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Abstract 

 
Industrial robots are the most widely manufactured and utilized type of robots in industries. 

Improving the design process of industrial robots would lead to further developments in 

robotics industries. Consequently, other dependant industries would be benefited. Therefore, 

there is an effort to make the design process more and more efficient and reliable. 

The design of industrial robots requires studies in various fields. Engineering softwares are 

the tools which facilitate and accelerate the robot design processes such as dynamic 

simulation, structural analysis, optimization, control and so forth. Therefore, designing a 

framework to automate the robot design process such that different tools interact 

automatically would be beneficial. 

In this thesis, the goal is to investigate the feasibility of integrating tools from different 

domains such as geometry modeling, dynamic simulation, finite element analysis and 

optimization in order to obtain an industrial robot design and optimization framework. 

Meanwhile, Meta modeling is used to replace the time consuming design steps. In the 

optimization step, various optimization algorithms are compared based on their performance 

and the best suited algorithm is selected.  

As a result, it is shown that the objectives are achievable in a sense that finite element analysis 

can be efficiently integrated with the other tools and the results can be optimized during the 

design process. A holistic framework which can be used for design of robots with several 

degrees of freedom is introduced at the end. 
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Chapter 1 

Introduction 
 

 

 

”Tomorrow, robots will be pervasive and personal as today’s personal computers”. This 

is the opening sentence in the handbook of robotics [1]. Today, robots have considerable 

impacts on many aspects of the human’s life. They can be employed instead of humans in 

hazardous environments, they have high accuracy and repeatability in their tasks, and 

they can work 24 hours per day. These characteristics are sufficient to justify the man’s 

endeavor from ancient Greek history to the contemporary to be involved in 

developments of robots.  However the idea of replacing human being with a mechanical 

apparatus has always existed, the emergence of a physical robot did not occur up to the 

twentieth century.  In the middle of last century, developments in the fields of 

mechanics, control, computer and electronics helped the first robots to be born.  The 

first robot was manufactured in 1960 for the handling of radioactive materials. Further 

developments in the field of electronics and digital computers enabled computer 

controlled robots to be manufactured. These robots became the essential components in 

industries especially automotive industry and were categorized as industrial robots. In 

the new millennium, advancements in the robot related technologies have expanded the 

applications to the human’s world. The next generation of robots is expected to have 

more interaction with human in the daily life. The robots are not only considered as 

mechanical structures facilitating the manufacturing processes or helping to explore 

deep oceans but also they will be designed to cohabit with humans at homes and offices 

playing an effective role in education, healthcare, and entertainment. 

The origin of most of today’s robots is early industrial robot designs. Most of the 

technologies making the robots human friendly and applicable for different operations, 

are developed by industrial robot manufacturers. Industrial robots are the most widely 

used robots in commercial applications and all of the important foundations in the robot 

control science are developed considering the industrial applications. Therefore, to 

understand the fundamentals of robotic science and also finding solutions for the 
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problems that prevent the wider use of robots in industries, industrial robots should be 

studied with special attention. However the industrial robots are widely used in 

industries especially automobile manufacturing the range of applications could be 

drastically increased if some the current problems were solved. For example, if the 

robots were easier to install or if the integration between the robots and other 

manufacturing processes was possible in a simpler way, the usage of robots could 

significantly increase. Also, reducing the cost of designing new robots for diverse 

application can be helpful to increase the popularity of robots in various applications 

since the design process is a rather costly and time consuming procedure. 

1.2 Problem statement 

As mentioned earlier, facilitating the design procedure of robots can increase their 

popularity in industries and therefore robot manufacturers are investing to improve the 

robot design process considering the required time, cost and robustness of design. 

The process of designing a robot is mainly comprised of geometry generation, kinematic 

analysis and optimization. During the design process, tools from different engineering 

domains are required and the output results of each tool act as the inputs of the next 

one. For example, after determining the final geometry of the robot in the geometry 

modeling tool, the geometry properties such as mass and moments of inertia are 

required in the tool which is performing the dynamic simulation. Also, it is important 

that the operations inside any of the tools be fully automated so that the tool can be 

integrated with other tools in a holistic design framework. Tarkian et al. in [2] have 

shown the advantages of an automated geometric model for industrial robots, and in [3] 

discuss the dynamic models for industrial robots. Efforts have been done to create a 

framework which integrates the different tools and automate the interaction between 

various tools. For example, in [2], [3] and [6] an automated framework comprising of 

CAD1 model generation, dynamic simulation and actuator selection based on 

optimization is created. In a robot, the weight of the structure can heavily increase the 

cost and limit the performance2. In order to decrease the weight of the links, a 

topological optimization can be performed to redesign a less heavy link or a shape 

optimization can be performed on the current design (the thickness of the arm can 

vary). The issue of minimizing the mass while the maximum stress is not allowed to 

exceed a certain value can be considered as an optimization problem. In this problem, 

the objective is minimization of weight and cost, and maximization of the robot 

performance, and the constraint would be the maximum stress in the robot structure. 

1.3 Objectives 

One of the steps in the robot design process is structural dimensioning in which after 

considering the required lengths of links and types of the joints, according to the robot 

                                                 
1
 Abbreviation form for Computer Aided Design 

2
 A mathematical formulation for robot performance can be found in [9] 
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operations, the optimized dimensions of the links are determined based on the forces 

and moments exerted on the links. This requires a Finite Element Analysis (FEA) on the 

links in order to find the stress distribution in the arm for different loading scenarios 

and checking to ensure that the stress value does not exceed the ultimate tensile 

strength of the link’s material. In the previously mentioned works, an FEA tool has not 

been integrated with other domains. Performing an FEA in the robot design process and 

obtaining the optimum link dimensions is a time consuming procedure. Therefore, if the 

FEA is going to be integrated with the design framework, a method should be devised in 

order to reduce the required time for FEA.  

The main goal of this thesis work is to verify the viability of including FEA using ANSYS 

13, [19], in robot design process and optimizing the dimensions of the structure 

according to the results of FEA. Later, it would be verified if a Meta model can replace 

the FEA tool efficiently or not. There are plenty of available optimization algorithms and 

it should be studied which algorithm can converge to optimal design faster and more 

accurate.  

 

Figure 1- IRB6640 from ABB 

The study is carried out on robot IRB6640-185- 2.5m from ABB (Figure 1). The 

specifications of this robot can be found in Appendix 1 according to ABB website [15].  

Since the topology of the link is already determined, performing a topology optimization 

and presenting a completely new topology for the robot arm would not be valuable 

because implementing the results to the current robot structure would be very costly for 

manufacturer. Therefore, a shape optimization is going to be performed in a sense that 

the optimal thickness value for the lower arm would be found. 

Lower Arm 

Stand assembly 

Upper Arm 

Base 
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1.4 Limitations 

As any other engineering study, there have been limitations and unknowns in this work 

such as: 

- Time: Since FEA is a rather time consuming process and each analysis can takes 

up to 70 minutes, for this problem; therefore, it is always questionable whether it 

is a right decision to include it in the optimization algorithm or not. As a cure, 

instead of running FEA, it is studied to find how a Meta model can be used to 

replace the time consuming FEA process. 

- Low memory of the computer: While generating the mesh and solving the 

problem, in the FEA tool, in this case ANSYS, a large number of equations are 

solved, thus, larger computer memories accelerate the process. At the beginning 

of the project, the computer memory size was 2 GB, and 1 more GB of memory 

was added to the computer to enhance the process. 

- No detailed information about joint structure between links of the robot: 

since forces and moments are transferred to the link via the joints, the geometry 

of the joints interface with the link act an important role in a sense that the stress 

distribution around the interface area can be higher than other regions of the 

link. As a remedy, two models with different joint definitions in ANSYS are 

studied and the one which shows more realistic stress distribution around the 

joint interface is chosen. Details of this process are described in the 0. 

- No direct support for dynamic simulation tool in the main interface: 

modeFRONTIER V4.3, [20], is used as the interface between separate tools such 

as CAD and FEA softwares. In modeFRONTIER, there are available predefined 

nodes for all required softwares except the dynamic simulation tool, in this case 

DYMOLA, [23]. Since Microsoft EXCEL, [21], connection node is available and also 

it is possible to set up the interaction between DYMOLA and EXCEL, an EXCEL 

node which is externally connected to DYMOLA is utilized. 

- No exact material properties: FEA needs the material properties of the 

structure such as Young's modulus and Poisson ratio, and these properties 

directly affect the stress analysis results. It is only known that the link is made 

out of cast iron but further details about the type of the cast iron is unavailable 

due to manufacturer policies. Nevertheless, since the main goal of the thesis, is 

integration of the FEA in the robot design framework, the inexact material 

properties resulting in inaccurate FEA results would not affect the project aims. 
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Chapter 2 

Robotics 
 

 

 

2.1 Industrial robots 

In this chapter, after a brief introductory part, the components and mechanisms which 

are used in a robot would be presented, and at the end, the robot design procedure 

would be discussed. 

Industrial robots are considered as the principal of productive, high quality and low cost 

manufacturing. Newly emerging manufacturing processes such as laser based processes 

and precision assembly increasingly depend on robot technology. A robot should meet 

the requirements in the widest possible range of potential applications when it is going 

to be produced in large quantities. Since this is hardly practical, different classes of robot 

designs with respect to number of degrees of freedom (DOF), workspace volume, and 

payload capacity have emerged for separate applications such as welding, painting, 

assembly and so forth. 

Nowadays, industrial robots are mainly designed according to the requirements in large 

volume manufacturing operations such as automotive and electronics industries. Typical 

applications of industrial robots are as follows: 

- Welding: Welding is one of the most important joining manufacturing processes. As 

small imperfections would lead to serious damages, manual welding requires highly 

skilled workers. Robots are ideal for welding process because of specifications such as: 

high repeatability and accuracy and high speed. Figure 2 shows the welding station in 

the production line of an automobile manufacturing company. 
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Figure 2 - Welding robots 

- Car body assembly: The benefits of robot application in car body assembly became 

apparent very early in the robot history. Robots are useful in handling and positioning of 

metal sheets, car components, body frames and everything which is hazardous or 

physically difficult for workers. Figure 3 shows a robot which is moving the door of a car 

in a car assembly line. 

 

Figure 3 - Assembly robot 

- Painting: painting environments are usually hazardous and harmful for humans. In 

1969, a Norwegian company developed the first spray painting robots for automotive 

industry, [1]. Hollow wrists are used in painting robots to embody the gas and paint 

hoses and also increase the agility of the robot. Painting robots, Figure 4, mimic the 

movements of the painting workers around the object. 
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Figure 4 - Painting robot 

- Material transfer automation: The production line can be designed in way that all 

parts arrive at a certain station in a preprogrammed time. Then, robots are used to 

transfer the products. This process can be performed in a repeated manner and 

decrease the required time for material handling in a production line. Figure 5 shows a 

robot which is used for stacking of products. 

