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0  INTRODUCTION

Globalization and the shortening of products’ 
life cycles have caused dramatic changes in the 
configuring and designing of new products. The 
customization of products has become a trend in recent 
years [1] to [3]. Consequently, the customization of 
configuring process represents a critical issue that can 
be addressed by adapting interfaces to CAD/CAM 
systems, thereby using the web interface to rapidly 
configure a new product.

The application of the web interface as a link 
to the CAD system is currently widely used in the 
development of various products [4] to [6]. Examples 
of some of the available CAD configurators of 
standard components from different manufacturers 
are shown in Fig. 1. Available CAD configurators can 
provide standard, but not custom-made components, 
which are also required for the process of designing 
the product families. Programming customized 
configurators for a family of particular components 
is possible using programmable web interfaces, such 
as Pro/Web.Link in the Creo CAD/CAM system. This 
approach is applicable at the component and assembly 
levels.

The conceptual design of product families has 
inspired many research efforts [7] to [9]. The state-
of-the-art methods can be classified into two main 
categories: scalable and configurational product 
family design [10].

Fig. 1.  The choice of standard components in CAD configurator  
[4] and [6]

Scalable product family design refers to the 
definition of scaling variables (parameters) that are 
used to scale product components/subassemblies in 
one or more directions in order to address a variety of 
customer requests [10] and [11]. The second approach 
is configurational product family design (also known 
as module-based product family design) in which the 
family members are configured by adding, removing 
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or substituting one or more functional modules from 
the initially developed modular product [12]. The 
application of programmable web interfaces in the 
design of a product family is an emerging field of 
research.

In [6] the authors use Pro/Web.Link and Pro/
Engineer CAD/CAM system for designing a family 
of trailers. A similar approach presented in [8] 
investigates configuring a family of products starting 
from a low-level skeleton model. A lamp and a golf 
cart were the examples considered.

In this paper, the application of CAD 
configurators with web interfaces in configuring the 
components and assemblies of new machine tools are 
investigated. Compared to the examples presented in 
[7] and [8], a machine tool is a highly complex product 
in which the kinematics of the machine is a critical 
issue. Therefore, the conceptual (skeleton) model of 
a machine tool should incorporate all the kinematic 
joints that will enable the kinematic verification of the 
mechanism. 

The main benefits of the web interface application 
for configuring new machine tools can be expressed 
as follows:
•	 Interactive decision-making that is based on the 

configuration of the machine tool and its settings 
according to the specific input data based on 
user requirements, database access, standards, 
recommendations, functional requirements, etc.;

•	 Automation of machine tool modelling and 
configuration, with new input parameters that can 
be interactively set;

•	 Use of a large number of standard components 
and generation of machine configuration that can 
be easily remodelled;

•	 Use of CAD configurators with the web interface 
for unique components;

•	 Verification of the machine virtual prototypes 
through simulation of mechanism kinematics 
during machining according to a control program 
(this is enabled by incorporation of all kinematic 
joints into the machine conceptual model);

•	 Improved efficiency for machine designers, in 
order to reduce the time required to configure the 
new product.
Finished solid models of the standard components 

with the desired dimensions, based on a query filled in 
by the user, can be downloaded. Downloaded standard 
components should not be further developed at all, 
and they are directly built in the main assembly. This 
approach is applicable in configuring new machine 
tools [13]. In this paper, the web configurators, web 
interface, CAD/CAM systems and Pro/Web.Link are 

utilized for the development of a mini-laboratory and 
a desktop 3-axis parallel kinematic milling machine 
(PKMM).

PKMM is a research-and-development topic in 
many laboratories [14] and [15], although many of 
them, unfortunately, in fact, do not have a PKMM. 
Therefore, the use of a mini-laboratory and desktop 
educational 3-axis PKMM has been suggested as an 
aid in the process of acquiring basic experience with 
a PKMM [16] to [18]. Research works that consider 
diverse aspects of PKMM have been published [19] 
and [20].

