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Furthermore, industrial applications of walking robots require
operational capabilities (e.g. inspection, machining, repair,
etc.), that usually need of multi-degree of freedom, in addition
to the already complicated task of locomotion. Hence, there is
a need not only to walk to a particular location but also to
manipulate end-effectors on complex geometry paths.

In terms of mechanical performance, Parallel Kinematic
Machines (PKMs) have attracted the attention of researchers
thanks to their high rigidity and precision, as PKMs consist of
a series of links that connect and work together to adapt
different postures between a moving platform and a fixed base
[3]. Although the PKMs have been proved to be effective in
reducing manufacturing times and improving the final product
quality in industrial applications (e.g. aerospace [4], energy
[5]), their inherent disadvantages, such as complex kinematics
and control, reduced workspace, and dedicated environments
for their operation significantly limit their applications.

Adaptive PKMs represent a possibility to overcome the
current limitations of PKMs by enabling enhanced capabilities.
Furthermore, adaptive PKMs can tailor to different
environmental and operational requirements (e.g. walking and
machining), providing a clear advantage against their
conventional counterparts [6]. For example, PKMs are affected
by the presence of singularities in their workspace, often
constraining them to operate in small and fixed workspaces.
However, in [7], the authors present an adaptive PKM capable
to adapt its workspace to the task without singularities. Another
example is presented in [8], where a 6-DoF PKM based
quadruped robot is proposed for manufacturing as well as
locomotion capabilities in large workspaces; further PKMs
capable of both walking and machining are proposed in [9, 10].
However, these robots require external intervention for pose
referencing (e.g. clamping pins in [8]), preventing autonomous
use in unprepared environments. Conversely, the 6-DoF PKM
hexapod in [11] is capable of walking in unstructured
environments [12] and achieve high precision machining after
an autonomous calibration [13].

Similarly to non-conventional PKMs, the performance of
walking PKMs can be further enhanced by an adaptable
mechanical architecture, able to change its geometrical
parameters to optimize its layout to the environment [14, 15].
In terms of adaptive walking robots, in [14], an optimal
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methodology for a hexapod limb distribution is proposed to
reduce the forces exerted on the limbs on flat terrain with tripod
gaits only. Similarly, the hexapod in [16] can redistribute the
points of attachment around its body to improve its stability,
climbing capabilities and energy consumption. While these
studies prove the superior capabilities of reconfigurable
hexapods, the focus is on walking robots rather than on walking
machines tools. However, by studying the influence of
mechanism morphology on locomotion performance with
kinematic and stability models, the intrinsic reconfigurability of
these mechanisms can be exploited to optimize both walking
and machining performance in a wide range of conditions.

To address these challenges this paper reports on the design
and development of a Reconfigurable Walking Machine Tool
(RWMT), This design (presented in Section I1) is able to adopt
many forms, from symmetric to highly asymmetrical
configurations, requiring a dedicated modeling for the
kinematics and stability analysis (Section I11). Furthermore, the
main advantage of the proposed RWMT s its capability to
optimize its performance to enhance the speed of displacement,
walking gaits and increased stability in a variety of terrain
conditions (Section IV). With our proposed solution, any
configuration for walking is possible to enable the safe
operation of the RWMT in multiple environments with a
reduced displacement error (Section V).

Il. A RECONFIGURABLE WALKING MACHINE TOOL

In this section, the novel concept of RWMT is proposed that
enables, apart from complex path manipulation of end-effectors
(e.g. machining), great abilities in readapting its configuration
to the sites of interventions. First, the RWMT conceptual design
is presented based on the reconfiguration mechanism on the
moving platform. Then, the design for the reconfiguration
mechanism is proposed as based on six identical shape memory
alloy (SMA) actuated clutches and a close-loop rope-pulley
mechanism. Finally, four typical configurations of the proposed
RWMT are introduced.

A. Conceptual Design and challenges

In Fig. 1, a conceptual design of a RWMT integrating a
moving platform with a repositioning mechanism for the limbs
is presented as converted from the conventional G-S platform
by removing the fixed base (to “free” six feet) Specifically, the
moving platform is integrated with a novel repositioning
mechanism which consists of six identical clutches and a close-
loop rope-pulley mechanism driven by a single motor (see Fig.
1b). In each spherical-prismatic-spherical (SPS) limb, the upper
S-joint is fixed with the clutch, which allows repositioning the
limb layout on the moving platform (see Fig. 1c). Furthermore,
in contrast to conventional PKMs, by removing the lower fixed
base, together with the reconfiguring of the upper joints of the
limbs, the proposed RWMT provides not only the flexibility to
adapt to the intervention site with free-positioning feet, but also
the advanced walking capability for challenging conditions,
such as uneven surfaces constrained spaces and slopes.
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Fig. 1. Concept illustration of the proposed RWMT: a) Overview of the
RWMT; b) Clutch-limb subsystem; ¢) Moving platform;

For a practical RWMT, three main challenges need to be
addressed: 1) Optimizing the layout of clutches on the moving
platform; 2) Switching the upper S-joints between passive and
active modes; 3) Positioning and actuating the clutches
efficiently and compactly. Furthermore, there is an increase in
complexity of actuation and mass compared with conventional
PKMs. First, to tackle Challenge 1, workspace and singularity
analyses of the proposed RWMT have been carried out based
on our previous work in [7], and a symmetric layout has been
selected with each clutch positioned along the radial direction
of the moving platform. Furthermore, by applying the Fourier-
based methodology in [7], a new configuration can be obtained
efficiently to avoid the singularities along a predefined
machining path. Secondly, to address Challenge 2, a dual-mode
tendon-driven upper S-joint has been adopted for the limb
design from our previous work in [11], as shown in Fig. 2c. This
allows each upper S-joint to switch between passive and active
modes by releasing and tensioning three tendons, i.e., the S-
joint is in active mode when the tendons are tensioned and in
passive mode when the tendons are released.

