
 

Abstract—Current research on walking robots strives to achieve 

a higher efficiency, a better load capacity and an increased 

adaptability. Parallel Kinematic Manipulators (PKMs) are 

characterized by high payload and accuracy, but conventional 

PKMs with fixed configurations are limited to constrained 

workspaces in known structured environments. In this paper, we 

propose a parallel Reconfigurable Walking Machine Tool that 

overcomes these limits by adapting its configuration and gaits to 

different scenarios. A lightweight and compact positioning system 

with shape memory alloy actuation is presented to achieve 

reconfiguration capabilities. Furthermore, kinematic, stability 

and force analyses are reported to determine the optimal walking 

gaits in three different scenarios (with inclined slopes at different 

angles) and four robot configurations. Finally, a set of experiments 

with the physical prototype validates the proposed models. The 

results show that symmetric configurations present a better 

performance at lower ground inclinations (0.5% error), whilst 

asymmetric configurations can climb on slope conditions that 

would prevent the use of conventional PKMs (18% or 10º). 

 
Index Terms—Gait analysis, reconfigurable parallel kinematic 

machine, walking robot, machine tool. 

I. INTRODUCTION 

URRENT research on walking robots has extensively relied 

on nature-inspired mechanisms (e.g. mammals, insects, 

reptiles) in search of efficiency, higher payload and gait 

adaptability [1]. For instance, mammal-inspired walking robots 

can transport heavy loads at high walking speeds thanks to their 

vertically configured legs [2]. Conversely, insect-inspired 

robots (e.g. hexapods) can traverse complicated terrains, as they 

can maintain three or more limbs in contact with the ground at 

any time, with higher stability coefficients than bipeds and 

quadrupeds. Thus, the number, distribution, and configuration 

of the legs play a crucial role in the performance of walking 

robots (e.g. speed, stability coefficients, actuation torque, etc.). 

Currently, most walking robots are based on fixed 

configurations, selected according to desired environments and 

walking conditions. As such, their performance is hindered if 

the conditions are not ideal. Further, industrial applications of 

walking robots require operational capabilities (e.g. inspection, 

machining, repair, etc.), that usually need multiple additional 

degrees of freedom (DoF). Hence, they need not only walking 

but also manipulation capabilities. 
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Parallel Kinematic Machines (PKMs) are appealing for both 

walking and operation thanks to their high rigidity and precision 

[3]-[5]. From an operational perspective, PKMs have been 

proved to be reduce manufacturing times and improving final 

product quality in industrial applications (e.g. aerospace [6], 

energy [7], precision machining [8]-[11], grasping [12]). The 

higher performance also benefits locomotion, as shown by 

multiple examples of robotic legs with parallel architectures 

[13]-[18]. However, their inherent disadvantages, such as 

complex kinematics and a reduced workspace when compared 

to the PKM’s size still limit their applications. 

Reconfigurable PKMs overcome some of these limitations, 

enhancing capabilities by adapting their configuration for 

different operational requirements, providing a clear advantage 

against their conventional counterparts [19]-[24]. For example, 

PKMs are affected by singularities in their workspace, 

constraining operation to small singularity-free regions; an 

adaptive PKM can instead adapt its workspace to avoid 

singularities for a desired task [25]. From a locomotion 

perspective, this adaptability can be used to overcome obstacles 

or enhance walking performance [26][27]. In [26], an optimal 

hexapod limb distribution is computed to reduce the forces 

exerted on the limbs on flat terrain in a tripod gait. Similarly, 

the hexapod in [28] can reconfigure to improve its stability, 

climbing capabilities and energy consumption.  

While these studies prove the advantages of reconfigurable 

PKM, the focus is on improving performance on either walking 

or operation only. However, a mechanism able to perform both 

locomotion and manipulation has clear benefits both in terms of 

cost and operation, as shown in the examples in [29]-[32]. In 

[29], a 6-DoF PKM based quadruped robot is introduced for 

both manufacturing and locomotion in large workspaces; other 

PKMs capable of both walking and machining are proposed in 

[30][31]. However, as these robots require external intervention 

for pose referencing (e.g. clamping pins in [29]), autonomous 

use is prevented in unprepared environments. Conversely, the 

6-DoF PKM hexapod in [32] is capable of walking in 

unstructured environments [33] and achieve high precision 

machining after an autonomous calibration [34][35].  