 

Figure 5 - Material handling robot 

- Machining: Although standard robots have less stiffness than a traditional milling 

machine or lath, they are more dexterous and can be utilized in machining processes if 

the forces are reduced to acceptable values at the robot manipulator. This approach can 

efficiently be used for cutting and forming processes in a layer by layer manner. Figure 6 

depicts a robot machining a wooden model. 
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Figure 6 - Machining robot 

- Human-robot interaction for handling tasks: An example of this application is in car 

drive train assembly, Figure 7, where the robot grasps the heavy gear box and balances 

it softly so that the worker can accurately insert it into the housing. Obviously, the 

human robot cooperation must follow certain safety standards as the human's and 

robot's workspace overlap. ISO 10218-1:2006 standards specify the requirements for 

safe and protective environments [1]. 

 

Figure 7 - Human robot interaction 

In addition to the wide range of applicability of industrial robots in automotive 

industries, they are also successfully utilized in other applications such as metal and 

chemical productions, electronics and food industry.  Recently, the robots are also 
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utilized in nonindustrial applications such as cleaning, underwater and space 

explorations and medical applications. 

2.2 Overview of robot structure 

The mechanical structure or mechanism of the robot which is its moving skeleton is 

comprised of beams, links, castings, shafts, slides and bearings. Actuators are the 

components that cause the motion of links and can be motors, hydraulic or pneumatic 

pistons, or other elements. In the following section, various mechanism and actuator 

designs that transform the computer signals into different physical movements would 

be presented. 

Under the assumption that the robot would find a larger market if they have general 

motion capabilities, the early robots were designed to perform a wide variety of tasks. 

But, this proved to be expensive is both cost and performance. Therefore, robots are 

now designed for specific set of tasks. The focus in the design process is on the number 

of joints, size and payload capacity and the size and configuration of the robot skeleton 

is determined by the task requirements such as reach, workspace and reorientation 

ability [1]. Choice of geometry, material, sensors and cables routing, depends on 

topology of the robot structure and the actuator system which depends on the required 

level of robot flexibility in performing intended tasks. 

Generally, a robot is characterized by its work envelope and load capacity. 

2.2.1 Work envelope 

The work envelope encloses the robot workspace and is the space where the robot can 

operate in. The workspace defines the positions and orientations that a robot can 

achieve to perform a task and also includes the volume of the space that the robot 

occupies as it moves. Envelop is defined by the joint type and length and movement 

range of the links which are connected with the joint. A primary consideration in the 

design of robot structures is the physical size of the work envelope and robot loads 

within this envelop. Figure 8 illustrates the working envelope of the robot which is 

studied in this thesis work. 
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Figure 8- Working envelope of ABB 6640.185 – 2.5m 

2.2.2 Kinematic skeleton 

The shape and size of manipulators are selected based on the requirements in the 

workspace, precision of movement, speed and manufacturing issues. The simplest 

transform and control equations belong to Cartesian manipulators. Due to the existence 

of a prismatic joint in Cartesian manipulators, motion planning and computation is 

relatively straightforward. On the other hand, the manipulators using revolute joints are 

harder to control but for a given working volume, their structure is more compact and 

also more efficient. Specific kinematic, structural or performance requirements are 

important in the choice of the manipulators e.g. for a very accurate vertical straight 

motion a simple prismatic vertical axis would be more favorable than two or three 

revolute joints requiring coordinated control. 

To have access to any arbitrary location in the workspace and place the end effector or 

the tool of the manipulator at that location, six degrees of freedom (DOF) are the 

minimum required. In case of simple or predefined tasks, since certain axis motions can 

be eliminated fewer DOFs can be used. 

In Some application such as cases where mobility or obstacle avoidance is necessary, 

more than six DOFs are required. In general, increasing the DOF would increase the 

cycle time and decrease the load capacity and accuracy of the robot for a given 

manipulator and drive system. 

2.3 Kinematics and Kinetics 

The properties of the robot can be categorized into: 
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- The properties depending on the geometry of the mechanical structure, called 

kinematics. 

- The properties depending on the forces acting on the system, known as kinetics. 

According to the principle of virtual work, the difference between the work performed 

by the forces acting on the robot, and the change in the energy of the moving robot does 

not vary in small increments of robot’s trajectory. In other words, according to [16] 

and [17] the variations in work and energy must be the same in all virtual 

displacements. Although there are often losses due to friction and material strain, it can 

be assumed that the change in the energy level is small since the robots are designed to 

minimize the energy losses. This implies that the work input of the actuators is nearly 

equal to the work output. 

Considering this relation over a small period of time, the time rate of input work or 

power is almost equal to the output power. Therefore: 

P=F×V    &    Pin=Pout  ⇒  
Fin

Fout
=

Vout

Vin
 (1) 

2.3.1 Robot topology 

A series of links connected through joints forming a serial chain, determine the skeleton 

of a robot. The robot skeleton has mainly two types:  

1- Serial: A single serial chain, Figure 9. 

2- Parallel: A set of serial chains supporting a single end effector, Figure 10. 

The end effector is the part interacting with the environment and the robot skeleton 

defines its position and orientation. As mentioned before, six DOFs corresponding to six 

joints in the structure provide full control over the end effector. In parallel robots there 

are more than six joints and actuators are applied to these joints in various ways to 

control the movement of the end effector. 

Serial robots can be configured in way that they act as a single parallel robot e.g. hands 

of a human robot Figure 11 . 
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Figure 9- Serial robot 

 

Figure 10 - Parallel robot 

 

Figure 11 - Serial robots working in parallel as hands 

2.3.2 Serial Robots 

Serial robots are the most common industrial robots. A serial robot is constructed by a 

series of links and joints which connect the base of the structure to the end effector. 

Separate translations and orientations of structure are usually achieved by the links and 

joints of the robot. Normally, the first three links are utilized to position a reference 

point (wrist center) in space and the last three form the wrist which orients the end 

effector around the wrist center, forming a six DOF robot. However, the most popular 

activity of the serial robots in industries is pick and place tasks and only four DOFs is 

required for such operations. Thus, Selective Compliant Articulated Robot Arm (SCARA) 

robots with four DOFs are manufactured for this purpose, Figure 12.  
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Figure 12 - SCARA robot. 

 Reachable workspace of a robot is defined as the space volume in which the wrist 

center is placed.  Normally, the robots are designed in a way that the workspace is 

symmetric. 

The main advantage of serial robots is their large workspace compared to the robot 

volume. On the other hand, low stiffness, accumulated and amplified errors from link to 

link and carrying the weight of most of the actuators which limits the speed and 

performance can be mentioned as their main disadvantageous. 

2.3.3 Parallel Robots 

In a parallel robot, two or more serial robots support an end effector. Each of the 

supporting chains can have up to 6 DOFs; however, generally only six joints are actuated 

in the entire system at a time. It should be noted that however the serial chains act 

together, it is not implied that they are aligned as parallel lines and the word parallel is 

used only in a topological sense (not geometrical). 

In parallel robots, the serial chains are usually shorter than serial robots thus making 

the robot structure more rigid against unwanted disturbances. Another advantageous of 

the parallel robots is that heavy actuators can be mounted on a single base platform 

therefore reducing the weight of moving arms and increasing the speed. Also, 

centralization of mass decreases the robots moment of inertia which is an advantage for 

mobile applications such as walking robots.   

The workspace of a parallel robot is the intersection of workspaces of its supporting 

serial chains. The workspace is usually larger in the vicinity of the center of reachable 

workspace and shrinks as the reference point moves toward the edges.  
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Parallel robots are mainly utilized in applications such as flight and automobile 

simulators. Stewart platform and Delta robot shown in Figure 13 and Figure 14 are 

examples of popular parallel robots. 

 

Figure 13 - Stewart platform 

 

Figure 14 - Delta robot 

2.4 Mechanical Structure  

The links of robot are considered rigid when a dynamic model is created. However, in 

reality, alike all other structures the links are not rigid and deflect under the applied 

loads and also their own weight. Robots are designed in a way that the deflections of the 

structure remain less than required positional accuracy which is required in robot 

operations. This allows for the assumption of rigidity while creating the dynamic model. 

The positional accuracy of the robot can be improved by the use of strain sensors or 

integration of control algorithms which include a model of link deflection. Also, the 

control algorithms must manage the vibrations of the system which is necessary to 

achieve high speeds and heavy payload handling. 

2.4.1 Links 

Links' stiffness in bending and torsion is a critical concern for industrial robots. Shells or 

beams are the common designs which can provide the desired stiffness. Compared to 

cast, extruded or machined beam structures, the manufacturing of shell structures is 

costly but they have higher strength to weight ratio and also lower weight which has a 

positive effect on the robot performance. 

Another important issue in the design of the links is type of connections. Bolts, welds, 

screws and adhesive bonded assemblies are the common types of connections. The 

inevitable deflection of the links cause creep in the bolt and screw connections and this 

affects the dimensions and performance of the robot. In case of welded and cast 

structures, operations such as thermal stress treatment and finishing are required to 

reduce the associated hysteresis deformations. When deciding on the construction and 

manufacturing of the robot structures, performance requirements should be considered. 
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For example, wall thickness of the links may be selected higher than the required value 

for stiffness if there is a risk of even small collisions accompanying defects such as 

denting and deformation.  

2.4.2 Joint mechanisms 

The following are building blocks of a robot joint mechanism: 

- joint axis structure 

- actuator 

- transmission 

- state sensor 

Positioning of the joint actuators depends on the peak acceleration of the payload which 

affects the inertia of the system. When maximum payload acceleration does not exceed 

0.5g, the inertial effects are not as important as the gravity forces. In this condition, the 

actuators can be placed near the joints and counter balancing masses, springs or gas 

pressure are used to compensate their suspended weight. When the peak acceleration of 

the payload is in the range of 3-10g or more, it is important to minimize the inertia of the 

system; therefore, the actuators are placed near the first joints axis of a serial robot to 

minimize the inertial effects. In these cases, gear transmission, belts, cables or drive 

links are used to drive the joints. This, however reduces the mass and inertial effects, 

decreases the stiffness of the structure. So, the design of actuator placement and 

transmission of joints is a tradeoff between stiffness, weight, inertia and complexity, and 

dictates the physical properties of manipulator design. 

In most robots, revolute and prismatic joints are utilized which allow for rotary and 

linear movements however spherical and universal joints are also available.  

 

Figure 15 - Revolute joint 

 

Figure 16 - Prismatic joint 

 

Figure 17 - Spherical joint 

 

Figure 18 - Universal joint 
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2.4.2.1 Revolute joints 

Revolute joints are designed such that they lock all degrees of freedom of the joint 

except rotation around one axis. Stiffness of the revolute joint against all undesired 

motions is the main measure of its quality. Shaft diameter, tolerances and clearances and 

also bearing configurations and preloading are all key factors in stiffness of revolute 

joints.  