The simulation of the machining process created 
in this paper includes the simulation of machine 
operation based on a generated program in a CAD/
CAM system. However, since the mini-laboratory 
machine is used for the machining of workpieces of 
soft materials (Styrofoam), the simulation does not 
include finite element (FE) analysis of cutting forces, 
as in [21] and [22].

The rest of the paper is organized as follows. In 
Section 1, a general methodology for application of 
CAD configurators, Pro/WEB.Link and top-down 
approach in configuring new products is presented. 
This methodology was applied for designing mini-
laboratory and desktop 3-axis PKMM in Section 2. 
We have developed two virtual prototypes, one of 
which was implemented in the real world. In Section 
3, the configured virtual prototypes are used for the 
verification of the machining program and off-line 
programming system using machining simulation 
in the CAD/CAM environment, which was possible 
because the skeleton model of the virtual prototypes 
had the incorporated all kinematic joints. During the 
simulation, PKMM tool paths were based on programs 
that were created using CAM systems [23]. In Section 
4, the test workpieces that were used for verifying 
the control and programming system on a real world 
laboratory prototype are presented.

1  CONFIGURING BY PRO/WEB.LINK AND  
TOP-DOWN APPROACH

Pro/Web.Link links the internet to Creo Parametric, 
enabling the use of web as a tool to automate and 
streamline parts of the engineering process [24] and 
[25]. This paper describes the implementation of a 
simple automation solutions using Pro/Web.Link in 
configuring the family of parts or assemblies. 

Pro/Web.Link is a set of routines, protocols, and 
tools that can change and adjust parts and assemblies 
in Creo or Pro/Engineer CAD/CAM systems. An 
embedded web browser in the Creo CAD/CAM system 
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improves communication with parts and assemblies 
in Creo, allowing researchers to concentrate on 
the process of configuring a new product based on 
available modules. Pro/Web.Link allows users to 
rapidly obtain CAD models of components.

The application of Pro/Web.Link provides direct 
access to information about the model. Moreover, the 
designer can create, modify, or delete any information 
regarding the model.

Traditionally, machines have been designed using 
a classic approach, from smaller to larger (bottom-
up), i.e., from the components to the main assembly, 
Fig. 2a. In this case, the necessary information for the 
main assembly depends significantly on the selected 
components.

Fig. 2.  Different approaches to configuring,  
a) bottom-up; b)  top-down [26]

Opposite to the bottom-up approach, the top-
down approach, [26] and [27], uses system analysis as 
a method for project management. The structure and 
basic logic of the top-down approach are shown in 
Fig. 2b. In this approach, all the data are located at the 
top level and dictate the essential information needed 
for components. The result is a component that fits 
perfectly to the main assembly and requires very little 
modification later.

The essential features of the top-down approach 
are: (1) a method for placing critical information 
at a high-level location, (2) communicating that 
information to the lower levels of the product structure, 
and (3) capturing the overall design information at one 
centralized location [26]. The main goals achieved 
by the top-down approach are: cycle time reduction, 
increased user satisfaction with software, design 
efficiency increase, and cost reduction.

The top-down design strategy is the most-
common method currently used by industries. This 
design process is conducted from the system to sub-
system, then to the sub-sub-system, and eventually to 
the part, as shown in Fig. 3. The advantage of the top-

down design approach is that inter-linkages from one 
sub-system to another can be correlated [8].

Fig. 3.  Top-down design strategy for product development [8]

The main assembly (ASM1) is organized like 
a tree according to subassemblies (ASM2, ASM3, 
etc.) and components (P1, P2, P3, etc.), which are 
allocated to specific project teams and designers who 
are responsible for their own tasks and who do not and 
should not view the project as a whole.