This research builds on previous studies on an adaptive PKM 

with both machining and walking capabilities [32]-[35]. This 

combined operation is particularly challenging, as high-

precision machining imposes constraining requirements for 

operation that can significantly affect the walking capabilities 
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of the PKM. Whereas previous work focused on meeting these 

accuracy requirements without considering the locomotion 

capabilities, with studies on calibration [35] and path planning 

[25] tools for machining, we here present a complementary 

study that explores the influence of mechanism morphology on 

locomotion with both kinematic and stability models. This 

allows the intrinsic reconfigurability of the proposed design to 

be exploited to optimize both walking and machining 

performance in a wide range of conditions.  

The development of a Reconfigurable Walking Machine 

Tool (RWMT) is here reported to address this challenge. The 

proposed design, presented in Section II, can adopt many forms, 

from symmetric to highly asymmetrical configurations, 

requiring a dedicated modeling framework for both kinematics 

and stability analysis, described in Section III. In Section IV, 

we study the capability of the proposed RWMT to improve 

speed, walking gait, and stability in a variety of terrain 

conditions. The proposed solution is proved to achieve safe 

operation in multiple environments with a reduced 

displacement error with the experiments in Section V.  

II. A RECONFIGURABLE WALKING MACHINE TOOL  

In this section, a novel concept of RWMT is proposed to 

enable complex path manipulation (e.g. for machining) together 

with the capability to adapt its configuration to intervention 

requirements. First, a general RWMT design is presented; we 

then focus on the reconfiguration mechanism on the moving 

platform, with six 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 

As shown in Fig. 1, the proposed RWMT concept integrates 

a moving platform with a repositioning mechanism for the 

limbs. This represents a conversion of the conventional G-S 

platform by removing the fixed base (to “free” six feet) and 

adding reconfigurability to the connections on the mobile 

platform, as modelled in [35]. Specifically, the moving platform 

integrates a novel repositioning mechanism with six identical 

clutches on linear slides and a close-loop rope-pulley 

mechanism driven by a single motor (Fig. 1b). In each 

spherical-prismatic-spherical (SPS) limb, the upper S-joint is 

fixed to the clutch, which allows repositioning the limb layout 

on the moving platform (Fig. 1c). This is achieved by grasping 

the rope through the clutch, disengaging from the moving 

platform at the same time so that the upper S-joint can be 

dragged along the slider. When the clutch opens, the rope is 

released, and the S-joint fixes itself onto the moving platform. 

The moving platform is also designed to contain and protect the 

main electronics (2 FPGAs and 25 motor controllers).  

 When compared to conventional PKMs, the proposed 

RWMT provides not only the flexibility to adapt to the 

intervention site with free-positioning feet, but also an 

enhanced walking capability in challenging conditions, such as 

uneven surfaces and slopes. Walking is achieved by actively 

controlling the orientation of each limb with by driving the 

upper S-joints with a tendon-driven mechanism: in addition to 

the central linear motor of each limb (controlling limb length), 

three external motors are included to actuate tendons (Fig. 2c).  

For a practical implementation of the proposed RWMT 

design, three main challenges need to be addressed:  

• Optimizing the layout of clutches on the moving platform. 

In [25], a symmetric layout with each clutch positioned 

along the radial direction of the moving platform has been 

identified as optimal. By applying the Fourier-based 

methodology in [25], a new configuration can be obtained 

efficiently to avoid the singularities along a predefined 

machining path. However, the optimal layouts for 

locomotion have not been studied previously and are here 

addressed in Section III. 

