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Abstract. Parallel Kinematic Machine (PKM) is a new type of machine tool, which
has the potential to fill in the gap between traditional CNC machines and industrial
robots, due to its flexibility and superior motion dynamics. Stiffness is an essential
property of a machine tool, as it will affect the machining capability. Although much
research has been conducted on stiffness modelling and analysis, most of them
employ simplified models and gravity effects have not been well considered or
characterized for PKMs. To fill in the knowledge gap, this paper introduces a new
experimental stiffness measurement method considering the effect of gravity on the
machine tool. An experimental procedure was developed in order to separate the
gravity effects on stiffness from the machine structure.
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1. Introduction

Parallel Kinematic Machine (PKM), also known as parallel robot, is a relatively new
type of machine tool compared to traditional numerical control machines (TNCMs).
They have been identified as a major contributor to future manufacturing systems
because they have flexibility as a serial robot, superior dynamic performance as CNCs,
and demonstrate high stiffness to mass ratio [1]. Since the first PKM was introduced to
public at the IMTS fair in 1994, research to improve the performances of PKMs has
grown exponentially in the past two decades and commercialized PKMs (e.g., Tricept
[2], Exechon [3], and A3 Sprint head [4]) have been widely adopted in the industry today
[1]. With their high dynamic performances, they have demonstrated the required
flexibility and improved precision capability in machining large parts such as drilling
and milling of aircraft structures.

Stiffness property is one of the key performance measures of productive machines.
Given the closed-loop structure and configuration dependent characteristics, accurate
stiffness modelling of PKMs can be very challenging. In literature, the stiffness
modelling methods for PKMs can be categorized into three main approaches, namely,
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(D) numerical approach with FEA [5], [6], (I) analytical approach based on structural
matrix [7], [8] , and (III) semi-analytical method based on virtual works principle [9],
[10]. In order to reduce complexity, most studies on stiffness modelling focused on the
machine structure but neglected the effect of gravity by assuming that the links of the
robot are weightless and the joints are perfectly rigid. However, to reflect the reality and
increase accuracy, it is essential to consider the gravity effect for stiffness
characterization. Lian et al. [11] developed a new 5-DOF PKM named T5 for high-
precision machining in aerospace manufacturing and the machine’s performance was
validated by experiments. Ibaraki et al. [12] proposed a gravity-induced error
compensation method for hexapod-type PKMs. Cao et al. [13] presented a stiffness
model for an over-constrained parallel mechanism considering the gravity of all moving
components and external payloads. Wang et al. [14] proposed a semi-analytical stiffness
model for the 3-SPR parallel mechanism. Furthermore, gravity-induced error
compensation methods for serial industrial robot manipulators have been discussed in
[15] and [16]. Apart from that, few other studies found in the literature [17]-[19] describe
the effect of the gravity on serial and parallel manipulators, stiffness modelling and
gravity error compensation methods. Although these methods have accounted gravity
effects via theoretical approaches, there is no study yet to directly measure the gravity
effects on PKM stiffness through experiments. Direct measurement will give more
accurate results compared to the theoretical estimations. These experimental results
utilized for optimizing these hard-to-measure parameters (e.g., compliance of a gimbal)
used in stiffness modelling. To address these issues, this paper will investigate the gravity
effect directly through stiffness experiments with Exechon X-mini PKM. The rest of the
paper is organized as follows. Section 2 shows the gravity effect analysis, and section 3
introduces the experimental procedure for stiffness measurement in X-mini PKM.

2. Gravity effect analysis and theoretical model of stiffness measurement

To obtain the machine stiffness considering the gravity, the procedure given below was
followed. Care should be taken that gravity is continuously exerted on the machine tool
at any configuration, and the PKM’s stiffness will be configuration dependent. The
experimental procedure was developed in order to separate the gravity effects on stiffness
from the machine tool structure.

As shown in Figure 1. (A), a reference coordinate system {O-x0yoZo} was defined at
the middle position of the axis which passes through the leg 1 and leg 3 base joint axis,
and the gravity is acting in the y,-direction. During the experiment, the exerted forces
were applied in either positive or negative yo-direction. Two methods were used to
measure the machine tool displacement under the applied forces via a force adaptor. First,
force F; was applied, where the direction of force was from tombstone to tooltip in the
upward direction (i.e. - y,), as shown in Figure 1. (B) In the next attempt, force F, was
applied by hanging weights on the tooltip where the direction of applied force was from
tool tip to downward direction (i.e. + y,), as shown in Figure 1. (C).

The diagram in Figure 2 shows four different positions of the tooltip under the
applied loads. Figure 2. (A) shows the ideal position of the tooltip without the gravity
effect. Figure 2. (B) shows the initial position of the tooltip under gravity without
external forces. Displacement of the tooltip due to gravity is considered as §y, as shown
in Figure 2. (B). Figure 2. (C) shows the position tooltip under the applied force from
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bottom to upward direction. Displacement of the tooltip due to upward force is §y; .
Figure 2. (D) shows the position tooltip under the applied force from up to downward
direction. Displacement of the tooltip due to downward force is §y,.

Figure 1. (A): Pose of the reference coordinate system, (B): Experimental setup to measure the displacement
in Y direction upward, (C): Experimental setup to measure the displacement in Y direction downwards.
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Figure 2. Different positions of the tooltip under applied forces. (A): home position of the whole machine
without gravity and external load, (B): deformation at tooltip with gravity only, (C): deformation at tooltip
with both gravity and external load upward (opposite to the direction of gravity), (D): deformation at tooltip
with both gravity and external load.

