
         Preface  

  Large or complex design problems often require specialized knowledge from many dif-
ferent fields. Several designers, each with specific core competencies, interact in the 
design process. During the conceptual phase of the design life cycle, emphasis is mainly 
focused on establishing the requirements and their proper interaction. The need for 
integration continues when the design enters the preliminary and detail design phases. 
Figure  P.1  illustrates the scope of the design process for any complex system.  

 In the virtual, integrated, concurrent design environment, designers interact by 
sharing information and reaching agreements. By considering proper integration 
and interaction from the beginning, the problems with the final integration of activi-
ties will be significantly reduced. 

 The surge of the information technology, especially the Internet, provides the 
infrastructure necessary for an integrated and distributed engineering environment. 
In this environment, teams of engineers from different parts of organizations could 
collaborate together toward design, development, and integration. The virtual prod-
uct design and integration environment would require the collaboration from differ-
ent teams and functions involved throughout the product life cycle. This environment 
would require tools that are used for sharing information and knowledge in order 
to reach an understanding which would contribute to a design which satisfies the 
customer needs. This environment also provides the means necessary to share tools 
that are colocated and geographically dispersed. 

 The distributed environment is highly heterogeneous, where designers, engineers, 
resources, and models are distributed and not centralized in one location, and groups 
within the company work together across the computer network. In this environment, 
many interrelated design decisions are being made in order to meet the objectives. 
Functions within companies may include design, manufacturing, cost, and life cycle 
considerations. A collaborative and integrated environment would provide the neces-
sary insight and tools to the designers to quickly construct and reconstruct models of 
complex products and to evaluate, optimize, and select the better alternative designs. 
This distributed design environment facilitates the collaborative development of mod-
els and exchange of design information and knowledge. 

 Collaborative engineering (CE) is the systematic approach to the integrated, 
concurrent design of products and related processes, including manufacturing, 
product service, and support. This approach is intended to cause developers to consider 
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all elements of the product life cycle from conception through disposal, including 
quality, cost, schedule, and user requirements. The objective of CE is to reduce the 
development cycle time through a better integration of resources, activities, and 
processes. This book offers insights into the methods and techniques that enable 
implementing a CE concept on product design by integrating capabilities for intel-
ligent information support and group decision-making utilizing a common enter-
prise network model and knowledge interface. The book is a collection of the latest 
applied methods and technology from selected experts in this area. It is developed 
to serve as a resource for both researcher and practitioners. It offers the following:

   1.    Latest research results in CE.  
   2.    Collection of materials from experts in selected topics.  
   3.    Applied methods developed in the field of CE.  
   4.    CE with the emphasis on product design.  
   5.    Discussion on the need and solutions for new engineering paradigm and philoso-

phy required for CE, including the IT infrastructure.  
   6.    Principles and applications of the collaborative environment.  

    In Chap. 1, Kamrani discusses the requirement for an open and collaborative 
manufacturing environment. Technologies to support product life cycles and suita-
ble methodologies, tools, and techniques will be the focus of this chapter. In Chap. 2, 
Kamrani and Vijian provide a discussion on template-based integrated product 
development life cycle. General guideline for design of a template-based system for 
integrated design is outlined and a case study for design of electrical motor is pro-
vided. In Chap. 3, Feng describes the concept of Six Sigma as a methodology to 
manage process variations that cause defects, defined as unacceptable deviation 
from the mean or target; and to systematically work toward managing variation to 
eliminate those defects. Also, statistical methods for quality improvement, such as 
statistical models, control charts, process capability, process experimentation, 
model building, and the evaluation of measurement processes, are discussed. 
Supply chain workflow modeling using ontologies is presented by Chandra in 
Chap. 4. One of the primary objectives of supply chain information support system 
is to develop conceptual design of organizational and process knowledge models 
which facilitate optimal supply chain management. Data mining (DM) as a process 
of automatically searching large volumes of data for patterns recognitions is pre-
sented by Kamrani and Gonzalez in Chap. 5. DM is a fairly recent and contempo-
rary topic in computer science. However, DM applies many computational 
techniques which are explained in this chapter. A step-by-step methodology for 
DM is presented in this chapter. Chapter 6 by Nasr and Kamrani provides an over-
view of intelligent design and manufacturing (CAD/CAM), the most important 
reasons of using CAD systems in the manufacturing environment, computer-inte-
grated manufacturing (CIM), the implementation of automation in the production 
organization, the role of CAD/CAM systems in the manufacturing facility, the 
CAM cycle in a feature-based design environment, and different types of features. 
Moreover, this chapter provides a methodology for feature analysis and extraction 
of prismatic parts for CAM applications is developed and presented. This approach 
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aims to achieve the integration between CAD and CAM. Simulation and optimiza-
tion are clearly two of the most widely implemented operation research and man-
agement science techniques in practice, although several obstacles have limited the 
acceptance and application of integrated simulation and optimization techniques. In 
Chap. 7, Asiabanpour, Mokhtar, and Houshman provide a discussion of rapid man-
ufacturing as a technique for manufacturing solid objects by the sequential delivery 
of energy and/or material to specified points in space to produce that solid. Current 
practice is to control the manufacturing process by computer using a mathematical 
model created with the aid of a computer. Also, this chapter discusses the large 
advantage of rapid manufacturing in speed and cost overhead compared to alterna-
tive polymer or metal manufacturing techniques such as powder metallurgy manu-
facturing or die casting. Moreover, in this chapter, rapid manufacturing as an 
application of solid freeform fabrication for direct manufacturing of goods is 
addressed. Unlike methods such as computer numerical control (CNC)  milling, 
these techniques allow the fabricated parts to be of high geometric complexity. In 
Chap. 8, Assavapokee and Mourtada introduce the basic concept of simulation-
based optimization and illustrate its usefulness and applicability for generating the 
manpower planning of airline’s cargo service call center. Because of the continuous 
increase in oil prices, and combined with many other factors, the airline industry is 
currently facing new challenges to keep its customers satisfied. In this work, rein-
forcement learning (RL) and Markov decision process (MDP) are utilized to build 
and solve the mathematical model to determine the appropriate staffing policy at 
the airline’s cargo service call center. 