• Switching the upper S-joints between passive and active 

modes. A dual-mode tendon-driven upper S-joint [19], as 

shown in Fig. 2c, allows each upper S-joint to switch 

between passive and active modes by releasing and 

tensioning three tendons. The S-joint is in active mode 

when the tendons are tensioned and in passive mode when 

the tendons are released. 

• Positioning and actuating the clutches efficiently and 

compactly. A lightweight repositioning clutch system is 

required, as conventional mechanisms are hindered by 

heavy and bulky designs with several motors and large 

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 discussed in the following subsection. 

 
Fig. 1.  Concept illustration of the proposed RWMT: a) Overview of the 

RWMT; b) Clutch-limb subsystem; c) Moving platform.  

B. Smart Actuation System 

SMAs are known for their capability to exert a high wrench 

compared to their volume [36]. This characteristic has allowed 

the creation of lightweight miniaturized systems incorporating 

SMAs in their design (when compared to electromechanical, 

hydraulic, and pneumatic actuators). Furthermore, successful 

applications of SMAs in the aerospace industry [37] and 

medical devices [38] have shown their advantages in 

metamorphic and intelligent structures as compact and 



lightweight devices. For these reasons, SMAs have been 

selected for the development of a novel repositioning system. 

Aiming to reposition six clutches individually with a single 

motor, the novel Smart Actuation System (SAS) 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: 

• 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. 
• A wire-rope band (red component) passes through all the 

SMA-clutch mechanisms and moves in two directions (red 

dashed arrow).  
• A series of idler pulleys (green components) guides the 

wire-rope band.  
• A DC motor with a driving pulley (orange component) 

actuates the wire-rope band. 
• A knot referencing mechanism is used to limit and 

reference the motion of the wire-rope band. 

 
Fig. 2.  Illustration 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. 

 

The main advantage of the proposed SAS system is given by 

the SMA-clutches, which allow repositioning six limbs with a 

single motor that moves the wire-rope band: as the SMA-driven 

clutches can be opened or closed by applying current to the 

SMA wires, no additional motor is required. 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 moving platform mass, which is 

critical for a good performance of the RWMT as the inertial 

forces during machining and walking are significantly reduced.  

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 heating or cooling the SMA wire with controlled voltage 

and current, the SMA-clutch mechanism grasps (Fig. 3c) and 

releases (Fig. 3b) the running wire-rope band while moving the 

shift pads to disengage (Fig. 3c) and engage (Fig. 3b) with the 

moving platform. The wire-rope passes through the center of 

each clutch and forms a closed loop on the moving platform. As 

such, the entire wire-rope band can be actuated by a single 

motor, as indicated in Fig. 2a, which can drive the six clutches 

either simultaneously or individually.  

The SMA selection was based on stress, actuation force, 

applied current, and response time. Experimental test were 

performed to identify the optimal applied current to the SMA 

corresponding to the clutching force necessary to grasp the rope 

in less than 1s and move each limb with no slippage or failure. 

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 joints of the limb along with the slides.  

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 

knotted together to form a loop. A knot referencing mechanism 

is implemented to track the knot position and prevent any 

blockage by the knot as shown in Fig. 3a. 

 
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 can actuate the six upper joints simultaneously or 

individually, which allows optimizing the configuration of the 

proposed RWMT for different conditions (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 gait speed when walking. Four 

configurations of interest are presented as follows: 

• Insect configuration (Fig. 4a), with the upper joints aligned 

in two rows and limbs kept straight in the initial position. 

As the limbs maintain a quasi-vertical orientation, the feet 

can achieve the maximum height against the ground and 

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 

the robot to navigate through narrow spaces. 

• Symmetrical Hexagonal configuration (Sym-Hex, Fig. 

4b), with 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 highest stability coefficients. 

However, as the limbs operate close to their motion limit, 

the maximum stride in each step is reduced.  

• G-S configuration (Fig. 4c), with the same layout of upper 

joints in the Sym-Hex configuration, but arranging the 

lower joints closer to each other in pairs. This configuration 

is well known in PKMs for its high accuracy and load 

capabilities [39]. Furthermore, compared with the Insect, it 

achieves higher stability with an increased support polygon. 

