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Abstract: The Free-Leg Hexapod (Free-Hex) machine tool is an advancement from the conventional Stewart
platform, which has the fixed base platform removed to enable the limbs to be attached to a wider range of surfaces
(e.g. non-flat and curved). However, in some scenarios (e.g. in-situ repair of industrial installations), the limbs of the
Free-Hex need to be attached to the surfaces with unequal stiffness, which brings the challenge of predicting the
dynamics of the system for conducting machining operations under dynamically stable conditions. In this paper, after
introducing the attachment stiffness (i.e. feet attached to the environment with different materials) in the conventional
dynamic model of the parallel manipulator, the dynamic behavior of the Free-Hex machine tools devoted to the in-
situ operation environments was studied. Then, the experimental validation was conducted to prove the dynamic
model developed in this paper. It was found that the errors of the proposed model are under 6% (i.e. 5.1% at
symmetrical limb configuration and 5.8% at the arbitrary configuration) when the limbs are attached to the surfaces
with unequal stiffness. Further, by applying the validated model, the dynamic performance of the Free-Hex with a
wider range of attachment stiffness was analyzed. Overall, it was found that the attachment stiffness has a remarkable
influence on the natural frequencies of the machine tool (e.g. the frequency of mode 4 at the symmetrical
configuration is increased by 36.8% when the attachment stiffness of one limb changes from 0 to 1e+12 N/m). Thus,
the work discussed in this paper can be utilized to avoid the dynamically unstable configurations of parallel kinematic
machine tools (e.g. Free-Hex) when mounting on the surface with unequal stiffness in the in-situ operation

environments.
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1. Introduction

To shorten the repair time of large installations (e.g. ship engines, off-shore platforms), portable/movable
machine tools are increasingly utilized for in-situ operations, instead of disassembling the system and transporting
them to the maintenance center [1,2,3]. This approach brings the advantages of saving transportation costs and
reducing maintenance time. However, the in-situ maintenance requires the reinstallation, reconfiguration and
recalibration of the machine tools against the features of the targets, which is of key importance for maintaining the
original high accuracy and dynamic characteristics of the machine tools (e.g. modal frequencies and mode shape) as
they have been originally designed. In addition, since the setup (i.e. foot location, attachment stiffness and spindle
position) of the machine tools depends on the working environments (e.g. physical obstacles to access the targeted



feature, the surfaces where the machine tools are attached), the dynamic characteristics, remarkably affect the
machining stability, have to be analysed before setting up the machine tool for in-situ repair of industrial installations.

As a novel portable machine tool for in-situ repair and maintenance in challenging environments (e.g. power
stations, off-shore platforms), the Free-Hex was developed by the inspiration of the conventional Stewart platform,
which has been demonstrated as a precision machine tool [4,5,6]. With the base platform removed, the Free-Hex is
able to be attached to a wider range of surfaces, e.g. flat and non-flat (Figure 1), compared with the conventional
fixed-base machine tool. As the space for the limb attachments is often constrained when the machine tool utilized
for in-situ operations compared with lab/factory environments, the limbs usually have to be clamped to the surfaces
with unequal stiffness. The machining abilities of the Free-Hex in lab/factory environments (i.e. the attachment
stiffness of all the feet are regarded as infinite) have been discussed in detail [7,8]. However, to the best of authors’
knowledge, no research has been conducted for analyzing the dynamics of parallel kinematics machine tools when
attached to unequal stiffness surface. Hence, the new application scenario for parallel kinematics machine tools (e.g.
Free-Hex) is studied in this paper, which locates the system on the surface with unequal stiffness when doing in-situ
intervention tasks, requiring an innovative dynamic model by considering extra parameters (e.g. attachment stiffness)
for predicting its dynamic behavior.
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Figure 1. The examples of in-situ intervention in industrial installations: case 1 - valve repair, when Free-Hex is attached to different
components with unequal stiffness (e.g. flange — high stiffness; pipe - low stiffness); case 2- Free-Hex is located on different parts
(solid (A) — high stiffness; cantilever beam (B) — low stiffness); case 3 - Free-Hex is located on one piece with different wall thickness

(shell (€C) — low stiftness; solid (D) — high stiffness)

Regarding parallel kinematics machine tools, the identification of the dynamic behavior [9,10,11] can be easily
conducted by experiments (e.g. impact testing) supported by dynamic models when the machines are placed in an
open workspace (e.g. lab/factory) and generally attached to the surfaces with infinite stiffness. Up to now, a
considerable effort has been put on the study of the dynamic characters of parallel kinematics machine tools in
unconstrained environments. For example, the dynamics model of a large 6 DoF Stewart platform-based machine
tool was experimentally developed by assembling the dynamic model of each substructure to predict the natural
frequency of the entire system [12]. As a desk-top Stewart platform-based machine tool, the dynamic model of the
system was established by considering joint connections and structure configurations [13]. Further, the external loads
with different loading frequencies have been also considered in the dynamic modelling of parallel kinematics
machining tools, and the corresponding dynamic stability index was proposed and validated for improving the



dynamic characteristics to enable the improvement of machining performance [14]. _