 A robot is a mechanical device that sometimes resembles a human and is capable 
of performing a variety of often complex human tasks on command or by being pro-
grammed in advance. Robotics of the years has seen an immense growth both tech-
nologically and otherwise. The recent advances in the manufacturing processes have 
necessitated the need to enable robots to be more autonomous. Autonomy simply 
means the ability of the robot to be independent, that is, intelligent. It should be 
understood that the mimicking of human intelligence and neural function is a rela-
tively nascent research area and has significant strides to overcome in order to achieve 
this. Chapter 9 by Ibekwe and Kamrani discusses topics related to the design of an 
autonomous robot. Comprehensive discussion of the modular design, including types 
of modularity, the characteristics of modular systems, and the development of modu-
lar and reconfigurable manufacturing systems, is provided in Chap. 10. In this chap-
ter, Salhieh and Kamrani present a new network-based solution methodology for 
solving the problem of modularity and classification. Complexity within the manu-
facturing system comes from the variability and uncertainty in the manufacturing 
system and from the dynamic nature of the manufacturing environment which 
increases the number of decisions that need to be made with the difficulty to predict 
the future response (outcomes) of these decisions. The uncertainty reason can be rep-
resented by market demand, product life cycle on the macro scale to tool wear, 
machine/component breakdown on the micro scale. Variability covers the stochastic 
nature of manufacturing such as operator performance, work material properties, 
process repeatability, and supply reliability. The basic elements of the complexity are 
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the absolute quantity of information, the diversity of the information, and the infor-
mation content. The ability of a production line to produce a product mix requires 
shop floor monitoring, and information flow giving the required position of the prod-
uct and the parts for each stage in the production line. A topic related to complexity 
within the manufacturing system is presented in Chap. 11 by Kamrani and Adat. 
A simulation-based methodology is presented in order to mitigate the risks associated 
with manufacturing complexity. Agile manufacturing systems (AMS) will be consid-
ered as the next industrial revolution. They are manufacturing and/or management 
philosophies that integrate the available technology, people, manufacturing strategies, 
and management systems. Although agility is the set of capabilities and competences 
that the manufacturing firms need to thrive and prosper in a continuously changing 
and unpredictable business environment, measuring the level of agility in these firms 
is still unexplored according to the capabilities and competences. In Chap. 12, Garbie, 
Parsaei, and Leep present a new solution methodology for manufacturing cell design 
and analysis. 

 I thank all my students and other colleagues who participated in this project. I 
also thank my student Mr. Henry Ibekwe for assisting me in formatting this book. 
Without his assistance this project would not have been possible. I also thank 
Springer Publishing (US) for giving us the opportunity to fulfill this project. 

 Ali K. Kamrani        



        Chapter 2  
 Template-Based Integrated Design: 
A Case Study 

        Ali K.   Kamrani1      and  Abhay   Vijayan2     

   Abstract    This chapter discusses the application of concurrent engineering principles 
in the product development phase to achieve maximum cost reduction by foreseeing 
the manufacturability constraints and solving perceived problems beforehand in 
the concept-generation phase itself. This would entail integrating the different 
phases, namely, design calculation, computer-aided design, and process planning. 
This design methodology is applied to the process of shaft design and bearing 
selection in the product development phase of a motor. The design calculations 
include a force analysis and also bearing life calculations. The output from these 
design calculations is used to develop drawings in integrated design and engineering 
analysis software (I-DEAS). These designs are then used to carry out a time and 
cost analysis.   

   2.1 Introduction 

  The increased globalization of the manufacturing industry opened up new markets 
with varying customer requirements and also increased competition with more 
number of companies by introducing low-cost products. This caused an acceleration 
in the rate of product change which forced engineers and managers to respond with 
products having lower cost, better quality, and shorter development times. As a 
result, companies started reinventing their product development methodologies. 
One of the areas that have gained importance due to this is concurrent engineering. 
Concurrent engineering techniques have gained wide acceptance in the high volume 
manufacturing companies such as automotive and consumer electronics markets. It 
has also gained importance in the low volume, high innovation industry of aerospace. 
Concurrent engineering is defined as an integrated and systematic approach to the 
design of products and their related processes, including manufacture and support. 

1   Associate Professor, Department of Industrial Engineering ,  University of Houston ,  Houston , 
 Texas   77004  

2   Department of Industrial Engineering,   University of Houston ,  Houston ,  Texas   77004  

A.K. Kamrani, E.S. Abouel Nasr (eds.) Collaborative Engineering: Theory and Practice, 19
doi: 10.2007/ 978-0-387-47321-5, © Springer Science + Business Media, LLC 2008
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This approach causes designers to consider the whole product life cycle from 
conception through disposal while selecting a design [ 22 ]. One of the main reasons 
for concurrent engineering to gain broad acceptance was its impact on time. 
Second, it got the manufacturing and marketing departments involved early in the 
product development process. This enabled them to influence the design and obtain 
a cost-effective and high performance product. It also made full use of latest 
advances in information technology to develop libraries with complex accumulations 
of detailed design. Because of this, knowledge gained during the development of 
one product could be passed on to subsequent product developments [ 20 ].  

