectives the work that this paper 
documents was divided into two distinct parts: 
1. A case study undertaken to identify and analyze two 
opportunities that can use automation to reduce the labor 
cost of a product, i.e., reduce the labor content by 
converting to or initially designing for assembly automation. 
2. An initial experiment that establishes the process window 
associated with printing solder paste for extremely small 
components (01005 English / 0402 Metric), i.e., establish 
the need to proactively monitor process parameters and 
ideally to auto-correct, i.e., Meta Process Control (MPC), to 

fully exploit the value of automating for a process with an 
extremely small process window. The results verify that: 
1. Designing for automation can be an effective tool in 
eliminating the competitive advantage that low labor rate 
operations provide. In the opportunities identified, the total 
labor cost of a product assembled in a high labor rate region 
can be dramatically reduced by automating labor intensive 
hand soldering operations. Further, if the product is initially 
designed by combining the added automation with existing 
process assembly automation equipment, payback on 
investment will be accelerated. The paper predicts that 
based on a real world production model, automating two 
labor intensive assembly processes would result in a 
reduced labor cost of about 45% with a return on capital 
investment of about 14 months for the one process (11 
months if a product redesign is not required). The coax 
soldering ROI is TBD. The results of actually automating 
these opportunities will be documented in a future paper.  
2. Achieving low yield loss from any automated process 
involved in the assembly of the product (including electrical 
test false positives) is essential. The experiment that was 
designed used a component with a narrow process window 
to demonstrate the futility and increased cost in automating 
without an accompanying capable and controllable process. 
Further, simply identifying a process that has violated its 
process window is not enough. This has traditionally been 
the case with failures found at In-circuit test (ICT). By this 
time, there are typically many circuit boards that require 
expensive troubleshooting, rework and retest in a high labor 
rate environment. The experiment demonstrated that true 
test yields above 99% are required to take full advantage of 
the automation. In addition, to ensure these yields it is 
required that automated, proactive, real-time process 
control, e.g., Meta Process Control or MPC, must be 
integrated into a production operation’s infrastructure. 
Automatically placing 01005 components on the actual 
printed solder paste and not placed based on component pad 
board coordinates is used to demonstrate this requirement.  
 

Key words: U.S. competitiveness, offshore manufacturing, 
on-shoring, Concurrent Education, automation, SPC  
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INTRODUCTION 
Several papers have been written addressing the relative 
costs of electronic product assembly associated with high 
and low labor rate regions. Three of these papers [4,5,6] 
codify the total cost of manufacturing electronic products by 
grouping specific cost elements into three categories: Labor, 
Material and Business Climate. Treating each cost category 
individually and then combining these costs resulted in the 
development of a revised high labor rate cost electronic 
product assembly model. The new model demonstrates how 
it is possible to successfully compete against low labor rate 
operations if certain cost reduction strategies are employed. 
A fourth paper [7] applies the revised high labor rate model 
in the real world. It uses a case study to document the 
application of one of the important cost reduction strategies 
that the revised model is built upon: reducing labor cost 
through the reduction of labor rate content. This is 
accomplished by exploiting the available automation, rather 
then focusing primarily on finding the geographic 
environment with the lowest labor rates. 
 
This paper extends the analysis by, 
1. Providing examples of real world opportunities that 
reflect the potential value of designing for automation and,  
2. Conducting an empirical study to demonstrate the critical 
need to develop a statistically capable process that is 
controlled in real time, i.e., using proactive process control 
(PPC) that not only identifies a process that is operating 
outside its control limits, but automatically compensates for 
any unacceptable variation, effectively, auto correcting – 
what can be called Meta Process Control (MPC).  
 
Establishing a target value by design (e.g., x-y component 
placement coordinates) or using the mean or nominal value 
for a critical process variable and then automatically using 
control limits based on natural variation to ensure good 
process performance has been a preferred method. However, 
this approach may fail for a process with a very small 
process window. For example, material variation is acted 
upon by an assignable cause, e.g., small shifts in pad 
locations during board fabrication causing the component 
placement to be offset from the printed paste during board 
assembly.  
 