• Asymmetrical Hexagonal configuration (Asy-Hex, Fig. 

4d), with an asymmetric layout of upper joints. The uneven 

distribution of the six limbs around the centre of the moving 

platform allows a more efficient use of the workspace of 

each limb on inclined surfaces. 

   Thus, 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 configuration between 

walking and machining. Moreover, reconfigurability not only 

enhances stiffness and singularity avoidance, as presented in 

our previous work [25], but also improves stability and result in 

a better kinematic performance (e.g. higher speed, smaller 

displacement errors), as discussed in the following sections.  

III. MODELLING AND GAIT ANALYSIS  

This section presents the kinematic, stability and force 

analyses to determine the optimal configurations of the 

proposed RWMT for walking.  First, a general kinematic model 

of the RWMT and its stability analysis are developed. Then, a 

force analysis for the tendons on the S-joints is reported. From 

the results, a methodology to define optimal limb actuation is 

outlined to reduce motor 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} represents the global coordinate system, with the z-

axis along the direction of gravity. 

• {OG} 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.  

• {OH} represents the local frame fixed on the moving 

platform of the proposed RWMT, where OH is at the centre 

of the moving platform. The xH-axis points from OH 

towards B4, and the yH-axis points to the central location 

between B5 and B6.  

• {OBi} represents the local coordinate system at the ith upper 

joints, where OBi is located at the centre of the ith upper S-

joint (Bi), with the xBi-axis pointing towards OH and zBi-axis 

parallel to zH-axis; OBi is located on the xHyH plane and the 

distance between OBi and OH is defined as the motion 

parameter ci and controlled by the SAS. 

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} by position vectors: 

 𝑮𝒌
 

 
𝑶𝑮 = [𝑥𝑗 𝑦𝑗  𝑧𝑗]

𝑇
      𝑘 = {1,2, … ,4}.  (1) 

Then, the position and orientation of the ground can be 

obtained in {O} as: 

 𝑮𝒌 
𝑶 = 𝑹𝑶𝑮 

𝑶 𝑮𝒌
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+ 𝑶𝑮

 
 

𝑶
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where 𝑹𝑶𝑮 
𝑶  is the rotational matrix from {OG} to {O} and 

𝑶𝑮
 

 
𝑶  is the position of OG

  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 point G1  
O to G3 

O  are used to calculate a 

parametric equation of the ground plane as: 

 𝒏 ∙ 𝑷𝒊𝒏𝒕 = 𝒏 ∙ 𝑷𝟎 (3) 

where n is a vector normal to the ground (obtained from G1  
O to 

G3 
O ), 𝑷𝒊𝒏𝒕 is a vector from OG

 
 

O  to the points of interest on the 

plane, and 𝑷𝟎 is a vector pointing from OG
 

 
O  to a known 

Fig.  4.  Illustration of the proposed RPKWM with different configurations: a) Insect; b) Sym-Hex; c) G-S; d) Asy-Hex. 

 



position on the ground. Then, to describe the origin of {OH}, 

OH is defined at |H| from the ground (along the vector n, see 

green line in Fig. 5). It can be noted that the distance ci is 

controlled by the SAS clutch mechanism that is later used to 

reconfigure the RWMT. The position of each upper joint can be 

translated from {OH} to {O} as: 

 𝑩𝒊 
𝑶 = 𝑹𝑶𝑯 

𝑶 𝑩𝒊
 

 
𝑶𝑯

 
+ 𝑶𝑯 

𝑶  (4) 

 
a) 

 
b) 

Fig. 5. Schematic of the RWMT on an inclined surface considering with 
kinematic parameters: a) General scheme; b) Component details. 

 

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 should 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 ith limb in Fig. 

5b, further walking requirements are defined as follows:  

• 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. 

• In the support phase of the gait, all limbs must remain in 

contact with the ground and move backwards to produce 

the displacement of the platform. 