  2.2 Problem Description 

  Any manufacturing process starts with the product development phase. In a sequential 
engineering approach the design process and the actual manufacturing are considered 
as mutually independent. The design department develops a product depending on 
the customer requirements and design constraints and provides engineering drawings 
to manufacturing. Here the design department does not take into consideration the 
manufacturing capabilities and the process limitations on the shop floor. The manu-
facturing department then carries out a manufacturability analysis of the design and 
returns it back to the design section with a list of manufacturing concerns. Here 
each department passes the design or drawings back and forth until they achieve 
functional success. In the concurrent engineering approach, this back and forth 
movement of drawings is completely eliminated since manufacturability concerns 
are addressed in the design phase itself. 

 Once the design is finalized, resources have to be assigned for manufacturing the 
product. This is carried out in the process planning phase. In a manual process 
planning environment, each process plan reflects primarily the experience and 
skills of the individual process planner; hence it is difficult to maintain consistency 
and discipline in the planning process [ 5 ]. It also acts as a significant break in the 
automated flow of data from CAD to CAM. Hence it is necessary to automate process 
planning along with the design phase and allow smooth integration of the two. 
Advances in information technology and increase in the processing speed of 
computers help to develop libraries which contain all the data required for manufac-
turing. This also eliminates the need to develop a new process plan from scratch if 
a similar product component has already been manufactured.  

  2.3 Problem Solution 

  Modifications made to the product in the design phase have maximum impact on 
the cost and functionality of the product [ 15 ]. Hence, we would be concentrating 
on applying concurrent engineering principles in the product development stage 
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and thus achieve maximum cost reduction by foreseeing the manufacturability 
constraints and solving perceived problems beforehand in the concept-generation 
phase itself. 

 In an integrated CAD/CAM environment, parts are detailed using a computer 
graphics system. The system stores the geometric information necessary to 
create process plans. These process plans determine the machining processes, 
tools, and machines required to convert a part from its initial form to the desired 
form. To apply this methodology, we have to interlink the different phases of the 
manufacturing process. The template-based system can be divided into three 
different parts:

   1.    Design calculations.   
  2.    Drafting.   
  3.    Process planning.     

 The system schema is illustrated in Fig.  2.1 . The user requirements are analyzed 
and converted into input parameters for the design calculation phase. The output 
from the design calculations is utilized as the control parameters for selecting fea-
sible drawings from the CAD system. The process planning module uses the CAD 
data and then generates route sheets as well as a cost analysis of feasible designs. 
This enables the designer to study the impact on the design on the basis of cost and 
manufacturing capability.  

 The template-based design methodology is used for the bearing selection and 
shaft design process of an electric motor. The input parameters are speed, power of 
motor, and also the minimum life of bearing required. This information is then used 
to obtain the parameters for CAD models. The CAD modeler then returns feasible 
part drawings which act as the input to the process planning phase. The process 
planning module prepares the route sheet and carries out a time and cost analysis 
for different feasible part drawings and returns it to the user.  

Part
Drawing

Control
Parameters

CAD

Drawing
Templates

User
Interface

Input parameters
Process Plan
(Route Sheet)

Computer Aided
Process Planning

Process
Templates

  Fig. 2.1    Basic system schema       
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  2.4 Electric Motor 

  An electric motor converts electrical energy to mechanical energy. Alternating 
current motors are classified into polyphase synchronous motor, and single-phase 
or polyphase induction (asynchronous) motors. In polyphase synchronous motors, 
magnetic field associated with the rotor results from a rotor winding (electric field) 
excited by direct current via slip rings or from permanent magnets on the rotor 
structure. In single-phase or polyphase induction motors, the rotor magnetic field is 
created by electromagnetic induction effects [ 9 ]. There are two common features 
for all types of motors. The first feature is that, for an average torque to be 
produced, magnetic fields of the stator and the rotor must be stationary with respect 
to each other. The second feature is, for a specific rotor length, air gap diameter, 
and speed, there is a maximum average power output rating. 

 In induction motors, power is transferred from the stationary part (stator) to the 
rotating part (rotor) [ 10 ]. The stator is made of a stack of steel laminations with 
insulated slots opening to the inside diameter and holding stator coils or windings. 
The rotor is also made up of slotted steel laminations. The rotor conductors and end 
rings are formed using a die cast process. The rotor stack length is approximately 
equal to the length of the stator stack and its outside diameter is smaller than the 
inside diameter of the stator packet by twice the air gap. This rotor packet is fitted 
on the shaft. The shaft is supported on the bearings. The end of the shaft where the 
power is transferred through a pulley or coupler is called the drive end. The other 
end is called the nondrive end. An external fan is mounted on the nondrive end of 
the shaft for external cooling. 

 The proposed design methodology is applied to bearing selection and shaft 
design of electric motors. The inputs to design calculations are speed, power of the 
motor, type of drive, and minimum life of bearing required. This information is 
used to calculate and select the minimum diameter of shaft drive end and also to 
select the bearings required. Dimensions of the bearings and shaft extension dimensions 
are then used as the control parameters for CAD template retrieval. The process 
planning module then carries out a cost analysis for the modified product and 
returns the minimum cost machine to the user.  

