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Abstract

Robots for unstructured environments explore and physically interact in variable, un-
certain, and unpredictable settings, as the contexts in which they are deployed are not
adapted to facilitate their operation. Their technology is not yet mature for industrial
use, but interest is rising for simple industrial inspection tasks.

The work presented in this thesis aims to facilitate the industrial deployment of
robots for unstructured environments by providing robotic design case studies. Three
novel devices are introduced, with the purpose of advancing agile quadrupedal loco-
motion, high-force grasping, and robotic power drilling. The first device is Leon, an
agile quadruped designed from commercial actuators, eliminating the need for actuator
development while retaining full access to the platform’s hardware and software. Leon
demonstrates a simple yet effective design approach, which simplifies agile robot de-
sign by using COTS components. The second device is DAGANA, a robust, modular,
high-force-capable 1-DoF gripper that enables high-payload operations with everyday
objects in unstructured contexts. DAGANA features a multimodal sensing system that
mitigates sensor occlusion during grasping, and its modular design allows extension
of its dexterity and sensing capabilities. The last device is Smart Drill, a sensorised
robotic power-drilling end-effector that enables low-payload robotic arms to perform
drilling operations. Smart Drill integrates intelligence into its design, allowing the end-
effector to directly control the task execution in a robotic-platform-agnostic manner,
facilitating seamless installation across different robotic arms.

While Leon’s first prototype is still to be manufactured, its design is evaluated and
validated through simulations and experiments on its actuator. Conversely, physical
prototypes of DAGANA and Smart Drill have been fabricated and used in extensive
laboratory experiments. The experiments not only assess the design’s effectiveness but
also showcase the applications of software pipelines appropriately designed to execute
tasks relevant to real-world applications.

Keywords
Robotics for unstructured environments, Agile quadrupedal robot, High-force gripper,
Power-drilling end-effector, Robotic industrial inspection
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Chapter 1

Introduction

Industrial interest in the field of robotics, which arose in the 1960s after the introduction
of the first Unimate industrial robot in a General Motors factory [1], has for a long
time been limited to structured working conditions. Here, the robot is separated from
the human operator and can perform predetermined tasks proficiently in controlled
environments. Examples range from manufacturing operations (unloading and loading
of Computer Numerical Control (CNC) machines, large-tolerance machining, welding,
painting and surface finishing, pick-and-place tasks, and precision assembly) to quality
checking and materials handling (palletising, automated packaging).

In the late nineties, Colgate and Peshkin introduced the idea of robotic arms collab-
orating closely with humans [2], giving birth to collaborative robotics. In collaborative
robotics scenarios, the environment in which the robot operates is less structured and
predictable than the closely controlled automation environment, and this is due to
humans’ unpredictable behaviours to which cobots must adapt. Technology was not
mature, and it wasn’t until the end of 2008, when Universal Robots sold its first UR5,
that cobots became an industrial reality [135]. Today, collaborative robotics is one of
the most relevant aspects of Industry 4.0 [3], and cobot applications span through all
industrial sectors.

The exploitation of mobile robotic platforms in industry for material handling fol-
lowed a path similar to that of robotic arms, expanding their capabilities from strictly
structured to increasingly less structured environments. The first Automated Guided
Vehicle (AGV) was implemented by Barrett-Cravens in 1953, and the technology quickly
spread thanks to the advantages it brought [4]. AGVs operate only in structured envi-
ronments, requiring the installation of dedicated guiding infrastructure in the factory.
Recent developments in perception-based localisation and navigation have enabled the
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technological readiness to deploy more advanced mobile robotic platforms, Autonomous
Mobile Robots (AMRs), capable of operating without any infrastructure for guidance
and safety in increasingly less structured conditions [5].

It can be observed that, as robotics technology advances towards robots capable of
operation in unstructured environments, industry leverages the technological readiness
and expands robotic applications accordingly.