2.4.2.2 Prismatic joints 

There are mainly two types of prismatic joints. Single stage joints are comprised of a 

moving surface which slides on a fixed surface. Telescopic joints are sets of single stage 

joints. While single stage joints have high stiffness the telescopic joints feature large 

extension ratios. Prismatic joints are more sensitive to improper handling and 

environmental effects, for example, the main reason for failure of prismatic joints is 

foreign particle contamination and surface wear thus require expensive and large 

shields and seals to cover both prismatic bearing and its way.   

Ball and roller slides, cam followers, rollers, or wheels rolling on machined surfaces are 

all considered as prismatic joints. 

2.4.3 Actuators  

Actuators are the sources of power for the robots. The most commonly used actuators 

are hydraulic, pneumatic and electromagnetic actuators. 

- Hydraulic actuators: Having high power to weight ratio and offering large 

forces they were used in the early industrial robots. High costs of fast response 

servo valves which are needed for actuators’ control and also maintenance issues 

have limited the application of hydraulic actuators in the robot industry. 

- Pneumatic Actuators: Typically provide uncontrolled motion between two stop 

points and are utilized in simple mechanisms. These actuators are easy to control 

and have low costs but on the other hand, extensive use of pneumatic actuators in 

robots requires costly compressed air sources. Moreover, the pneumatic 

actuators have low energy efficiencies. 

- Electromagnetic Actuators: These are the most commonly used actuators in 

today’s robots and can be grouped into three main types. 

1- Stepper motors: these motors can divide a full rotation into a large number 

of steps. Position and velocity of the motor can be controlled without any 

feedback and are called open loop controlled. Low cost and easy connection to 

electronic circuits is the main advantages of this type. Nevertheless, the 

power to weight ratio is lower in stepper motors compared to other types of 

electric motors. 

2- Permanent Magnet DC motors: There are various available configurations 

for this kind of motors. The low cost models, using ceramic as magnets, are 

often used in robot toys and hobby robots. As advantages of these motors, low 

inductance, low friction, no cogging torque, short overall length and 
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delivering smooth output with low torque ripple can be mentioned. On the 

other hand, in case of ironless armature motors which are used in small 

robots, forced air cooling is required to compensate the low thermal capacity 

of the motor. 

3- Brushless motors: These motors are widely used in the robot industry. 

Decreasing the complexity of the motor structure by replacing magnetic 

sensor and electronic switching circuit for graphite brush and copper 

commutator, the friction and wearing of commutating parts are reduced 

which increases the efficiency. However, compared to brush type motors, the 

controllers are more complex and costly.  

2.4.4 Transmissions  

Transmission is used to transfer mechanical power from a source to load. In the process 

of designing the transmission system stiffness, cost and efficiency are the important 

issues. While backlash and windup negatively affect the stiffness especially when the 

motion cycle contains successive reversing operations, low or zero backlashes would 

increase the friction losses. Thus, motion, load and power requirements in addition to 

the position of the actuators with respect to joints must be considered when deciding on 

the design and selection of the robot drive mechanism. 

- Direct drives: when using pneumatic or hydraulic actuated robots, the actuator 

is directly connected to the links. Some features of the direct drives can be 

mentioned as: elimination of free play or backlash, smooth torque transmission, 

increased inertia of the robot structure; thus, requiring larger actuators and 

reducing energy efficiency. 

- Band drives: is used as an alternative of direct drives. In these drives, the 

actuator shaft is connected to the driven link via a thin metal band. As a result, 

the mass of the actuator can be moved away from the joint and the robot inertia 

would decrease. A band drive is usually stiffer and smoother than cable or belt 

drives. 

- Belt drives: is used in drive mechanisms of smaller robots or some links of large 

robots. The belt-drive functions similar to the band drives but are capable to 

drive continuously. To achieve larger drive ratios, multiple stage band drives are 

used. 

- Gear drives: Planetary, Figure 19, spur,  Figure 20, helical, Figure 21, worm,        

Figure 22, and harmonic gears    Figure 23, can be used as means of power 

transmission. Spur or helical gears are used where compact drive arrangements 

are required. Larger diameters of these gears are used at the base of the robot 

where high torques should be handled. The gears are usually used with long 

shafts enabling the separation between actuator and joint.  
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Figure 19 - Planetary gear set 
 

 Figure 20 - Spur gear set 

 

 

Figure 21 - Helical gear set 

 

 

        Figure 22 - Worm gear 

set 

 

 

    Figure 23 - Harmonic gear   set 

 

Planetary gear drives are often integrated into small gearmotors. 

In low speed robot manipulators, occasionally worm gears are used. High gear 

ratios, simplicity, good stiffness and offset drive ability are some features of 

worm gears. Because of their low efficiency, the worm gears are not used in 

reversing motions at high ratios. 

Harmonic drives are used in small to medium sized robots. The backlash is low in 

these gears but the flexible gear used in harmonic gear sets, lowers the stiffness 

during small reversing motions. 

- Others: Ball screws, rack-pinion drives and linear drives are other available 

transmission mechanisms. 

2.5 Robot Performance  

 The performance of industrial robots is defined in terms of cycle time and functional 

operations. For example, the number of pick and place cycles per minute is the 

specification of assembly robots and deposition or coverage rate and speed of spray 

is important for painting robots, [1]. 

- Robot speed: The maximum value of angular or linear joint velocity depends on 

other specifications such as maximum allowable motor speed. The typical peak 

speed of end effector in large robots is up to 20 m/s. 

- Robot acceleration: modern manipulators are mostly heavier than the payload 

mass and this means that more power is spent to accelerate the manipulator than 

the load. Acceleration and cycle time are more important design parameters 

compared to velocity and load capacity in case of high performance robot 
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manipulators. In some applications with light payloads such as assembly and 

material handling, the maximum acceleration may exceed 10g. 

- Repeatability: This is the ability of the manipulator to return to the same 

position. Calculation rounding errors, simplifications, limited precisions and 

differences during the teaching and execution modes can cause larger errors than 

those occurred because of friction, backlash, gain of servo system and mechanical 

assembly clearances. Repeatability is important in tasks such as machine loading. 

The typical repeatability range is from 1 to 2 mm for large spot welding robots to 

0.005 mm for precise micro positioning manipulators. 

- Resolution: This property is the smallest motion increment that can be produced 

by the manipulator. Resolution is an important factor in fine positioning. 

Manufacturer, mostly, mention the resolution as the joint position encoders or 

form the drive step size; however, this is not always correct since friction, 

backlash and kinematic configurations affect the resolution of the system. 

Therefore, the practical resolution of a serial robot is less than the resolution of 

its individual joints. Actual physical resolution is in the range of 0.001 to 0.5 mm. 

- Accuracy: This parameter addresses the capability of the robot to position the 

end effector at an already programmed point in the workspace. Accuracy is 

essential in non repetitive tasks which would be remapped or offset because of 

measured changes in the installation. The precision of arm kinematic model, tool, 

world and fixture models affect the robot accuracy. Typical range of accuracy for 

industrial robots is in range of ±10 mm. 

2.6 Design procedure for robots 

According to the functional requirements, a robot designer should design a robot which 

meets all the requirements. According to [1] page 229, the followings are the various 

stages in robot design process: 

1- Deciding the robot type, serial, parallel or hybrid, and the types of joints e.g. 

revolute or prismatic based on the robot tasks and the shape of the workspace.  

2- Defining the robot architecture which is determining the dimensions of the 

links (Denavit-Hartenberg parameters) the way that satisfies the workspace 

requirements and maximum desired reach. These parameters determine the 

robot posture. 

3-  Determining the structural dimensions of links and joints considering the 

forces and moments under the most demanding or likely operations (satisfy 

static loading requirements). 

4- Determining the structural dimensions of various links and joints 

considering the inertial effects of links and payload (satisfy dynamic loading 

requirements). After dimensioning the links and joint according to the static 

loading requirements, the links' center of mass and links' inertia are calculated 

for a preliminary calculation of motor torque requirements. Since the inertial 
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effects of the actuators are not considered at this torque calculation, it is a rough 

estimation of the required torques at each joint of the robot. 

5- Elastodynamic dimensioning of the mechanical structure in order to avoid 

specific range of excitation frequencies under the most demanding or likely 

operations. At this step, the links are treated as rigid bodies and joint stiffness is 

assumed. The natural modes and frequencies of this elastodynamic model at a 

selected set of robot postures can be determined by means of MATLAB 

programming, [24], or computer aided engineering tools such as ANSYS. 

6- Check if the frequency spectrum of the robot structure is acceptable. If yes, 

the designer continues with selecting proper actuators according to operation 

conditions, otherwise the structure must be re-dimensioned (return to step 3). 

The design process is not completed now, and the structural and inertial data provided 

by the motor manufacturer needs to be integrated with the elastodynamic model. This 

requires a new elastodynamic analysis. Therefore, it can be concluded that the robot 

design process, alike engineering design processes in general, is an iterative process. 

Also, it should be noted that different stage of the robot design process are almost 

independent of each other, e.g. geometry and topology of the structure can be 

determined independent of the motor selection process. However all stages interact in 

the overall design process, there is no contradiction within certain design items which 

warrants a multiobjective design approach [1]. From another point of view, it can be 

stated that a robot design process is comprised of a sequence of single-objective 

optimization tasks considering that the results of the last stage which is the motor 

selection, must be integrated into the overall mathematical model in order to test the 

overall efficiency. 

Considering other aspects of robots, the robot design process can also be described in 

other words. For example, Tarkian et al in [2] have introduced the design procedure as 

Figure 24. 
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Figure 24 - Design procedure 
According to the proposed design cycle in Figure 24 the scope of this thesis work is 

limited to the dynamic design, specifically, analysis of structure strength. 
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Chapter 3 

Theory  
 

 

 

3.1 Framework 

As mentioned before, the goal of this thesis work is to investigate the viability of 

integrating FEA into the robot design procedure in an efficient manner. To perform the 

steps in the robot design process, separate tools are required for CAD generation, 

Dynamic simulation, FEA and optimization.  Traditionally, the data is manually 

transferred between the different tools. For instance, the mass properties such as weight 

and moment of inertia of the structure is required in the dynamic simulation, to obtain 

these properties, the CAD designer must create the geometry in a CAD software and 

extract the required values. After performing the dynamic simulation and calculating the 

forces and torques at each joint of the robot, the forces and torques are applied to the 

model of the structure in FEA software and the corresponding stress distribution in the 

structure and the critical areas of design are identified. All these activities should be 

repeatedly executed till the optimum dimensions of the structure according to the 

operation requirements is found. Moreover, the choice of actuators needs to be included 

in the process. If these activities are manually performed, not only the process would be 

timely inefficient, but also there is a high chance of adding human errors into the 

procedure. Therefore, the use of an automated framework would strongly increase the 

efficiency and reliability of the design procedure [2]. 