The following procedure models ground-feet interaction:  

Step 1. The neutral position of ith limb from its upper joint Bi is 

defined to be parallel with zH-axis and represented by a vector 

𝑵𝒗𝒊 ∙ 𝑷𝒗𝒊 is the intersection point between 𝑵𝒗𝒊 and the ground, 

which is written as: 

 𝑷𝒗𝒊 = 𝑩𝒊 
𝑶 + 𝑡𝑣𝑖𝑵𝒗𝒊 (5) 

where 𝑡𝑣𝑖 is a coefficient defined by the intersection of 𝑵𝒗𝒊 and 

the ground plane.  

Step 2. The intersection between 𝑷𝒗𝒊 and the ground plane is 

computed as a reference position for each limb. The intersection 

parameter 𝑡𝑣𝑖 can be obtained based on (3) and (5) as: 

 𝑡𝑣𝑖 = (𝒏 ∙ 𝑷𝟎 − 𝒏 ∙ 𝑩𝒊 
𝑶 )/(𝒏 ∙ 𝑵𝒗𝒊) (6) 

Step 3. 𝑷𝒊 is computed by (7) to define the starting location of 

ith foot on the ground with respect to the neutral position. 𝑷𝒊 is 

defined at a distance A from 𝑷𝒗𝒊  in the direction of the unit 

vector  𝑵𝒔𝒍𝒊𝒅𝒆 ; A is a motion parameter related to the initial 

configuration of the RWMT and 𝑵𝒔𝒍𝒊𝒅𝒆 is defined as the vector 

projection of the slides on the ground. 

 𝑷𝒊 = 𝑷𝒗𝒊 + 𝐴𝑵𝒔𝒍𝒊𝒅𝒆 (7) 

Step 4. To define gait motion, 𝑷𝒊𝟏 and 𝑷𝒊𝟐 are the forward (GF) 

and backward (GB) portions of a step vector along the walking 

direction 𝑾𝒅𝒊𝒓, defined for each foot as lying on the ground 

plane and parallel to the walking direction as: 

 𝑷𝒊𝟏 = 𝑷𝒊 + 𝐺𝐹𝑾𝒅𝒊𝒓 (8) 

 𝑷𝒊𝟐 = 𝑷𝒊 − 𝐺𝐵𝑾𝒅𝒊𝒓 (9) 

Half-step gains GF and GB are here assumed as 0.5.  

Step 5. The gait path is obtained as a sequence of points through 

an interpolation between 𝑷𝒊𝟏 and 𝑷𝒊𝟐. 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 [33][42]. 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 (𝑭𝑻𝑶) as expressed by:  
 ∑ 𝑴𝒂 = (𝑹 × 𝑾) + (𝑹 × 𝑭𝑻𝑶) = 0,  (10) 

where 𝑹 is the smallest distance vector from the edge of the 

support polygon to the CoM, 𝑾 is the weight of the RWMT, 

and 𝑭𝑻𝑶  is the necessary force to maintain static equilibrium 

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, 𝑭𝑻𝑶  is normalized against the 

weight of the robot. This index is positive for stable conditions, 

and as its value approaches zero the system becomes less stable; 

if the index becomes negative the system is 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 only. 

C. Limb actuation analysis 

   The limb design and actuation are based on the 3-DoF 

mechanism concept presented in [43]. 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: 

• The limbs are considered to perform as beam elements. 

• The upper joints are rigidly connected to the platform. 

• Lumped masses in the CoM of each component. 

• The linear displacement of supporting feet is constrained. 