Robotics for unstructured environments, strictly speaking, refers to those systems
designed to operate in variable, uncertain, and unknown settings that have not been
modified or constrained to aid the robot’s task execution. It is best expressed by mobile
robots capable of exploring and manipulating the environment and performing partially
defined tasks while coping with outdoor scenarios, unpredictable terrain, and obstacles.
These robots, whether wheeled, tracked, or legged, are resilient to these challenging
conditions. Their manipulators or limbs are developed for unpredictable contacts, and
their structures are capable of withstanding the elements and resisting impacts.

The development of these platforms is much more complex than that of the robots
currently adopted by industry. This is due mainly to the approach of industrial robotics:
a robot is built to solve a specific problem by executing a set of tasks. In unstructured
environments, the approach is the opposite: robots are built with the constraint of
operating in the real world, and executing as many tasks as possible, with the general
objective of mimicking human capacities to explore and physically interact with the
world around them. In recent years, interest in these robots has seen a rise, encouraged
also by the DARPA Robotics and Subterranean Challenges [6, 7]. Robots for unstruc-
tured environments are starting to demonstrate capacities that could enable them to
replace humans in dangerous and challenging missions [8].

In general, for these types of robots, Technology Readiness Level (TRL) remains
low, and industrial applications are still largely experimental. Yet, in recent years,
quadrupedal robotic platforms are reaching a level of maturity that makes them rele-
vant for limited industrial applications, and companies like the American Boston Dy-
namics, the Swiss ANYbotics, or the Chinese Unitree have started businesses in the
sector. The prominent application proposed is industrial inspection, with limited yet
effective manipulation capabilities. Here, the manufacturers of these robots propose
architectures that are capable of autonomously tending to the safety of an industrial
plant, opening doors, operating valves and switches [136, 137, 138].

Robots for unstructured environments are literally taking their first steps into the
industrial world. The work presented in this thesis fits into this context, aiming to
inspire further industrial expansion of this field of robotics by providing details on

2



Chapter 1. Introduction

how these robots are designed and developed. Three robotic devices are developed: a
quadruped, a gripper, and a power-drilling end-effector. The design process is reported,
and the devices are tested and critically reviewed.

While quadrupeds and grippers of the type developed are already being used in the
industrial-inspection examples provided before, power-drilling end-effectors are mostly
confined to industrial production.

The quadruped, Leon, responds to the need for a research and product development
platform that its users can customise in all its hardware and software layers. This is a
critical capability that empowers researchers to explore new solutions, but it is restricted
in commercially available robots. Developing a mid-sized agile quadrupedal platform
generally requires years of research into actuator technology to realise appropriate leg
actuators. This work demonstrates that it is possible to design an agile quadruped
using mostly Commercial Off-The-Shelf (COTS) components and simple mechanical
parts.

The gripper, DAGANA, enables robotic platforms to grasp and manipulate high
payloads in unstructured conditions, and it shows how multimodal sensing can aid in
the grasping operation, overcoming the problem of sensor occlusion that is typical of the
final phases of grasping. Finally, the proposed approach demonstrates how modularity,
at a hardware level, can expand the applications in unstructured environments: after a
physical reconfiguration, the gripper can be applied to tasks previously impossible due
to low dexterity.

The power-drilling end-effector, Smart Drill, demonstrates how a robotic drilling
operation can benefit from a purpose-built, sensorised end-effector, and how drilling can
also be performed by low-payload robotic arms. This is relevant not only to the fields of
manufacturing (e.g., collaborative drilling of holes) and construction (e.g., collaborative
installation of electrical systems on a wall), but also to the fields of inspection and
exploration (e.g., drilling a hole on a panel to insert a probe). Yet, the main contribution
of the proposed design is the definition of a new approach to end-effector management:
thanks to an embedded Single-Board Computer (SBC), the whole operation (drilling,
in this case, but the concept can be extended to other applications) is run inside the
end-effector itself, on-edge, making not only the end-effector but also its related task
robot-agnostic. With Smart Drill, a simple mechanical reconfiguration and the setup
of a software interface are sufficient to replicate the operation on another robot.

The overall aim of the work, as stated, is to inspire further development of robotics
for unstructured environments in industry. The hope is that, by presenting these simple
yet effective designs, research and development groups around the world are stimulated
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to find new applications for these robots, increasing the TRL of these devices towards
their large-scale diffusion in the industrial world.