If specification limits can be established empirically, Cpk 
indexes can be established as a predictive tool based on real 
time variable measurements. Then, employing closed loop 
feedback tools to correct for material and process variation 
automatically, in real time, before unacceptable process 
results are created. In effect such auto-compensating 
feedback loops provide MPC. 
 
EXPLOITING THE AUTOMATION: ANALYZING 
TWO FACTORS TO AVOID FAUX AUTOMATING 
The ability to achieve high yields when automating is 
crucial to reducing labor costs. The labor time that is saved 
by automating can quickly be squandered if manual labor is 
needed to rework defective product produced by the 
automation. Two of the elements needed to produce a low 

yield loss for an automated assembly process are proper 
design and good process control. 
 
1. Designing for Assembly Automation Opportunities: 
a. Interconnecting Pins 
The first opportunity whose feasibility was analyzed was the 
interconnecting pin. Pins have a number of uses in circuit 
board design. One application is to permit the 
interconnection of daughter or accessory boards to mother 
or system boards.  For applications where motherboard area 
is limited, the daughter boards can be interconnected in an 
area-efficient matter, i.e., permitting the smaller daughter 
board to vertically plug into the motherboard. Generally, 
stock right angle pin(s) available commercially must be 
hand-soldered to the daughter board to employ this 
packaging design strategy.  
 
An important requirement of the post-soldered pins is that 
they are correctly oriented to ensure proper engagement and 
seating in the receptacles (sockets) that are located on the 
motherboard.  
 
This is a labor-intensive process. Attempts to reduce labor 
content by using a paste-in-hole process, hand-inserting the 
stock right angle pins and then reflow soldering the boards 
have been made.  However, even with complex and costly 
tooling, a reliable process that will ensure the post reflow 
soldered orientation of the pins will be acceptable is difficult 
to develop.  
  
The opportunity and challenge is then to create an 
automated process that eliminates the manual hand 
soldering process and the significant labor content that goes 
with it. In addition, because of the RF nature of the product, 
the new automated process must provide equal or better RF 
performance. Further, any new assembly must have an equal 
or better ability to carry mechanical loads (e.g., insertion 
and removal from the motherboard). Also, if there are any 
material changes associated with the automation, the new 
costs must be price competitive to the stock pin. These 
additional considerations must be taken into account along 
with the potential ability to automate the heretofore hand 
soldering process. Finally, fully automating the assembly 
requires that the pins be delivered to the circuit board by 
machine. One option is to have the pins put on tape and reel. 
However, this requires an additional material cost that must 
be considered in the cost/benefit analysis. In other 
automation conversion or design applications, vibratory 
bowl feeders have been successfully used to present 
components to a pick and place machine. [8] Ideally, the 
bowl feeder can be integrated into the pick and place (and 
now, insertion) machine. Figure 1 is a photograph of 
existing vibratory bowl feeders used in another circuit board 
application. This delivery system would totally automate the 
pin assembly process without needing a separate process 
step since the circuit board also includes SMT components, 
i.e., pick and place equipment is already required for the 
assembly – the pins will go along or the ride. Using these 
conditions, the process sequence would be as follows: 
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1. The SMT component paste stencil is modified to add the 
paste-in-hole printing for the pins. 2. Pin insertion would 
occur during the same pass on the pick, place and insert 
machine as the SMT component placements. 3. Both the 
pins and SMT components would be reflow soldered 
simultaneously through an in-line oven.  
 

 
Figure 1. Vibratory Bowl Feeders Mounted on a Pick, Place 
and Insert Machine [9] 
 
The Value Proposition  
It is important to quantify the cost/benefit aspect of this 
potential conversion to a totally automated process. In 
addition, a discussion of any assumptions and specific 
organizational or operational conditions that are salient to 
achieving the goal of reducing labor content is appropriate 
(e.g., the specific cost of your labor, the level of the 
appropriate technical engineering expertise that is contained 
in your organization, etc.). If the benefits do not outweigh 
the costs and/or the rewards are not great enough to warrant 
the risks, it makes no sense to move forward with a project 
that automates any traditionally manual process.  
 