The use of a skeleton model is a powerful method 
for implementing the top-down design. The skeleton 
model is a simplified assembly, with zero mass and 
geometry with features such as outer surface contours, 
parting lines, hole locations, etc. Although it is 
typically only a non-solid geometry (surfaces, planes, 
curves, axis, etc.), there is no restriction on what kind 
of features can be put into a skeleton.

2  DEVELOPMENT OF THE MINI-LABORATORY  
AND DESKTOP 3-AXIS PKMM

Previous experience in the field of PKMM and a 
successfully developed first experimental prototype of 
a vertical milling machine based on newly developed 
parallel mechanism, [19] and [20], inspired the idea 
of developing a mini-laboratory and desktop 3-axis 
PKMM.

The structure of the mechanism, modelling 
approach, inverse and direct kinematics, workspace 
and singularity analysis of developed mini-laboratory 
and desktop 3-axis PKMM, as well as control and 
programming systems have been described in previous 
research, [16] to [18].

A representation of the initial model of the 
developed parallel mechanism and analytically 
obtained workspace are shown in Fig. 4.

The mechanism consists of the moving platform, 
three joint parallelograms, c1, c2, and c3, and a 
stationary base with two parallel guide-ways. Two 
crossed parallelograms (c1 and c2) with spherical and/
or universal, i.e. cardan joints, are connected with 
one of their ends to the mobile platform, and with 
their other ends to the independent sliders (p1 and p2) 
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which, with a common guideway, make two powered 
and controlled translatory joints.

Fig. 4.  Parallel mechanism pn101 [13]

The third joint parallelogram (c3) is connected 
with one of its ends, through passive translator 
rotating joints with 2-DOF, to the moving platform. 
Its other end is connected with rotating joints to the 
slider p3, which makes, with the second guideway, the 
third powered and controlled translatory joint. The 
actuation of sliders p1, p2, and p3 offers three degrees 
of freedom to the moving platform, i.e., the tool, so 
that the platform retains a constant orientation in its 
motion through the space [16] to [18].

Fig. 5.  CAD model of the parallel mechanism pn101_st [17]

Since this machine has guideways in a parallel 
position, the workspace extension is achieved by 
elongation of one axis (x-axis). 

Configuring the mini-laboratory and desktop 
3-axis PKMM is done in the Creo CAD/CAM system, 
using the top-down approach, PRO/Web.Link and the 
web CAD configurator for the standard components. 

The CAD model of the developed mini-laboratory and 
desktop 3-axis PKMM are shown in Fig. 5.

2.1  The Application of Top-Down Approach

Using the top-down approach, all of the crucial 
information is at the highest level, from where it is 
forwarded to the lower levels. During configuring, 
the skeleton model of a parallel mechanism (Fig. 
6) is used to define a plan for integration of parts/
subassemblies in final assembly of the machine 
(completing the project of machine). 

Fig. 6.  A simplified assembly of the skeleton model with 
constraints

This is a critical issue when working with large 
assemblies. Steps to create the skeleton model of the 
mechanism for the machine are: (1) the analysis and 
definition of the machine tool configurations; (2) 
the definition of assembly interfaces in the assembly 
model with constraints and parameters; (3) the 
building of a simplified skeleton model with common 
geometries and constraint interface of the mechanism 
for 3-axis PKMM.

The skeleton model (Fig. 6) of the parallel 
mechanism contains all the crucial parameters of 
the mechanism and the kinematic relations between 
moving components. The following kinematic 
relations are used: (1) a slider joint for moving three 
sliders (p1, p2, and p3) and the passive translational 
joint, (2) a spherical joint (ball) for coupling two 
joint parallelograms (c1 and c2) with the platform and 
sliders (p1 and p2) and (3) rotary axes (pins) for the 
passive rotating joint c3. Illustration of the application 
of a skeleton model is shown in Fig. 7. 

Components and sub-assemblies are integrated 
into the skeleton model, and, as a result, a parallel 
mechanism ready for further assembly is obtained. 
The main machine assembly (ASM0) is organized 
like a tree, Fig. 8. A large number of standard and 
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commercially available components (Igus [4], NSK 
[5], Bosch [6]) have been used.