The thesis is organised as follows: Chapter 2 analyses the relevant state of the art
in the fields of unstructured environments, agile locomotion platforms, and grasping
and power-drilling end-effectors. Chapter 3 presents the problems addressed by the
proposed devices, while Chapter 4 describes the approach to solving these problems
by detailing each device’s mechatronic design. Chapter 5 reports the experimental
testing and validation of the introduced devices, and Chapter 6 compares them with
the relevant literature.
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Chapter 2

State of the Art

2.1 Robotics for unstructured environments

In recent years, robotics for unstructured environments has become increasingly rele-
vant, both in research and in product development [8, 9, 10, 11, 12].

The term “unstructured environments” identifies those working conditions that have
not been modified to simplify the execution of a task by a robot [13]. Examples of
these settings include an outdoor field, an underground cave [14], or the area around
an industrial complex, but can be extended to extreme environments such as the deep
sea [15], or space [16].

Mobile robots for unstructured environments need to execute exploration and phys-
ical interaction tasks in a priori unknown settings. They are currently of interest for
their promising performance as substitutes for human operators tasked with perform-
ing dangerous and demanding tasks [6]. Examples of such activities include exploration
of unknown environments [17], industrial inspection [18, 19], disaster and emergency
response [20], civil security and public safety [21], heavy work and construction [22],
and humanitarian demining [23]. Furthermore, robots for unstructured environments
can perform tasks currently impossible for humans, such as nuclear waste decommis-
sioning [24] or hazardous chemical processing [25].

The scope of these tasks is broad: some robots need to perform simple exploration
in order to gather information from the field (such as scouting unknown or potentially
dangerous areas while gathering information with their exteroceptive sensors). In con-
trast, others need to perform physical interaction with the elements in the field (such
as manipulating objects in a disaster response scenario).

Therefore, robotic devices designed for operation in unstructured environments must
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meet design requirements that vary significantly depending on the task at hand. On
the one hand, exploration tasks are constrained by the robot’s capacity to locomote
and navigate in harsh or uneven terrain, often under harsh environmental conditions,
while maintaining agility and energy efficiency. On the other hand, interaction tasks
require powerful mobile platforms equipped with high-payload robotic arms and robust
end-effectors to exert high forces and perform power-tool operations in the environment.

The following sections analyse, from a robotic design point of view, robotic systems
capable of operating in unstructured environments that enable:

• agile locomotion on uneven and unpredictable terrains

• powerful and perception capable grasping for high-payload operations

• robotic power drilling.

2.2 Agile locomotion

As technology advances, Unmanned Ground Vehicles (UGVs) are becoming increasingly
relevant for complex field missions, such as inspection, exploration, and Search and Res-
cue (SAR), where a human operator’s intervention would be undesirable. Conversely,
terrain conditions in these unstructured scenarios are often rough and unpredictable,
rendering wheeled or tracked UGVs ineffective or impractical. Here, legged robotic sys-
tems demonstrate a significant advantage: legged locomotion enables tackling uneven
terrain, obstacles, confined spaces, or collapsed structures while maintaining stability
and agility, as shown at the DARPA Subterranean Challenge [7].

Among legged robotic platforms, quadrupeds offer a compromise between simplicity,
stability, and payload capacity, particularly when compared to bipeds, thanks to their
large support polygon and simple balance control [26].

While legged mechanisms have been developed as early as the late 1800s [27], major
developments in quadrupedal robotic systems began around the 1960s. Some milestone
designs include the General Electric Walking Truck [28] and the KUMO and TITAN
robots [29]. Much development followed [30], until in 2008, Mark Raibert and his team
at Boston Dynamics introduced the quadrupedal platform BigDog [31], showing for the
first time that a quadruped robot could achieve balance under significant external dis-
turbances and traverse irregular outdoor environments, establishing the foundations of
agile quadrupedal robotics. BigDog relied on an internal combustion engine to generate
power and to hydraulically actuate its legs.
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Hydraulic actuation was further developed and combined with electric actuation
with the HyQ quadruped robot of Istituto Italiano di Tecnologia (IIT) [32], advancing
actuator technology [33] and achieving notable later results (such as pulling a small
passenger aircraft [34]).