The Case Study Return-on-Investment (ROI)  
The intent of this study was to explore specific ways for 
electronic product assembly operations in a high labor rate 
environment to better compete with operations in low labor 
rate environments. What is the cost to convert a labor 
intensive manual process like the one in this case study to 
one that is automated? Then, what is the unit cost reduction, 
for both material and labor, achieved by the conversion? 
What is the estimated unit run rate? Consideration of 
estimating these four factors will provide a simple ROI.  
a. Non-Recurring Engineering (including board redesign)  
     + Capital Costs + Cost of Money (15%) = $83,838.  
b.  Recurring material cost difference in automating = $0.00 
    (i.e, negligible. This is a target goal).  
c.   Labor cost reduction received by automating the manual 
      process = $0.058 / pin.  
d.  At 1 million pin insertions / year x $0.058 =  $58,000 
     Therefore: ROI = 17.35 months (i.e, the time it takes for 
     the automation board conversion, equipment and process 
     costs to be paid back). 

Designing for Automation:  
If the daughter boards containing the pins do not have to be 
modified for automation, (i.e., they are designed for 
automation) the ROI is reduced to 11.14 months.  
 
Designing for Assembly Automation Opportunities: 
b. Coaxial Cable Soldering 
The other labor intensive operation that was studied for 
automation feasibility of this product was soldering the 
metal outer shields of coax cables, along their entire length, 
to the circuit board. Soldering the solid outer shield 
continuously to a grounded trace that has been designed into 
the circuit board is necessary for acceptable electrical 
performance in this sensitive RF application. A manual 
hand soldering operation is currently being used for this 
requirement.  
 
The opportunity for automation in this application is a 
function of successfully machine bending, routing, tacking 
and then continuously soldering the outer shield of the cable 
to the printed traces on the circuit board. In addition, the 
cables’ center conductors must be terminated to the circuit 
board by soldering. A combination of robots, and selective 
soldering equipment were analyzed to predict the feasibility 
of automating this process. However, this is a far more 
complex automation opportunity that entails considerably 
more development cost than the pin automation. While 
deemed feasible, the cost/benefit analysis needs more 
attention before judging whether the benefits will justify the 
development costs. Providing a realistic cost estimate is also 
required to perform a meaningful ROI. The results of this 
analysis will be reported in a future paper.  
 
Designing for Assembly Automation Opportunities: 
c. Summary of Results –  
It is estimated that implementing both automation 
opportunities would result in between a 40 and 50% labor 
cost reduction for this RF application. Of this cost reduction 
about 15% is attributed to the pin automation and 30% to 
coaxial cable soldering automation. The ROI for the pin 
automation is estimated to be 17 months for converting to 
automation (11 months if designing for automation). The 
coax cable soldering opportunity, while judged feasible for 
automating, requires more study to determine what would 
be a realistic non-recurring cost estimate for development 
and implementation. This will provide the costs needed for a 
corresponding return on this investment analysis.   
 
2. Controlling the Process: The Need for Meta Process 
Control  
In the beginning of commercial high volume surface mount 
technology (SMT), circa 1982, 85-90% first pass In-Circuit 
Test (ICT) yields were heralded as best-in-class. In reality 
for most operations the true yields were closer to 0%. The 
person sitting at the end of the component placement 
machine, pick in hand, had the responsibility of centering 
components that were at risk of post-reflow solder defects – 
almost every board had at least one component that was 
tweaked after placement.  
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Active devices had lead pitches of 0.050in – half the pitch 
of traditional dual in-line, through-hole packages (DIP). 
And, perhaps more instructive for this paper, is the fact that 
for the passive device category 1206 packages (nominally, 
0.120 in. x 0.060 in.) were being utilized. Tiny 0805, 0603 
and 0402 components were presenting more of a challenge, 
as were 0.025 in., fine pitch devices. See Figure 2. This 
caused user-defined specification limits and measured 
control limits for printing solder paste and placing 
components to become tighter and tighter. 
 