Finally, to tackle Challenge 3, a lightweight repositioning
clutch system is required, as conventional mechanisms
represent heavy and bulky designs with several motors and
transmission systems. Therefore, a novel repositioning system
is essential for the proposed RWMT. Based on SMAs, the
design of a smart actuation system is presented and will be
discussed in the following subsection.

B. Smart Actuation System

SMAs are known for their capability to exert a high wrench
compared to their volume [17]. This characteristic has allowed
the creation of lightweight miniaturized systems incorporating
SMA:s in their design (when compared to electromechanical,
hydraulic, and pneumatic actuators). Furthermore, successful
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applications of SMAs in the aerospace industry [18] and

medical devices [19] have shown their advantages in

metamorphic and intelligent structures as compact and
lightweight devices. For these reasons, SMAs are considered in
this paper for the development of a novel repositioning system.

Aiming to reposition six clutches individually with a single

motor, a Smart Actuation System (SAS) is proposed. It consists

of six identical SMA based clutch mechanisms, six linear slides,

a series of pulleys, a wire-rope band, and a single motor for its

actuation, as shown in Fig. 2, where:

o Each SMA-clutch mechanism is integrated with a linear
slide to position its upper S-joint along the radial direction
(blue dashed arrow) of the moving platform.

e A wire-rope band (red component) passes through all the
SMA-clutch mechanisms and moves in two directions (red
dashed arrow).

o Aseries of idler pulleys (green components) that guides the
wire-rope band.

e A DC motor with a driving pulley (orange component). that
actuates the wire-rope band.

e A knot referencing mechanism that guides the actuation
limits of the wire-rope band.

The main advantage of the proposed SAS system relies on
the SMA-clutches, which allow repositioning six limbs on the
moving platform with a single motor. In contrast, conventional
actuation packages would require a motor and its accessories
(i.e. gearboxes, spindles, guides) for each limb. Thus, the
smaller number of components needed for repositioning allows
a lower mass on the moving platform, which is critical for a
good performance of the RWMT as the inertial forces during
machining and walking are significantly reduced. The two
critical subsystems of the proposed SAS, the SMA-clutch and
the knot referencing mechanisms, are here presented.

The novel design of the proposed SMA-clutch mechanism,
as shown in Fig. 3a, is composed of a pair of shift pads, a pair
of braking pads, an SMA wire, an encoder, and a linear guide.
By powering on/off of the SMA wire with controlled voltage
and current, the SMA-clutch mechanism is able to perform
engagement (Fig. 3b) and disengagement (Fig. 3c) while
moving the shift pads to release (Fig. 3b) and grasp (Fig. 3c)
the running wire-rope band. Moreover, the wire-rope passes
through the center of each clutch and forms a closed-loop
pattern on the moving platform. Furthermore, the entire wire-
rope band is actuated by a single motor, as indicated in Fig. 2a.
The band movement is actuated by a single motor, which
permits the actuation of the six clutches connected to each limb
(simultaneously or individually), as shown in Fig. 2b. A series
of test were performed to identify the correlation between the
applied current and the corresponding SMA clutching force and
select the optimal force. Therefore, by powering on/off the
SMA wire and collaboratively actuating the wire-rope band, the
proposed SMA-clutch mechanism can be utilized to displace
one or more upper joint(s) of the limb along with the slide(s).

As only a single motor is required for repositioning the six
limbs simultaneously or individually, the load capacity of the
wire-rope band needs to be significantly higher than
conventional solutions (i.e. rubber bands with payload limit of
9 N) to actuate up to six clutches simultaneously. Thus, a steel-
cored wire-rope cable is selected, with the wire-rope ends
clipped/knotted together to form a loop. A knot referencing

mechanism is implemented to track the knot position, to prevent
any blockage by the knot as shown in Fig. 3a.
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Fig. 2. lllustration of the proposed RWMT design: a) Detailed view of the SAS:
a motor actuates a wire-rope band to reposition six upper S-joints; b) The
RWMT over a scenario with uneven surfaces; c) Detailed view of the dual-mode
tendon-driven upper S-joint.
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Fig. 3. Illustration of the SMA-clutch and working modes; a) Main components
of the SMA-clutch; b) SMA inactive mode, the shift pads are engaged, and the
position is locked; c) SMA active mode, the shift pads are disengaged, and the
wire-rope band is grasped.