Considering each position of the tooltip, the following equations can be obtained by
applying Hooke’s law. From Figure 2. (B), considering the initial position of the tooltip
with the gravity,

Fg = K;68y,, M
where Fg is the force due to gravity and Kj; is the stiffness at the initial tool position and
the variations of K, are assumed to be negligible during the micro-deformation. From
Figure 2. (C), considering the resultant force in the downward direction,

Fg— F, = K6y, (2)
where F; is the applied force in the upward direction, and K; is the stiffness of the
machine related to the position in Figure 2. (C). From Figure 2. (D), considering the
resultant forces in the downward direction,

Fg+F, = K;(6yg + 6y2), 3)
where F, is the applied force in the downward direction, and K, is the stiffness of the
machine related to the position in Figure 2. (D). Since §y; (i=1,2, g) is very small,
assume the stiffnesses at each point are equal, i.e., K; = K, = K; = K, then, the
following equation is obtained from Eqn. (1) and Eqn. (3).

F.

= )
Using Eqn. (4) and experimental data, the stiffness of the machine tool K for the relevant
coordinates were obtained.
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3. Experimental setup and procedure
3.1. Experimental Setup

To measure the displacement of the spindle and tool under the applied static load, two
laser displacement sensors (LDS) and two eddy current displacement (ECS) sensors were
used, as shown in Figures 3. (A) and Figure 3. (B). The two LDS were used to measure
the tool displacement in X and Y directions as shown in Figure 3. (A). Eddy current
sensors were used to measure the tool displacement along Z-axis and the displacement
of spindle along Y-axis as shown in Figure 3. (B).

Figure 3. (A)- LDS setup to measure the tool displacement in X and Y directions (1: LDS1, 2: Cutting tool,
3: Tool holder, 4: LDS2). (B)- ECS setup to measure the displacement in the Z direction (1: Ground cable, 2:
Tool holder, 3: ECS target plate, 4: ECS, 5: Force sensor tip, 6: Cutting tool). (C)- Orientation of the G54
coordinate system.

3.2. Procedure

G54 machine coordinate system was used to measure the displacement of the tool under
the applied load. G54 coordinate system showed in Figure 2. (C) is related to the
reference coordinate system O as G54 (0, 0, 0) = O (-6.493, 268.780, 1420.431). To
apply the load on the tooltip in upward direction, pre-designed fixture blocks and a force
adaptor were used as shown in Figure 1. (B). First, the fixture blocks and the force
adaptor are mounted on the tombstone. Then, the sensors were mounted and aligned
accordingly before starting the experiment. After setting up the sensors, the initial sensor
readings were recorded. Next, the load was applied using the force adaptor until the force
sensor reading was around 100N. After that, the sensor readings were re-recorded. To
measure the displacement under the applied force in the downward direction, a newton
gauge was fixed at the tooltip and weights were applied until the newton gauge gave
around 100N reading, as shown in Figure 1. (C). Displacements of the tooltip was
recorded using the same sensor setup as the previous case. The same procedure was
repeated to record the tool displacement in different coordinates of the workspace.

4. Results

The stiffness values in Y direction (Ky) in ten different positions of the workspace were
calculated using Eqn. (4) as described in section 2. The calculated stiffness values,
related coordinates and applied forces in upward and downward directions are presented
in Table 1. Using Eqn. (1) and Eqn. (2), the gravity force (Fg ) acting on each position
and the gravity-related tool deflection ( 6y, ) were calculated. These values
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(Ky,Fg,8y, ) represent the dependency of stiffness and the effect of gravity with
different positions in the workspace. It is clear from the data that the gravity force acting
on the tooltip is much higher than the applied external force, for example during the
experiment, the applied external force is around 100N, but the calculated gravity force
in same coordinate always higher than 200N. As a result, the gravity force may create
higher deflections in the tooltip than the cutting force for small cutting forces. Therefore,
considering the effect of gravity in stiffness modelling is essential to increase the
accuracy of the model.

Table 1. Experimental data and calculated stiffness in the Y direction.

Coordinates Force (N) oyl oy2 Ky Fg () oyg
(um)  (um)  (N/mm) (um)

X Y V4 F1 F2
-395.81 271.03  1286.36 100.5 100.6 136.53  122.98 818.05 212.19 25938
-244.48 34493  1359.81 100.5 100.4 126.33  101.31 991.00 225.69  227.74

-217.08 -40.99  1437.58 100.3 1004 15899 10537  952.85 25179  264.25
-82.09 -41.27  1437.26  100.5 100.2 14826 11620  862.34 22835 264.81

11.37 269.39  1360.39 100.4 100.2 134.60 104.86  955.55 229.02  239.67
28.52 34437 1359.16 100.6 100.2 136.40  96.72 1036.02  241.92 23351
52.92 -41.54 143694 100.3 100.4 133.50 112.74 890.58 219.19  246.12

188.91 -41.82  1436.62 1004 100.4 155.13  106.72  940.81 246.35  261.85
333.37 268.74  1359.63 100.4 100.6 136.64 101.83 987.96 23540  238.26
467.36 26846 135932 1004 100.6 172.34 105.62  952.46 264.55 27775

5. Conclusion

In this study, a novel stiffness measurement method was proposed for PKM machine
tools, which can separate the effect of gravity on machine tool components from stiffness.
Experiments were conducted on the Exechon X-mini PKM and the stiffness of the
machine tool in different coordinates was calculated eliminating the effect of gravity.
The method is entirely based on an experimental procedure and can be used with the
PKM machine tool. For future work, the research group is developing a complete
stiffness model for PKM to predict the stiffness of the whole workspace considering the
effect of gravity. The data obtained from this study will be used to calibrate the model
parameters of a theoretical stiffness model to predict the stiffness of the machine tool
considering the effect of gravity.
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