 
 
1206             0805       0603      0402   0201       01005 
Figure 2. Passive SMT Component Family (With English 
Designations) Including Their Patriarch: The Axial-leaded 
Resistor (All on a Jefferson Nickel) [10]  
 
The Process Window 
The job of the electronic product assembly process engineer 
can be simply stated as developing a statistically capable 
assembly process. This means creating a process defined by 
a process window characterized by limits that are able to 
contain all the independent variable variation. This will 
minimize the risk of a defect over the course of the 
production run.  
 
There are two process windows:  
1. One process window is defined by upper and lower 
specification limits. This window is user-specified. Utilizing 
this process metric can be misleading since it says nothing 
about the health or degree of randomness of the variable 
over time. The introduction of an assignable cause to the 
process results in a non-random variation. It can be thought 
of as an infection in the body of a random variable. The 
infected body can act erratically. Using specification limits 
as a strategy can result in an under-controlled process that 
leads to defects, or an over-controlled process that costs 
additional money and resources with no definable gain.  
 
2. The other process window is defined by the process 
control limits. This window is normally contained inside the 
specification window and is a more significant metric. It is a 
control strategy that calculates its limits (+/-3 sigma) from 

measurement of the normally distributed data once the 
variable’s mean is established. The randomness of the 
process is the normal distribution of the variable about its 
mean.  When the measurement of the variable during a 
production run starts to deviate beyond its control limits, or 
vary within the control limits in a non-random manner, the 
probability of defects can increase significantly. Thus, using 
control limits for process management is a predictive or 
proactive metric.  
 
Meta-Process Control  
The continual measurement of the variation of some 
independent variables during a production run can be time 
consuming (e.g., the x-y coordinate location of circuit board 
pads). When larger passive SMT components like the 1206 
package are used, small variations in pad location do not 
affect the process result (soldered component). Therefore, 
monitoring this variable would result in very little value. 
See Figure 3.   

Figu    
 

 
 
 
 
 
 
 
 
 
Figure 3. 1206 Pads with a 0.006 in. “y” Print Offset     
 
However, the same bare board pad location variation (e.g., 
0.006 in.) leads to a paste offset for a 01005 component that 
looks very different. See Figure 4. This relatively small 
board fabrication variation results in solder paste that is 
printed 75% off the pads. The 01005 components are then 
placed where the pads are because the placement program 
uses the fiducial marks on the board. Everything else being 
equal, this causes the components to also be offset by 0.006 
in. to the paste print on the board. Intuitively, at least, there 
appears to be a significant risk of post reflow defects.      
 

                                   

  
 

Figure 4. 01005 Pads with a 0.006 in. “y” Print Offset  
 
The question becomes how to manage the process for 
boards with 01005 components. Certain variables such as 
board pad fabrication variation do not lend themselves to 

0.006 in. 
(75% “y” 
Print Offset) 

0.008 in.  
“y” Pad 
Dimension  

0.006 in., 
“y” Print 
Offset 0.040 in. “y” 

Pad Dimension 
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either specification control or process control limits. There 
is no process adjustment to correct this assignable cause in 
the middle of a production run – no immediate process 
antibiotic for this type of process infection. Do you incur the 
time and cost of doing incoming inspection on the boards? 
Do you stop production when the process begins to produce 
defects? Then, what?  The ideal capability would be for the 
potential 01005 pad shifts to be automatically sensed and 
have automated process adjustments made to compensate 
for the offset.  This is the same strategy used by a placement 
machine when placing ultra fine pitch or micro BGA 
devices – after component pickup an upward camera 
determines the orientation of the part on the pick-up nozzle 
and a downward camera either uses a local fiducial or 
component pad to orientate in space the target pads on the 
circuit board. However, in the 01005 paste/pad example 
there must be communication between the printer (looking 
at the bare board pads, and the pick and placement machine, 
adjusting the 01005 placement coordinates to compensate 
for any bare board pad shift. These are examples of meta-
process control: the automatic adjustment during a 
production run, in real time, of the set point of one 
independent variable to compensate for variation that is 
automatically sensed in another independent variable. 
 