  2.5 Design Calculations 

  Power ( P ) and speed ( N ) are inputs to the design calculation process. The torque 
( T ) acting on the shaft is given by 

     T
(Nm)

 = [1000 × 60 × (P
(kW)

/N
(rpm)

)]/(2p)    (2.1)  

 The tangential force ( F  
t
 ) is calculated as

     F
t(N)

 = [T
(Nm)

/(D
(m)

/2)]    (2.2) 
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 where  D  is the nominal diameter of the pulley or the coupler [ 16 ]. 
 Based on the types of transmission, the radial force ( F  r ) and the axial force ( F  a ) 

acting on the shaft at the point of mounting is determined [ 21 ]. Forces generated at 
the elements mounted on the shaft produce bending moments and the power trans-
mitted produces shearing stresses. A shaft force analysis is then carried out for the 
section at which transmission element is mounted. This analysis includes both the 
maximum shear stress theory and the distortion energy theory [ 14 ]. 

 The stresses acting on the surface of a solid shaft are given as follows: 

     s
x
 = 32M/pd3 + 4F/p d2  (2.3) 

     t
xy 

=
 
16T/pd3   (2.4) 

 Assuming that the axial force produces the same kind of stress as the bending moment,

     τ
max

 = (2/pd3)[(8M + Fd)2 + (8T)2]0.5   (2.5)       

   s' = (4/pd3)[(8M + Fd)2 + 48T 2]0.5  (2.6) 

 From the maximum shear stress theory, the allowable shear stress is given by 

     τ
all

 = S
y
/2n   (2.7) 

 From the distortion energy theory, the normal stress is given by

     s'
all

 = S
y
/n  (2.8)  

where  d  – diameter of the shaft;  F  – axial force;  M  – bending moment;  n  – factor 
of safety;  S  y  – yield strength;  T  – twisting moment; τ   

max
  – maximum shear stress; 

  s'– normal stress;  τ  
all

  – allowable shear stress; and  s'  
all

  – allowable normal stress. 
 The factor of safety for maximum shear stress is taken as 1.5 and for maximum 

normal stress is taken as 2. The material used for the shaft is alloy steel C1045 with 
density 7830 kg/m 3 , whose allowable shear stress is equal to 60 kpsi and allowable nor-
mal stress is 92.5 kpsi [ 7 ]. Equating  τ  

max
  with  τ  

all
  and  s'  with  s'  

all
 , the minimum required 

diameter of shaft extension is calculated. The shaft is primarily supported at the bear-
ings. Elements mounted on the shaft include the rotor and the transmission device. 
A free body analysis of this shaft is carried out and the radial and axial forces acting on 
the bearings determined. A search heuristic is developed to select all the feasible com-
binations of bearings from the bearing database that will provide the required life. The 
process retrieves the bearing dimensions for each bearing and its associated cost. The 
bearings considered are deep groove ball bearings and roller bearings. The length and 
diameter of the bearing seat would be the same as the inner diameter and width of bear-
ings used. The power and speed required for the application determine the electrical 
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design of stator and rotor. A database of electrical specifications is created which con-
tains the rotor packet dimensions and its corresponding weight for each combination 
of power and speed.  

  2.6 CAD Modeler 

  Integrated design and engineering analysis software (I-DEAS) is used to generate 
and store shaft design templates. The shaft consists of the drive end and nondrive 
end shaft extensions, the drive end and nondrive end bearing seats, and the rotor 
packet seat. The different dimensions of the shaft are obtained from the design 
calculations. They include the minimum shaft extension and bearing seat dimen-
sions. The rotor seat dimension is obtained from the electrical design database. 
The drawings are classified on the basis of the shaft ends as shown in Fig.  2.2 . It 
is either cylindrical or conical. Second classification depends on whether the 
shaft has extensions on both ends or only one shaft extension. Both end shaft 
extensions are used either to run a tachometer or to run an external blower at the 
nondriving end.  

 Further classifications are based on the applications: low speed high torque and 
high speed low torque applications. Once the template is selected, necessary 
changes are made in the dimensions and also additional features like undercuts and 
threading are incorporated. All the changes made to the template are recorded. 
These modifications are passed on to the process planning stage.  

  Fig. 2.2    Shaft classifications       
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  2.7 Process Planning 

  Process planning is the development of a set of work instructions to convert a part 
from its initial form to the required final form [ 6, 11, 12, 19 ]. In the proposed sys-
tem, the process plan provides detailed description of the manufacturing processes 
and machine tools required to make the part. This detailed information includes the 
list of different machines that are used, specific cutting energy for the work mate-
rial, cost per hour of operation, standard setup and tear down times, and the number 
of tools utilized for the process. The process plans are saved in the system database. 
A search heuristic is developed for selecting the process plan. If the process plan 
does not exist in the database then a new process plan is generated by selecting 
machines on the basis of the features, dimensions, and tolerance required for the 
finished product. The process plan information is used to obtain the time required 
for manufacturing and also for cost estimation.  

  2.8 Cost and Time Analysis 

  Each process plan is linked to a cost analysis chart which gives the costs incurred 
in the manufacturing process. If a new process plan is generated then a detailed 
analysis for cost estimation is carried out. The time required for manufacturing a 
part can be classified into productive and nonproductive time [ 2, 4 ]. The productive 
time consists of roughing and finishing operations. Roughing operations are carried 
out at maximum power and the time taken is given by: 

     t
mp

 = (60r
v
p

s
W)/(raWb) = ((60r

v
p

s
)/(ra)) W(1-b)  (2.9)  

where  r  
v
  – proportion of initial volume of workpiece to be removed by machining, 

 p  
s
  – specific cutting energy,  ρ  – density of work material,  W  – initial weight of work 

material in pounds, and  a ,  b  – constants for machine tool type. 
 The time taken for the facing operation at maximum power condition ( t  

mpf 
) is 

given by

     t
mpf

 = 60 V
m
 p

s
/P

m
  (2.10) 

where  V  
m
  – volume of material removed and  P  

m
  – maximum machining power. 