_ It can be found that most of the previous researches consider that the

feet of the parallel kinematic machine tool are fixed on the ground/workpiece in unconstrained spaces and the
attachment stiffness is regarded as infinite [17,18]. This is not surprising since most of the hexapod machine tools
have a fixed base-platform. However, these existing models cannot be applied for in-situ repair, since the attachment
stiffness cannot be considered as infinite over the whole workpiece as the real industrial setups where such in-situ
repairs are made are far from “ideal” conditions.

Further, the experimental modal analysis (EMA) approach involves numerous repetitions in lab/factory working
environments [19], which are time-consuming and complex. However, when utilizing the portable machine tools for
in-situ repair, the attachment stiffness varies when the machine attached to different locations, requiring even more
measurements. Therefore, it is highly desirable to develop a novel parametric dynamic model to accurately predict
the natural frequency of the machine tool for in-situ interventions, which can quickly obtain the dynamic
characteristics of the system to improve its machining accuracy and service time.

In this paper, a novel parametric dynamic model of the Free-Hex machine tool, which considers the in-situ
conditions (i.e. unequal attachment stiffness over the entire workpiece), is developed to solve the abovementioned
challenges. Firstly, the kinematics (i.e. position, velocity and acceleration) of the Free-Hex machine tool are
calculated in chapter 2, which are utilized to establish the kinetic and potential energy of the system. Then, a new
Lagrange dynamic equation, which considers the leg masses and attachment stiffness of limbs are established to
obtain the natural frequencies in chapter 3. Then, several case studies were implemented to analyze the influence of
the leg’s masses and the attachment stiffness on the natural frequencies under two classical configurations (i.e.
symmetrical and arbitrary leg layout) by the proposed model, which were validated by simulation. In order to evaluate
the dynamic model, the Free-Hex machine tool was attached to a mechanism able to adjust its stiffness for acquiring
its natural frequencies when the feet are on surfaces with unequal stiffness in chapter 5. Finally, the conclusion is
presented in chapter 6.

2. Kinematics modelling of Free-Hex machine tool

In order to support the dynamic modelling of the Free-Hex machine tool, the kinematic model is developed for
calculating the key parameters of the dynamic equation and mapping the structures of the Free-Hex machine in
different configurations. As the legs are regarded as two separate parts of a telescopic structure, the corresponding
kinematic parameters of their centroids are calculated to evaluate the equivalent kinetic and elastic energies for the
dynamic equation of the system.

2.1 Coordinate system definition

Let us consider the Free-Hex with its feet fixed on surfaces with unequal stiffness (feet 1 to 2 with stiffness B,
and feet 3 to 6 with stiffness A) and its coordinate systems are defined to be {M} for the machine tool and {U} the
for the upper platform (Figure 2).
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Figure 2. Free-Hex machine tool with feet fixed on surfaces with unequal stiffness with its coordinate system and key points definition

Global coordinate system {AM}: The origin is located at the geometry centre of the triangle formed by the foot
centers A,, A, and Ag. The positive direction X, is defined from the origin to the foot center point A,. The
positive Z,, direction is vertical with the triangle. ¥,, direction is defined using the right-hand rule.

Upper platform coordinate system {U}: The origin is located at the center of the upper platform. The positive
direction X is defined from the origin to the center point between the U; and U,, the positive direction Z;; is
same with Z,, in the initial time, the positive direction of ¥, is defined using the right-hand rule.

2.2 Kinematic modelling

In order to calculate the velocity and acceleration at the key points (e.g. spherical joints, centroids of the struts),
the kinematic modelling of the Free-Hex is developed, which was used to establish the dynamic model of the Free-
Hex in Chapter 3. To properly represent the structure of the Free-Hex in a simplified form, the legs are considered as
two separate parts (i.e. linear motor and linear shaft), which are connected to the lower feet and upper platform. It
renders the dynamic characteristics at the centroids of two parts are different from the existing models, so it needs to
be calculated separately.