The Experiment to Determine the Need for Meta-
Process Control  
An experiment was designed to develop a strategy for 
minimizing yield loss when automating the assembly of 
components with tight process windows, and those that can 
have assignable causes introduced that are difficult or 
impractical to identify and remove during a production run. 
The objective of this experiment was to establish the 
preferable condition for an assignable cause such as a print 
offset caused by board fabrication variation – i.e., are reflow 
solder yields better if the component is placed on the board, 
based on the Gerber-programed design coordinates. This 
essentially creates the condition of having the components 
stay with the pads, but placed offset to the paste. Or, are 
reflow process yields better when the component target 
coordinates are shifted automatically during placement to 
have the components stay with the offset paste.     
 
The Test Board: Six test boards were used in the 
experiment. Each board had 200, standard 01005 pad sets. 
The array of 200 pad sets was divided into four quadrants. 
See Figure 5. Individual component locations were 
designated by row and column. See Figure 6. 
 
Basic 01005 process characterization has been previously 
done. [11] In this experiment board no. 1 and 6 had pads 
with an ENIG (Immersion Gold on electroless nickel) 
finish. The other four boards had pads with a hot air solder 
leveled (HASL) finish. No boards had solder mask-defined 
pads or solder mask between the two pads for a given 
component.  
 

The stencil was 0.08 mm (0.003 in.) thick stainless steel 
with a nano-coating. Apertures were 0.23 mm (0.009 in.), 
square.   

                                                                           y             
 
          Quadrant 1                        Quadrant 3                  x

 
        Quadrant 2                       Quadrant 4 
 
Figure 5. A Section of the 10x20 Test Board (Contains 
200, 01005 Components) – Quadrants Defined           
 
The paste was lead-free, Type 4.5 sphere size, with a no-
clean flux chemistry. The components were 01005 resistors. 
Table 1 provides a roadmap to address the confusion 
between English and metric generic component naming 
schemes. The table also provides the corresponding nominal 
length and width for the English and metric designations.  
 
Table 1. Passive Component Nomenclature / Dimensions 

Generic Package 
Type 

Nominal Dimensions for Passive Chip 
Components as a Function of Generic 

Package Type 
English Metric Length Width 

English 
(in) 

Metric 
(mm) 

English 
(in) 

Metric 
(mm) 

TBA 03015 .012 0.3 .006 0.15 
01005 0402 .016 0.4 .008 0.2 
0201 0603 .024 0.6 .012 0.3 
0402 1005 .039 1.0 .020 0.5 
0603 1608 .063 1.6 .031 0.8 
0805 2012 .079 2.0 .047 1.2 
1206 3216 .126 3.2 .063 1.6 

 
The Conditions of the Experiment  
The basic strategy was to utilize the left side of the test 
board (quadrants 1 & 2) for offsets of the paste alone. The 
right side of the test board (quadrants 3 & 4) was used to 
offset BOTH the paste and the components. An example of 
the initial conditions of one of the boards is shown in Figure 
7. The stencil-to-board registration for the condition is show 
as Figure 8. 
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The six boards were allocated as follows:  
 
Board 1 – Nominal paste print and component placement  
 
Board 2 – Quadrants 1 and 2: 50% “x” paste offset,  
                 no component placement offset  
              – Quadrants 3 and 4: 50% “x” paste offset  
                 50% component placement offset  
 
Board 3 – Quadrants 1 and 2: 75% “x” paste offset,  
                 no component placement offset  
              – Quadrants 3 and 4: 75% “x” paste offset and   
                 75% component placement offset  
 
Board 4 – Quadrants 1 and 2: 50% “y” paste offset,  
(Fig. 10)   no component placement offset  
              – Quadrants 3 and 4: 50% “y” paste offset and   
                 50% component placement offset  
 
Board 5 – Quadrants 1 and 2: 75% “y” paste offset and   
(Figs. 7,    no component placement offset  
8, & 9)  – Quadrants 3 and 4: 75% “x” paste offset and 
                 75% component placement offset  
 
Board 6 – Quadrants 1 and 2: 50% “x” and “y” paste offset    
(Figs. 13   with no component placement offset  
 & 14)   – Quadrants 3 and 4: 50% “x” and “y” paste offset  
                 with a 75% “x” and “y” component placement 
                 offset   