 The time taken for the finishing operation depends on the surface generation rate 
 R  

sg
  for the material. It is the product of speed and feed and is the rate at which 

machined surface is generated.  R  
sg

  for alloy steel work piece and high speed steel tool 
is found to be equal to 23.7 in. 2 /min [ 3 ]. The finished machining time is given by 

     t
mc

 = (60A
m
)/R

sg
  (2.11) 

where  A  
m 
 – surface area to be generated.  



26 A.K. Kamrani, A. Vijayan

The tool replacement time is accounted for by modifying the roughing and finishing 
time equations as 

     t
ḿp 

= t
mp

 [1 + (n/(1–n)) (t
mc

/t
mp

)(1/n)]  (2.12)  

when  t  
mc

 / t  
mp

  < 1, and 

     t
ḿc

 = ((60A
m
)/R

sg
) (1/1–n))   (2.13) 

 where  n  is the Taylor tool life index and depends on the material of the tool. Value of  n  
is taken as 0.123 for high speed steel tool [ 4 ]. The nonproductive time is calculated as 

     t
np

 = (t
sa
 + n

t
 t

sb
)/B

s
 = t

ln
 + n

o
t
pt
  (2.14)  

where  t  
sa

  – basic setup time,  t  
sb

  – setup time per tool,  B
  s
  – batch size,  t  

ln
  – load-

ing and unloading time,  t  
pt
  – tool positioning time, and  n  

o
  – number of 

operations. 
 The loading and unloading time depends on the weight of the workpiece and is 

given by 

     t
ln
 = c d W  (2.15)  

where  c  and  d  are constants and have values 38 and 1.1, respectively, for a lathe [ 8 ]. 
 The total rate for the machine and the operator is given by 

     R
t
 = (k

m
 e Wf)/(2 n

y
 n

s
) = k

o
 R

o
  (2.16) 

where  R  
o
  – direct labor rate,  k  

m
  – factor for machine overhead,  k  

o
  – factor for opera-

tor overhead,  e ,  f  – constants for a given tool,  n  
y
  – amortization period for the cost 

incurred, and  n
  s
  – number of shifts. 

 The total cost of manufacturing can then be calculated by multiplying the cost 
rate with the total time required for the process. The manufacturing cost  C  

man
  is 

given by 

     C
man

 = R
o
 (t

mp
 + t´

mc
 + t

np
)  (2.17) 

when  t  
mc

 / t  
mp

   ≥  1, and

               C
man

 = R
o
 (t´

mp
 + t´

mc
 + t

np
) (2.18) 

when  t  
mc

 / t  
mp

   <  1.

 Bearings are normally procured from a vendor. If the bearing required can be 
found in the bearing database then its corresponding cost is retrieved and used in 
calculating the total cost. If the bearing cost is not available in the database, then 
the relative cost of the bearing is determined using polynomials [ 17 ]: 
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   P
3
(X) = a

3
X3 + a

2
X2 + a

1
X1 +a

0
    (2.19) 

where  a  
3
 ,  a  

2
 ,  a  

1
 ,  a  

0
 , – coefficients,  X  – standardized dimension, and  P  

3
 ( X ) – third-

degree standardized cost function. 
 The coefficients  a  

3
 ,  a  

2
 ,  a  

1
 , and  a  

0
  are obtained from the following set of 

equations. 
 The total cost for the design including the bearing procurement cost and the 

manufacturing cost is reported for all the machines that can be utilized to manufac-
ture the shaft. This estimate helps the designer to select the minimum cost alterna-
tive along with the machine information on which it can be processed. 

  2.9 System Components 

  The structure of the system is divided into four major components: design calcula-
tions, bearing selection, design template retrieval, and machine selection with proc-
ess cost estimation. These components are illustrated in Fig.  2.3 . In this system, the 
product specifications are the input for carrying out design calculations. The exter-
nal forces acting on the bearings and the shaft extension is calculated. The design 
calculations also retrieve the electrical design data for rotor packet from the data-
base. A search heuristic is implemented for selecting a minimum cost bearing 
which can withstand the external forces acting on it. The features required and 
dimensions of the bearings, rotor packet, and shaft extension are used to retrieve the 
CAD templates. The template information is used for selecting the machine and 
carry out a process cost analysis. The output from each component is reported back 
to the user interface. The system is implemented on a personal computer equipped 
with a Pentium-4 processor and Windows XP operating system. The graphical user 
interface, search heuristics, and design calculations are developed in Microsoft 
Visual Basic (.NET platform). The relational database is developed in Microsoft 
Access 2003. The 3-D models are generated in I-DEAS and imported into Visual 
Basic which acts as the drawing templates.   

          

(2.20)
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  2.10 Design Calculations 

  The power and speed entered in the user interface is used to search the electrical 
database to retrieve specifications of the rotor packet. These specifications are used 
to calculate the radial and axial magnetic forces acting on the shaft [ 1 ]. The radial 
force acting on the shaft is given by: 

     F
mr

 = (0.1 + 0.005SID) [(0.25RL.SID)/ (5AG)]   (2.21) 
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  Fig. 2.3    System structure       
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where  F  
mr 

 – radial magnetic force, SID – inner diameter of stator packet, RL – rotor 
packet length, and AG – air gap. 

 The axial force is given by: 

     F
ma

 = (35A.T)/SID (2.22)   

where  F  
ma

  – axial magnetic force, SID – inner diameter of stator packet,  A  – 
skew angle,  T  – torque, and AG – air gap. 