C. Configurations of Interest

The SAS is capable of actuating the six upper joints
simultaneously or individually, which allows optimizing the
configuration of the proposed RWMT for different conditions



oNOYTULT D WN =

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to Page4of 11

final publication. Citation information: DOI10.1109/TMECH.2022.3183689, IEEE Transactions on Mechatronics

(i.e. machining operations and walking on different terrains).
This performance enhancement is due to various factors, such
as singularity avoidance and optimized stiffness (when
machining), and stability coefficient and speed of displacement

(when walking). As shown in Fig. 4, four configurations of

interest are presented as follows:

o Insect configuration (Fig. 4a), which arranges the upper
joints aligned in two rows and limbs straight at the initial

position. As the limbs maintain a quasi-vertical orientation,
the feet can achieve the maximum height against the
ground, and can thus avoid prominent obstacles with a
rapid change in direction. Furthermore, as the limbs are
lined up in two rows, the space required for walking is
reduced, allowing it to pass through narrow spaces.

o Symmetrical Hexagonal configuration (Sym-Hex, Fig.
4b), which considers a symmetric hexagonal layout of the
upper joints with the six limbs evenly distributed around the
centre of the moving platform. This configuration presents
the biggest support polygon, and thus the stability
coefficients are the highest. However, as the limbs operate
close to the maximum limits of their workspace, the
maximum stride in each step is reduced.

o G-S configuration (Fig. 4c), which considers the same
layout of upper joints in the Sym-Hex configuration, while
the lower joints are arranged closer to each other in pairs.
This configuration is well known in PKMs for its high
accuracy and load capabilities [20]. Furthermore, compared
with the Insect, this configuration achieves higher stability
with an increased support polygon.

o Asymmetrical Hexagonal configuration (Asy-Hex, Fig.
4d), which considers an asymmetric layout of upper joints.
It distributes six limbs unevenly around the centre of the
moving platform, allowing to utilize more efficiently the
workspace of each limb on inclined surfaces.

By reconfiguring the upper joints and removing the fixed
base, two significant advantages are achieved (compared to
conventional PKMs): the capability to adapt to the place of
intervention and the ability to optimize its configuration
between walking and machining operations. Moreover, the
reconfigurability not only enhances the stiffness and singularity
avoidance, as presented in our previous work [7], but also
improves the stability coefficients and result in a better
kinematic performance (e.g. speed, reduced displacement
errors), which will be discussed in the following sections.

I1l. MODELLING AND GAIT ANALYSIS

This section presents the kinematic, stability and force
analyses to determine the optimal configurations of the
proposed RWMT for walking. The main advantage of the
proposed models is their capability to adapt the RWMT to
different terrains, in order to enhance the performance in terms
of stability and displacement (i.e., speed of displacement,
positioning error). To achieve this, the general kinematic model
of the RWMT and its stability analysis are first developed.
Then, the methodology to actuate the limbs and the force
analysis for the tendons on the S-joints are presented to reduce
the actuation forces by using different gaits and configurations.
Finally, a comparison of the performance of different
configurations for the RWMT is presented.

A. Coordinate systems

For the kinematics and stability analysis, a scheme of the
proposed RWMT walking on a surface is shown in Fig. 5,
where the following coordinate systems are defined:

o {O - XYZ} represents the global coordinate system with the
-Z-axis along the direction of gravity.

e {Oc - XcYcZc} represents the ground frame, where the Xg-
and Yg-axes lie on the plane defined by the ground surface.
The Xg-axis is along the elevation gradient.

e {On - XuYuZu} represents the local frame fixed on the
moving platform of the proposed RWMT, where Oy is at
the centre of the moving platform. The Xy-axis points from
On towards the Ba, and the Yn-axis points to the central
location between the Bs and Be.

« {Os- Xa iYg_ iZs i} represents the local coordinate system
at the i upper joints, where Og ; is located at the centre of
the it upper S-joint (Bi), with the Xz j-axis pointing towards
On and Zg j-axis parallel to Zy-axis. Moreover, the Og j is
located on the XuYw plane and the distance between Osg j
and O is defined as the motion parameter ¢; and controlled
by the SAS.
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Fig. 4. lllustration of the proposed RPKWM with different configurations: a) Insect; b) Sym-Hex; c) G-S; d) Asy-Hex.
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Fig. 5. Schematic of the RWMT on an inclined surface considering the pitch,
yaw and roll angles for the kinematic model in the gait analysis.

B. Kinematic and stability analysis

This analysis starts by defining the locations that describe the
plane conforming the ground. For convenience, four border
points of the ground are defined in {Og} as:

%G, = [x; y; Zj]T k=1{12,..4}. 1)

Then, the position and orientation of the ground can be
obtained in {O} as:

0G, = OROG"GGk + %0, (2
where "ROG is the rotational matrix from {Og} to {O} and

90, is the position of 0, in O.The relative orientation of these

two frames can be defined by a rotation of {Og} around the Z-

axis and then a rotation around the Y-axis, which defines the

ground inclination against the global frame. Moreover, three

ground border points ° G, to 2 G3 are used to calculate a

parametric equation of the ground plane as:

n-Pip=n-P, (€))
where n is a vector normal to the ground (obtained from © G, to
0G;), P;,, is a vector from © 0to the points of interest on the
plane, and P, is a vector pointing from 20, to a position
known on the ground. Then, to describe the On, On is defined

at a distance of |H| from the ground (along with the vector n,

see green line in Fig. 5). It can be noted that the distance ¢; is

controlled by the SAS clutch mechanism which is later used to
reconfigure the RWMT. The position of each upper joint can be
translated from the {On} to {O} as:

OB; =°Ry,°"B; + °0y 4)

Nevertheless, as different angles of roll, pitch and yaw are
considered for the RWMT, the distance of the upper joints from
the ground can be different, leading to complex interactions
between the feet and the ground in inclined ground conditions.
Thus, the feet must avoid collisions and remain at a constant
distance from the ground during the swing stage in the walking
operation. Referring to the detailed view of the i limb in Fig.
5, further walking requirements are defined as:

« In the swing phase of the gait, the swing limbs must be
lifted from the ground and swing in the direction and
magnitude of the walking operation, maintaining a safe
distance from the ground.

o In the support phase of the gait, all limbs must remain in
contact with the ground and move backwards (from the

walking direction) to produce the displacement of the
platform.

A five-step procedure is proposed to model the interaction

between the ground and the feet as follows:
Step 1. The neutral position of i limb from its upper joint Bi is
defined to be parallel with -Zy-axis and represented by a vector
N,;. P, is the intersection point between N,,; and the ground,
which is written as:

Py; = OBi + ty,i Ny (5)
where t,,; is the coefficient defining the intersection between
N,,; and the ground plane.

Step 2. The intersection between P,,; and the ground plane is
computed as a reference position for each limb. The intersection
parameter t,,; can be obtained based on (3) and (5) as:

tyi = (n-Po—n-%B;)/(n"Ny) (6)

Step 3. P; is computed by (7) to define the starting location of
i" foot on the ground with respect to the neutral position. P; is
defined at a distance A from P,,; in the direction of the unit
vector Ng;q.. FOr simplicity A is a motion parameter related to
the initial configuration of the RWMT and Ngj;q4.. is defined as
the vector projection of the slides on the ground.

P;=P,; + ANgjqe (7
Step 4. To define the gait motion, P; ; and P; , represents the
portion of the step forward (Gg) and the portion of the step
backwards (Gg) with respect to the walking direction vector
W pirection,and are defined for each foot as lying on the ground
plane and parallel to the walking direction as:

Pi1=P;+Gp StepampWDirection (8)
Pi,Z =P;—Gp StepampWDirection (9)
In this paper Grand Gg correspond to half steps and assume a
value of 0.5.
Step 5. The gait path is obtained as a sequence of points through
an interpolation between P; ; and P; ,.

Once the starting locations of the feet have been identified,
the walking can be obtained by moving each limb between
P; .and P; , in an iterative motion with the foot lifted during
the swing from P; ,to P; , and the foot on the ground in the
opposite motion. To produce the displacement of the RWMT,
these movements must be coordinated in groups, where one
group lifts and swings the limbs to P; , while the others support
the RWMT on the ground. The proposed grouping is similar to
those found in nature, as tripod gaits [21] or wave gaits [22],
and their motion is optimized to avoid collisions by following
the methodology in [7].

To ensure stability in the walking process, the limbs in
contact with the ground must create a support polygon that
contains the projection of the center of mass (CoM) of the
RWMT. The position of this projection is conventionally used
to compute a static stability coefficient, defined as the smallest
distance of the projection to an edge of the support polygon [12,
23]. However, this criterion neglects the effect of the vertical
position of the CoM, where a higher position will diminish the
stability. Therefore, this paper supplements the static stability
coefficient with an evaluation of the force required to tip over
the RWMT (F() as expressed by:

ZMaz(RxW)+(R><FT0)=O (10)

where R is the smallest distance from the edge of the support
polygon to the CoM, W represents the weight of the RWMT.
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Fyo represents the necessary force to maintain the static
equilibrium of the RWMT and prevent the rotation of the robot
around the edge of the support polygon (considering the
shortest distance from the projection of the CoM). Then Fyg is
normalized against the weight of the robot. This index is
positive for stable conditions, as its value approaches zero the
system is considered less stable; if the index becomes negative
the system is considered as unstable. More importantly, this
criterion allows a full evaluation of the stability of the RWMT
in different configurations over diverse conditions for the
ground (i.e., inclined ground), whereas the static stability
coefficient is optimized for flat surfaces.

C. Limb actuation analysis

The limb design and actuation are based on the 3-DoF
mechanism concept presented in [24]. However, to understand
the influence of different configurations over the key
components in the proposed RWMT, a FEA model is created in
ANSYS APDL®. Based on this model, the moments required to
actuate the upper S-joints and the reaction forces between the
feet and ground can be obtained during different stages in the
walking process, which is divided into a finite number of sub-
steps. In this way, a full walking cycle can be characterized to
select the most feasible configurations for walking in terms of
the forces exerted on the components. To reduce the
computational burden, the FEA model is defined as follows:

e The limbs are considered to perform as beam elements.

e  The upper joints are connected to the centre of the platform
by rigid elements.

e The mass of each component (i.e., limb and moving
platform) is concentrated at its CoM.

e The supporting feet are constrained of all translational
displacements.