Fig. 7.  The application of a skeleton model in configuring

Fig. 8.  Design strategy for the development of mini-laboratory and 
desktop 3-axis PKMM

2.2  The Application of Pro/WEB.Link

The dominant axis (x-axis) of the parallel mechanism 
pn101 can be elongated, which makes the mechanism 
suitable for the design of a family of machines with 
different lengths of the x axis. In this section, how the 
family of supporting structures and guideways can be 

easily configured using CAD configurator (Pro/WEB.
Link) for design of the family of machines is shown. 

Fig. 9a presents the web application interface 
for the CAD configurator for the example of the 
supporting structure. The configurator for Igus 
guideways is shown in Fig. 9b. These guideways are 
used for lead sliders (p1, p2, and p3) and for the passive 
translatory joint. 

Fig. 9.  CAD configurators in Pro/Web.Link  
a) supporting structure b) Igus guideways

Based on the configurators from Fig. 9, a family 
of generic modules for configuring the family of 
machines with different lengths of x-axis has been 
obtained, in which the family parameter is length (L). 

2.3  Virtual Prototypes

The first low-cost, educational, desktop 3-axis PKMM 
presented in [16] to [18] was physically realised and 
was named pn101_st V1. This paper presents a new 
version (pn101_st V1.5) with small modifications, 
which includes the protection cover, as well as a trunk 
for chips, Fig. 10.

This version is configured from available 
components for realization of the first prototype. 
Since this is a mini-laboratory and desktop machine, 
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its main components (step motors, leadscrews, sliding 
guideways, joints, etc.) can be easily procured, and all 
other components can be built in a laboratory.

In addition to the virtual prototype presented 
in Fig. 10, a virtual prototype of a new version of 
the machine called pn101_st V2.5, Fig. 11 has been 
developed and realized. This prototype is configured 
by using as many standard components as possible, 
and it is intended for commercial purposes. The 
pn101_st V1 model is an educational mini-laboratory 
and desktop 3-axis PKMM whose main components 
can be purchased commercially; the remaining 
components can be easily built in the laboratory.

For standard components, some of the common 
CAD configurators [4] to [6] available on the web 
have been used; components were downloaded in 
STEP format, Fig. 1. These components can be easily 
loaded into any CAD environment and integrated into 
the required position in the skeleton model.

Upon analysing virtual prototypes from Figs. 10 
and 11, the following details can be observed:
•	 both prototypes have the same built-in parallel 

mechanism: pn101;
•	 the first version (V1.5) is configured, so that it 

can be made of currently available components 
with a minimum investment, in order to obtain 
the first prototype;

•	 the second version (V2.5) is configured with as 
many standard components as possible, in order 
to obtain a virtual prototype of a machine that 
could be easily homemade; the original idea was 
to use the machine for educational purposes;

•	 spherical joints in the first prototype are 
homemade, while in the second standard Igus 
spherical joints have been used [4];

•	 guideways of the passive translatory joint are 
cylindrical in the first prototype, while they are 
standard square Igus guideways [4] in the second 
prototype;

•	 the supporting structure of the first prototype is 
made of welded steel profiles, while in the second 
prototype it is made of standard Bosch Rexroth 
aluminium profiles and connecting elements [6];

•	 leadscrews in the first prototype are with a 
common metrical thread, while in the second 
prototype ball screws were used; 

•	 in both versions, protecting the workspace with 
transparent Plexiglas on three sides is planned; 
the front doors are also transparent, and adapted 
to the form of the supporting structure. Below 
the machine is a container for the gathering and 
disposal of chips.