The closed-loop vector of one leg in the Free-Hex is shown in Figure 2. With given position and orientation of

the upper platform, the position vector of the spherical joint in the upper platform can be written as (Eq.(1)):
p; =t+Rqg 1

Where:

t is the position vector of the upper platform with respect to {M};

R is the rotation matrix of the upper platform with respect to {M};

Psi 1s the position vector (O, U;) of the upper platform spherical joint U; in {M};

qs; 1s the position vector (O U;) of the upper platform spherical joint U; in {U};

Taking the derivative of Eq.(1), the velocity vector, pg;, of the spherical joint point can be written as [20]:

. . t
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Where:
t is the generalized velocity of the origin of the upper platform;
w is the generalized rotation velocity of the upper platform;
q,; is the skew-symmetric matrix of qg;;
q is the generalized velocity of the upper platform with respect to {M};
The rotation angular velocity w;; of the leg relative to the lower spherical joint point (Figure 3) can be written
as:
N, x Qg n, |:|3><3 RquiRT] .
Wy = = q (3)

Where:

n; is the unit vector along the axis of the leg;

1; is the skew-symmetric matrix of the unit vector n;;

[; is the length of the leg;

Each leg of the Free-Hex is composed of two parts, an upper part (i.e. a linear shaft) and a lower part (i.e. a
linear motor) respectively. The distances between the mass center of the upper and lower parts to the joint center
points U; and A; are l; and l, (Figure 3). The upper part gravity is m,g, and the direction is vertical downward.
The gravity vector of the lower part is denoted as m,; g, and the direction is also vertical downward, as shown in

Figure 3.

Figure 3. Kinematic model of one single leg

The lower and upper parts of a leg share the same angular velocity w;;. Then, the generalized motion velocity

[21] of lower and upper parts can be obtained by using Eq.(2).
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Where:

v,; 1s the generalized velocity of upper part mass center in i-th leg;
vy; is the generalized velocity of lower part mass center in i-th leg;
n; is the skew-symmetric matrix of unit vector of i-th leg;

Psi is the skew-symmetric matrix of coordinates vector of the i-th spherical joint in {U};

As the generalized angle velocities and motion velocities of the two separate parts of a leg have been calculated
in Eq.(4) and Eq.(5), the kinetic energy of the six legs can be determined and added to the total energy of the system
to further establish the dynamic equation of Free-Hex by using the Lagrange method.

3. Dynamic modelling of Free-Hex machine tool

The stiffness of the contacting surface is considered for the first time in establishing the dynamic equations of
Free-Hex machine. Then the dynamic characteristics affected by the attachment stiffness, as well as the masses,
damping and stiffness of the legs [22,23,24], can be analyzed separately to explore the performance variation at
arbitrary machine configurations, which can help to forecast the machine performance and guarantee the quality in
the preparation stage [25].

Further, the dynamic model developed in this paper can be extended to be applied to a family of parallel
kinematics machines (e.g. 3RPS and 3UPU), once their feet are not constrained by based platform, they also can be
utilized as portable machine tools for repair and maintenance on complex workpieces surfaces.

3.1 Attachment stiffness consideration

As commented, the Free-Hex is designed for in-situ repair and maintenance in extreme environments and this
requires, in some instances, the limbs have to be attached to surfaces with unequal stiffness for conducting machining
tasks (Figure I). This scenario has not been considered in the previous researches, which impacts the natural
frequencies of the Free-Hex machine tool, leading to the changes in the dynamic characteristics of the system, and
also affects the machining performance of the system as a result.

For modelling the attachment stiffness, a generic situation is shown as Figure 4, which assumes a foot attached
on a surface with finite stiffness (k) [26], and the angle between the axis of the leg and the normal direction of the
surface to be a, as seen in Figure 4.
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Figure 4. Equivalent stiffness calculation with the consideration of the attachment stiffness

The attachments stiffness is then considered to get the equivalent stiffness of a leg in Free-Hex for establishing



the dynamic equation, and the equivalent stiffness can be expressed as:

1
K= 1 1 (6)

+
k. /sin(a) k

leg

Where:
K 1is the overall stiffness of support including the stiffness of the leg and attachment (i.e. contact surface);
ks is the stiffness of the contacting surface; k4 is the stiffness of the leg;

a is the angle of the leg vector with the normal direction of the attachment.

From Eq.(6), it can be found that the attachment stiffness and angle a can influence the equivalent stiffness of
one leg, which changes the dynamic characteristics of the Free-Hex as a result. When a foot is located on the surface
with infinite stiffness (e.g. concrete ground and thick metal surface), the equivalent overall stiffness of the support
(including the leg and the attachment) can be approximated as the leg stiffness; while once the foot is located on the
surface with finite stiffness (e.g. thin pipe), the equivalent overall stiffness of the support can be varied by the
attachment stiffness and the angle between the normal direction of the surface and the leg axis. The equivalent
stiffness model of one leg will be utilized in the dynamic equation presented in this paper to analyze the dynamic
characteristics of the Free-Hex with different configurations and surface stiffness.

3.2 Dynamic equation of the Free-Hex

A new dynamic equation of the Free-Hex is established in this section to analyze the dynamic characteristics by
considering unequal attachment stiffness among the six feet, leading to a wider range of applications of the Free-Hex
in in-situ environment with better performances; it also can be utilized to a derived family of parallel kinematics
machines (e.g. 3RPS and 3UPU), which have removed base platforms [27,28].

