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Abstract 

A robust product design can be characterized in many ways, but perhaps the most direct definition is the design that maximizes the 

profitability for the company while consistently meeting all of the expectations of the customer. For the mechanical specifications 

of the design “robust” typically means using the least expensive manufacturing processes available, processes that are most often 

associated with introducing the most part-to-part variation. The challenge for the successful engineer is thus to define part and 

assembly specifications which result in a quality product, as perceived by the customer, despite using manufacturing processes that 

may be considered to have less quality than their more expensive alternatives. 

 

While the objective of achieving a robust product design is rather straightforward, the actual detailed process for achieving it is 

more complicated. It involves a combination of skills including assembly engineering, statistics, an understanding of various 

manufacturing process and their associated costs, and a language for communicating the requirements to others that is seldom 

taught in engineering curriculums. It therefore comes as no surprise that different engineers with similar competency levels and 

background experience will still often arrive at significantly different design specifications when faced with a common set of 

objectives. Fortunately software tools are that can help standardize the process and hence drive different engineers towards more 

similar solutions are available. 

 

This paper reviews the primary steps needed to achieve a robust design using advanced software that combines the multiple 

disciplines required with a methodical, repeatable process.  Case studies of companies who have implemented these steps are 

presented with discussion of the lessons learned from these implementations.  

This paper (or a similar version) was presented in 2014 at the 13th CIRP Conference on Computer Aided Tolerancing in 

Hangezhou China and NAFEMS in Colorado Spring, CO. 

© 2014 Chris Wilkes, Sigmetrix LLC.  
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1. Introduction
a
 

Available software tools can help standardize the process of 

creating a robust product design.  Taguchi defines Product 

Robustness as “The ability of the product to perform 

consistently as design with minimal effect from changes in 

uncontrollable operating influences” (1). 

In this paper, the primary sources of variation and the steps 

necessary to secure a robust product design will be discussed.  

Specific case studies are addressed that implement these steps 

in creating a robust product design. 

 

 

2.0. Sources of Variation 

What Taguchi identified as ‘uncontrollable operating 

influences’ can also be called sources of variation.  Figure (1) 

below lists some of the primary sources of variation. 

 

 

Fig. 1. Sources of Variation 

 

2.1. Material Properties 

Choosing materials is a fundamental part of design.  Input 

from marketing, production, quality and other departments 

have a major impact on the material of choice.  But each 

material reacts differently to external forces.  Mold cooling 

time can impact the integrity of plastics, density can impact 

flexibility.  All of these sources of variation needs to be 

understood and managed in order to have a robust design. 

 

* Corresponding author. Tel.: +001 972-542-7517; fax +001 972-542-7520 

.    E-mail address: chris@sigmetrix.com 

2.2 Applied Forces 

Almost all products are subjected to some external force. At 

a minimum they will be subjected to the force of gravity. Most 

will also have some form of dynamic forces applied, whether 

from the user of the product,  interaction with other systems, 

environmental forces, etc. Typically designs are analyzed 

using expected worst-case applied forces along with 

engineering factors of safety to insure they will always 

perform as expected, but dynamic loading over time creates 

fatigue that is more difficult to predict.  

2.3. Temperature 

Temperature fluctuations influence almost all other material 

properties. In addition to causing dimension changes, 

properties such as brittleness, thermal conductance, electrical 

conductivity, pressure of a gas, chemical reaction time, etc. all 

change as the operating temperature fluctuates. Design 

nominal at ambient temperature must take into account such 

changes if the standard operational temperatures are higher or 

lower. . 

 

2.4. Environmental 

Electrical, water, wind and other environmental elements 

alter the physical properties of materials. In addition to the 

impact changes in the environment have on the applied forces 

and temperatures, they can also lead to varying rates of 

corrosion that impact the material properties and often lead to 

premature failure.   Managing for this variation is required due 

to the impact such variation can have on the robustness of the 

product. For example, material selection to avoid galvanic 

corrosion is a top priority when designing for salt-water 

environments. 

 

2.5. Assembly Method 

  Changes in the method or sequence of assembly can alter 

how the part variation impacts the position and orientation 

between the parts. When problems occur due to different 

people using different techniques to assembly the parts 

troubleshooting the root cause can be very difficult. Also 

important is trying to prevent parts from being assembled 

incorrectly, such as inserting a battery the wrong way, or at a 
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minimum insuring that such mistakes don’t lead to safety 

issues or equipment failures. 