 The skew angle is the angle made by the rotor packet slots with the axis of rotation. 
Skew angle is provided in some motors to reduce noise levels. Skew angles are 
generally kept as small as possible since higher skew angles reduce motor perform-
ance. A free body analysis of the forces acting on the shaft is carried out to find the 
external radial and axial forces acting on the bearings as shown in Fig.  2.4 . 
At equilibrium conditions, resultant moment  ΣM  = 0, resultant horizontal forces 
 ΣF  

hor 
 = 0, and resultant vertical forces  ΣF  

vert
  = 0.  

 So taking moments about the drive end bearing, the radial force acting on the 
nondrive end is given by:

     F
mde

 = (–1)[(F
r2
 + G

2
 cos q) (l

2
 + L) + (F

mr
 + Gcos q)li–

 (F
rl
 + G

1
 + cos q)l

1
]/L    (2.23) 

 The radial force acting on the drive end is calculated as:

     F
rde

 = F
r2
 + G

2
 cos q – F

rnde
 + Gcos q + F

r1
 + G

1
 cos q   (2.24)  

 The resultant axial force is calculated as:

     F
ade

 + F
ande

 = F
a1

 + F
a2

 + G
1
 sin q + G

2
 sin q + Gsin q   (2.25) 

    F  
r1 
 – radial force acting on the drive end.  

   F  
a1

  – axial force acting on the drive end.  

  Fig 2.4    Free body diagram       
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   G  
1
  – weight of drive end transmission device.  

   F  
r2
  – radial force acting on the nondrive end.  

   F 
 a2

  – axial force acting on the nondrive end.  
   G  

2
  – weight of nondrive end transmission device.  

   F  
mr

  – radial magnetic force.  
   F  

ma
  – axial magnetic force.  

   F  
rde

  – radial force acting on drive end bearing.  
   F  

ade
  – axial force acting on drive end bearing.  

   F  
rnde

  – radial force acting on nondrive end bearing.  
   F  

ande
  – axial force acting on nondrive end bearing.  

   L  – distance between bearings.  
   l  
1
  – distance between the drive end transmission device and the drive end 

bearing.  
   l  
2
  – distance between the nondrive end transmission device and the nondrive end 

bearing.  
   l  
i 
 – distance between the center of the rotor packet and the drive end bearing.  

   θ  – angle made by the shaft with the horizontal plane.    

 The external forces acting on the bearings and the minimum shaft extension 
diameter obtained from stress calculations are then called from the design calcula-
tions module into the bearing selection module which returns the minimum cost 
bearings that can be used for the application.  

  2.11 Bearing Selection 

  The different types of bearings considered are spherical ball bearings (62 and 63 bear-
ings), cylindrical roller bearings (NU2 and NU3 bearings), and angular contact bear-
ings (72 and 73 bearings) manufactured by Svenska Kullagerfabriken (SKF), Inc. The 
bearing life required for all applications is 100,000 h. For each of the bearing types, 
a search is carried out to select the minimum cost bearing. The bearing life calcula-
tions for each type of bearing are described in the following sections [ 18 ]. 

   2.11.1 Bearing Life Calculations for Spherical Ball Bearings

   The equivalent load ( P  
eq

 ) acting on spherical bearings is given by:

     P
eq

 = XF
r
 + YF

a
  (2.26) 

where  F  
r
  – external radial force acting on the bearing and  F  

a
  – external axial force 

acting on the bearing.

     If[(F
a
/F

r
) > 0.505 (F

a
/C

o
)0.231] then X = 0.56 and Y = 0.84 (C

o
/F

a
)0.24  (2.27) 
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 or else X  = 1  and Y  = 0. 
 where  C  

o
  – static capacity of the bearing, 

 The bearing life ( L ) in hours is given by:

     L = 106 (C
dyn

/P
eq

)3/(60 N)  (2.28)  

where  C  
dyn

  – dynamic capacity of the bearing and  N  – speed in revolutions per 
minute.  

   2.11.2 Bearing Life Calculations for Cylindrical Roller Bearings

   Roller bearings cannot withstand axial forces but can withstand very high radial 
forces. The bearing life for cylindrical roller bearings is given by:

     L = 106 (C
dyn

/P
Fr

)10/3/(60 N)   (2.29)  

   2.11.3 Bearing Life Calculations for Angular Contact Bearings  

 The equivalent load ( P  
eq

 ) acting on angular contact bearings is given by: 

     P
eq

 = XF
r
 + YF

a
  (2.30)  

where  F
  r
  – external radial force acting on the bearing and  F  

a
  – external axial force 

acting on the bearing. 
 For 72 bearings, 
  if  [( F  

a
 / F  

r 
) > 1.14]  then X  = 0.35  and Y  = 0.57  or else X  = 1  and Y  = 0. 

 For 73 bearings, 
  if  [( F  

a 
/ F  

r 
) > 1.14]  then X  = 0.35  and Y  = 0.93  or else X  = 1  and Y  = 0.55. 

 The bearing life ( L ) is given as

     L = 106 (C
dyn

/P
eq

)3/(60 N)    (2.31)  

  2.12 Bearing Search 

  The search function retrieves the minimum cost bearing from each type for drive 
end and nondrive end. The constraints for the search are that selected bearings 
should be able to provide a minimum of 100,000 h and the inner diameter of the 
bearing should be greater than the minimum shaft extension diameter required. The 
minimum cost bearings of each type are displayed in the user interface. Also the 
combination of bearings for the drive end and the nondrive end which has minimum 
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combined cost is chosen and displayed as the recommended bearings. The follow-
ing pseudo code describes the search function.  