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: 

∑ 𝑭𝒊𝒋(𝒓𝒊𝒋 × 𝑫𝒊𝒋) + 𝑚𝑙(𝒓𝒘 × 𝒈 ) + (𝒓𝒇𝒊 × 𝑹𝒇𝒊) = 0

3

𝑗=1

 (11) 

where 𝑭𝒊𝒋 is the force exerted by jth tendon in the ith limb, 𝒓𝒊𝒋 is 

a vector from the centre of the ith spherical joint to the jth lower 

tendon guide, 𝑫𝒊𝒋 𝑖𝑠 the vector representing the direction of the 

jth tendon (as a unit vector) in the ith limb, 𝑚𝑙 is the mass of each 

limb, 𝒓𝒘 represents the radius of action of the limb’s mass, 𝒈  

is the acceleration produced by the gravity, 𝒓𝒇𝒊 is the radius of 

action of the reaction force of the ith foot, and 𝑹𝒇𝒊 is the reaction 

force on the ith foot. By solving (11), the forces exerted in the 

tendons can be computed to evaluate tendon forces in different 

configurations and select the optimal RWMT gaits.  

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, 

such as low friction surfaces, slopes, obstacles. As presented in 

Section II-C, four configurations are considered in this paper: 

Insect, Sym-Hex, G-S and Asy-Hex. These configurations are 

compared under different terrain conditions (flat and inclined 

ground at 4º and 10º) with two typical gaits (wave and tripod). 

We here analyze how performance can be optimized through 

two parameters: gait speed (related to the maximum step length) 

and actuation forces (as 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. Larger obstacles on the ground can be avoided with 

higher platform configurations. However, this affects 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 

equilibrium condition limiting the maximum step size for the 

Insect and Sym-Hex configurations. 

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.  

 
Fig. 6. Maximum step length comparison: a) Insect; b) Sym-Hex and c) 

Maximum step length vs platform height. 
 

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 

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 tendon loads 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 between the wave and tripod gaits. 

The gait comparison, based on Section III-C and shown in Fig. 

7c and Fig. 7f, is expressed as: 
 

 
Fig. 7. Force analysis for the tendons: a) Tripod and wave gait max force for 

Sym-Hex; b) Difference between gaits for Sym-Hex; c) Tripod and wave gait 

max force for Insect; d) Difference between gaits for Insect. 



 𝑇𝑖𝑗% = (
𝑇𝑇𝑖𝑗 − 𝑇𝑊𝑖𝑗

𝑇𝑊𝑖𝑗
) 𝑥 100 (12) 

where 𝑇𝑇𝑖𝑗  and 𝑇𝑊𝑖𝑗 represent the maximum tensile force on 

the jth tendon for the ith 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. 

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, we compare the Insect, Sym-Hex, and G-

S configurations considering different slope angles and keeping 

the moving platform parallel to the (inclined) ground. Then, the 

effect of traversing inclined ground with different pitch angles 

(i.e. relative angles between the moving platform and the 

inclined ground) is discussed. 

The behavior of the Insect, Sym-Hex, and G-S configurations 

on a 0º to 10º ground inclination (i.e., the angle between the xg-

axis and the xy plane) is reported in Fig. 8 for the moving 

platform parallel to the ground, constraining the normal vector 

of the ground n to be parallel to the zH-axis. The results show 

the stability coefficient of the Insect configuration as stable and 

close to constant. Conversely, G-S and Sym-Hex have higher 

stability coefficients (up to three times) but decrease with 

inclination. Overall, the reduced stability coefficient of the 

Insect configuration could lead to damage to the RWMT. For 

these reasons, the rest of this section focuses on the G-S and 

Hexagonal configurations only over inclined surfaces.  

We then analyze the effect of the relative angle between the 

pitch angle (defined as the angle formed between the zH-axis 

and the xy plane) of the RWMT and the ground angle over the 

stability coefficients, as changing this angle between n and the 

zH-axis of the RWMT affects the relative location of the CoM 

against the support polygon. For this study, we consider 

grounds with inclinations from 0º to 10º (i.e., angle between n 

and XY plane). Similarly, the pitch angle of the RWMT (i.e. 

angle between n and zH-axis) ranges between 0º and 10º. By 

studying the relative angle between the platform and the ground 

inclination, the best configuration can be chosen to traverse 

different terrains. As already observed in Fig. 8, the results in 

Fig. 9 show that increasing 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 stability. Negative angles also decrease 

stability coefficients and reduce the usable workspace of each 

limb (see Fig. 10), which is at its maximum when the moving 

platform is parallel to the ground (i.e. when zH and zG are 

parallel). The maximum stability coefficients are obtained at a 

platform pitch of 0º, when the zH- and 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 

OH. However, these configurations are not optimal for the 

workspace, which increases for diverging zH- and zG-axes.  