Despite these advancements, the complexity, maintenance requirements, and effi-
ciency limitations of hydraulically actuated systems proved detrimental to their large-
scale development, especially when compared with the more recent electromagnetic
actuators. Even the humanoid Atlas of Boston Dynamics, which adopted cutting-edge
hydraulic actuation solutions, has been converted to fully electric actuation in its more
recent versions [139].

While advanced, energy-efficient electromechanical actuation systems have been im-
plemented in robotic legs [35, 36], the unpredictability of rough terrain necessitates the
use of actuation methods with a simple and robust design that, thanks to some level of
compliance, can withstand impacts and rugged use [37]. The most common actuation
systems that offer these characteristics are the Series Elastic Actuator (SEA) [38] and
the Quasi-Direct Drive (QDD) [39].

The SEA actuation paradigm couples an elastic element (typically a spring) be-
tween the actuator and its load. This approach makes the actuated joint impervious
to disturbances and less prone to mechanical damage after an unforeseen impact, but
the benefits come with trade-offs in control bandwidth, positional accuracy and stabil-
ity. Despite these mechatronic design and control complexities, SEA actuators enable
quadrupeds to use electric motors effectively in unstructured environments.

The StarlETH [40] and ANYmal of ETH Zurich [41, 42] are among the first examples
of agile quadruped robots equipped with SEA actuators, configured for high speed and
impact resilience. Together with its later commercial revisions, ANYmal [137] demon-
strates agile behaviour in navigating unstructured environments, overcoming slopes,
obstacles, and rough terrain.

SEAs also offer the possibility of obtaining stiffer interaction and a more human-like
force range, as seen in the quadrupedal locomanipulation platform IIT CENTAURO,
but the higher force capability comes at the cost of agility and ruggedness [43].

As an alternative to SEA-based solutions, QDD actuators compactly integrate a
simple but torque-dense brushless motor and a low-gearing single-stage planetary gear-
box [44]. Thanks to the low transmission ratios, the reflected inertia is minimised while
maintaining sufficient torque output, allowing high backdrivability and simplified high-
bandwidth torque control. This implementation produces simple, rugged actuators that
are impervious to impacts and easy to control [45].
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The most prominent examples of QDD-actuated robots are the Cheetah robots
developed by the Massachusetts Institute of Technology (MIT), which show surpris-
ing agility, jumping, and manoeuvring capabilities and reduced cost of transport [46].
The initial developments at the MIT were centred on bioinspiration and energy effi-
ciency [47]. Further developments enriched these concepts with economical manufac-
turing methods and simplified control strategies, producing Mini Cheetah, the first
quadruped robot capable of performing a backflip [48]. These robots showed impressive
running speed, ruggedness and resilience to disturbances previously unseen in electric
quadrupedal platforms.

QDD actuators are also used in systems that explore alternative leg morphologies,
such as SpaceBok [49], but, apart from these few examples, all agile robots feature
simple leg architectures with hip-roll, hip-pitch, and knee-pitch joint configurations.
Robots like ANYmal have their actuators mounted in-axis with the joint, increasing
the upper leg’s inertia. With QDD actuators, thanks to their intrinsic simplicity, it is
possible to develop solutions that optimise the upper leg’s inertia to achieve greater
agility. Both the hip-pitch and knee-pitch actuators can be located at the top of the
upper leg, closer to the quadruped’s trunk. In this case, a transmission system actuates
the lower leg. Multiple approaches are studied: the original MIT Cheetah uses a four-
bar linkage [50], MIT Cheetah 3 uses a chain transmission, KAIST HOUND [51] uses
a belt, and the high-payload quadruped Barry [52] uses ball-screw transmissions (also
patented by Boston Dynamics [53]).