In such a framework, the manual activities are replaced with interface software. This 

interface wraps around separate tools and performs the necessary interactions with 

various tools. In this work, modeFRONTIER V4.3 acts as the interface. In addition to the 

main usage of the interface, modeFRONTIER has other useful capabilities such as Meta 

modeling which would be referred to in the next chapters. 
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3.1.1 CAD 

As described in 2.6, the robot design process is an iterative process in which the design 

parameters would vary several times until the best design is obtained. Remodeling the 

structure of the robot in each iterate of the design procedure would be an inefficient and 

time consuming task. Moreover, it may not be necessary to change the design completely 

in each iterate and only some modifications may be required. Parametric CAD modeling 

enables the engineers to overcome this problem. Today, there are several CAD tools such 

as SOLIDWORKS, CATIA [25], PRO/ENGINEER [26] and so forth which can replace the 

time consuming process of remodeling the structure. The structure can be 

parametrically designed using one of the mentioned tools in a way that the geometry of 

the model can be controlled only by changing the parameters. Therefore, in the robot 

design process, a CAD model can be used and the best design can be achieved by 

changing the parameters of the model in each iterate. Parametric modeling is an efficient 

and necessary process in engineering design tasks and efforts have been done 

in [2], [3], [6] and [10] to utilize this approach in various ways. 

3.1.2 Dynamic simulation 

There are several analytical approaches for the calculation of forces and torques in each 

link of a robot mentioned in [1] and [11]. In this work, the torques and forces are 

calculated through a dynamic simulation. The dynamic model of the robot is developed 

in DYMOLA using Modelica. 

In other words, using software for dynamic simulations, the force and torque equations 

are solved by the software according to the trajectory, velocity and acceleration which is 

set in the dynamic model. The inputs to the software are the dimensions and mass 

properties of the robot components, in the next step; the software simulates the motion 

of the robot in a predefined trajectory and calculates the torques and forces which are 

acting on each and every link in all time steps of the simulation cycle. The calculated 

forces and torques can be extracted as CSV files for selected bodies. These files contain 

columns of time steps and forces or torques at each time.    

 

 

3.1.3 FEA and Optimization 

FEA is a numerical technique in which approximate solutions are found for partial 

differential equations. This method is widely used in the word of mechanical 

engineering where it is required to find the distribution of stress or strain in a structure. 

FEA has improved the standards and methodology of the design process in many 

engineering design tasks. High accuracy, reducing the need to manufacture new 

prototypes, reducing the cost of design and shortening the design cycle is only some 

benefits of FEA.  
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In this work, to compute the stress distribution in the lower arm of the robot, a FEA is 

performed. ANSYS V.13 is utilized which supports the parametric CAD models created in 

the CAD tool and fully supports journaling which is necessary in an automated process. 

In every iterate of the design process, the updated geometry in the CAD tool, 

SOLIDWORKS, is modified in the FEA software and the calculated forces and torques in 

the dynamic simulation, are assigned to the corresponding areas in the FEA model. After 

performing the FEA, the values of maximum stress is transferred from ANSYS to the 

interface. 

3.2 Workflow in the framework 

Figure 25 shows the workflow in this thesis work. In the next chapter, detailed 

explanation of the activities in each of the tools would be presented. 

SOLIDWORKS

Calculate the mass properties 

according to the thickness value

Dymola

Perform dynamic simulation and calculate 

the forces and torques

ANSYS

Calculate the maximum stress

Met the 

convergence 

criteria?

Change the 

thickness

No

MATLAB

Solve 

Min Stress+Mass

S.t: Stress<Ultimate tensile strength

Lower bound<thickness<upper bound

Stop

Yes

Start

 

Figure 25 - Project workflow 
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Chapter 4 

Solving the problem 
 

 

 

4.1 CAD 

To reduce the time required in the FEA, it was decided to simplify the geometry and 

remove the unnecessary features since less number of meshes would require less 

calculation time in the FEA process. To this goal, it was required to see which features of 

the geometry can be removed without influencing the stress distribution results in the 

FEA model. So, a preliminary FEA was performed and the areas which were far from the 

highly stressed regions were identified. Then the unnecessary features of the geometry, 

such as screws and fillets far from the highly stress concentrated areas were removed 

and the simplified geometry was transferred to the FEA software as the final geometry. 

Figure 26 and Figure 27  show the detailed and simplified geometry models of the arm. 

It should be noted that however the geometry is simplified, it is ensured that the mass 

properties of the arm such as mass, moments of inertia and center of gravity do not vary 

significantly after simplifications and the properties are in close agreement with the 

original model. 
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Figure 26- Simplified geometry 

 
Figure 27- Detailed(original) geometry in ABB 

website 

As it was stated previously, one of the goals of this thesis work is to check the viability of 

integrating a FEA with the robot design and optimization framework. The variable 

which changes the stress distribution in the geometry of the arm is the thickness. Larger 

thickness means heavier arm and consequently larger forces and torques would be 

exerted to move the arm. On the other hand, although lower thickness values would 

decrease the weight, the stress would be higher in a thinner structure though limiting 

the minimum applicable thickness. The geometry model can have thickness values in a 

range of 2mm to 36mm; see Figure 29 and Figure 28. For every thickness, the mass 

properties of the arm is calculated by the CAD tool and transferred to the dynamic 

simulation in order to calculate the required forces and torques at the top and bottom of 

the arm. The parametric model of the lower arm is created by Mehdi Tarkian. 

 

Figure 28-Thickness=36mm 

 

Figure 29-Thickness=2mm 

4.2 Dynamic simulation 

To find the forces and torques acting on the body while a certain trajectory is followed 

by the wrist of the robot, a dynamic simulation using a model based on mass properties 

of robot components is executed. Figure 30 shows the model in DYMOLA. Body 2 named 
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as b2 corresponds to the lower arm and the joints at the top and bottom of the lower 

arm are represented by J2 and J3. The other links are modeled as b0, b1, b3, b4, b5, b6 

and b7 represents a 200 Kg payload. No joint is defined between other bodies since they 

are going to be fixed in the straight position corresponding to the most torque 

demanding posture of the robot.   

 

Figure 30 - Dynamic model of the robot in DYMOLA 

After acquiring the loads during the simulation time, the challenge is to find at which 

time step the maximum stress occurs in the robot arm. Since the forces and torques at 

the top and bottom of the arm intensely vary in different time steps, it is decided to 

proceed as follows: 

-An Excel sheet containing the values of torques and forces at the top and bottom of the 

arm during the dynamic simulation is generated. Figure 31shows where the forces and 

torques are exerted to the lower arm. 



Page 33 of 68 

 

  

Figure 31 - Forces and Torques at the top and bottom of the lower arm 

-All the data is sorted column by column. E.g. column Fxbott (force in X direction at the 

bottom of the arm) is sorted descending so that the instance where Fxbott has its 

maximum absolute value stands at the top. Since all the other forces and torques are also 

sorted by this criterion in the Excel sheet, we can have a load vector containing all the 

forces and torques at the bottom and top of the arm knowing that Fxbott has its 

maximum values in this load vector. This load vector is saved in a separate sheet and the 

same procedure is followed to find the load vectors where the other components of 

forces and torques at the top and bottom are maximum. Equivalent force and equivalent 

torques are also calculated at the top and bottom and the vectors containing maximum 

values of these are also extracted. Equivalent force and torque vector at any instant are 

defined as: 

𝐹𝑒𝑞 =  𝐹𝑥
2 + 𝐹𝑦

2 + 𝐹𝑧
2  ,  𝑇𝑒𝑞 =  𝑇𝑥

2 + 𝑇𝑦
2 + 𝑇𝑧

2                                        (2) 

This operation is fully automated using Visual Basic programming in Excel and would be 

performed in every iteration of the design process. At the end of this process a data 

sheet as Figure 32would be created. 

 

Figure 32 - Data sheet extracted from results of dynamic simulation 

MAXED Bottom Top

time Fx Fz Tx Ty Ty Feq Teq Fx Fz Tx Ty Ty Feq Teq

Fxbot 6.10909 14285.5 261.578 58.0174 -9222.45 -2370.56 14287.89 9522.421 -13205.5 -262.96 -57.8693 16945.6 2486.35 13208.12 17127.13

Fzbot 2.89545 -216.646 -16695.6 -2780.9 1552.91 26.7549 16697.01 3185.224 212.637 15433.8 2912.2 -1583.03 -26.4907 15435.26 3314.754

Txbot 2.89545 -216.646 -16695.6 -2780.9 1552.91 26.7549 16697.01 3185.224 212.637 15433.8 2912.2 -1583.03 -26.4907 15435.26 3314.754

Tybot 4.23182 14240.7 -473.305 -76.1645 24594.9 -2364.28 14248.56 24708.39 -13160.8 471.922 76.3127 -16896.4 2480.07 13169.26 17077.61

Tzbot 6.10909 14285.5 261.578 58.0174 -9222.45 -2370.56 14287.89 9522.421 -13205.5 -262.96 -57.8693 16945.6 2486.35 13208.12 17127.13

Feqbot 2.83182 -1536.49 -16644.5 -2772.74 -420.802 237.688 16715.27 2814.544 1395.24 15388.1 2903.46 -318.085 -252.14 15451.22 2931.694

Teqbot 4.23182 14240.7 -473.305 -76.1645 24594.9 -2364.28 14248.56 24708.39 -13160.8 471.922 76.3127 -16896.4 2480.07 13169.26 17077.61

Fxtop 6.10909 14285.5 261.578 58.0174 -9222.45 -2370.56 14287.89 9522.421 -13205.5 -262.96 -57.8693 16945.6 2486.35 13208.12 17127.13

Fztop 2.89545 -216.646 -16695.6 -2780.9 1552.91 26.7549 16697.01 3185.224 212.637 15433.8 2912.2 -1583.03 -26.4907 15435.26 3314.754

Txtop 2.89545 -216.646 -16695.6 -2780.9 1552.91 26.7549 16697.01 3185.224 212.637 15433.8 2912.2 -1583.03 -26.4907 15435.26 3314.754

Tytop 6.04545 14265.8 854.002 166.045 -9244.66 -2365.46 14291.34 9543.936 -13185.9 -855.383 -165.897 16957 2481.25 13213.62 17138.38

Tztop 6.10909 14285.5 261.578 58.0174 -9222.45 -2370.56 14287.89 9522.421 -13205.5 -262.96 -57.8693 16945.6 2486.35 13208.12 17127.13

Feqtop 2.83182 -1536.49 -16644.5 -2772.74 -420.802 237.688 16715.27 2814.544 1395.24 15388.1 2903.46 -318.085 -252.14 15451.22 2931.694

Teqtop 6.04545 14265.8 854.002 166.045 -9244.66 -2365.46 14291.34 9543.936 -13185.9 -855.383 -165.897 16957 2481.25 13213.62 17138.38
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4.3 Finite element analysis (FEA) 

In this part, the implementation of FEA would be described. It should be noted that since 

the main goal of the project is to investigate if it is possible to integrate tools from 

various domains including FEM in a design framework, there was no point to 

concentrate on the details of a single domain. Consequently, in the FE section, a model 

based on the assumed material properties, simplified CAD geometry, and loading 

condition is solved and a mesh independent solution is obtained. But, as mentioned 

before, no deep study on the element type and other details of FEM is performed. 