Figure 6. Test Board Component Location Designations  
 
 
 
 
 
 
                                            
 
 

 
 
 
 
 
 
 

 
Figure 7. 01005 Test Board Quadrant Conditions - Example: Board Number: 5 of 6 
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A Quadrant 1 
 
    • 75% “y” Paste Print Offset 
   
    • On-Pad Component Placement 
      (i.e., No Component Offset) 

Quadrant 3 
 
    • 75% “y” Paste Print Offset  
 
    • 75% “y” Component Offset   
 

B 

C 

D 

E 

F  
 
    • 75% “y” Paste Print Offset 
   
    • On-Pad Component Placement 
      (i.e., No Component Offset)  
 
 

Quadrant 2 

 
 
    • 75% “y” Paste Print Offset  
 
    • 75% “y” Component Offset   
 
 
 

Quadrant 4 

G 

H 

I 

J 
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Figure 8. Board No. 5: 75% Paste “y” Offset  
Showing Stencil-to-Board Registration on Printer  
 
Figure 9 is a photograph of board 5 prior to reflow showing 
sections of quadrant 1 (75% paste offset with no component 
offset) and quadrant 3 (75% paste offset AND 75% 
component offset),  
 
          75% Paste Print “y” Offset                        y 
                    On-Pad 01005 Placement 
      
                                                                                             x 
        Quadrant 1 

                          
                                                                             Quadrant 3  
                           75% Paste Print “y” Offset 
               75% 01005 “y” Placement Offset                                                                              
Figure 9. 75% Paste Offset / On-Pad & 75% Component 
Placement Offset, “y” Direction (Partial View: Board No. 5)  

Figure 10 shows an equivalent condition in the “x” direction 
(board no. 4). The boards were then reflow soldered in an 
in-line full-forced convection oven. A rapid ramp reflow 
temperature profile was used to prevent sphere oxidation of 
the small aperture solder paste prints. [12]  
 
                                                                                           y 
            75% Paste Print “x” Offset                X                
                                                                           
                                      On-Pad 01005 Placement   
Quadrant 2                        

 
Quadrant 4                                                                              
                         
                             75% 01005 “x” Placement Offset  
             75% Paste Print “x” Offset 
Figure 10. 75% Paste Offset / On-Pad & 75% Component 
Placement Offset in “x” Direction (Partial View: Board No. 
4 - Photo Rotated 90 degrees CW)  
 
Summary of Experiment Results  
The results clearly indicate that the process preference is to 
have the component placement stay with printed paste 
offsets. Boards 5 and 6 were examples of the most 
significant difference in component-to-paste shift 
conditions. These were 75% in paste-to-pad offset in “y” 
and a simultaneous 50% paste-to-pad offset in “x” and “y” 
respectively.  
 
Figure 11 shows quadrant 1 of board no. 5. Many defects 
are apparent (e.g., tombstones at locations A2, A8, C5, C10. 
Skewing at B5, B10 and many combinations of both 
skewing and tombstones). The component is effectively 
being pushed ahead by the melting paste. The solder is 
moving to cover the pad as it is drawn by the adhesive 
wetting forces. For extremely small components, even a 
relatively small print offset results in a significant 
percentage of uncovered pad. See Figure 4. Since there is 
relatively little contact between the component terminations 
and the paste, and the contact that does exist is uneven from 
one side of the component to the other, the unbalanced 
wetting forces cause tombstones and skewing. [13] This is 
similar to a surfer being too far ahead of the wave. The 
surfboard is pushed erratically with the breaking wave 
finally causing the surfer to wipe out (unless the surfer can 
ride inside the tube or shoot the curl).  
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Figure 11. Board No. 5, Quadrant 1  
(Locations Rows A-E, Columns 1-10), Post-reflow  
 
Figure 12 is a post-reflow photograph of quadrant 3, bd. no. 
5. The pre-reflow condition in this quadrant consisted of 
BOTH paste and component offsets. See Fig. 9. It can be 
observed that most components ended up with acceptable 
solder joints. As the paste went liquidus it was pulled to its 
pad. Since the components were centered in the offset paste 
during placement, they stayed with paste and were pulled on 
to the pads, as well - i.e., the surfer (01005 components) 
rode along on top (buoyed up: by Archimedes Principle) and 
stayed with the wave (as the solder wet across the pads, 
being driven by adhesive and cohesive forces), finally 
centering themselves on those pads (force equilibration).  
 

