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Abstract

This paper presents the impact of tool position upon machining performance of a 2-
Degrees of freedom parallel kinematic machine (PKM) tool. The behavior of PKM is
anisotropic, so structural deformation and a vibration due to cutting loads affects the
quality of machined surfaces, according to tool position in the workspace. The aim of
the present study is to find the optimal tool position (workpiece location) where the
workpiece is machined to a specific quality level. Drilling operations were carried out at
various locations within the workspace. Diametral errors of drilled holes measured at
each location were considered to study the performance of PKM. The study shows that
the tool position has significant impact upon accuracy in drilling operation.

Keywords: Parallel kinematic machine; drilling; tool position; regression model

1. Introduction

Conventional machine tools are designed with massive structures to meet the requirement of
high accuracy and stiffness. This limits the flexibility and dynamic characteristics of the
machine tool. To overcome these limitations, parallel kinematic machines (PKM) are being
considered for machine tools application by researchers. PKMs have advantages of having
smaller moving masses, high rigidity and high stiffness to weight ratio (Merlet, 2006; Weck,
2002). PKMs with fixed length legs and lesser DoF are considered more suitable for machine
tool applications as it offers more stiffness and workspace in comparison to PKMs with
telescopic legs (Albert, 1998). A 3-PRRR parallel manipulator (Kim & Tsai, 2003) and an
Orthoglide (Wenger, Chablat, 2002) are the examples of PKM based machine tools with fixed
leg length. Planar two-degrees-of-freedom (DoF) parallel manipulators are also being
explored for machine tool applications (Lui et.al, 2005; Stan, 2006).

However, limited research is found on experimental studies of the performance of PKM at
various tool positions within the workspace. The authors have developed a prototype of a 2-
DoF PKM, to explore its effectiveness for drilling operations. Because of the kinematic
structure of the PKM, its stiffness and dynamic characteristics vary according to the position
of the tool platform within the workspace (Rao et.al, 2003). The methodology to obtain the
workspace of a 2-DoF PKM is presented in this paper. A brief discussion on the design and
development of PKM is also presented. In order to study the machining performance of the
PKM at various tool positions (workpiece locations) within its workspace, an experimental
analysis was carried out. Based on the results obtained, an attempt was made to define a
suitable region within the workspace for drilling operations.

2. Description and position analysis of a 2-DoF PKM

The kinematic sketch of a typical two-degree-of-freedom PKM suitable for machine tool
application is shown in Fig. 1. It consists of two vertical columns with ball screws along which
the two sliders move. Sliders and the tool platform are connected with two identical legs. Each
leg consists of a four bar mechanism that enables the tool platform to maintain a constant
orientation and imparts the required stiffness and rigidity to the PKM. The ends of the legs are
connected to the tool platform and the slider by means of revolute joints. Each slider is



actuated by an independent servomotor. Actuation of the sliders provides the desired position
to the tool platform in the vertical plane. The legs are fixed length and can be made light and
stiff and hence can be used in machine tools (Pritschow, 2000). Moreover, this PKM offers a
larger workspace since all the joints are of a single DoF type. Referring to Fig. 1, position
analysis using a simple geometric approach can be expressed as

(z - 6y
(z- )

Solving Eg. (1) & (2), the position of sliders, namely, z; & z; can be expressed as

z=z+,1=(x—(R-r)’ @3)

z+,/L* = (x+ (R —1))° (4)

T

Where, L is the leg length, R is half the distance between two rails, r is half the length of
the tool platform and S is the stroke length. And the tool center point, P = (X, z).

Using above equations inverse kinematics of a 2-DoF PKM that relates the position of the
sliders, z;, and the position of the tool platform, P, can be solved. The given position of the

tool platform, P, is said to be achievable if the values of z; satisfy the following

©®)

3. Workspace of PKM

The workspace shape of a 2-DoF PKM is complex, unlike that in the case of a conventional
machine tool. The workspace of PKM under study is a two-dimensional space reachable by
the constant orientation TCP of the mechanism. For the workspace evaluation, a search or
discretization method proposed by (Masory & Wang, 1995) is adopted here. The search
proceeds by defining a bounding box covering a maximum possible reachable space of
mechanism. A box of 1.1m x 0.8m was defined for the workspace analysis of the PKM, and
then slicing the bounding box into a number of layers, with each layer being discretized into
grid points. For each of these points, the slider position, Z;, is solved from inverse kinematics

Eq. (3) and (4) and checked for its limits using Eq. (5). The stationary singularity and
uncertainty singularities, if any, are excluded from the workspace. Based on this methodology
a MATLAB program was developed to obtain the workspace of PKM. Workspace of proposed
PKM is shown in Fig. 2.