To find the stress distribution using the FEA tool, the first idea was to investigate the 

viability of performing a transient structural analysis on the whole robot structure. The 

main motive is  to omit the dynamic simulation since the effects of loads and inertia of 

components on the robot arm would be calculated during the FEA in ANSYS transient 

module. To this goal, the complete CAD geometry of the robot is imported into the 

ANSYS workbench. Since stress distribution in the lower arm is required, other 

components of the structure are defined as rigid bodies so that only the inertial effects of 

these bodies are considered in the stress analysis. The lower arm is of flexible type and 

is meshed as Figure 33. 

 

Figure 33 

In the next step, the connections between different components of the structure were 

defined using the joint definition in ANSYS four joints were defined as: 
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Table 1 - Joint Types in the ANSYS model 

Joint type Bodies 

Fixed  Base – Ground 
Fixed  Stand assembly – Base 
Revolute Lower arm - Stand assembly 
Revolute Upper arm – Lower arm 

 

Next, a constant load of 2000N, according to the properties of the robot in Appendix 1 is 

applied to the end effector as an approximation of the payload forces. 

Finally, the joint speeds are set and after setting the solver options the model is solved 

for 1 second of the cycle time.  

Although the calculated stress distribution is correct, a major drawback is accompanied 

with the solution process which is the extremely long simulation time. In this case, 

simulating 1 second of the cycle of robot took 7 hours which makes this approach 

unfeasible in an optimization algorithm for longer robot operation cycles. 

Therefore, it was deduced that instead of transient structural analysis, a static structural 

analysis should be utilized. In the static structural analysis, only the loading scenarios 

which can produce the largest stress distribution in the arm are considered. The 

following section describes how these cases are determined  

4.3.1 Determining the worst case loading scenarios in the current robot 

trajectory 

There are certain instants of the cycle time where the maximum stress is generated in 

the lower arm. These critical cases would happen at the times when a force or a torque 

has its maximum value or when the equivalent force or torque is maximum. 

Checking the dynamic simulation results in Figure 32, it is concluded that some of the 

mentioned load cases have the same values. Those are: 

[Fxbottom, TZbottom], [Fzbottom, Txbottom], [Tybottom, Teqbottom], [Fxtop, TZtop], [Fztop, Txtop], 

 [Tytop, Teqtop]. So, the critical loading cases reduce to eight separate loading vectors. 

In 4.3.2.3 it is explained how these vectors are compared and the one generating 

maximum stress is identified.  

4.3.2 ANSYS Static structural 

In order to solve the problem of finding maximum stress using ANSYS static structural, 

the following needs to be done. 

4.3.2.1 Assigning the material and importing the Geometry 

The first step is to select the desired material for the arm. Gray cast iron with mechanical 

properties as Table 2 is selected from the engineering data library available in ANSYS: 
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Table 2 - Mechanical properties of gray cast Iron 

Property Value 
Tensile ultimate strength 2.4E+8 Pa 
Compressive ultimate strength 8.2E+8 Pa 
Young's modulus 1.1E+11 Pa 
Poisson ration 0.28 
Density 7200 Kgm-3 
Bulk modulus 8.33E+10 Pa 
Shear modulus 4.2969E+10 

 

Next, the geometry is imported from the CAD tool which in this case is SOLIDWORKS. 

Figure 34 shows the project schematic in ANSYS workbench and the steps which must 

be completed. 

It should be noted that different geometries were created to model the bolt connection 

at the bottom of the arm. The comparison between these geometries would be 

presented in 4.3.2.2. 

 

Figure 34 -View of WORKBENCH project 

4.3.2.2 Creating the model and setup of the problem 

The model contains all information needed to solve the problem of finding the maximum 

stress in the arm such as meshing, assigning proper material to the model, applying 

forces and torques, defining supports for the structure and also selecting the desired 

outputs to be calculated by ANSYS. In the following lines, the procedure of creating the 

model is explained. 

- The selected material in the previous step is applied to the geometry. 

Meshing 

The mesh quality can strongly change the results of FEA. By meshing, the user presents 

the model to the FEA software. Large number of elements resulted from a fine mesh 

increases the solution time extensively, on the other hand, inadequate number of 

elements would produce results which are mesh dependant and do not represent the 
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real stress distribution in the structure. Therefore, finding the mesh setting which 

results in mesh independent results is of a high importance. In order to have more 

elements in the critical areas of the arm structure, two spheres are created at the top 

and bottom of the arm because the geometry is more complex and there are more stress 

concentration points at these two areas, see Figure 35. Finer mesh settings are applied 

to these spheres. To test if the results are mesh independent, first the model is solved 

with a coarse mesh setting and the results are saved, then, the mesh sizing is reduced 50 

% and the problem is solved again. This process continues until the change in results is 

less that an acceptable range e.g. 5%. At this point, the results are called mesh 

independent and there is no need to increase the number of elements any more. Starting 

from 14694 elements, Figure 36, the mesh independent results were found to occur 

when there are 154200 elements, Figure 37, elements in the model. It should be noted 

that solving the problem with the initial mesh setting took 6 minutes however nearly 1 

hour was required to solve the mesh independent case.  

 

Figure 35 - Spheres with smaller 

mesh size 

 

Figure 36- Coarse mesh 

 

Figure 37- Fine mesh 

Defining the connections 

However only the arm is going to be studied in the static structural stress analysis, it is 

needed to define a fixed support in the arm. In reality, the arm rotates via a joint to the 

base component using 20 bolts, Figure 38. According to ANSYS help, when multiple parts 

are present in an ANSYS model, it should be defined that how the parts interact with 

each other and this is done by defining contact regions in ANSYS. 

Three main approaches were tested to see which is the best as a model for the bolt 

connection: 
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Figure 38 – The bolts at the bottom of the arm 

1- Fixing the surface where the arm is fixed by bolts, and also applying the bottom 

forces and torques at this place. This approach produces wrong results since 

applying the loads to an already fixed surface means that all the loads are applied 

to the support, therefore, applied forces would not have any effect on the stress 

distribution. 

2- Creating a cylinder according to Figure 39 and defining a revolute joint with a 

large torsional stiffness (10E+10) between the arm and the cylinder, and fixing 

the other end of the cylinder. A large torsional stiffness means that the joint is not 

rotating when the loads are exerted. This approach, also, does not provide 

reasonable results since as much as the loads at the bottom of the arm are 

increased, no change in the stress level of the arm is observed, so, fixing the 

bottom part of the structure either to the ground or to any other component 

which is fixed to the ground could not produce correct results. 

 

Figure 39 – Modeling the joint as a cylinder 

3- Creating a flange plate, Figure 40, which is connected to the arm and defining a 

bond connection between the flange and arm. According to the ANSYS help, In 

structural analyses, contact definitions prevent parts from penetrating through 

each other and provide a means of load transfer between parts. The plate at the 

end of screws is fixed to the ground and the bond contact definition is defined 

between the arm surface and the screws. The results of this approach are 

acceptable since in contrary to the previous approaches, stress distribution does 

change in the arm when the loads differ at the bottom, and moreover, the stress 

distribution in the bolted area is more realistic, see Figure 41. 
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Figure 40 – Flange assembly 

 

Figure 41 – Stress distribution in bolted area 

It should be noted that however the bond contact definition showed better results, there 

may still be shortcomings in this method.  

Applying the loads on the structure 

At this step, force vectors and moment vectors are applied to the top part of the arm 
which would be connected to the next arm and the bottom part which is bonded to the 
flange. Also, the back plate of the flange is fixed to the ground as the support of the 
structure. For a specified arm thickness and robot trajectory, the values of the forces and 
torques are calculated by the dynamic simulation as described in 4.3.1in every iteration 
of the design process. 

Assigning the desired outputs 

In this case, the maximum equivalent Von Mises stress in the arm structure is required. 
Therefore, a stress probe which finds the maximum stress in the arm structure is added 
to the model. 

4.3.2.3 Solving the model 

After setting all the options in the model, the problem is ready to be solved. The results 

of the stress analysis, Figure 42, are accessible from the ANSYS workbench 

environments via parameters and would be transferred to modeFRONTIER which acts 

as the integrator of different components in the framework. 
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Figure 42 – Calculated stress distribution 

As mentioned in 4.3.1 there are 8 different loading vectors as worst case scenarios. In 

other words, the maximum stress in the arm is generated in one of these cases. To 

investigate where the maximum stress is happening, the FEA is performed for all these 

loading vectors and for different thickness values. The results showed that the induced 

stress in the structure is always much larger for load vector 4 where there is maximum 

torque around Y axis at the bottom of the arm. Therefore, it is concluded that it is 

enough to only perform the FEA according to load vector 4, and not other cases, in every 

iteration as long as the robot trajectory has not changed. 

4.4  Framework and optimization problem 

In [2], [5] and [7], Microsoft Excel is used as the integrator of different tools such as CAD 

software, Optimization tool and Dynamic simulation software. In this work, 

modeFRONTIER is used instead. The most important privilege of this tool is the 

integrated Meta modeling capability which can replace desired time consuming 

processes of the framework in a sense that a mathematical function replaces the 

simulation software. Moreover, in addition to the capabilities of the software in 

interaction with various softwares during the simulations; there are several features 

which can be used to represent the results such as graphs, plots and charts. In the 

following paragraphs Meta modeling process is introduced. In Appendix 4 it is described 

how ANSYS 13 can be integrated into a modeFRONTIER project.  

4.4.1 Meta modeling 

In this work, the objective function is not given explicitly in terms of the design 

variables. According to the design variables, the objective function is evaluated after 

some numerical analysis as dynamic simulation and FEA. This process is considerably 

time consuming compared to the cases where there is an explicit mathematical function 
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in terms of the design variables. To reduce the number of function evaluations in an 

optimization process, the evaluation procedure is combined with meta-modeling. In this 

method, the objective function is modeled by fitting a function to a limited number of 

design points which are already evaluated through simulations. In other words, meta-

modeling is a method to accurately approximate the behavior of the model (objective 

function) which is the construction of a new model considering only the relation 

between inputs and outputs, regardless of any underlying process among them. As a 

result, less time is required to explore the design space resulting in a quite faster 

optimization procedure.  

Different meta-modeling – also known as response surface method (RSM) – approaches 

are available. Suitability of the method in aspects such as expensiveness of evaluations is 

important in the choice of the meta-modeling approach. Also it is necessary to consider, 

improvements of the Pareto approximation set when multiobjective optimization is 

required, [14].  

When Meta models are utilized, iterative optimization procedures switch between 

evaluation of the main model (costly) and the Meta model. The costly evaluations are 

used in case of training the initial Meta model and updating or retraining it. Though, the 

number of costly evaluations can be reduced substantially however the accuracy of the 

results is not affected.  

The following is some of Meta modeling approaches available in modeFRONTIER V.4.3 

according to [7]: 

- Polynomial Singular Value Decomposition (SVD): is based on fitting the best 

possible polynomial approximations to the functions which minimize the squares 

of errors in approximations. However this method is not accurate, the 

approximations are a reliable guess of the main trends e.g. linear and quadratic 

which is helpful to get an overall idea of the behavior of the function. 