     Begin  
  For   each type of bearing  

  Sort bearings in descending order of their cost  
  Do while   inner diameter of bearing ≥ minimum shaft extension diameter  

  If   bearing life calculated ≥ 100,000 hours and   
  Cost of bearing ≤ minimum cost bearing then  
  Select bearing dimensions and   
  Initialize minimum cost = bearing cost  

  End   Do Loop  
  Select minimum cost combination for drive end and non drive end bearing  

  End  

 The dimensions and cost of the bearings are transferred from this module to the 
design template retrieval module.  

  2.13 Design Template Retrieval 

  The 3-D models are generated in I-DEAS and are then imported as image files into 
Visual Basic. The graphical user interface in Visual Basic prompts the user to spec-
ify the type of shaft extension. It also asks if threading is required and also the 
minimum tolerance to be achieved on the shaft. The features considered in the case 
study are based on the shaft extension. The different options are single- or double-
shaft extensions, conical shaft extensions, and threaded shaft extensions. The sys-
tem retrieves the dimensions of the rotor packet, which are the internal diameter 
and the length of the rotor packet, and shaft extension dimensions from the design 
calculation module. It also retrieves the drive end and nondrive end bearing dimen-
sions, which are the inner diameter and the length of the bearings, from the bearing 
search module. Drawing templates are retrieved on the basis of the features speci-
fied by the user. The selected features and the minimum tolerance to be achieved 
are then used by the system to choose the appropriate machines. The dimensions of 
the bearings, shaft extension dimensions, and rotor packet dimensions dictate the 
final dimensions of the shaft and are passed on to the machine selection and the 
process cost estimation module. The final dimensions and the features to be proc-
essed on the shaft form the basis for the final process cost estimation.  

  2.14 Machine Selection and Process Cost Estimations 

  The dimensions and features from the design module are obtained and are used to 
select a machine and estimate the cost of production. The system searches through 
the existing process plans in the database to obtain a shaft with matching features 
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and dimensions. If a similar shaft has been previously manufactured, the system 
returns the machine on which it was manufactured as well as the time and cost 
required for manufacturing. The pseudo code shown below is used to search 
through the process plan database.  

     Process Plan Search  
  Begin  
  Do While   processplanreader.Read()  

  If  
  New shaft dimensions = processplanreader (dimensions)  
  And New shaft features = processplanreader (features)  
  And New shaft tolerance = processplanreader (tolerance)  
  Then  
  machine = processplanreader (Machine)  
  cost = processplanreader (Cost)  
  End If  

  End While Loop  
  End  

 If a process plan is not found in the database, a detailed analysis is carried out to 
select the machine and obtain the cost to manufacture. The flowchart for machine selec-
tion and cost estimation is given in Fig.  2.5 . The system searches for a suitable raw 
material. The raw material database consists of various sizes of available cylindrical 
billets. The raw material used in the case study is alloy steel C1045. The machine selec-
tion module computes the total length and the maximum diameter of the designed shaft 
from the dimensions retrieved from the design module. It then searches the raw material 
database to select the billet, such that minimum material removal will be required for 
obtaining the final shape. This reduces the processing cost as well as the raw material 
cost. The following pseudo code describes the raw material search process.      

  Raw Material Search  
  Begin  

  Sort material data in decreasing order of size  
  Do While   Rawmaterialreader.Read( )  

  If   rawmaterial length> total length of designed shaft  
  And  

  Rawmaterial diameter>maximum diameter of designed shaft  
  Then  

  select raw material  
  End If  
  Go to   next smaller raw material  
  cost = processplanreader (Cost)  

  End While Loop  
  End  

 The basic machining processes considered for this system are facing, rough turn-
ing, finish turning, taper, and threading. The system selects machines that can 
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 process the user-defined features on the shaft. The other two constraints for machine 
selection are the minimum tolerance required and the capacity of the machine. For 
each machine selected, the time required for machining is calculated. The nonpro-
ductive time ( t  

np
 ) required for the process is found by assigning values to the number 

of operations ( n  
o
 ) and the number of tools ( n  

t
 ) required for the machining process 

which depends on the features to be machined. The setup times for the machine ( t  
sa
 ), 

the setup time per tool ( t  
sb

 ), and the tool positioning time ( t  
pt
 ) are obtained from the 

machine database. The batch size is directly obtained from the user interface. The 
loading and unloading time depends on the weight of the work piece ( W ), which is 
obtained from the raw material database. For roughing operations, which are carried 
out at maximum power conditions, the specific cutting energy ( p  

s
 ) is found to be 1.3 

hp/(in. 3 /min) for alloy steel work piece and high speed steel tool [ 3 ]. The values for 
tool constants ( a ,  b ) are obtained from the machine database. 
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  Fig. 2.5    Machine selection module       
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 The time required for finishing operations is found by calculating the surface 
area generated in the machining surface. The surface area generated depends on the 
geometry and dimensions obtained from the design template. Tool replacement 
costs are accounted for by incorporating the Taylor’s tool life index in the roughing 
and finish machining time equations. The factors “ k  

m
 ,” “ k  

o
 ,” “ e ,” and “ f ” are 

retrieved from the machine database to calculate the machine rate. The total time 
required for machining is then multiplied with the machine rate to obtain the cost 
for machining. 
 The module then returns the list of machines that can be used with the machining cost 
for each machine along with the selected machine. Even if the process plan exists in 
the database, the system runs a detailed cost analysis to verify the cost. This ensures 
that any changes made to the machine database after the existing process plan was 
created would be considered for the evaluation. If there is any change in the cost of 
machining, the modified value can be incorporated in the process plan database.      

  2.15 Case Studies 

  In this section, two examples are presented to demonstrate the integrated system 
and illustrate the operation procedure for the system. The user interface consists of 
four different windows, each representing a single module. The executable file is 
coded in Visual Basic and is connected to MS Access databases. The 3-D models 
are imported as image files and are retrieved by the system [ 13 ]. 