 
Figure 12. Board No. 5, Quadrant 3, Post-reflow 
(Locations Rows A-E, Columns 11-20) 

Fig. 13 is a screen shot of the stencil registration for part of 
quadrant 2 for board no. 6. On this board paste was offset by 
50% in both the “x and “y” directions (oblique offset case). 
The solder paste nominally covers only 25% of the pad area.  
 

 
Figure 13. Printer Screen Shot of 75% Oblique (“x” and “y) 
Paste Offset for Board No. 6 
 

 
Figure 14. Oblique, 50% Paste Offset in “x” and “y” for 
Board No. 6, Pre-reflow  
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Figure 14 is a photograph of the component placement 
comparison for board 6: quadrant 1 had a 50% “x” and “y” 
paste offset with no corresponding component offset, and 
quadrant 3 offset the component as well as the paste.  
 
Post-reflow results for the board were similar to board 5. 
The on-pad component placement condition in quadrants 1 
and 2 resulted in significantly more post-reflow defects than 
the on-paste component placement condition of quadrants 3 
and 4. Of the six boards processed in the experiment, this 
one exhibited paste print location variation that is most 
likely to occur in practice – i.e., small offsets in the x and y 
directions, concurrently.  
 
A summary of results for the six, 01005 component test 
boards is as follows -  
Board 1: This was the control board with nominal paste 
print and component placement. This board had no post- 
reflow solder defects and established the assembly process 
as sufficiently repeatable to continue with the experiment 
(Figure 5). 
Board 2: The board had a 50% “x” offset in paste-to-board 
registration. There was a negligible difference in post-
reflow defects in quadrants 1 and 2 (components aligned to 
pads) and quadrants 3 and 4 (components aligned to offset 
paste).  
Board 3:  The board had a 50% “y” offset in paste-to-board 
registration. There was a negligible difference in post-
reflow defects in quadrants 1 and 2 (components aligned to 
pads) and quadrants 3 and 4 (components aligned to offset 
paste).  
Board 4: The board had a 75% “x” offset in the paste-to-
board registration. There was a moderate increase in post- 
reflow defects in quadrants 1 and 2 (components aligned to 
pads) over quadrants 3 and 4 (components aligned to offset 
paste). See Figure 10.  
Board 5: The board had a 75% “y” offset in the paste-to-
board registration. There was a significant increase in post- 
reflow defects in quadrants 1 and 2 (components aligned to 
pads) over quadrants 3 and 4 (components aligned to offset 
paste). (See Figures 8, 9, 11 and 12.)  
Board 6: This board had both 50% paste offsets in “x” and 
“y” – the oblique offset case. See Figures 13 and 14. 
Post-reflow solder defects in quadrants 1 and 2 were on the 
order of those found on board 5 with relatively few found in 
quadrants 3 and 4.  
 
A SHORT DISCUSSION ON ORGANIZATIONAL 
STRUCTURE, OPERATIONAL STRUCTURE AND 
WORKFORCE SKILL LEVEL  
Organizations have evolved using what can be called a 
Henry Ford division of labor model. We have collected 
narrow, specialized, common skill sets into groups (e.g., 
business, procurement, mechanical engineers, electrical 
engineers, process engineers), then, organized the groups 
into departments (e.g., engineering, production, finance). 
This hierarchical structure creates the need for group 
leaders, section heads, department managers, directors and 
other indirect positions whose overhead costs bloat a 

manufacturing company’s labor rate. This cost burden is as 
significant to the ability of high labor rate electronic product 
assembly companies to compete with low labor rate regions 
as the direct labor rate itself.  
 