Furthermore, to reduce the burden of the FEA analysis, the
reaction forces and moments obtained from the FEA model are
later used to evaluate the tensile forces on the tendons actuating
each limb. As the tendons are the most critical component in the
limbs, this procedure is needed to prevent excessive loading and
operation failure. For this reason, a static model of the limbs is
implemented by considering the moments supported by the
tendons, the moments created by the weight of each limb, and
the reaction forces of the feet with respect to the center of the
joints, based on the results of the FEA model. The equations
describing the equilibrium of each joint is:

3

ZFU(r,-_,-XDu)+W,(rW><g) +(ryixRp;)=0 (11)
j=1
where:
« F;;isthe force exerted by ji" tendon in the i™ limb.
e r;jisa vector from the centre of the i spherical joint to
the j™ lower tendon guide.
« D, is the vector representing the direction of the j™ tendon
(as a unit vector) in the i limb.
e W, is the mass of each limb.
e 1, represents the radius of action of the limb’s mass.
e g isthe acceleration produced by the gravity.
« 1y is the radius of action of the reaction force of the i
foot.
e Ry ;isthe reaction force on the i* foot.

By solving (11), the forces exerted in the tendons can be
computed. These results are later used to evaluate the forces in
the tendons over different configurations and to select the most
suitable gait types for the RWMT.

D. Walking performance analysis

As the proposed RWMT can modify its upper joint
configuration, different layouts can be arranged to increase the
performance of the RWMT over different walking conditions
(i.e., low friction surfaces, slopes, obstacle avoidance). As
presented in Section I1-C, four configurations are considered in
this paper: i.e., Insect, Sym-Hex, G-S and Asy-Hex, and the
walking performance study of the RWMT s carried out by
comparing these configurations under different terrain
conditions (i.e., flat and inclined ground at 4° and 10°) with two
typical gaits (i.e., wave and tripod).

The two main performance parameters are gait speed, which
is directly related to the maximum step length, actuation forces,
and tendon tension. As the robot performs differently when
walking on flat or inclined ground, these two environments are
discussed separately, and an additional stability analysis is
presented for the inclined surface scenario.

The maximum step length of the robot is influenced by the
height of the top platform from the ground; the physical motion
limits of each actuator and components of the RWMT; the need
to avoid internal and external collisions; and the stability of the
system. A better capability of avoiding small obstacles on the
ground could be obtained for higher platform configurations.
However, higher platform configurations affect the stability of
the system as reported in Fig. 6, which shows the maximum step
lengths achieved by each configuration as a function of the
selected platform height and summarizes the main condition
limiting the maximum step size for the Insect and Sym-Hex
configurations.
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Fig. 6. Maximum step length comparison: a) Insect; b) Sym-Hex and c)
Maximum step length vs platform height.

A lower but consistent maximum step length can be observed
in the Insect configuration, whereas the maximum step length
is significantly reduced in the Sym-Hex configuration for any
height greater than 565mm. This pattern allows the Insect
configuration to perform a stable walking with similar gait
characteristics (e.g., step height and length) independently of
the required platform height, as it can be adjusted according to
the environment without a significant impact on performance.
1) Flat ground
For the flat ground scenario, the Insect and Sym-Hex
configurations are selected, and the tendon forces are evaluated
for the tripod and wave gaits. In the tripod gait the limbs are
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actuated in two groups, which cycle between support and
swinging in the air with a cooperative mode; in the wave gait,
each limb is repositioned individually while the rest maintain
contact with the ground to later effectuate the displacement of
the RWMT. In both cases, the maximum load forces on the
tendons are evaluated to prevent situations that could induce
damage to the components, as high forces will induce larger
deformations on the tendons and deviate the limbs from their
ideal position. Moreover, both the Insect and Sym-Hex
configurations are evaluated, and the results are summarized in
Fig. 7, which presents the maximum tensile forces exerted on
the tendons of each joint and the difference of the maximum
forces between the wave and tripod gaits. The comparison
between gaits is based on Section I11-C and is presented in Fig.
7b and Fig. 7d and is expressed as:

Trij — Twi
Ti jos = (LJTT,lj)x 100 (12)

where Tr; j and Ty,; ; represent the maximum tensile force on
the j™ tendon for the i™ limb with the tripod and wave gaits,
respectively. As per Fig. 7a, the most significant variation in
forces occurs with the Sym-Hex configuration and the tripod
gait, which represents an increment of up to 60% of the tendon
tension force compared with the wave gait (Limb 2-T2). The
maximum force found in the tendons for the Sym-Hex
configuration is reduced from 119.5 N to 80 N, with the wave
gait (Limb 4-T1) representing a difference of 40%. For these
reasons, the wave gait is selected for the Hexagonal (symmetric
and asymmetric) and G-S configurations. However, for the
Insect configuration, the maximum forces exerted on the
tendons are similar in both tripod and wave gait. In the Insect
configuration the wave and tripod gaits can be used without
significantly modifying the load conditions on the critical
components of the RWMT. However, the time required to
perform each displacement of the moving platform is smaller
with the tripod gait. For this reason, the tripod gait is selected
for the Insect configuration.
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Fig. 7. Force analysis for the tendons: a) Tripod and wave gait max force for
Sym-Hex; b) Difference between gaits for Sym-Hex; ¢) Tripod and wave gait
max force for Insect; d) Difference between gaits for Insect.