- Radial Basis Functions (RBF): is a powerful tool for interpolation of 

multivariate scattered data which means that the training points do not need to 

be sampled on a regular grid. RBF surfaces pass exactly through the training 

points. 

-  Kriging: is named after Professor Daniel Krige, and is very popular regression 

methodology based on Gaussian Processes. The RSM algorithm can be 

approximating or interpolating depending on whether the noise parameter is set 

to zero or not. The Kriging estimator is expressed as a linear combination of the 

training values and its smoothness is controlled by a covariance function called 

variogram function. 

-  Neural Networks (NN):  Feedforward Neural Networks are efficient and 

powerful tools which are organized in successive layers of neurons. It has been 

proven that NN with one single nonlinear hidden layer and a linear output layer 

are sufficient to represent any arbitrary function if there is sufficiently high 

number of neurons in the hidden layer. 
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Detailed description of the mentioned Meta modeling approaches can be found in [7]. In 

this work, Kriging method, as suggested by Tarkian et al. in [18], is used to produce the 

required Meta models. 

4.4.1.1 Generating a Meta model of the FEA  

As already stated, FEA is the most time consuming part of the framework, so a Meta 

model is created to replace this node in the optimization process. In order to create the 

Meta model and obtain the training points, a modeFRONTIER project is created which 

updates the geometry in Solidworks, performs the dynamic simulation in DYMOLA and 

then transfers the calculated loads to ANSYS where the updated geometry exists. This 

process is repeated for 14 different thicknesses which are acting as the training set in 

the range between 4mm and 36mm. Figure 43 shows the schematic of the project which 

is used for the training of the Meta model. 

 

Figure 43- The project used for Meta model training 

For the mentioned 14 design points, the FEA is performed which took 15 hours. Then, 

the response surface tool in modeFRONTIER was utilized to create a Meta model with 

the obtained FEA results. After this step, the Meta model can be used instead of the 

ANSYS node in the modeFRONTIER project. The inputs and outputs of this node are the 

same as before however the required time for performing the same simulation is less 

than 10 minutes which is much less than the 15 hours required when FEA node was 

used. 

It is possible to reduce the time required for creation of FEA Meta model. The 

SOLIDWORKS node which is used to obtain the mass properties can be replaced with 

Meta models corresponding to separate mass properties.  
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4.4.1.2  Creating Meta models for mass properties   

Updating the geometry in each iterate of the optimization is not the most time 

consuming part but even this time can be shortened compared to cases when CAD 

software such as SOLIDWORKS is utilized to get the mass properties. To create Meta 

models for the mass properties, a project is created in modeFRONTIER which updates 

the geometry in SOLIDWORKS for a number of thicknesses and extracts the mass 

properties. In the next step, using RSM tools in modeFRONTIER, a Meta model is created 

for each of the mass properties required in dynamic simulation. 

4.4.2 Optimization 

As mentioned in the objectives of the project, the optimized thickness of the link is going 

to be found. Now that the stress and mass corresponding to various thicknesses can 

rapidly be evaluated by the use of Meta models, the optimization process can be 

executed in a shorter time.  

There are several available algorithms for the optimization in MATLAB such as fmincon, 

complex and genetic algorithm (GA). In addition, two more algorithms, simulated 

annealing and particle swarm, are coded and compared to the available methods. In the 

following lines, a brief introduction to the newly coded algorithms is presented based 

on [13], then the problem is solved and the result and performance of various 

algorithms would be compared. 

4.4.2.1 Particle swarm method (PSO) 

This algorithm is inspired from the behavior of colony or swarm of insects, Figure 44, 

flock of birds or school of fish, Figure 45. The algorithm mimics the behavior of these 

social organisms to converge to the optimal value of a function. Each of the particles 

corresponding to a bee, ant or fish behaves based on both its own intelligence and also 

the collective intelligence of the group in the movement toward the optimal point. As 

such, if one of the particles finds a good path to the optimum, the rest of the group would 

change their path instantly toward the optimum even if their location in swarm is far 

away from the one who has found the better path. Further information about PSO can be 

found in Appendix 2. 

 

Figure 44 - A colony of ants  

 

Figure 45 - A school of fish 
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4.4.2.2 Simulated Annealing (SA) 

This algorithm is based on the simulation of the thermal annealing process of heated 

solids. When a metal is heated to a high temperature, the atoms move freely in the 

molten metal and as the temperature reduces tend to get ordered forming crystals. 

Formation of crystals depends on the cooling rate of the metal. If the temperature 

reduction happens too fast, a polycrystalline structure having higher energy than 

crystalline state would be formed. This will cause defects in the structure of the metal 

and must be avoided. The process of gradually cooling a heated metal in order to achieve 

a structure with the lowest level of internal energy (highly ordered crystalline structure) 

is called annealing. This process can be simulated in engineering problems to minimize 

the functions. Further descriptions about SA can be found in Appendix 3. 

4.4.3 Comparison between optimization algorithms 

A problem as below is formulated: 

Objective: Minimize F=W1×Stress [MPa] + W2×Mass [Kg]          (3) 

Subjected to: 
stress

ultimate tensile stress
  =1.5 

4mm<thickness<36mm 

W1 and W2 are the weight factors such that W1 + W2 = 1 

 
First, the problem is solved by GA with the following parameter settings: 

Number of individuals: 30 
Number of generations: 200 
 
When the optimum value of the function is not known, GA with large number of 

individuals and generations can be utilized to solve the problem ensuring that the 

obtained results are reliable. In this problem, there is only 1 variable. According 

to [13]Error! Reference source not found. 3 to 5 individuals are enough to find the 

optimal solution in an efficient manner. Therefore, performing GA optimization using 

the mentioned values of parameters would guaranty that the optimum is achieved 

however it takes longer time. The results of running the optimization for 5 times are the 

same and are as follows: 

      true_opt= Optimum function value=194.914; 
      X=13.411mm; 

To compare the performance of the optimization algorithms, the problem is solved 20 

times using each of the algorithms mentioned in 4.4.2, with equal weight factors for 

stress and mass.  

PSO is found to be not suitable for this problem since adjusting the parameters of the 

algorithm in order to get proper results requires a lot of trials and errors and there is no 
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certain set of parameters which can always result in the suitable solutions. Furthermore, 

there is no guaranty that if a proper set of parameters is found it would always work 

even when the problem is changed slightly, e.g. the geometry may change and would 

result in a different behavior in stress and mass Meta model. 

This time GA is used with only 5 individuals to have an efficient optimization process. 

Complex is used with 5 starting points and all the algorithms are accepted as converged 

when the change in objective function value is less than 0.0001. Using same convergence 

criteria would justify the comparisons because the same accuracy is requested from all 

of the algorithms. 

 The following measures are defined to facilitate the comparison between the 

performances of different optimization algorithms: 

MeanNumberOfEvals: Average number of function evaluation required to find the 
optimum. 

AverageF: Average of the obtained optimal function values. 

BestObtainedF: Best (smallest) objective function value obtained.  

BestObtainedT: Best (smallest) value of thickness corresponding to BestObtainedF. 

𝐻𝑖𝑡 =  
1,  𝐹 − 𝑡𝑟𝑢𝑒_𝑜𝑝𝑡 < 𝐴𝑐𝑐𝑒𝑝𝑡𝑎𝑏𝑙𝑒 𝑡𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒
0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

, 𝐴𝑐𝑐𝑒𝑝𝑡𝑎𝑏𝑙𝑒 𝑡𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒 = 0.5    (4) 

HitRate:  
 𝐻𝑖𝑡

20
                                                                  (5) 

perf_indx: −log  (
2 1−𝐻𝑖𝑡𝑅𝑎𝑡𝑒  

𝑀𝑒𝑎𝑛𝑁𝑢𝑚𝑏𝑒𝑟𝑂𝑓𝐸𝑣𝑎𝑙𝑠
)                      (6) 

 
Table 3 shows the values of these measures for different algorithms: 

Table 3 - Comparison of optimization algorithms 

 GA fmincon complex SA 

MeanNumberOfEvals: 85     28.05     68     93.2     
AverageF 196.818442     201.332539     194.917101 195.006597     

BestObtainedF 194.914326    194.914326    194.914332 194.914480    

BestObtainedT 13.322958   13.322958   13.367237 13.170510   
AverageT 14.447257     17.023044     13.404859 13.443428     

Hitrate 0.9  0.65 1  1 
Perfindex 0.039082 0.053995 infinity infinity 

According to Table 3, fmincon which is a derivative based optimization technique, needs 

the fewest number of function evaluations but on the other hand, the results have less 

accuracy compared to other algorithms. As it is seen, after 20 times solving the problem 

using fmincon, the average obtained optimal thicknesses and objective function values 

are the least accurate among all and the Hitrate is the lowest.  
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SA and complex have the best performance index among all. The difference is that 

complex needs less number of evaluations and this makes it the best suited algorithm 

for the optimization of this problem. It should be noted that if complex is used with 4 or 

less number of starting points, the Hitrate would not be 1 anymore. Also, AverageF has a 

lower value in the case of complex which means that complex has converged to better 

results in the minimization problem. 

Hitrate=1 means that in all 20 times the algorithm has found the optimal objective 

function value (Perfindex=infinity), within the range of acceptable tolerance (0.5). 

GA (Hitrate=0.9) has slightly better performance than fmincon (Hitrate=0.85). 

Nevertheless, its performance is still not as good as complex or SA and also it needs 

more number of function evaluations compared to both SA and complex. 

As a conclusion, in this problem, complex is the most preferred algorithm among GA, SA, 

fmincon and complex and would solve the problem in the most efficient manner in a 

sense that it has the lowest number of required function evaluations and also the best 

Hitrate. 

4.4.4 Results of the optimization 

To have better understanding of the optimization results, a Pareto front of the solutions 

which shows a tradeoff between mass and stress in the lower arm, is presented in Figure 

46. Using this figure, one can investigate the relation between mass and stress. For 

example, it is seen that if the mass is reduced from 100 kg (thickness =11.34 mm) to 75 

kg (thickness = 8.37 mm) which is 25 % percent reduction in mass, the maximum stress 

in the arm would change from 120 MPa to 800 MPa (660 % increase in stress). 

 

Figure 46 - Pareto front of the optimization results 
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4.5 Conclusion and future work  

At this point, it can be concluded that the aims of the project are completely achievable. 

In other words, the FEA using ANSYS V13 can be efficiently integrated with other tools 

such as SOLIDWORKS, DYMOLA and MATLAB. Now that the viability of integrating FEA 

is proved, an efficient framework containing the entire mentioned tools covering the 

whole robot design process can be created. The proposed framework would look like 

Figure 47. In this framework, the optimal thickness values can be obtained for each link 

of the robot via optimization loops and considering the result for the thickness, another 

optimization algorithm can find the best performance, lowest cost, and other desirable 

properties of the whole robot. A similar approach has been used by Tarkian et al in 

Figure 47but instead of ANSYS, CATIA is used. 