  
Fig. 9. Stability coefficients between 0º and 10º of inclination for the ground 

inclination (the platform is considered parallel to the inclined surface). 
 

Further limitations are observed at high inclinations: 

• The frontal limbs operate at the top of the workspace of 

each limb, restricting the minimum limb length (Fig. 10, 

red rectangle). 

• 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 configured 

Fig. 8. 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. 

 



asymmetrically (Asy-Hex) to increase the maximum ground 

inclination that the RWMT can traverse. 

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 

enable a numerical quantification of the RWMT performance 

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. 

 
Fig. 10. Illustration 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. 

 
Fig. 11. The proposed RWMT enhancing its stability from flat to inclined 

terrain by increasing its support polygon, reconfiguring the position of the upper 

joints and lower joints to safely walk over inclined terrain. 

IV. EXPERIMENTAL TESTS AND RESULTS 

In this section, to validate the modeling and gait analysis in 

Section III, 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 have been 

tested with tripod and wave gaits. These configurations with 

their ideal displacements have been compared against the 

motion recorded by the tracking system. Then, the G-S and the 

Sym-Hex configurations have been compared in displacement 

on an inclined terrain at 4º. Finally, non-symmetrical layouts of 

the G-S and Hexagonal configurations are reported for 

traversing an inclined terrain at 10º, to highlight the adaptability 

characteristics of RWMT in traversing different terrains. 

A. Gait selection for the different configurations 

The first comparison tests the tripod and wave gaits for the 

Insect and Sym-Hex configurations. When testing the proposed 

gaits (tripod and wave), the Sym-Hex configuration fails in the 

tripod gait, as the load on the tendons increases critically when 

three limbs are lifted from the ground (as shown in Section III-

D1.), resulting in a significant motion error. However, the wave 

gait has been successfully implemented in the Sym-Hex 

configuration. Conversely, the Insect configuration can achieve 

tripod and wave gaits as the forces on the tendons are reduced 

compared to the Sym-Hex (shown in Section III-D1). This 

shows not only a more stable tendon load pattern, 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 selected the appropriated gaits for each configuration, 

the capability to traverse over different terrains has been 

evaluated. Three test terrains are here proposed: flat ground and 

inclined grounds at 4º and 10º.  

 
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. 

B. Flat ground 

The Insect and Sym-Hex configurations are here proposed to 

test the motion capabilities of the proposed RWMT, evaluated 

as the time required to traverse the same distance (i.e. the 

average speed of the configuration) and the comparison 

between the desired motion and the real one. 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, as highlighted with arrows in Fig. 12a. 

Furthermore, the error of the displacements and deviation were 

evaluated at the end of each step.  

Fig. 12b-c 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. The results 

show both the error on each step and how these errors 



accumulate as the RWMT keeps moving. In both 

configurations, the maximum deviation error is observed at the 

beginning, and the error value decreases at each step. The Insect 

configuration has the highest error at each step. Nevertheless, 

the maximum difference between both configuration in the 

displacement errors of each configuration is smaller 5.72 mm 

and 1.14º. Furthermore, the Insect configuration completes a 

gait cycle every 1.60 minutes, while the Sym-Hex performs a 

gait cycle every 2.94 minutes. Thus, the Insect configuration 

moves 1.8 times faster than the Sym-Hex configuration.  

 
Fig. 13. Comparison between the Sym-Hex and G-S configurations:                               

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

C. Inclined ground at 4º 

The Sym-Hex and G-S configurations are here 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 4º. 