2) Inclined ground

Traversing over inclined ground affects the stability of an
RWMT and configurations with increased stability must be
considered. As such, this section presents a study of the effects
of traversing over inclined surfaces with different
configurations.  First, the Insect, Sym-Hex, and G-S
configurations are compared considering different slope angles.
Then, the effect of traversing inclined ground with different
pitch angles is discussed. Finally, the Asy-Hex configuration is
proposed to traverse over higher slope angles.

The analysis begins by analyzing the Insect, Sym-Hex, and
G-S configurations, considering an increment from 0° to 10° of
the ground inclination (i.e., the angle formed between the X
and the plane formed by XY-axis). For this analysis, the moving
platform is assumed to be parallel to the inclined ground,
constraining the normal vector of the ground n to be parallel to
the Zy-axis. The results of this analysis are presented in Fig. 8,
which shows that the stability coefficients of the Insect
configuration remain stable and close to constant. However,
when compared against the G-S and Sym-Hex configurations,
it can be noted that the last two presents higher stability
coefficients (approximately three times of the Insect). More
importantly, the reduced stability coefficients of the Insect
configuration could lead to unstable conditions while traversing
inclined ground and thus damaging the RWMT. For these
reasons, the rest of this section focuses on the G-S and
Hexagonal configurations only over inclined surfaces.
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Fig. 8. Stability coefficients between 0° and 10° of inclination for the ground
inclination (the platform is considered parallel to the inclined surface).

First, the effect of the pitch angle (defined as the angle
formed between the Zy axis and the XY plane) of the RWMT
and the ground angle over the stability coefficients are
analyzed. Changing the relative angle between n and the Zu-
axis of the RWMT affects the relative location of the CoM
against the support polygon and thus its stability coefficients.
For this study, the ground is considered to change its inclination
from 0° to 10° (i.e., angle between n and XY plane). Similarly,
the pitch angle of the RWMT is changed between 0° to 10° (i.e.
angle between n and Zu-axis). By studying the relative angle
between the platform and the ground inclination, the best
configuration can be chosen to traverse over different terrains.
Fig. 9 presents the results of computing the stability coefficients
for the G-S and the Sym-Hex configurations. Fig. 9a and Fig.
9b show that increasing the ground inclination while
maintaining the platform parallel to the ground (i.e., the angles
between the RWMT platform and the ground increase evenly)
negatively affects the stability coefficients. Negative angles
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have been considered, but this also negatively affects the
stability coefficients and reduces the usable workspace of each
limb, which is at its maximum when the moving platform is
parallel to the ground (Zy and Zg are parallel). The maximum
stability coefficients are obtained at a platform pitch of 0°, when
the Zu- and the Z-axes are parallel. These results consider the
locations of the upper joints to be symmetrical in the G-S and
Sym-Hex configurations, with all the joints on the upper
platform at the same radial distance from On. However, these
configurations are not optimal for the reachable workspace, at
its maximum when the Zy- and Zg-axes are not parallel.

6
10 10 ¥ Ground Inclination
Angle (°)

Stability coeff
% =
ability coef
- = \\‘
o | y

8.6
10 10 ° Ground Inclination

Angle (°)

a) b)
Fig. 9. Case study for the optimal attitude of the RWMT. Variation of the
stability coefficients considering different platform pitch and ground
inclinations. a) G-S configuration; b) Sym-Hex configuration.

Further conditions are imposed over high inclinations:

e The frontal limbs operate at the top of the workspace of
each limb, restricting the minimum limb length (Fig. 10,
red rectangle).

e The rear limbs operate at the bottom of the workspace of
each limb, restricting the maximum limb length (Fig. 10,
yellow rectangle).

These constraints would limit conventional PKMs to operate
in Hexagonal and G-S configurations even at lower slope
angles. However, as the upper joints are repositionable, the
joints on the moving platform can be reconfigured to increase
the maximum ground inclination that the RWMT can traverse.

Limbs operating at the top of the
workspace

== -2

Required Ie)

actuation
out of

workspace #

AN

Limbs operating at the
bottom of the workspace

Fig. 10. lllustration of the RWMT operating at a highly inclined surface. The
frontal limbs work at the top of the workspace, while the rear limbs operate at
the bottom of the workspace, limiting the displacement of the RWMT.

Overall, in this section the performance of a new concept of
RWMT has been evaluated based on an efficient methodology
for the kinematic, stability and force analyses. These models
permit the evaluation of the performance of the RWMT
considering the reconfiguration capabilities and different
terrain conditions. Furthermore, the result show that the RWMT
can enhance its performance in terms of stability, walking gaits,
forces exerted on the critical components and a better use of the
workspace of each limb, by making use of its reconfigurable
capabilities, as shown in Fig 11. These results are validated in
the next section in a set of experiments with a RWMT prototype
walking in different terrain conditions.

IV. EXPERIMENTAL TESTS AND RESULTS

In this section, to validate the modeling and gait analysis in
Section 1ll, a prototype of the proposed RWMT has been built
and tested. A VICON® motion capture system with four
Vantage cameras was used to measure the movement of the
RWMT. Three and five reflective markers have been added to
the upper platform and to each lower joint, respectively, in order
to track the poses of feet and upper platform for the evaluation
of the walking performance.