The free vibration equation can be established to get the dynamic characteristics of Free-Hex, which is expressed
in the following form:
MG+Cqg+Kg=0 (7)

Where, M isthe mass matrix, € isthe damping matrix and K is the stiffness matrix of the Free-Hex machine.
g4, q and q are the generalized acceleration, velocity and displacement of the system.

The mass matrix can be obtained by differentiating the total kinetic energy to the generalized velocity of the
system. The total kinetic energy of the system, T, includes the upper platform’s kinetic energy T, and six legs’
kinetic energy Tj.4. The upper platform’s kinetic energy can be calculated easily, which is composed of the

translational energy T, and rotational energy T, of the upper platform [21], as shown.

Tooo = Toowe * Tr =%(t'f +2 +t'f)m+% L (a-7sB)

(8)
+% I, (,BCa +;?cﬂsa)2 +% I, (—ﬁ'sa + J}CIBCO‘)Z

Where:
ty, t, and £, are the velocity components of the upper platform in {A};

Iy, I,y and I,, are inertia tensors matrix of the upper platform in {M},
a, [ and y are Euler angles around X, Y and Z axes of the upper platform in {U};

@, B and y are the Euler angular velocities of the upper platform in {U};
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The total kinetic energy of the leg contains the translational energy and rotational energy. The leg is constructed
by two separate parts (i.e. linear motor and linear shaft respectively) with the masses concentrated in their centroids.
Since the lower part (linear motor) is connected to the lower spherical joint and can only realize rotational motion,
and the upper part (linear shaft) is connected to the upper spherical joint is able to perform rotational and translational
motion at the same time. Then the total energy can be written as [20]:

Ieg thlmvtl += th I +I wh (9)

Substituting Eq.(3), (4) and (5) into Eq.(9), the parametric kinetic energy of the legs can be obtained as Eq.(10).

Ieg Zq (MllmM1|+M2|(| +I )M2| (10)

Where,

M :Llsxs In J |:|3><3 Rps| :I (11)

|:|3><3 Rp5| :I
i I

(12)

The inertia matrix M of the Free-Hex can be obtained by differentiating the total energy with respect to the
generalized velocity vector ¢, and then substituting Eq.(8) and (10) into Eq.(13):
T . 18, - :
M :a—qz:dmg(m mm I, I, IZZ)+§Z(M1imtI\/I1i M (L+1,)My)  (3)
i=1
The stiffness matrix K of the Free-Hex can be obtained by differentiating the potential energy with respect to

the position vector q:

62V 02 al. ) al. o, )
k,Al? k. +kAl —= |=J3"diag(K,, -+, K¢)J 14
=7 ( Z j Zl‘, [aqj P o iag (K, 6) (14)

Where, Ki, ..., K¢ are the equivalent stiffness coefficient of each leg. J is the Jacobi matrix of the Free-Hex,

as shown in Eq.(15).

=

(Rpslxnl)T
J=| : . : (15)

T
g (R xNy)
As the damping matrix, C, is proven to be proportional to the stiffness, K, it can be expressed as [28]:
C =J"diag(C,,-,C,)J = J"diag(AK,, -, AK,)I=AK (16)

Where, 4, is the coefficient of proportionality between stiffness and damping of leg.

In this paper, as the stiffness coefficients of the legs are regarded as constant under different system
configurations, the equivalent stiffness of the whole support (i.e. the leg and contacting surface) varies when the
attachment stiffness changes. Then the dynamic characteristics of the Free-Hex are calculated and tested to investigate



the vibration variation of the machine, as well as to validate the theoretical derivation presented in this paper. As the
vibration equation is expressed parametrically by the kinematic and dynamic characteristics of the system, it is easy
to find the contribution of different factors on the vibration of the system.

Using the coefficient matrix calculated in Eq.(13) and (14), the undamped dynamic vibration characteristic
equation of the Free-Hex can be established, and the natural frequencies can also be obtained through calculating the
eigenvalue and eigenvectors using Eq.(17).

(MflK—a)ZIM)X:O (17)

Where, w is the undamped natural frequency of the system corresponding to the specific eigenvector X.

Based on Eq.(17), the dynamic characteristics of Free-Hex can be easily forecasted before the real setup of Free-
Hex in working environments. Moreover, the natural frequencies of the Free-Hex in six directions can also be
calculated by the use of Eq.(17), which helps to acquire the natural frequencies and avoid resonances. In addition, as
the attachment stiffness is also considered in the dynamic model, the more accurate dynamic characteristics and
vibration modes of the Free-Hex can be predicted when it is used in the intervention site and the feet must be attached
on surfaces with different boundary conditions (i.e. different materials and different structures, Figure 1).