As shown in Fig. 13b-c, 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, but the maximum 

displacement error occurs during the last step. The deviation 

angles of the G-S configuration are significantly higher than 

those of Sym-Hex, indicating a more erratic pattern.  

 
Fig. 14.  Asy-Hex configuration: a) Comparison of ideal and real displacement; 

b) Displacement errors at each step; c) Direction errors at each step. 

D. Inclined ground at 10º 

The Sym-Hex and G-S configurations are here selected for 

their increased stability coefficients when compared with the 

Insect configuration. However, when the ground inclination is 

increased, the usable workspace of each limb is reduced, as 

mentioned in Section III-D2, and we propose non-symmetrical 

configurations to achieve stable displacements: the upper S-

joints of the frontal limbs are 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 10º. When the 

G-S configuration is tested, a considerable slippage is observed, 

and this configuration is thus discarded.  

Conversely, the Asy-Hex configuration is capable of moving 

on inclined ground at 10º, with the results reported in Fig. 14. 

The Asy-Hex configuration shows its maximum displacement 

error at the last step and 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. 

Overall, 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 on flat ground; a higher 

direction error can be observed for the Insect configuration. 

However, the overall motion presents no significant deviation 

from the desired one in both configurations (smaller than 5 mm, 

over a total gait length of 880 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, indicating that the reduced stability coefficient 

might cause the slightly larger error observed. However, the 

maximum deviation error is within 2º, and the Insect 

configuration has an advantage in its higher speed (1.8 times 

faster than the Sym-Hex). More importantly, the direction error 

over long distances can be solved as the Insect configuration 

can move laterally, as the Insect configuration enables changes 

in the walking direction of 90º 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).  

The relationship between stability coefficient, the 

configuration symmetry and displacement error can also be 

observed when the G-S and the Sym-Hex configurations are 

compared on an inclined ground at 4º. The Sym-Hex 

configuration presented a better performance in terms of 

direction error over the full trajectory, as reported 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 10º.  

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: 

• Insect configuration: Proposed to move on flat ground 

when the main concerns are speed and obstacle avoidance.  

• Symmetric Hexagonal: Proposed to move on inclined 

grounds when the limbs operate within allowable limits.  

• Non-Symmetric Hexagonal: Proposed to move on 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 can 

modify its configuration from symmetric to irregular layouts by 

repositioning its joints. This metamorphism allows the novel 

RWMT to adapt to different terrains where conventional PKM 

can neither walk nor operate, while maintaining high-precision 

machining capabilities, comparable to the ones of a 

conventional workshop machine tool, after reconfiguration. 

When compared to other mobile robots, the proposed RWMT 

is lightweight and compact thanks to its parallel architecture, 

employed for both machining and walking rather than requiring 

two separate subsystems for locomotion and operation, and to 

its underactuated reconfiguration mechanism, with a single 

motor to operate multiple DoFs. The main contributions of this 

paper can be summarized in the following points: 

• Design of a novel RWMT: The concept of reconfigurable 

Gough-Stewart platform has been introduced in previous 

works, but this paper presents for the first time a complete 

design solution to achieve full reconfigurability by 

combining active/passive spherical joints, the novel SMA-

driven clutch design, and the underactuated rope-driven 

upper platform layout. 

• Analysis of walking capabilities: Locomotion performance 

has been characterized with kinematic and static modelling 

and a stability analysis of different configurations, to 

identify the optimal layout for each scenario. 

• Experimental validation: The RWMT locomotion has been 

tested on inclined and flat terrain, comparing the 

performance of four different configurations (i.e. Sym-

Hex, Insect, Gough-Stewart and Asy-Hex) at increasing 

slope angles. The best configuration for each scenario has 

been identified, prioritizing speed at lower slopes and 

stability at higher inclinations. 

The models and methods presented in this paper open the 

opportunity for the development of other portable machine 

tools capable of reconfiguration. In future works, further 

configurations and layouts can be explored, expanding the 

proposed design to other applications (e.g. manipulation) and 

different mechanism architectures.  
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