First, the Insect and Sym-Hex configurations were tested
with two gait types: tripod and wave. These two configurations
with their ideal displacements were compared against the
motion recorded by the tracking system. Then, the G-S and the
Sym-Hex configurations were compared in displacement on an
inclined terrain at 4°. Finally, non-symmetrical layouts of the
G-S and Hexagonal configurations are reported for traversing
an inclined terrain at 10°, in order to highlight the adaptability
characteristics of RWMT in traversing different terrains.

A. Gait selection for the different configurations

The first comparison tested the tripod and wave gaits for the
Insect and Sym-Hex configurations. When the proposed gait
types (tripod and wave) were tested, the tripod gait failed in the
Sym-Hex configuration in each test, as the load on the tendons
increased critically when three limbs were lifted from the
ground (as shown in Section I1I-D1.) and resulted in a
significant motion error. However, the wave gait was
successfully implemented in the Sym-Hex configuration.
Conversely, the Insect configuration achieved tripod and wave
gaits as the forces on the tendons are reduced compared to the
Sym-Hex (shown in Section 111-D1). This not only shows a
more stable load pattern in the tendons with the Insect
configuration, but also means that a longer operational life can
be expected from the tendons actuating each joint, further
preventing a possible failure during its walking operations.

Once the appropriated gaits were selected for each
configuration, the capability to traverse over different terrains
was evaluated. Three test terrains are proposed: flat ground and
inclined grounds at 4° and 10°.

G-S Configuration on
inclined terrain

Insect Configuration on
flat terrain

Reconfiguration stage /
preparing for inclined terrain

1 Cluth used to modify
\ 2 \ upper joint layout

600, \ | 600
100 [ : Bl '—"t_' E 400
00 > ,,,f[,. ™ 200
%00 - -
n) -200 120
: i

. 2o Limbs are extend out to
200 increase support polygon

o e}
Fig. 11. RWMT enhancing its stability from flat terrain to inclined terrain. The
RWMT increases is support polygon by reconfiguring the position of the upper
joints and lower joints to safely traverse over inclined terrain.



Page 9 of 11 This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final

oNOYTULT D WN =

publication. Citation information: DOI10.1109/TMECH.2022.3183689, IEEE Transactions on Mechatronics

B. Flat ground

The Insect and Sym-Hex configurations were proposed to test
the motion capabilities of the proposed RWMT, defined as the
time required to traverse the same distance and the comparison
between the desired displacements against the real ones. Fig. 12
presents the results obtained during the walking of both
configurations at the different stages. As both configurations
aim at a total displacement of 880 mm, each step is
characterized by a ground displacement of 88 mm (represented
as the semi-circular lines in Fig. 12a. Furthermore, the error of
the displacements and deviation were evaluated at the end of
each step. Fig. 12b and Fig. 12c¢ present the displacement error,
defined as the error between the desired and real magnitude of
displacement, and the direction error, defined as the error
between the desired and real displacement direction, for both
configurations.
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Fig. 12. Comparison between the Sym-Hex and Insect configurations.
a) Displacements of the Sym-Hex and G-S configuration against the ideal
displacement. b) Displacement error. c) Direction error.

The results presented in Fig. 12b and Fig. 12c show the error on
each step and how these errors accumulate as the RWMT keeps
moving. In both configurations, the maximum deviation error
is present at the beginning of the walking, and the error value
decreases at each step. The Insect configuration has the highest
error at each step both in the direction of displacement and the
total displacement effectuated. Nevertheless, the maximum
difference between both configuration in the displacement
errors of each configuration is smaller 5.72 mm and 1.14°,
Furthermore, the Insect configuration completes a full step
every 1.60 minutes, while the Sym-Hex performs a step every
2.94 minutes. Thus, the Insect configuration moves 1.8 times
faster than the Sym-Hex configuration.

C. Inclined ground at 4°

The Sym-Hex and G-S configurations are selected for their
increased stability coefficients when compared to the Insect
configuration. The required displacement is again equal to 880
mm in 10 steps, this time performed on an inclined terrain at 4°.
As shown in Fig. 13b and 13c, the maximum error is observed
in the first step of the Sym-Hex configuration in both traversed
distance and deviation error. Similarly, the G-S presents the
maximum direction error during the first step of the walking,
the maximum displacement error occurs during the last step.

The deviation angles of the G-S configuration are significantly
higher than those of the Sym-Hex configuration, indicating a
more erratic pattern.
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Fig. 13. Comparison between the Sym-Hex and GS configurations.

a) Displacements of the Sym-Hex and G-S configuration against the ideal
displacement. b) Displacement error. ¢) Angular displacement error.