Other efforts in dynamic quadrupedal platform design have focused on designing
research and development platforms with simplified mechanical architectures and open
to high customisability. The Open Dynamic Robot Initiative [54] created the Solo12
quadruped [140], and another notable example is the small Stanford Doggo [55]. Other
notable designs optimised for simple fabrication and open customisation have been
developed at the Indian Institute of Science, both with small-sized quadrupeds [56] and
larger chain-driven robots [57].

More recently, commercial exploitation of quadruped robots has begun. Leveraging
the QDD concept, the company Unitree [141] commercialised AlienGO, Go1, and B1,
and their successors, providing an effective solution for higher-level research and devel-
opment in locomotion, navigation, and manipulation. The company DEEP Robotics
soon followed Unitree with the X20 [142]. Nevertheless, these commercial products
prevent users from developing their lower-level control and software architecture or up-
grading their mechatronics design. This is primarily due to closed-source hardware and
software and restricted commercial/legal practices. Still, it effectively limits the devel-

8



Chapter 2. State of the Art

opment of such commercial devices in a modular direction, making it extremely complex
to interface with systems that expand their capabilities. The same limitation applies
to other higher-end commercial quadrupeds (which offer purchasing opportunities to
selected partners), such as Boston Dynamics Spot, Ghost Robotics Vision 60 [143], and
others.

2.3 Grasping

As mobile manipulation platforms for unstructured environments advance and their
technology enables higher manipulation payloads (as seen in humanoid robots [43, 58]
or mobile platforms equipped with collaborative robotic arms [59]), gripping systems
become critical enablers for developing high-force manipulation capabilities.

Gripping system designs can utilise various actuation paradigms, including electric,
vacuum, pneumatic, and hydraulic actuators, each offering significant compliance levels
for impact resilience and adaptability to specific tasks. To reduce overall dimensions
and optimise inertia, the transmission of the grasping power is often performed using
gears, cables, or linkages, allowing the actuator to be displaced from the grasping end-
effector [60]. Furthermore, the grasping bodies can be developed with very different
shapes (such as claws, fingers, or simple pads) and materials, often resorting to de-
formable elements or underactuated joints to add some level of compliance with the
shape of the target object [61]. Innovative approaches, such as the jamming of granular
material [62], show promising results and a different view on the basic principles that
enable the gripping operation.

Robots in unstructured environments are tasked with interacting with everyday ob-
jects in a priori unknown settings. On the one hand, the target objects are often shaped
considering the dexterity of the human hand, therefore requiring dexterous robotic end-
effectors with fingered grasping mechanisms [63, 64]. Solutions range from grippers with
few underactuated fingers [65, 66, 67, 68] to fully actuated anthropomorphic hands [69,
70, 71]. Nevertheless, high dexterity comes at the cost of added complexity, resulting in
delicate mechanisms that are not appropriate for intensive use in unknown conditions.
Furthermore, fully actuated solutions require complex actuation and transmission sys-
tems, which are difficult to maintain and increase weight and size. These factors limit
the deployment of high-dexterity systems in real-world conditions.

On the other hand, tasks in unstructured environments can require high force, par-
ticularly when the robot is used to replace the human operator in dangerous and de-
manding conditions (as seen in Section 2.1). Wheeled quadruped robots have demon-
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strated their ability to perform interaction tasks (such as opening doors or carrying
objects) through the use of strength and resilience to disturbances instead of dexter-
ity [72]. Hand-type grippers are usually too complex and too weak for strong physical
interactions, such as pushing objects and surfaces, because their fingers cannot exert
high forces and their mechanisms can easily get damaged. Still, these high-force features
can be embedded in simpler designs.

To address some limitations of traditional hand-type grippers, modularity in the
finger-hand assembly is often employed. Rearranging the finger positions [67, 73] can
enhance the capabilities of these grippers, enabling them to handle a broader range of
tasks. Furthermore, modular designs are easier to fabricate and maintain due to the
lower number of different components involved and the possibility of using preassembled
subassemblies as spares [74].

Modularity benefits in particular two-finger grippers. In these simple designs, ad-
justing the position and shape of one of the gripping elements can further extend the
dexterity, enabling these grippers to grasp a wide range of objects, as seen with the F1
Hand [75] and the M2 Gripper [76].