Legend: 1- supporting structure, 2-working table, 3-tool, 4-spindle, 5-moving 
platform, 6- passive translatory-rotating joints, 7-stepper motor axis p1, 
8- stepper motor axis p3, 9-slider p3, 10-slider p1, 11-slider p2, 12- 
guideways p3, 13- guideways p1 and p2, 14- safety cover, 15-stepper motor 
axis p2, 16- joint parallelograms c2, 17- joint parallelograms c1, 18- joint 
parallelograms c3, 19-ball joints, 20- protection cover, 21- container for chip

Fig. 10.  CAD model of mini-laboratory and desktop 3-axis PKMM 
-  pn101_st V1.5

Fig. 11.  Mini-laboratory and desktop 3-axis PKMM -  pn101_st 
V2.5

Both virtual prototypes have the same parallel 
mechanism with identical primary parameters 
designed with different components. The first 
prototype (pn101_st V1.5) is designed to use available 
components, while the second prototype (pn101_st 
V2.5) is designed to use standard components. The 
second prototype is planned for further commercial 
development. 
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3  MACHINING SIMULATION IN THE CAD/CAM SYSTEM

The configured virtual prototypes are used for the 
verification of the programming system in a CAD/
CAM environment by machining simulation based on 
the generated tool path, which also includes machine 
simulation. This machining simulation is critical 
in order to: (i) configure the off-line programming 
environment, (ii) verify the program before 
machining, (iii) detect the collision of the parallel 
mechanism during program execution, and (iv) verify 
the position of the workpiece within the workspace of 
a parallel mechanism.

Machining simulation by running the program is 
possible thanks to the applied modelling of the parallel 
mechanism with all kinematic connections between 
the components, which allows the motion of a virtual 
model as a system of rigid bodies. 

Fig. 12 shows a detailed virtual prototype of 
parallel mechanism with all kinematic relationships 
defined in the same way as shown in the skeleton 
model in Fig. 6.

Fig. 12.  CAD model for the simulation of mechanism kinematics

This assembly enables the motion of models in 
the range defined for each connection, which is of 
particular importance for the identification of possible 
collisions during the work of the parallel mechanism. 

Machining simulation of the virtual prototype 
allows the motion of movable segments with a tool 
at the end. The tool path is a result of the execution 
program obtained by programming using the CAD/
CAM system. The machine is programmed in the 
programming format based on the G code.

Although this is a parallel kinematic machine, the 
same resources are used for its programming as for the 
machine tool with serial kinematics. Post-processing 

is done as for a 3-axis vertical milling machine. 
The postprocessor is configured using the post-
processor generator in the Creo CAD/CAM system. 
The equations of direct and inverse kinematics are 
incorporated into the control system for this machine 
[16] and [17]. 

For the first test, a scaled ISO test workpiece 
whose dimensions are 50×50×12.5 mm is used. 
Because of the particular shape and size of the 
workspace of parallel kinematics machines, attention 
should be paid when setting up a workpiece, which 
must be within the limits of the workspace of the 
machine. For the test workpiece shown in Fig. 13a, 
the zero point in the middle of the underside of the 
workpiece has been adopted, with the coordinate axes 
x, y, z as has been used in the vertical 3-axis milling 
machine, marked as MACH_ZERO. The identical 
zero point (MACH_ZERO) exists on the machine (on 
the working table) on which the workpiece is placed, 
Fig. 13c. Matching these two coordinate systems is 
accomplished by setting the workpiece on the machine 
during the machining simulation. Fig. 13b presents the 
simulated tool path on the scaled ISO test workpiece, 
based on the generated CL file. The tool coordinate 
system is defined in the same way as the workpiece 
coordinate system and marked as a TOOL_POINT 
(Figs. 13b and d).

During the simulation of tool paths, a complete 
prototype of the virtual machine can be included 
into the simulation, with a machine play option. An 
example of machine simulation for virtual prototype 
pn101_st V2.5 is shown in Fig. 14 for an ISO test 
workpiece.