There is now a possibility to determine the dynamic characteristics of Free-Hex in two scenarios:

1. Feet randomly distributed but on the surfaces with equal stiffness: in this case, the attachment stiffness is
regarded as equal in Eq.(6), and then the natural frequencies can be calculated using the Eq.(17).

2. Feet randomly distributed but on the surfaces with unequal stiffness: in this case, the attachment stiffness is
different among the feet, and the attachment stiffness should be allocated with corresponding different values in
Eq.(6). Then, the natural frequencies can be calculated using Eq.(17).

Further, the effect of attachment stiffness on natural frequencies were studied in two aspects in the following
sections: a) the experimental method was utilized to validate the results obtained from the theoretical calculation
and simulation; b) the theoretical calculation and simulation methods were adopted to completely study the natural

frequency variation under large stroke variation of attachment stiffness.

4. Simulation-based validation of the new dynamic model

In order to validate the dynamic model developed in this paper, the dynamic equations from Eq.(1) to Eq.(15)
are utilized to calculate the natural frequencies, which are firstly compared with a set of results obtained simulations.
Without loss of generality, the results at the following configurations were utilized for the comparison:

a. Symmetrical leg layout: two adjacent feet are contacted together and symmetrically scattered on the same
diameter of a circle (Figure 6 (a));

b. Arbitrary leg layout: the six feet arbitrarily scattered on the circles with different diameters (Figure 6 (b));

Two cases were studied by utilizing these two configurations. One case was to study the influence of the natural
frequency from the variable attachment stiffness; the other one was to study the difference of natural frequency by
considering the leg mass.

4.1 Setups of Free-Hex

Firstly, the configuration utilized for validating the dynamic model is introduced in this part. As shown in Figure
5, the generic geometrical and dynamic characteristics of Free-Hex are presented. As an example, the dynamic
parameters of one leg (e.g. mass, moment of inertia and length with the joints in leg 4) are specified here, while the
other five legs share the same dynamic parameters with leg 4.



The parameters of the Free-Hex for calculating the natural frequencies are listed in Table.1. By substituting these
parameters into the dynamic vibration Eq.(17), the natural frequencies in the specific machine configuration can be

(Vo M)
(ki C,)
(IbA’ mb4) :

Figure 5. Geometrical and dynamic parameters overlaid on the Free-Hex

calculated.
Table.1 Parameters of the machine for dynamic modelling

Variables ~ Variable description Value Unit
by The coordinate of lower spherical joint b1 (in {M}) [-250, -35, 20] mm
b The coordinate of lower spherical joint b2 (in {M}) [250, 35, 20] mm
bs The coordinate of lower spherical joint b3 (in {M}) [-95, 234, 20] mm
bs The coordinate of lower spherical joint b4 (in {M}) [-155, 199, 20] mm
bs The coordinate of lower spherical joint bs (in {M}) [-155,-199, 20] mm
be The coordinate of lower spherical joint b (in {M}) [-95, -234, 20] mm
u The coordinate of upper spherical joint u1 (in {U}) [64, -70, 0] mm
u2 The coordinate of upper spherical joint u2 (in {U}) [64, 70, 0] mm
u3 The coordinate of upper spherical joint u3 (in {U}) [28,91, 0] mm
u4 The coordinate of upper spherical joint us (in {U}) [-93, 20, 0] mm
us The coordinate of upper spherical joint us(in {U}) [-93,-21, 0] mm
us The coordinate of upper spherical joint us (in {U}) [29,-91, 0] mm

I, The moment inertia of upper platform Diag. (1.68e+2, 1.68e+2, 7.26e+3)  Kg.m?
ki The stiffness of one leg (i=1,...,6) 1.35¢+6 N/m
m Mass of upper platform 2.8 Kg

I Distapce frqm the. IOWEr leg part mass centre to lower 100 mm

spherical joint point (i=1,...,6)
I Distapce frqm thq uppEr leg part mass centre to upper 37 mm
spherical joint point (i=1,...,6)

Iyi Moment of inertia of lower leg part (i=1,...,6) Diag. (1.7e-4, 2.4e-6,1.7e-4) Kg.m?
L Moment of inertia of upper leg part (i=1,...,6) Diag. (1.3e-3, le-4, 1.4e-4) Kg.m?
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Note: {M} and {U} are the coordinate systems of the machine tool and upper platform respectively.



Since the six feet of the Free-Hex can be set/clamped on the contacting surface individually, two of the most
representative system configurations (i.e. symmetrical and arbitrary) are chosen to be analyzed to validate the
proposed dynamic model, as seen in Figure 6. Further, the coordinates and orientations of the six feet in these two
configurations are presented in Table.2. After calibrated the configuration of Free-Hex [29,30], the simulation and
validation can proceed.