 

MATLAB

Select new 

actuators to 

minimize F

SOLIDWORKS

Calculate the mass properties for 

link(i) with an initial random value for 

the thickness(to be replaced with a 

Meta model)
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Perform dynamic simulation and 

calculate the forces and torques

ANSYS

Calculate the 

maximum stress
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Stop
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Figure 47 – Proposed holistic framework for integration of different tools  
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Appendix 2 

Particle swarm algorithm 

The particle swarm method is developed based on the following model: 

1. When one of the particles (a bird) finds the target (food) which is the optimal 

value of the function, it rapidly transmits the information to all other particles. 

2. All other particles change their orientation toward the target but not directly. 

3. The particle’s independent thinking and its past memory is used. 

Therefore, the algorithm simulates a random search in the design space toward the 

optimum value of the objective function. 

Computational implementation 

The following, is the step by step procedure of solving an unconstrained minimization 

problem using PSO. 

Let’s assume f(x) is going to be maximized and Xlow ≤ X≤ Xup , according to PSO algorithm: 
1- Total number of particles (swarm size) N is assumed. It should be noted that 

smaller values of N would decrease the number of function evaluations; however, 
very small swarm size would increase the time required to find a solution or in 
some cases the algorithm may fail to find a solution. 

2- The initial population in the range Xlow , Xup is randomly generated. Position and 

velocity of jth particle in ith iteration is denoted by Xj
i andVj

i. The objective 

function is evaluated at the initial particles as f[X
1

0],  f[X
2

0], … , f[X
N

0 ]. 

3- All particles move toward the optimal point with a velocity. At the beginning, the 
initial velocity is set to zero. The iteration counter is set as i=1. 

4- In the ith iteration, the following two parameters are defined for typical particle j: 

I. Pbest,j , is the highest (best) value of the objective function f[X
 j
i ], achieved 

by particle j in all previous iterations. 

Gbest, is the highest (best) value of the objective functionf[X
 j
i ], achieved by 

any of the N particles in previous iteration. 

II. Velocity of particle j in the ith iteration is defined as: 
 

𝑉𝑗  𝑖 = 𝑉𝑗  𝑖 − 1 + 𝑐1𝑟1 𝑃𝑏𝑒𝑠𝑡 ,𝑗 − 𝑋𝑗  𝑖 − 1    

+𝑐2𝑟2 𝐺𝑏𝑒𝑠𝑡 − 𝑋𝑗  𝑖 − 1   ; 𝑗 = 1, 2, … , 𝑁          (7) 

 
C1 and C2 are the individual and group learning rates, respectively, and r1 

and r2 uniformly distributed random numbers between 0 and 1. C1 and C2 

denote the relative importance of the particle memory to the memory of 
the swarm. 

III. The position of particle j in the ith iteration is defined as: 
 
𝑋𝑗  𝑖 =  𝑋𝑗  𝑖 − 1 + 𝑉𝑗  𝑖 ;  𝑗 = 1, 2, … , 𝑁             (8) 

 



Page 53 of 68 

 

Objective function values corresponding to the particles are evaluated at 

this step: f[X
1

i ], f[X
2

i ], … , f[X
N

i ]. 

 
5- The convergence is checked. When all the particles converge to the same values, 

convergence is assumed. If the algorithms has not converged, step 4 is repeated, 
iteration counter i=i+1, and new Pbest,j and Gbest values are found. This process 
continues until all particles converge to the same optimal value. 

 
The following is the MATLAB code which is written for PSO in this thesis work: 
 
clear all; clc;close all; 
C1=2; 
C2=2; 
 
%define the objective function, upper and lower bounds 
Objective='func'; 
X_low=[0 0]; 
X_up=[2 2]; 
 
%size of the swarm(number of particles corresponding to the number of 
%individuals in GA), usually a size of 20 to 30 is used 
NOP=25; 
convergence_measure=0.001; 
Nofiterations=150;       % number of iterations(to be replaced by the convergence criteria) 
figure 
 
Theta_max=0.9; 
Theta_min=0.4; 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%% 
 
%initilaize the popoulation in the range between X_low ad X_up 
initX = initpop(NOP,X_low,X_up); 
 
%evaluation of objective function values at in initial particles 
itr=1; 
for i = 1:NOP, 
    Obj(i,:)=feval(Objective,initX(i,:),itr); 
end 
Allobjectives(:,1)=Obj; 
 
[A,B]=min(Obj); 
Gbest=initX(B,:); 
 
itr=1; 
for Prtle=1:NOP 
    [A,B]=min(Allobjectives(Prtle,1:itr)); 
    Pbest(Prtle,:)=initX(Prtle,(B-1)*length(X_low)+1:(B)*length(X_low));      %finding best function value in 
all previous function values for each particle 
end 
 
Xhist=initX;        % saving the x values in the history since they are needed when finding Pbest and Gbest 
 
Initvelocity=zeros(NOP,length(X_low));      %velocities of particles is zero at the begining 
 
for itr=2:Nofiterations 
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    if itr==2 
        %Theta=Theta_max-((Theta_max-Theta_min)/Nofiterations)*itr;  %the velocity damping factor 
        phi=C1+C2; 
        Theta=2/(abs(2-phi-sqrt(phi^2-4*phi))); 
        for var=1:length(X_low) 
            for Prtle=1:NOP 
                %V(Prtle,var)=Theta*Initvelocity(Prtle,var)+C1*rand(1)*(Pbest(Prtle,var)-
initX(Prtle,var))+C2*rand(1)*(Gbest(1,var)-initX(Prtle,var)); 
                V(Prtle,var)=Theta*(Initvelocity(Prtle,var)+C1*rand(1)*(Pbest(Prtle,var)-
initX(Prtle,var))+C2*rand(1)*(Gbest(1,var)-initX(Prtle,var))); 
                X(Prtle,var)=initX(Prtle,var)+V(Prtle,var); 
            end 
        end 
 
        for i = 1:NOP, 
            Obj(i,:)=feval(Objective,X(i,:),itr);       %evaluating the function with the new x[prtle,var] values) 
        end 
        Allobjectives(:,itr)=Obj; 
 
        [A,col]=min(min(Allobjectives)); 
        [A,row]=min(min(Allobjectives')); 
 
        Xhist(1:NOP,(itr-1)*length(X_low)+1:(itr)*length(X_low))=X;        % adding the new X to the previous 
values in Xhist 
        Gbest=Xhist(row,(col-1)*length(X_low)+1:(col)*length(X_low));       %finding best function value in all 
previous function values among all particles 
 
        for Prtle=1:NOP 
            [A,B]=min(Allobjectives(Prtle,1:itr)); 
            Pbest(Prtle,:)=Xhist(Prtle,(B-1)*length(X_low)+1:length(X_low)*B);       %finding the individual with 
the best function value in all previous iteration for each of the particles        end 
        end 
 
        hold on; 
        plot(itr,A,'O') 
 
    else 
 
%%%%%%%%Damping factor(improvement to PSO) 
% %         for I=1:NOP 
            average_end=abs(mean(Allobjectives(1:NOP,end))); 
            average_1end=abs(mean(Allobjectives(1:NOP,end-1))); 
 
            if  abs(average_1end-average_end)>=convergence_measure; 
                %check for convergence 
 
                %Theta=Theta_max-((Theta_max-Theta_min)/Nofiterations)*itr;  %the velocity damping factor 
        phi=C1+C2; 
        Theta=2/(abs(2-phi-sqrt(phi^2-4*phi))); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%5 
         
                for var=1:length(X_low) 
                    for Prtle=1:NOP 
                        V(Prtle,var)=Theta*(V(Prtle,var)+C1*rand(1)*(Pbest(Prtle,var)-
X(Prtle,var))+C2*rand(1)*(Gbest(1,var)-X(Prtle,var))); 
                        X(Prtle,var)=X(Prtle,var)+V(Prtle,var); 
                    end 
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                end 
 
                for i = 1:NOP, 
                    Obj(i,:)=feval(Objective,X(i,:),itr);       %evaluating the function with the new x[prtle,var] values 
                end 
                Allobjectives(:,itr)=Obj; 
 
                [A,col]=min(min(Allobjectives)); 
                [A,row]=min(min(Allobjectives')); 
 
                Xhist(1:NOP,(itr-1)*length(X_low)+1:(itr)*length(X_low))=X;        % adding the new X to the 
previous values in Xhist 
                Gbest=Xhist(row,(col-1)*length(X_low)+1:(col)*length(X_low));       %finding best function value 
in all previous function values among all particles 
 
                for Prtle=1:NOP 
                    [A,B]=min(Allobjectives(Prtle,1:itr)); 
                    Pbest(Prtle,:)=Xhist(Prtle,(B-1)*length(X_low)+1:length(X_low)*B);       %finding the individual 
with the best function value in all previous iteration for each of the particles        end 
                end 
                hold on; 
                plot(itr,A,'O') 
                optimumF=A; 
             end 
%         end 
     end 
end 
 
[A,col]=min(min(Allobjectives(1:NOP,:))); 
[A,row]=min(min(Allobjectives(1:NOP,:))); 
 opt_x=Xhist(row,(col-1)*length(X_low)+1:length(X_low)*col)      %show the function and X value at the 
end 
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Appendix 3 

Simulated Annealing algorithm 

The phenomenon of metal cooling is simulated using a temperature like parameter 

which is controlled by the concept of Boltzmann's probability distribution. This concept 

implies that the energy of a system which is in thermal equilibrium at temperature T is 

distributed probabilistically as: 

P(E) = e
-E

KT 
(9) 

 

Where P(E) is the probability of achieving energy level E and K is the Boltzmann 

constant. 

Assuming that the search process follows the Boltzmann's probability distribution, the 

convergence of SA can be controlled by the temperature T. Metropolis et al have 

suggested a method for implementing the Boltzmann's probability distribution in 

context of function minimization. The energy Ei at state Xi is given by  

Ei = fi = f(xi) (10) 

Then, according to Metropolis criterion, the probability of the next design point Xi+1 

depend on the difference between the function values (energy state) at the two design 

points. Figure 48 shows the complete workflow in SA algorithm. 