Fig. 13.  Coordinate system of the workpiece and  
tool with tool path simulation
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Fig. 14.  Machining simulation in the CAD/CAM  
system - pn101_st V2.5

Fig. 15 presents the second test with a machining 
simulation of the virtual prototype of real world 
machine pn101_st V1.5. For the machining test and 
verifying control and programming system, a non-
standard test workpiece with a grid of slots was 
chosen [28]. 

Fig. 15.  Machining simulation in the CAD/CAM  
system - pn101_st V1.5

This type of workpiece is used since linear 
interpolation represents a significant test for the 
parallel kinematic machine. A linear motion is 
perhaps one of the most difficult motions that parallel 
kinematic machines can perform. 

Based on the realized simulations of machine 
virtual prototypes according to the running programs, 
no collision between the machine elements was 
observed during program execution. Accordingly, we 
can state that these tests have successfully verified the 
programming system and program in G code for both 
machine virtual prototypes. For the prepared program, 
the workpiece is set in workspace boundaries correctly 
and workpiece machining can be performed without 
collision.

4  MACHINING TEST

The model pn101_st V1.5 mini-laboratory and 
desktop 3-axis PKMM has been built and tested in 
our laboratory. While it is educational system with 
complex kinematics, a virtual machine is included in 
the control and programming system too [17]. A virtual 
machine configured in the Python object-oriented 
programming language is implemented in the control 
system’s enhanced machine controller (EMC2) in an 
axis graphical users interface (GUI) [29], for program 
simulation and verification, Fig. 16.

Fig. 16.  Virtual machine - pn101_st V1.5 for program simulation 
and verification

A completely realized version of the machine 
(pn101_V1.5) during a real world machine 
verification is shown in Fig. 17a. Both test workpieces 
considered in the machining simulation were used for 
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verifying control and programming the system. The 
machined ISO test workpiece is shown in Fig. 17b, 
and a machined non-standard test workpiece with grid 
of slots is shown in Fig. 17c.

Dimensions of the workpieces are set according 
to the dimensions of the machine workspace. These 
two test workpieces (Figs. 17b and c) were made of 
Styrofoam. In both cases, a flat end mill tool (diameter 
3 mm) was used. These experiments confirmed that 
it is possible to realize a low-cost mini-laboratory 
and desktop 3-axis PKMM for workpieces of light 
materials and lower tolerances, which can be directly 
used by students, CNC machine tool programmers 
and operators.

Fig. 17.  Machining tests

For this machine, in the future we are planning to 
upgrade the control system, so that it can be utilized 
for research and application of the new method of 
programming known as STEP-NC [30].  Furthermore, 
we will consider the upgrade of the existing parallel 
mechanism by adding a two-axis serial head on the 
platform, so that the machine tool can be used for 
five-axis machining.

5  CONCLUSIONS

In order to contribute towards the acquisition of 
practical experiences in configuring, design, control, 
programming, verification and the use of a PKMM, 
we have developed a mini-laboratory and desktop 
3-axis parallel kinematic milling machine. 

Two versions of mini-laboratory and desktop 
3-axis PKMM have been considered. The first 

version of the machine was completely carried out, 
while the second represents a project for possible 
commercial development for education. Both 
machines use the same parallel mechanism, which is 
incorporated into the skeleton model. The difference 
in machine design is in the components that are built 
in the skeleton model using specially developed and 
standard CAD configurators. In its essence, this is a 
top-down approach, since we start from the basic idea 
represented by the machine skeleton, which is further 
developed depending on the available components 
and desired machine parameters.

The concept of the mini-laboratory and desktop 
3-axis PKMM was verified by simulation and by the 
machining of standardized test pieces. The simulation 
enabled prior identification of possible collisions 
between the machine elements during program 
execution and verification, regardless of whether the 
parallel mechanism motion is within the boundaries of 
the machine workspace. 

The developed mini-laboratory and desktop 
3-axis PKMM represents a comprehensive and 
sophisticated didactic facility. It can machine soft 
materials, it is programmable in a conventional way, 
and it is completely safe for beginners to use. 
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