Table.2 Foot coordinates and angles of the Free-Hex in different configurations

Configuration 1 (In Figure 6 (a)) 2 (In Figure 6 (b))

Type Position (mm)  Angle (Deg)  Position (mm)  Angle (Deg)
Foot 1 (250, -35, 0) 90 (170, 0, 0) -90
Foot 2 (250, 35, 0) (as foot 1) (125,217, 0) -90
Foot 3 (-95, 234, 0) 30 (-85,-147,0) 30
Foot 4 (-155, 199, 0) (as foot 2) (-250, 0, 0) 90
Foot 5 (-155,-199, 0) 150 (-85,-147,0) 150
Foot 6 (-95, -234, 0) (as foot 3) (125, -217,0) 210

In Figure 6 (a), every two adjacent feet are connected together and symmetrically spaced on a circle, which is
the most widely utilized configuration due to its high stiffness. As aforementioned, in some scenarios, the three groups
of feet (two adjacent feet constituted as one group) have to be placed on unequal stiffness surfaces to fulfill the
repair/maintenance task. Hence, one group (Foot 1 in Figure 6 (a)) is located on the surface with finite stiffness (ky),
while the other two groups of feet are fully fixed on the surfaces with infinite stiffness. As a comparison, in Figure 6
(b), the six feet are arbitrarily placed, and one foot (Foot 1 in Figure 6 (b)) is located on the surface with finite stiffness
(ks), while the other five feet are fully fixed on surfaces with infinite stiffness.

: Upper piatforrﬁ

\ = Leglowrpart.
_Spl.l'ldle
i Tod

0 .
Xaxis (m 100 90 k_-200

Figure 6. Free-Hex machine in two setups: a) symmetrical configuration: the two adjacent feet are contacted together and
symmetrically scattered on the same circle; foot 1 is located on the surface with variable stiffness while the other two feet are fully
fixed on the ground. b) Arbitrary configuration: the six feet arbitrarily scattered on circles with different diameters; foot 1 is located on

the surface with variable stiffness while the other five feet are fully fixed on the ground
Further, the equation developed in this paper was utilized to obtain the difference of natural frequencies of the
Free-Hex with the variation of attachment stiffness. In order to validate the calculation, the CAD model of the Free-

Hex at these two configurations are imported into ANSY'S individually for computing the first six natural frequencies
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of the system.
4.2. Physical prototype-based validation

Followed by the simulation validation, the physical prototype of the Free-Hex was utilized for cross-checking
the results obtained in Chapter 4. Impact (‘hammer’) testing equipment is used to obtain the natural frequencies of
the Free-Hex prototype, and the test results are compared with the corresponding theoretical calculation results. The
model parameters used in this paper are those associated with the prototypes of the first generation Free-Hex (Figure
5). The six feet are fixed on the experimental table to execute the impact test in two configurations (i.e. symmetrical
and arbitrary) as seen in Figure 6.

In order to modify the attachment stiffness, a mechanism that can adjust the stiffness was design and constructed.
Figure 7 illustrates the mechanism proposed in this paper for adjusting the stiffness of the foot connection. The lower
platform of the stiffness variation mechanism is fixed on the experimental table (its stiffness can be considered as
infinite) with the bolts, and the foot of the Free-Hex can be fixed on the upper platform of the stiffness variation

mechanism using the magnetic chuck.

_ The main bolt (i.e. adjust bolt in Figure 7) and shaft head are used

to pre-tension the spring so that, the foot is damped in both directions (i.e. up and downwards).

Leg

Ball joint

Foot

Upper platform

Shaft head

Screw

Washer plate

Stiffness variation mechanism

Adjust blot
Lower platform

Blot

Figure 7. 3D structure of the stiffness variation mechanism to simulate the unequal stiffness of the attachment surfaces.

As shown in Table.3, a series of springs with suitable sizes are chosen with the stiffness varying from 7.3e+4
N/m to 4.13e+5 N/m for the experiment test. For each experiment test, one of the springs is installed into the stiffness
variation mechanism, and then the machine is configured. After that, the impact testing device is used to get the

vibration response of the Free-Hex.

Table.3 Parameters of the springs for experiments
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Number 1 2 3 4 5 6 7 8 9

Stiffness (N/m) 73et4  1.17e+5 1.54e+5 1.92e+5 2.15e+5 2.45et5 2.88et5 3.39%+5 4.13e+5

The feet of the Free-Hex are fixed on the experimental table to acquire the natural frequencies in the first six
modes at the two configurations (Figure 6), separately. The stiffness variation mechanism is used to adjust the
attachment stiffness of the Free-Hex, and then the impact testing is implemented, and the corresponding vibration
measurements are collected by the data logger to calculate the frequency spectrums. As the Free-Hex has 6 DOFs,
the impacts are imposed by the hammer in six directions (three along the X, Y and Z axes and three around the X,
Y and Z axes).