Furthermore, these simple two-finger designs, featuring only two gripping elements
with just one being actuated, reduce complexity, lower the risk of failure, and increase
overall robustness. They have the advantages of simplicity, cost-effectiveness, and good
power-to-weight ratio, and for these reasons, they are widespread in all fields of robotics,
with a high number of commercial solutions in the market ready to be used both in
structured and unstructured environments [144, 145, 146].

Morphology, kinematics, and actuation methods of a robotic gripper are not the
only active fields of research in grasping end-effector design. Gripper development also
focuses on the integration of sensors in the gripper itself, aiming to add proprioceptive
and exteroceptive sensing capabilities directly inside the end-effector.

On the one hand, proprioceptive sensors (like motor encoders and certain types of
force/torque sensors) open remarkable possibilities to refine the actuation strategy in
robotic grasping. On the other hand, exteroceptive sensors (like tactile sensors, distance
sensors, accelerometers, and cameras) enable tasks that would otherwise be difficult or
impossible. For example, tactile sensing [77] can be used to apply a specific grasping
force [78, 79], or detect slipping [80]. Eye-in-hand vision systems can focus on the object
while the arm and the target object are moving, demonstrating impressive use cases,
like catching objects in flight [81, 82]. The advantages of vision sensors embedded
in the gripper tool have been further elaborated in [79]. Embedded range sensors
have shown their potential in enabling the accomplishment of otherwise impossible
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grasping tasks [83], and microphones can be used to fuse visual and audio data to
improve the manipulation operation [84]. From a software point of view, integrating
end-effector control and embedded perception capabilities enables easy and seamless
task execution [85].

Robust grippers with a simplified structure and embedded perception are available
commercially in the field of quadruped robots. One example is the end-effector mounted
on the Boston Dynamics Spot quadruped robot [147]. While this end-effector is not
extensively documented in the literature, its capabilities are showcased in [136]. Another
example is the Unitree Z1 arm and its gripper mounted on the quadruped B1 for
inspection tasks [138, 148].

Validation of grasping end-effectors to determine their capabilities is also a field of
interest, as it is often difficult to relate the technical specifications of a gripper to its ap-
plicability in real-world tasks. Some studies introduce application-oriented benchmarks
for evaluating the end-effector dexterity [86], or the capacity of manipulating everyday
objects [87] and clothes [88]. Other works focus on intrinsic benchmarks, providing
standards for measuring parameters such as forces applied by the fingers and grasping
strength [89].

2.4 Power drilling

Drilling is a fundamental machining operation widely used in assembly, maintenance,
repair, and construction. While it primarily enables the installation of mechanical
fasteners, it has multiple other applications, such as inspection (probes can be inserted
into drilled holes) and medical applications (e.g., orthopaedic surgery).

From a process engineering perspective, machine drilling is the most common material-
removal machining operation. Its process parameters and execution are continually be-
ing developed and refined to achieve higher surface finish, reduce tool wear, and improve
the accuracy and precision of the resulting hole [90].

Given its primary importance as a manufacturing operation, power drilling with
robots has been investigated since industrial robots were first introduced into man-
ufacturing contexts, as evidenced by the development of complex power-drilling end-
effectors reported already in the 1980s [91, 92]. Power-drilling automation in robotic
systems poses several challenges, including positioning accuracy, orientation control,
force regulation, and interaction with heterogeneous materials [93].

In factories, which are a prime example of structured environments, robotic drilling
is primarily used to increase throughput, repeatability, and quality in machining oper-
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ations that require hole creation. Here, the workpiece, fixtures, and tools are known a
priori, and industrial manipulators traditionally perform drilling using generic end-of-
arm spindle tooling [94]. Research focuses on machining precision, improving positional
accuracy of the drilled hole, its orientation relative to the surface normal, and the overall
hole quality [95].