 

2.6. Kinematic Effects 

Many assemblies contain parts aligned using feature of 

size, such as alignment pin inserting into holes and slots. 

Kinematic variation occurs due to motion between parts 

resulting from clearances required for assembly. Of course 

products with moving parts will need to be examined at 

multiple positions throughout the range of motion to insure 

they will perform as designed. 

 

2.7. Manufacturing Processes 

For any given part type and desired material there are 

numerous manufacturing options. Increased accuracy and 

precision on dimensional characteristics of the part result in 

higher costs, so the challenge of the engineer is to select the 

most accurate and precise method required for the design 

through the definition of the least restrictive tolerances 

possible. Ideally acceptable assembly-level variation should be 

distributed to part-level dimensions so that cost is optimized 

through the use of the overall least expensive set of 

manufacturing processes possible. To do this effectively 

requires evaluation of the assembly requirements; it cannot be 

done solely using part by part analysis. 

 

3.0. Six Steps to Robust Designs 

There are six (6) primary steps to achieving a robust design.  

They are: 

1. Identify the requirements 

2. Create conceptual design (often several) 

3. Identify critical functional features  

4. Understand sources of variation 

a. Forces 

b. Thermal 

c. Manufacturing and Assembly methods 

d. Etc. 

5. Iterate changes in design 

a. Nominal  

b. Tolerances 

6. Document assembly and part requirements 

 

3.1. Identify the Requirements 

Requirements for a design come from many sources.  For 

many companies, requirements are initially provided by 

market research such as a new product to fulfill an identified 

market need.  The choice of materials is often based on cost or 

a specific look and feel of a product rather than just the 

material properties required for strength or flexibility. 

Customers provide direct feedback based on use of a 

product in either the intended method or by using the product 

in ways not thought of by the designers. 

Prior products are one of the largest sources of design 

requirements. Completely new products are rare compared to 

the many iterative changes that occur with existing products.  

Experience gained from manufacturing data provides direct 

input to the new product design. 

Manufacturing may influence the design requirements by 

addressing the cost of different manufacturing methods or the 

ability to hold certain design specifications and tolerances. 

Finally, various regulatory requirements and existing 

standards impact design specifications.  Federal, regional, 

local and specialized government agencies can directly impact 

overall design.  Standards committees and industry 

associations also provide guidance that can impact design 

requirements. 

 

3.2. Create Conceptual Design 

Conceptual Design creation is the first stage in the 

interpretation of the requirements into a representation of the 

new product. The conceptual design can be drawn on paper or 

white board or inside a CAD system as a 2D sketch or a solid 

model.  It is often helpful to consider several different 

alternatives with different permissible ranges of important 

components of the design. Evaluating the characteristics of 

these optional approaches will allow the exploration of how 

sensitive each is on the important functional requirements. 
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Fig. 2. Conceptual Design of an oven 

Eventually, the concept design needs to be created in a 

CAD system.  During this stage, a review of basic tolerance 

assumptions can occur.   

 

3.3. Identify Critical Functional Features 

The progression from a conceptual design to detailed 

design begins with the identification of the critical function 

features.  Many features are cosmetic in nature, such as the 

roundness of a door handle.  But the critical functional features 

would include the hole where a spring attaches, or the gear 

surfaces that interact with each other.   

In this example, a simple locking mechanism is shown in 

the whole parts: 

 

 

 
 

Fig. 3. Solid model of a locking mechanism 

As the critical functional features are identified, the 

representation of the assembly looks more like this: 

 

 

 

Fig. 4. Critical Surfaces of a locking mechanism 

Surfaces such as the pin’s outer surface that touches a hole, 

or the inner surface of a whole that surrounds a pin are 

highlighted. 

 

After the critical functions are identified, equations can be 

used to translate the model into a mathematical representation 

of the surfaces.  For a pin in a hole, the equations would be: 

 

 

 

 

 

 

 

 

 

 

 

 

 

The translation into mathematical representation leaves a 

visual of the model that looks more like this: 
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Fig. 5. Visualization of equations of a locking mechanism 

3.4. Understanding Impact of Sources of Variation 

Each of the sources of variation may or may not have a 

material impact on a particular product when that product is 

used as designed.  Thermal variation in an interior door lock is 

certainly less of an issue than one for an external door lock in 

freezing environments. 

 

If we look at a simple example of an oven design, a basic 

thermal analysis would look like this: 

 

Heat is evenly distributed through the door with the highest 

temperature centered on the glass viewing area.  