In Figure 8 (a), two adjacent feet are connected together as one foot (three groups of feet at this configuration),
and one group of the feet are located on the stiffness variation mechanism (Figure 6 (a)). In Figure 8 (b), the Free-
Hex is in an arbitrary configuration and one foot is located on the stiffness variation mechanism (Figure 6 (b)).

Accelerometer

Arbitrary configuration

(a) (b)
Figure 8. Modal test of the Free-Hex for the two configurations using the stiffness variation mechanism. a) symmetrical configuration:
the two adjacent feet are contacted together as one foot, and one of feet is configured on the stiffness variation mechanism. b) arbitrary
configuration: the six feet arbitrarily scattered on circles with different diameters, and one of the foot is configured on the stiffness
variation mechanism. (Note: two feet as one group are located on the stiffness variation mechanism in a); only one foot is located on

the stiffness variation mechanism in b))

The modal test equipment used in this experiment is DATS P8004, which has four analogue single input
channels and a one-speed input channel. In this modal test, one accelerometer was used to acquire the vibration
signals of the Free-Hex in X, ¥, Z axes, respectively, and a hammer with an elastic tip was used to excite the machine.

The positions of feet that are located on the steel pads and on the stiffness variation mechanism at the two
machine configurations are the same as Table.2. The springs with different stiffness (7able.3) are used in turn to
change the attachment stiffness, and the impact testing experiment is implemented to get the corresponding natural
frequencies. Then the attachment stiffness (7able.3) is substituted into the theoretical derivation presented in this
paper to calculate the natural frequencies, and the kinematic and dynamic parameters of the machine are used as
Table.1. The comparison between the experimental results and theoretical calculations is shown in Figure 10.
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Figure 9. Comparison between the theoretical calculation and experimental tests for: a) symmetrical and b) arbitrary configurations of

the feet of the Free-Hex on the base surface

Therefore, it can be concluded that the experimental results match well with the calculation from the dynamic

model at the test configurations (Figure 6) and the natural frequencies of the Free-Hex are affected by the attachment

stiffness at the given machine configurations (i.e. symmetric and arbitrary). _

4.3 Model-based dynamic analysis of Free-Hex with unequal attachment stiffness

In order to validate the dynamic model of the Free-Hex, the aforementioned configurations (Figure 6 (a)&(b))
are employed for the case study to understand the influence of the machine natural frequencies from the stiffness of
the attachment. Specifically, the attachment stiffness is changed gradually to research the variation of the natural
frequencies under two machine configurations (i.e. symmetrical and arbitrary). Further, the natural frequencies of
Free-Hex with and without considering the leg masses are calculated and compared with FEA simulation results.

In this section, the influence of the attachment stiffness on the natural frequencies is studied with two
configurations separately. At each configuration, the stiffness of the attached surface is varied from 10° N/m to 10'2
N/m to analyze the frequency variation; since 10'> N/m is significantly greater than the stiffness of each leg, this
value is chosen as the end condition (which is close to infinite stiffness). The natural frequencies are calculated using
the dynamic equation presented in Chapter 3 and simulated in ANSYS software to validate the theoretical formulae
developed in this paper.

Figure 10 illustrates the natural frequency variations of Free-Hex with the change of attachment stiffness in the
connection. Also, the leg mass was included in the calculation and simulation. Specifically, Figure 10 (a) shows the
frequencies of the machine at the symmetrical configuration (Figure 6 (a)), while Figure 10 (b) presents the
frequencies of the machine in the arbitrary configuration (Figure 6 (b)). In these two figures, the lines represent the
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results obtained from the theoretical model developed in this paper, while the FEA results are denoted as the points.
The tool center position is chosen to scale the structural configuration of the Free-Hex during the machining for the
dynamic analysis since the workspace is calculated and plotted basing on the position of the tool center. The machine
is regarded to have no rotational motion of the upper platform, which simplifies the validation process. The

parameters of the machine are listed in 7able.1, while the feet positions and angles are listed in Table.2.

Modal frequencies 1 2nd 3rd 4th 5th 6th
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Figure 10. Natural frequencies versus stiffness in the connection. a) Symmetrical configuration; b) Arbitrary configuration; c) and d)

are the examples of mode shapes of 1% mode under specified attachment stiffness in symmetrical and arbitrary configurations of Free-

Hex respectively. (Note: the centre of the work volume was selected as the tool centre position since the size and shape of work

volume of Free-Hex changes a lot under different configurations)

In Figure 10 (a), it can be seen that all the six modal frequencies rise when the attachment stiffness was increased,
and the frequencies at 10'> N/m are close to the results calculated when the feet fully attached to the surface with

infinite stiffness. The greatest variation of the frequency (95 Hz) occurs at the 3™ mode, and the modal frequencies
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of the 4", 15t and 2" modes increase by 65 Hz, 50 Hz and 50 Hz respectively, while the last two modal frequencies
(i.e. the 5™ and 6™ modes) have the least influence from the attachment stiffness variation, about 17 Hz and 15 Hz
respectively.