The aerospace industry is one of the earliest and most mature applications of robotic
drilling in manufacturing. The assembly of an aircraft structure requires drilling and riv-
eting millions of holes, posing challenges to machining repeatability and to work-related
health issues for human operators. Since the early 2000s, task-specific end-effectors have
been designed to refine a specific operation, such as aileron manufacturing [96]. Further-
more, end-effectors capable of combining drilling with support to secondary operations,
such as countersinking, inspection, or fastening, have been developed [97, 98]. These
devices are bulky and complex, but effective for predetermined tasks in industrial au-
tomation. Currently, well-known companies such as Electroimpact [149] provide mature
combined solutions that enable the replacement of human operators in these contexts.

Industrial robotic drilling often encounters discrepancies between the Computer-
Aided Design (CAD) model used for offline task programming and the dimensions of
manufactured parts. Deviations are primarily due to manufacturing tolerances, part
deformation, or fixturing, and result in holes drilled by the robotic system in positions
outside of the maximum tolerance. This is true especially in the aerospace sector,
where loosely toleranced sheet-metal panels are widely used. To address this challenge,
vision-based measurement and correction strategies have been implemented [99], and
the design of end-effectors has evolved accordingly, with the direct integration of cam-
eras and related sensors [100] and the development of their calibration procedures [95].
In these cases, the correction of the drilling trajectory uses information directly provided
by the end-effector rather than signals generated by an auxiliary external system.

The integration of sensors into end-effectors has proven beneficial for maintaining
precision and accuracy with difficult-to-machine materials and challenging workpiece
structures and fixtures. The integration of signals from multiple sensors (for example, by
combining distance sensors and a camera [101]) has proven to be particularly beneficial
for machining titanium structures.

Robotic power drilling is not only applied to the structured industrial automation
environment. Indeed, the commercial availability of collaborative robotic arms has fa-
cilitated the expansion of robotic drilling to human-robot collaboration contexts. Still,
the low payload and stiffness of cobots, as well as safety mechanisms that limit allow-
able forces and speeds, pose challenging control problems. Here, the robot can assist
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the drill operator, reducing the risk of fatigue and work-related health issues often as-
sociated with the awkward positions and repetitive motions required during drilling.
Furthermore, studies show possible benefits by analysing how a collaborative robot can
apply appropriate force profiles and support the operator to reduce positional errors and
increase hole quality [102, 103]. Force control strategies have also been implemented
using control methods derived from learning by demonstration [104].

In these works, drilling end-effectors have been developed to measure the opera-
tor’s interactions, but no drilling end-effector has been specifically developed for the
collaborative task. Indeed, the general approach is to clamp a small, commercial,
battery-powered drill to the robot’s end-effector flange and perform the drilling opera-
tion [85, 104], with little regard for the optimal orientation of the drilling axis relative
to the robot’s flange and no task-oriented optimisation of the end-effector’s design or
integration of sensing systems. Only for small-sized hole drilling, specific end-effectors
are developed [105].

Even in the more unstructured scenario presented in [85], where the control of end-
effectors for humanoids and lightweight robotic arms is investigated, drilling is treated
only as a task to be performed by holding a commercial power tool in a humanoid hand,
with no further strategy in end-effector development.

Unstructured environments open up new applications for drilling with small-sized
robotic arms. Interest in drilling end-effectors for field tasks is emerging [106], and
a notable example of power drilling in unstructured environments is presented in the
context of autonomous pine-tree resin collection in forests [107]. Here, a functional,
custom drilling end-effector is attached to an industrial manipulator mounted on a
mobile base to drill irregular, biologically variable surfaces, often under low positional
accuracy requirements. Since the task imposes no restrictions on payload or execution,
the developed end-effector is a straightforward adaptation of the approach used in
industrial contexts.

Another emerging, unstructured context for robotic power drilling is the use of
mobile manipulators in construction. This field is particularly relevant for reducing
work-related health issues [108], as drilling is a vibration-intensive task that requires
impact-drilling strategies. The company Hilti is researching the automation of drilling
operations in this scenario with its mobile manipulator Jaibot [150], and similar systems
from the company nLink [151] are benchmarked against human operators in [109]. These
integrated systems benefit from task-specific design and integration of end-effector,
robotic arm, and mobile base with the specific aim of enabling drilling in construction.
Yet, the end-effectors themselves do not seem to be directly applicable to other mobile
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manipulation platforms without major adaptations.
Similarly complicated end-effector designs are used in civil infrastructure mainte-

nance research. Examples include those used in works on modelling and vibration
reduction for bridge deck rehabilitation [110, 111], where a commercial power drill is
modified and sensorised, and an additional actuated linear axis is included to control
the feed motion of the drilling bit.