A reduction in direct labor content by automating the 
assembly process causes an ironic issue. Direct labor is used 
to absorb all non-direct labor costs to create a company’s 
labor sell rate. [14] When direct labor is reduced, the base 
used to absorb indirect labor, overhead and other non-direct 
labor costs is also reduced. Therefore, decreasing direct 
labor content must be accompanied by a decrease in non-
direct labor costs. This suggests that a dramatic 
organizational restructuring is in order. [15] 
 
The production operation for companies that assemble 
products in volume have evolved in a similar way. Whether 
it is cell phones, computers or automobiles, they use the 
Henry Ford assembly line at their core, i.e, low labor rate 
operators (unless there is a bargaining unit in place) to run 
the assembly line, technicians to troubleshoot the assembly 
line, industrial engineers to develop the processes for the 
assembly line, test engineers to test the products created by 
the assembly line and finally rework operators to fix the 
products that are not built correctly by the assembly line.  
 
Organized labor has promoted this stratification of the 
workforce. This strategy worked when labor was a high 
percentage of total labor cost (i.e., little automation) and the 
assembly process was not characterized by high tech 
automation equipment. This tradition should be challenged 
as well. Two groups can be used to replace the total 
electronic product assembly hierarchy and substantially 
reduce cost: the project team and a leadership group. Having 
a small group of high paid multi-skilled team members 
focused on successfully designing and assembling a 
customer’s product is more cost effective than the massive 
overhead-laden hierarchical organizations that have 
traditionally characterized our design and production 
operational structures. [16]  
 
Finally, our post-secondary schools have mimicked the 
hierarchal organizational and operational structures 
described above. They offer specialized technology and 
engineering programs that are narrowly based mostly in 
theory (learning for learning) without much regard for the 
skills required in the real world (learning for earning). 
 
This traditional academic approach must be dismantled and 
replaced by a system that creates individuals in the 
workforce whose skill sets are combined. Schools must 
produce a workforce of multi-skilled individuals and 
abandon the areas of specialization at the undergraduate 
level, i.e., mechanical, electrical, industrial, finance, 
economics, etc., replacing these degree programs with a 
B.S. in Applied Manufacturing Sciences, for example. 
Engineering is engineering whether it be mechanical or 
electrical. The difference is the part of the physics that is 
used. The sophisticated software that is available today 
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precludes the need for workforce skill specialization. 
However, an understanding of the theory or the science is 
critical, but not exclusively, and not at the expense of 
crucial real world skills. The most effective way to do 
achieve both is NOT to educate in one community and then 
send the educated to another community to work, but to 
educate in a real world environment i.e., Concurrent 
Education. [17] This holistic approach to high tech 
education is another important element leading to the 
creation of the most cost competitive environment for a high 
labor rate operation.  
 
CONCLUSION 
The results of this paper demonstrate that for certain 
applications designing for assembly automation has the 
potential to be an important element in a labor content 
reduction strategy. Reducing labor content is a way under 
certain conditions that assembly operations in high labor 
rate areas can compete with those in low labor rate areas. 
Several real world, high labor content, target opportunities 
were evaluated as candidates for designing for automation.  
 
However, this strategy will only be successful if the proper 
operational infrastructure is developed. This means utilizing 
proactive process control (PPC) to achieve true assembly 
yields of 99.5%. Reaching a level of 0.5% yield loss or 
better reduces labor cost in another way. Consider this: If a 
functional electrical test is being done as part of the 
assembly process, it makes no sense to also do an In-Circuit 
Test if the yield loss is only 0.5% - i.e., doing an ICT on 200 
circuit boards to find the one with a defect doesn’t pay back.  
 
For applications with extremely small process windows 
such as the 01005 components in the experiment, Meta 
Process Control has shown to be an important tool 
contributing to these low yield losses. MPC is an extension 
of PPC that automatically detects process variation for 
selected variables such as board pad locations AND auto-
compensates for this variation. In the case analyzed in this 
paper it was established that a system that can detect paste 
print offsets on a pad-by-pad basis, and then communicate 
this variation to the placement machine, automatically 
adjusting the 01005 component placement onto the offset 
paste, resulted in significantly higher assembly yields.  
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