While in Figure 10 (b), the frequency variations among the six modes of the Free-Hex in the arbitrary
configuration are much different from the symmetrical configuration. Only three modal frequencies (i.e. the 1%, 40
and 6" modes) are affected by the attachment stiffness, and the rest of the modal frequencies are irrelevant with the
attachment stiffness. The influence among the three affected modal frequencies are 85 Hz (4"), 40 Hz (1%!) and 13
Hz (6™) respectively.

An analysis of the mode shapes revealed the following: 1. For understanding the vibration directions of Free-
Hex under different configurations (i.e. symmetrical and arbitrary respectively) with specified attachment stiffness
(i.e. 10° N/m), the examples of mode shapes under 1% mode were displayed to discover how the machine
configuration influences the mode shape, seen in Figure 10 (c) and (d). It can be found from results that the vibration
directions under two configurations are closing to the translation motion along X axis; 2. For the different
attachment stiffness, the overall stiffness matrix, K, will be changed accordingly, which may lead to the change of
eigenvector (mode shape) in Eq.(17). In this paper, the focus was devoted to the natural frequency variation analysis
of Free-Hex under different attachment stiffness, which is more important to model the vibrations during machining.
For the influence of attachment stiffness on the mode shape, it is beyond the scope of this paper, but will be studied
in the future. Thus, only the mode shapes of Free-Hex under a given attachment stiffness were displayed for briefly
understanding the vibration directions in different modes of natural frequency. The detailed relationship will be
researched in future studies.

Comparing the results (i.e. modal frequencies) obtained from Figure 10 (a) and (b), it can be seen that the natural
frequencies under two machine configurations varied greatly at the same attachment stiffness, which indicates that
the natural frequencies are greatly influenced by attachment stiffness. For example, when the attachment stiffness is
under 10'2 N/m, the modal frequencies of the 2" and 3™ are 42 Hz and 89Hz in symmetrical configuration, while 27
Hz and 28 Hz in the arbitrary configuration.

5. Conclusion

The Free-Hex, as a portable machine tool, is able to be attached to a wider range of workpiece geometries, e.g.
flat, curved, tilted and even unstructured surfaces. Nevertheless, in some scenarios (e.g. in-situ repair), the limbs of
the Free-Hex have to be attached to the surfaces with unequal stiffness due to the space limitations (e.g. in-situ
intervention); this brings the challenge of dynamic modelling such complex structure to determinate the machine tool
setup to improve the machining performance.

For the first time, the effect of attachment stiffness on natural frequencies was studied on the portable parallel
machine tool, which requires the novel dynamic model to be developed (i.e. the variables of the attachment stiffness
and limb mass are included in the model). In order to validate the model, several experiments (i.e. impact testing on
the Free-Hex machine) and simulation (i.e. FEA) were conducted at different configurations of the machine tool (i.e.
the symmetric and arbitrary configurations). The errors between the calculation and physical experiments were about
5.1% for the symmetrical configuration and 5.8% for the arbitrary configuration. Compared with the results from the
calculation, it was found that the errors between the theoretical calculation and simulation are 3.7% at the symmetrical
configuration and 4.2% at the arbitrary configuration. It proves that the model developed in this paper can properly
represent the dynamic characteristics of the Free-Hex when the limbs are attached to surfaces with unequal stiffness.
Hence, the results obtained from this paper (i.e. the natural frequencies are greatly influenced by the environmental
attachment stiffness) can be utilized for configuring the limbs of the Free-Hex machine tool in confined space when
the system is employed for real industrial in-situ repair interventions.
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Further, by applying the validated dynamic model, the natural frequency variation of Free-Hex under a wider
range of attachment stiffness was studied. It was found that the natural frequencies were largely influenced by the
machine configuration and attachment stiffness: firstly, for machine configuration on the influence of natural
frequency, for example, the modal frequencies of mode 3 at the both test configurations were greatly affected (i.e.
170 Hz and 40 Hz at the symmetrical and arbitrary configurations respectively, Figure 10), provided that the
attachment stiffness is infinite; then, for attachment stiffness on the influent of natural frequency, for example, the
first four modal frequencies (i.e. mode 1 to 4) were remarkably increased (by 72% in average) at the symmetrical
configuration, while only two modal frequencies (i.e. modes 1 and 4) are affected (69% in average) at the arbitrary
configuration, when the attachment stiffness of one limb was adjusted from 0 to 1e+12 N/m and the other limbs were
remained as infinite.
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