4. Development of PKM prototype

Leg length and distance between rails are the critical parameters that determine the
performance characteristics of PKM viz. Stiffness, dexterity and workspace. Thus special
attention was given to optimize the dimensions of PKM to maximize the stiffness, dexterity
and workspace, as presented by (Darvekar et.al., 2012). Optimized dimensions of PKM
include leg length L = 660 mm and half of the distance between two rails R = 400 mm (Fig. 1).
The values of other parameters considered while optimization were: stroke length S = 380
mm, radius of tool platform r = 40 mm and cross section of each leg: 40 x 60 mm. A specially
designed, PC based controller was used to precisely control the slider positions. A
photograph of developed prototype is shown in Fig. 3.
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Fig. 4 Tool positions within workspace

Fig. 3 Workspace of a 2 DoF PKM

5. Design of Experiment for optimal workpiece location

5.1. Experimental setup

To study the machining performance of PKM at various locations within the workspace,
drilling operations were performed at 25 different locations. Twenty five positions are
distributed throughout the workspace as shown in Fig. 4. The workpiece material used in the
experiment is Aluminum AI5083 (4.6% Mg, 0.6% Mn, 0.1% Cr, Yield Strength 219 MPa). A
standard 2 flute, HSS drill-bit of 6 mm diameter was chosen for drilling operation. The
workpiece is a plate of 160 x 80 x 6 mm. Spindle Speed (1000 RPM), feed rate (80 mm/min)
was kept constant for drilling holes at all locations (CMTI, 2004). Tool overhang of 75 mm was
maintained while drilling holes.



5.2. Measurement procedure

The diametral error of the machined hole is taken as an indicator for analyzing PKM
performance at various tool positions. A digital vernier caliper, (Mitutoyo CD-6"CS) was used
to measure hole diameter as illustrated in Fig. 5. To minimize measurement errors, the
machining was carried out twice at each location with fixed machining parameters, as
mentioned before. For each machined hole, nine readings were taken. The average of these
(2x9) readings was taken as a final reading. After each cutting process the cutting tool was
cleaned and examined. Hole diametral errors obtained while keeping the work piece at
different locations are presented in Table 1.

Fig.5 Hole diametral error measurement

Fig. 6 Errors in hole diameter while drilling at different locations within the
workspace



Table 1 Hole Diametral errors at various locations within the workspace

Sr. Tool position _ Hole sr Tool position _ Hole

NoO Z- X - diametral No Z- X - diametral
axis | axis | error (mm) axis | axis | error (mm)

1 50 170 6.06 14 200 315 6.04

2 100 97.5 6.07 15 250 25 6.01

3 100 170 6.06 16 250 97.5 6.01

4 100 242.5 6.05 17 250 170 6.01

5 150 25 6.04 18 250 242.5 6.02

6 150 97.5 6.04 19 250 315 6.03

7 150 170 6.03 20 300 25 6.03

8 150 2425 6.03 21 300 97.5 6.02

9 150 315 6.03 22 300 170 6.01

10 200 25 6.04 23 300 242.5 6.01

11 200 97.5 6.03 24 300 315 6.04

12 200 170 6.03 25 325 170 6.02

13 200 242.5 6.02

6. Results and discussion

From the experimental data shown in Table 1 and from Fig. 6 it can be observed that the
diametral error (Eqg) is low along the central axis of the workspace (at X=175 mm). As tool
deviates from its central axis towards the right or left end of the workspace, diametral error
increases. Also, it is noted that diametral error is higher towards the bottom end of the
workspace along Z-axis. Variation of diametral error at various locations within the workspace
is the result of variation of stiffness and vibration characteristics of PKM, due to its complex
kinematic structure. Cutting forces in drilling operation are along the axis of the tool (Z-axis as
shown in Fig. 1) (Bhattacharya, 2008). The impact of drilling operation on PKM performance
reveals that the stiffness along the Z-axis is relatively high especially when the tool is
positioned along the central axis of the workspace. However, since the maximum diametral
error value is below 0.04 mm, a 2-DoF PKM can be considered suitable for machine tool
application. Entire workspace can be considered suitable for machining operation except a
bottom triangular region of the workspace.

7. Conclusions

In this paper a methodology to find the constant-orientation workspace of PKM, based on
inverse kinematic equations is presented. Design and development of a 2-DoF PKM for
machine tool application is discussed in brief. The performance of PKM at various tool
positions in drilling operation is studied. Workpiece location has significant impact upon
diametral error in drilling operation. Workspace for specific performance level is determined
so that user can choose a suitable location for machining operations. Experimental study
shows that the proposed PKM machine tool can successfully perform the machining operation
upon metals like high strength aluminum alloy.
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