   2.15.1 Case Study 2.1  

 The data required for the design procedure is input in the user interface as shown 
in Fig.  2.6 . In the example, the power required is 100 kW at 1500 rpm. The motor 
is at an incline of 10 degrees with the horizontal plane. It is a double-ended motor 
with transmission equipment at both ends. The transmission equipments are spur 
gear with a nominal diameter of 350 mm and weight 30 kg and direct coupling with 
a nominal diameter of 300 mm and weight 30 kg. The number of units required is 
10, which is considered as the batch size for process cost estimation.  

 When the “Calculate” button is pressed, the system finds the resultant forces 
acting on the bearings, which are given below.

   Resultant radial force on the drive end = 12,093.16 N  
  Resultant radial force on the nondrive end = 2,230.44 N  
  Resultant axial force = 161.87 N    

 These values are then passed on to the bearing selection module which displays 
the minimum cost bearings for each type that will provide the required bearing life. 
This screen is displayed in Fig.  2.7 . The bearings recommended by the system are 
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NU219 with a cost of $248.98 for the drive end and 6217 with a cost of $120.59 
for the nondrive end. When the “Manufacture” button is clicked, the dimensions of 
these bearings are passed on to the design module where the user is prompted to 
specify the features and the minimum tolerance required as shown in Fig.  2.8 . In 
the design template module, the user specifies the shaft end feature as “Double 
cylindrical shaft end” and clicks the “Template” button to retrieve the template. The 
user also specifies that no threading is required on the shaft ends. Also the closest 
tolerance required is specified as 2 µm. This information is transferred to the 
machine selection module when the “Machine” button is clicked. The machine 
selection and process cost estimation menu is shown in Fig.  2.9 . If a shaft with 
similar features and dimensions has already been processed, then its corresponding 
process plan along with the cost is retrieved. The machine selection module 
displays a list of machines and the corresponding machining costs. The system 
selects the machine “M3” with the least machining cost “$ 31.66.” It also retrieves 
the raw material cost from the raw material database and the bearing cost from the 
bearing search module and calculates the total cost as “$ 642.79.” This cost can 
then be compared with that of the existing process plan.     

   2.15.2 Case Study 2.2  

 In this example, the power required is 220 kW at a speed of 750 rpm. It is a single 
shaft end motor with a conical shaft end with a flexible coupling as the transmission 
device. The nominal diameter of the flexible coupling is 400 mm and the weight of 

  Fig. 2.6    User interface for Case Study 2.1       
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the coupling is 40 kg. The user interface is shown in Fig.  2.10 . The resultant forces 
acting on the bearings are as given below:

    Resultant radial force on the drive end = 4,796.10 N.  
  Resultant radial force on the nondrive end = 14,649.16 N.  
  Resultant axial force = 0 N.    

 Based on these values, the system selects bearings NU219 with a cost of $248.98 
and 6219 with a cost of $183.43. This is shown in Fig.  2.11 . The bearing dimen-
sions are then transferred to the design template module. The single conical shaft 
end with the threading option is chosen and the tolerance is input as 3 µm. The 
design template menu is shown in Fig.  2.12 .   

  Fig. 2.7    Bearings for Case Study 2.1       

  Fig. 2.8    Design template for Case Study 2.1       
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 Based on the input from design template, the system retrieves three machines 
and calculates the total cost of manufacturing. The machine selection module is 
shown in Fig.  2.13 . In  Case Study 2.1 , four machines were retrieved instead of three 
in  Case Study 2.2 , even though the tolerance was closer in  Case Study 2.1 . This is 
because not all machines have threading capabilities. The system was not able to 
find an existing process plan for the new shaft so the existing plan does not return 
any value. The machine selected is “M4” with a machining cost of “$41.96.” The 
total cost is found to be “$715.93.”    

  Fig. 2.9    Machine selection and cost estimation for Case Study 2.1       

  Fig. 2.10    User interface for Case Study 2.2       



  Fig. 2.11    Bearings for Case Study 2.2       

  Fig. 2.12    Design template for Case Study 2.2       

  Fig. 2.13    Machine selection and cost estimation for Case Study 2.2       



40 A.K. Kamrani, A. Vijayan

  2.16 Conclusion 

  In this chapter, the implementation of an integrated design based on templates is 
presented. Concepts used in developing the system are independent of the software 
used. This system is thus focused on the small- and mid-segment industries which 
do not have enough resources for costly software upgradations. By using templates, 
the time required for new product development is drastically reduced. At the same 
time, incorporating computer-aided process planning into the system gives the 
designer a better understanding of the cost implications of the modified design with 
respect to manufacturing. The primary objective was to develop an integrated prod-
uct and process design through a template-based approach. This system would thus 
act as an effective tool to reduce cost by foreseeing manufacturability constraints in 
the concept-generation phase itself. The concurrent engineering approach is applied 
to product and process development and thus the different phases of manufacturing 
are integrated together. The system developed has four main components, which are 
the design calculations, bearing search, and machine selection with process cost 
estimation. All these four components are connected to the relational manufactur-
ing database. This database contains all the manufacturing information required for 
product and process development. Each component of the system is developed as a 
stand-alone module which interacts with the other modules and exchanges informa-
tion when required. Each module provides the user with an output which acts as the 
feedback at each stage of product and process development. Since each component 
is independent of each other, they can be modified without affecting the other 
components. 

 The major challenge in implementing this system is that any changes in the 
manufacturing facility have to be incorporated in the process plans stored. This can 
be a tedious job but can be overcome by using the hybrid process planning approach 
instead of the variant-based approach.   
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