A study of manufacturing variations turns into a review of 

tolerances.  Highly complex tolerance analysis software exists 

to determine worst case and statistical results.  Advanced 

mathematics, or Monte Carlo experiments are employed 

within these packages to determine the statistical probabilities 

of the variations. 

 

Fig. 6. Normal heat distribution on an oven door 

But when the manufacturing variations are taken into 

account for the thermal analysis, the results can be dramatic.  

In the case of the oven below, the lower hinges were aligned at 

the worst case for allowable variation and the flatness was 

adjusted for its worst case variation.  

The combined result is a leaking of heat from the oven and 

a temperature increase on the handle of the oven door that is 

beyond the acceptable range defined in the requirements. 

 

 
 
Fig. 7. Leaking heat distribution in an oven door 

3.5. Iterate Changes in Design 

Clearly the new situation with the temperatures of the 

handle of the oven is unacceptable.  To correct this, an 

iterative process is required to look at how to change the 

design.  Through the use of the analysis software, contribution 

and sensitivity plots can be provided to assist in understanding 

which measurements to adjust and by how much in order to 

increase the robustness of the design.  Such a plot is shown 

here: 

 

 
 

Fig. 8. Sensitivity Plot 

 



6 Expanding Tolerance Analysis for a Robust Product Design 

 

  

 

 

                                                       |    www.sigmetrix.com 

 

Cost of materials and manufacturing plays an important 

role as the design is altered.  Often, it is necessary to review 

the original requirements given the new information 

discovered during the iterative process.   

Changes in the tolerance are often an early step in 

adjustments to a design.  However, when a design is reviewed 

using analysis software, an engineer may be able to determine 

that changes in a nominal measurement will increase 

robustness without prior to adjust tolerance which can increase 

the overall costs. 

In the example below, a shift in the nominal of a 

measurement increases the yield from 2.2% to 87.8% 

 

 

 

 

 

 

 

 

 
Fig. 9. Before Adjustments Distribution 

 

 

 

 

 

 

 

 

 

 

 
Fig. 10. After Nominal Adjustments 

 

Further adjustments in the tolerance value result in a further 

increase in the yield to a desired result for this example of 

99.9%.  

 

 

 

 

 

 

 

 
Fig. 11. After tolerance adjustments 

 

Of course, the changes in the tolerance values may result in 

a requirement for more expensive manufacturing processes, 

which could exceed the original product requirements.  

Therefore, changes in requirements may be necessary and 

creativity on the part of the engineer to solve complex 

problems in necessary. 

3.6. Document Assembly and Part Requirements 

Documentation of the assembly and part requirements is 

necessary to communicate the design intent.  Industry 

standards for Geometric Dimensioning and Tolerancing are 

used in both the 3D models and the 2D drawings as shown in 

the example below. 

 

 

Fig. 12. Documentation Example 

4.0. Case Study – Engine Cylinder Head 

An engine cylinder head is a complex assembly with many 

precision fits and many sources of variations.  Temperatures 

can vary by hundreds of degrees, dust and particles can 

interfere with movement, wear occurs over time, and 

variations occur during the manufacturing of the components.  

With such a highly interactive system tolerance chains can be 

complex, and requirements critical.  In this case study, we 

review the method of creating a robust design by managing 

tolerances to adjust for the wide variety of variations. 

4.1 Valve Tappet Clearance 

One example of a critical requirement is the tappet 

clearance, or valve lash, which is the gap between the top of 

the valve train and cam (Fig. 4.1). Its purpose is to allow for 

thermal expansion of the valve train as the engine warms to 

operating temperature. If insufficient clearance exists in the 

engine when cold, the valve may  not fully close after the 

engine warms up, or even worse mechanical failure of the 

parts may occur. If the clearance is too large, the engine will 

0.23 
shift 

require
d 

2.2%  

Yield 

87.8 %  

Yield 

99.9 %  

Yield 
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not operate at peak performance as the timing of the opening 

and closing of the valves will be off. Furthermore, the impact 

between the cam and top of the tappet may also lead to long-

term damage if left unadjusted.  

Over time mechanical wear causes an increase of tappet 

clearance, a situation usually characterized by a ticking sound 

in the engine. As this happens the thickness of shims between 

the tappet and the valve stem must be “adjusted” through the 

use of larger shims. 