D. Inclined ground at 10°

The Sym-Hex and G-S configurations were selected for their
increased stability coefficients when compared with those of
the Insect configuration. However, when the ground inclination
is increased, the usable workspace of each limb is reduced, as
mentioned in  Section 1lI-D2. Two non-symmetrical
configurations were proposed as a modification to the G-S and
Sym-Hex to achieve stable displacements. In these
configurations, the upper S-joints of the frontal limbs were
brought closer to the center of the platform, while the ones in
the rear limbs are brought to the end of the slides. The required
displacement in this test is 660 mm in 10 steps, performed on
an inclined ground at 10°. When the G-S configuration was
tested, a considerable slippage was observed and this
configuration is thus discarded. Conversely, the Asy-Hex
configuration proved to be capable of displacing on inclined

ground at 10°, with the results reported in Fig. 14.
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Fig. 14. Asy-Hex configuration. a) Comparison of ideal and real displacement;
b) Displacement errors at each step; c) Direction errors at each step.
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The Asy-Hex configuration showed a maximum
displacement error at the last step with a total error of 6.42 mm.
As observed in the previous tests, the maximum direction error
occurs at the first step and decreases in subsequent steps.

In conclusion, the proposed RWMT has been successful in
modifying its configuration to stably walk in conditions that
would limit conventional parallel kinematic walking machines.

V. DISCUSSION OF RESULTS

In the previous section, Fig. 12 presented a comparison between
the Insect and Sym-Hex configurations; from Fig. 12a and Fig.
12c¢ a higher direction error can be identified on the Insect
configuration. However, the total displacement presents no
significant deviation in both configurations (smaller than 5
mm). Furthermore, in Fig. 8b and Table I, a reduced stability
coefficient can be observed in the Insect configuration when
compared to the Hexagonal configurations, which indicates that
a reduced stability coefficient can impact the total displacement
performance of the RWMT. However, in these cases, the
maximum deviation error remained smaller than 2° with the
advantage of a higher displacement speed (1.8 times faster than
the Sym-Hex, as shown in Table I). More importantly, the
direction error over long distances can be solved as the Insect
configuration presents the capability to displace laterally, as the
Insect configuration enables changes in the walking direction
of 90° with no required turning angle. Furthermore, the test also
shows that the Insect configuration can avoid obstacles in the
path of the RWMT (video in the supplementary material).

TABLE |
PERFORMANCE COMPARISON OF THE INSECT, SYM-HEX, G-S AND ASY-HEX
CONFIGURATIONS

Insect Sym-Hex GS  Asy-Hex.
Ground inclination (°) 0 0 4 4 10
Max displacement
error (mm) 18.2 101 49 13.9 6.4
Max direction error (°) 9.6 24 08 1.2 3.2
Average displacement
error (mm) 12.8 10.2 3 2.7 3.8
Min stability 03 09 09 11 08
coefficient
Speed (step/min) 0.6 0.3 0.3 0.3 0.3

The relationship between the stability coefficient, the
configuration symmetry and the error on the displacement can
also be observed when the G-S and the Sym-Hex configurations
are compared on an inclined ground at 4°. The Sym-Hex
configuration presented a better performance in terms of
direction error over the full trajectory presented in Fig. 13c and
a maximal displacement error of 4.9 mm. Thus, the Sym-Hex
configuration is the most suited for traversing an inclined
ground, showing that more symmetrical configurations present
a better performance in achieved displacement. When non-
symmetrical G-S and Hexagonal configurations are compared
at higher angles, slippage is seen in the G-S configuration,
making it non-suitable for traversing an inclined ground at 10°.
Regarding Hexagonal configurations, the symmetrical
configuration shows a better performance at low inclination
angles, while steeper slopes require non-symmetrical
configurations for safety and to operate within the mechanical
limits of the design.

In conclusion, three configurations of the RWMT are
proposed to traverse different terrain conditions optimally:

o Insect configuration: Proposed to traverse over flat
grounds when the main concern is the speed of
displacement and avoiding possible obstacles.

« Symmetric Hexagonal: Proposed to traverse over inclined
grounds when the limbs operate within allowable limits.

« Non-Symmetric Hexagonal: Proposed to traverse over
highly inclined ground when the limbs are required to
operate at their maximum actuation limits.

VI. CONCLUSIONS

This paper proposes the concept and design of a new
Reconfigurable Walking Machine Tool (RWMT), which is able
to:

e Modify its configuration to adopt many configurations
from symmetric to no-symmetric layouts by repositioning
the joints on the moving platform. This metamorphic
characteristic allowed the adaptability of the RWMT to
different terrain conditions, where conventional PKM
would be limited. Furthermore, the proposed RWMT is
lightweight and compact when the system is compared
with conventional workshop machine tools, indicating the
feasibility to perform in-situ operations.

e  Proved the versatility of a RWMT to traverse over inclined
and levelled terrain. By adopting different configurations
(i.e. Sym-Hex, Insect, Gough-Stewart and Asy-Hex)
different capabilities where adopted. For higher slope
angles the system adopted configurations with higher
stability. In conditions sucha as flat terrain the system
adopted configurations that allowed higher translational
speeds. Furthermore, the enhanced capabilities of the
RWMT proved the versatility for in-situ repair and
maintenance in environments where the terrain can vary
significantly.

e Open the opportunity for the development of future
portable machine tools by utilizing the reconfigurable
characteristics of RWMTs, as the concept, design,
kinematic models, and different configurations have been
presented. Therefore, designers and researchers can use
this paper as a reference for the design and analysis of
RWMT.
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