The following is the MATLAB code which is written for SA in this thesis work: 
 
function [Thickness evals fobj] = SA 
 
global x_low; 
global x_up; 
global func 
 
Objective=func; 
NV=length(x_low);      %Number of Variables 
 
Nofcycles=28;       %number of cycles. this should be replaced with the convergence criterion 
bound(1)=0; 
for i=1:NV 
    bound(i)=0.1*(x_up(i)-x_low(i));       % when function is not improved by new X and another X 

end                                                           %is going tobe generated, do not select the second new X in the +-
bound %vicinity of the previeous bad X 

 
%choosing the parameters of SA method (T,n,c) 
%The initial temperature is taken as average value of f evaluated at four 
%randomely selected points in the design space. 
 
init = initpop(4,x_low,x_up); %4initial random points are evaluated 
for i = 1:4, 
    Obj(i,:)=feval(Objective,init(i,:)); 
End 
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T=mean(Obj(1:4,end));        %initial tem calculated 
C=0.65;                       %temperature reduction factor 
n=10;                        %maximum permissable number of iterations at any specific value of temperature 
 
X = initpop(1,x_low,x_up);         %select a random initial design point 
ObjectFunc(1,:)=feval(Objective,X(1,:)); %evaluate the function at X 
 
for P=1:Nofcycles;                 %cycle counter(cycle corresponds to generation) 
 
    for i=1:NV 
        u(i)=rand; 
        X(P+1,i)=x_low(i)+u(i)*(x_up(i)-x_low(i));   %generating the next point in the vicinity of the previous 
one 
    End 
 
    ObjectFunc(P+1,:)=feval(Objective,X(P+1,:));        %evaluating the new X 
    DeltaF=ObjectFunc(P+1,1)-ObjectFunc(P,1);           %finding the increase or decrease in function value 
 
    %metropolis criterion 
    k=1;                                    %Boltzman constant 
    probability=min(1,2.71828^(-DeltaF/(k*T))); 
 
    itr=1; 
    while itr<=n 
        r=0.9; 
        if probability<r              %or we can say if DeltaF>0. if the function is larger in x2 than x1(bad for 
minimization process) 
            itrat(P)=itr; 
            for i=1:NV 
                u(i)=rand; 
                Xr(P+1,i)=x_low(i)+u(i)*(x_up(i)-x_low(i));   %generating the next point in the vicinity of the 
previous one 
                counter(P)=1; 
                if Xr(P+1,i)>=X(P+1,i)-bound(i) && Xr(P+1,i)<=X(P+1,i)+bound(i) 
 
                    while Xr(P+1,i)>=X(P+1,i)-bound(i) && Xr(P+1,i)<=X(P+1,i)+bound(i)     %if new X is around(+-
bound)any of previous Xs, create a new X. bound defined at the top 
                        u(i)=rand; 
                        X(P+1,i)=x_low(i)+u(i)*(x_up(i)-x_low(i));   %generating the next point in the vicinity of the 
previous one 
                        counter(P)=counter(P)+1; 
                    end 
                else 
                    X(P+1,i)=Xr(P+1,i); 
                end 
            end 
            ObjectFunc(P+1,:)=feval(Objective,X(P+1,:));        %evaluating the new X 
             
            DeltaF=ObjectFunc(P+1,1)-ObjectFunc(P,1);           %finding the increase or decrease in function 
value 
 
            %metropolis criterion 
            k=1;                                    %Boltzman constant 
            probability=min(1,2.67^(-DeltaF/(k*T))); 
        else 
            break 
        end 
        itr=itr+1; 
    end 



Page 58 of 68 

 

    %decrease the temperature 
    T=C*T; 
end 
% 
 [fobj,index]=min(ObjectFunc); 
Thickness=X(index); 
evals=sum(itrat); 

 

- Find initial temperature(T) as average of function value in 

four random design points.

- Set the value of parameters 

n:allowed number of trying new design points in each cycle

c: temperature reduction factor 0<c<1

- Find f1  =f(X1), where X1  is a 
random design point.

- Set iteration number i=1

- Set cycle number p=1

Generate new design
Xi+1 = lower bound+ random(0,1)[upper bound - lower bound]

f i+1  =f(Xi+1) and Delta f= f i+1  - f i

Accept Xi+1 If 

Delta f > 0 And P(E)=e^-E/KT < 
random(0,1)

Otherwise reject the design point

Update iteration counter 

i=i+1

Is i >= n
No

- Update cycle counter P=P+1

- Ste iteration counter i=1

- Reduce temperature

Yes

Met the 

convergence 

criteria

No

Stop

Yes

Start

 

Figure 48 - Simulated Annealing algorithm 
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Appendix 4 

This is an example which shows the step by step procedure for the integration of 

modeFRONTIER V4.3 and ANSYS 13. 

A static structural analysis in ANSYS has different stages. These stages should be 

completed in order to solve the problem. In the following lines, it is described how to set 

up a parametric ANSYS project and then the project is integrated with modeFRONTIER. 

Stage 1: Geometry 

The geometry is created in ANSYS or is imported from another CAD tool such as 

SOLIDWORKS. In this example, the second approach would be explained. 

Importing the geometry from SOLIDWORKS 

In this approach, the model would be imported into ANSYS while it is still parametric. In 

other words, the parameters of the geometry are available in ANSYS. So, the geometry is 

imported to ANSYS only once and later on, it would be modified by changing the 

parameters inside ANSYS. It should be noted that if a dimension is going to be imported 

into ANSYS and modified as a parameter, it must not be addressed with any equation in 

the SOLIDWORKS model. 

After creating a CAD model in SOLIDWORKS and saving it as a .SLDPART, the next step is 

as follows. 

Open ANSYS and create a new static structural project by dragging the static structural 

from the list of toolboxes on the left and dropping in the green box on project schematic 

area (Figure 49). 

 

 

Figure 49 - Creating static structural project 
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Left click on the geometry and place a check in front of Parameters on the newly opened 

window on the right side of the screen (Figure 50). Delete the value in front of the 

Parameter key. 

 

Figure 50 - Place the check to import Named Selections 

Write click on the Geometry icon, go to import geometry and then browse the geometry 

model which was created with SOLIDWORKS. Then, double click on the Geometry to 

open the design modeler. Press the Generate button at the top left of the screen (Figure 

51). After clicking on Attach1 from the tree, at the bottom of Details View window the 

imported parameters from the SOLIDWORKS model are shown. Left click on the box 

next to the left of the parameter(s) which would be varying during the design process so 

that it shows up as a parameter in the project schematic. 

 

Figure 51 - Imported Named Selections 

Now we can close the design modeler (go to File/close design modeler). 
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Stage2: Model and Setup 

Double click on model from the project schematic window (Figure 52). 

 

Figure 52- Double click on Model 

Note: Since the goal of this section is only describing the integration of ANSYS and 

modeFRONTIER, there would be no detailed explanations about efficient problem 

settings like mesh settings. 

Right click on Mesh and select Generate Mesh (Figure 53). 

 

Figure 53 - Create Mesh 

After meshing the geometry it is time to apply the loadings on the structure. There are 

several different loading cases available in ANSYS. Let’s assume a moment is going to be 

applied on a surface in the geometry and also the geometry is going to be fixed to the 

ground at one end.  

Left click on Static Structural in the tree and then select Supports/fixed supports from 

the top toolbar (Figure 54). 
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Figure 54 - Defining the support 

In the left down window make sure that the Scoping Method is Geometry Selection 

(Figure 55). 

 

Figure 55- Change Scoping Method to Named Selection 

Click on the area in front of Geometry and after clicking on the desired area of the 

structure which is going to be fixed, press on Apply button which has appeared in front 

of Geometry. 

 

Figure 56 - Select the element which is going to be fixed 

So far, a surface of the geometry is selected as the support and now the loads would be 

applied. 

From the top menu select Loads and then left click on Moment. 
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Figure 57 - Applying moment on the structure 

As done for the support, select the area where the moment is going to be applied. In the 

left down window, change the definition from vector to component and set the value of 

the X component equal to 100. Left click on the box next to X component so that it 

appears as a modifiable parameter in the project schematic. The setting should look like 

Figure 58. 

 

Figure 58 - Moment settings 

In the same way, more forces and torques can be applied to the structure. 

At this step, the desirable output from the problem is defined. For example, maximum 

equivalent Von Mises is required. 

Click on solution in the tree and from the top icons select stress and then Equivalent (Von 

Mises), Figure 59. 
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Figure 59 - Defining the desired outputs 

The stress output would be calculated in all bodies by default. If a certain area of the 

geometry is important for the user, by clicking in front of Geometry and then choosing 

the desired area, the max equivalent stress would be given in that. Also click on the box 

on the left side of Maximum so that this value is shown in the project schematic as an 

output parameter, Figure 60. 

 

Figure 60 - Defining the outputs 

Stage3: Solution and results 

So far, the project schematic looks like Figure 61.  
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Figure 61 - Project schematic before solving the problem 

By pressing the button, update project, the problem would be solved in a while. After the 

problem is solved, left click on Parameter Set. The values of the parameters are shown 

on a new window as Figure 62. If the new window does not show up, go to the top task 

bar and in the View menu, select Outline. Save the project as tutorial.wppj. 

 

Figure 62 – Results 

So far, geometry is created in SOLIDWORKS and a FEA is performed in ANSYS. In the 

following steps, it would be explained how ANSYS is integrated with modeFRONTIER. 

Two input variables corresponding to the geometry parameter which is going to be 

updated, and the value of the moment applied to the structure are created in 

modeFRONTIER project. 

10 random design points according to the boundaries of Moment and Length variable are 

created in DOE sequence, and in the scheduler, DOE sequence is selected to be evaluated. 

An output variable named stress and also a logic end are added to the project. 

An ANSYS node is added to the project which is going to be connected to the already 

created project in ANSYS. After adding the nodes as mentioned and connecting them as 

Figure 63, the ANSYS node is the only node which needs to be modified. 



Page 66 of 68 

 

 

Figure 63 - modeFRONTIER project 

 

A macro is required to execute the update project command in the ANSYS project after 

the parameters are modified. This macro should be written in Python language but in 

this case it is a quite simple code. To create the macro, create a text file and change the 

name of the file into macro.py. The following lines must be written inside the macro.py 

file: 

SetScriptVersion(Version="13.0") 
Update()  
 
Double click on the ANSYS node and set the path in front of project to the address of 
tutorial.wbpj file, Figure 64. 
Where says Macro before simulation, give the address to the macro.py file. 
 

 

Figure 64 - Properties of ANSYS node 
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Click on the button named Edit Workbench Preferences, and select the path to the ANSYS 

installation directory and java.exe in the modeFRONTIER installation directory. Also set 

the other parameters as in Figure 65 and then press ok. 

 

Figure 65 - Edit ANSYS preferences 

The next step is to connect the parameters inside the modeFRONTIER and ANSYS 

project. For this, click on the binoculars in front of one of Data input (or Output) 

Connector in Figure 64. Wait till the software reads the data in the ANSYS project and 

finds the parameters, Figure 66 

 

Figure 66 - modeFRONTIER is reading the ANSYS project 

After a while, a window pops up as Figure 67, double click on the corresponding 

parameter in the ANSYS list of parameters and press ok. Do not forget to close all ANSYS 

projects before this process. By selecting the binoculars in front of all other Data input 

(or Output) Connector all of them can be connected to ANSYS parameters. 
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Figure 67 - Pop up window where the parameters are linked to ANSYS 

Now, the project is ready to be solved. By pressing the Run button in the 

modeFRONTIER project, length and moment values are transferred to ANSYS and the 

calculated stress values would be stored in the defined output variable. 

 