 

 

 

 

 

 

 

 

 

 

Fig. 13 (a) Tappet Clearance Drawing (b) Shim photo 

4.2 Measurement of Space for Tappet Shim 

The desired tappet clearance is generally between 0.15 mm 

and 0.20mm, or a total tolerance range of 0.05mm for both 

intake and exhaust systems. Meeting these requirements 

necessitates many different thicknesses of shims to be 

provided for the clearance adjustment (Fig.14). A tolerance 

analysis can determine the cost effective range of shim 

thicknesses expected to be needed. 

 

 

 

 

 

 

 

 

Fig. 14. Tappet Clearance Drawing 

 

4.3 Build Simulation Models 

To accurately predict what will happen during 

manufacturing the tolerance analysis solution must account for 

the effects of part imperfections between interfacing parts. 

Such evaluations often highlight conditional constraints when 

one group of features are controlling part interaction in some 

instances and another completely difference set of features 

control the interaction in other scenarios. Such situations are 

typically avoided as it makes troubleshooting either during 

manufacturing or in the field much more difficult. 

One must also consider how clearances between controlling 

features, such as shaft in bearings, will be treated within the 

analyses. In some cases there is a bias of location and 

orientation (e.g. tangential contact due to gravity). In other 

cases the solution should assume that the position of such parts 

is completely random.  

Some of typical joints between the camshaft and the tops of 

the valves would be as follows (Fig. 15), 

 

 

 

 

 

 

Fig. 15. Typical Joints (a) Concentric (b) Tangent (c) Coaxial (d) Point 

4.4 Dimensional Network 

The three-dimensional network (chains) is a graph showing 

parts connected to each other by joints and which links those 

relevant features with dimensions and tolerances (Fig. 16). It 

can be used to verify the modeled relationship of the parts and 

features to each other. It is the 3D equivalent of the vector 

loop diagram common to 1D tolerance studies. 

 

 

 

 

 

 

 

 

 

Fig. 16. Three-dimensional network graph 

 

4.5 Tolerance Assessment 

To improve the design based on the results of the analysis 

the engineer should consider many factors including the 

centering of the nominal analysis results within the required 

Tappet 

clearance 

Shim 
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functional limits, the dimensions contributing the most to the 

current overall variation of the functional requirement, and the 

impact that changing a dimensional value will have on the 

functional requirement (i.e. the sensitivity of the result to each 

dimension). When trying to optimize the allocation of 

permissible variation of the functional requirement to each of 

the contributing dimensions the engineer should also have an 

understanding of the statistical capabilities of the various 

manufacturing processes available as well as high-level 

understanding of the relative cost differences. Typical sources 

of such information include published industry references, 

internal recommended tolerance databases gathered from 

process capability studies, or from experienced manufacturing 

personnel.  

This case study shows the top three tolerance contributors 

are: tolerances of (1) Distance of the top to the seating face on 

valve. (2) Camshaft bore location on head. (3a) Counter bore 

depth of shim on tappet. (3b) Depth of valve seat machining. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 17. Contribution graph 

 

4.6 Critical Dimensions Management 

The sensitivity chart (Fig. 18) below shows the top five 

most sensitive dimensions including: (1) Distance between top 

face and seating face on valve. (2) Distance between camshaft 

bore and mating face of valve seat on head. (3) Profile of base 

circle on cam. (4) Distance between top face and mating face 

of shim on tappet. (5) Location of seating face on valve seat. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 18. Sensitivity Graph 

If the precision or Cp is good, but accuracy or Cpk is not, 

the engineer should shift the nominal value looking first at the 

most sensitive dimensions to get the most impact for the least 

amount of design change. (Fig19). In this study, decrease “(1) 

the distance between top face and seating face on valve” by 

0.1mm, then shift the nominal value by 0.1mm because of its 

sensitivity            -1.0 mm/mm. 

 

 

 

 

 

 

 

 

 

 

Fig. 12. Nominal Shift Example 
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4.7 Result 

The precision of the analysis measurement could be helpful 

to make a cost-saving decision with more confidence. 

In this study, the engineer should apply tighter tolerances to 

the top contributors. Doing so could reduce the variation by 

35%. This means the number of the tappet shims required to 

be produced and maintained in inventories could be reduced 

by 35%. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 20. Tolerance Adjustments 

5.0. Summary 

Robust design is a multi-discipline process that has been 

made substantially easier and more effective with the modern 

software tools available.  The steps outlined in this paper are 

fundamental to a robust design and if followed, can help 

engineers design products that are more capable of sustaining 

the impact of the many sources of variations. 
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