Task-optimised robotic drills also appear in space exploration to enable surface sam-
pling. The Mars Science Laboratory Drill [112] is an example of such highly specialised
drilling end-effectors.
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Problem addressed

The problem addressed by this work reflects the need to quickly and reliably deploy
novel robotic systems that are ready for the challenging conditions of unstructured
environments, simplifying research and development and enabling previously impossible
tasks.

In particular, the work focuses on the mechanical design of robots and end-effectors,
identifying and addressing limitations of current robotic systems in unstructured con-
texts for (i) agile locomotion, (ii) high-force grasping and (iii) power drilling.

3.1 Customisable agile quadrupeds

As seen in Section 2.2, agile quadrupedal robotic platforms are promising operators in
complex missions of exploration, inspection, and physical interaction in unstructured
environments. This is mostly due to their superior capability to overcome obstacles
and uneven terrain, in which wheeled and tracked vehicles (or humanoids) have limi-
tations. In recent years, research and product development groups have been prolific
in the exploitation of quadrupedal robotic platforms, and their hardware has evolved
accordingly.

3.1.1 Low-level access to hardware and software

Despite the relevance of quadrupedal design for research and development, few re-
search groups or companies (e.g., Massachusetts Institute of Technology (MIT) [46],
Istituto Italiano di Tecnologia (IIT) [32], ETH Zurich [41], Boston Dynamics [152],
ANYbotics [137]) have developed their own agile quadrupeds in-house. These devel-
opments were made possible by each group’s foundational experience in developing
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customised, next-generation actuators. The remaining hardware components of these
platforms are custom mechanical structures or repurposed commercial devices, with
varying levels of customisation. In fact, the literature shows that each group’s publica-
tions on actuators precede the publications on their robots by some years [38, 113, 114,
115], while (from the hardware perspective) no other preliminary research enabling the
development of the platforms is presented.

The introduction of the first quadruped (MIT Mini-Cheetah [48]) featuring a low-
cost, low-gearing Quasi-Direct Drive (QDD) actuator by MIT marked the beginning of
a new generation of agile quadrupeds. These proprioceptive actuators, thanks to their
simplicity, robustness and ease of control, led to a new generation of research-oriented
and commercial agile quadrupeds, thoroughly discussed in Section 2.2.

The low-cost commercial variants of this new generation of quadrupedal platforms
(represented most prominently by the portfolio of Unitree [141]) allow research groups
and companies to investigate quadrupedal locomotion and navigation problems without
the need to develop their own quadruped robot. These devices are widespread, econom-
ical and easy to acquire. However, this accessibility comes at the cost of customisability.

Conversely, the manufacturers of these commercial platforms restrict access to low-
level software in their products and do not disclose precise three-dimensional (3D)
Computer-Aided Design (CAD) files of their designs. Hardware and software develop-
ments often require access to the low-level software and hardware of the robot, as this
access permits customisation of system architecture and integration of custom-designed
components, computing units and sensors. As a result, developers are forced to re-
sort to reverse engineering and time-consuming workarounds to perform their research
or product development. Furthermore, reported vulnerabilities in Unitree robots [153,
154] highlight the importance of having access to the low-level software, as that layer
can hide potential cybersecurity risks.

The hype around QDD actuators has recently led to their commercialisation by
companies (such as Cubemars [155] or, more recently, Unitree itself [141]). These
simple QDD actuation units can now be purchased independently from the robots or
devices for which they were developed.

To guarantee maximum compatibility in a wide range of applications, the firmware
installed in the electronics of these Commercial Off-The-Shelf (COTS) actuators is
generally accessible and configurable up to to the lowest level. Therefore, when these
actuators are used in a custom robotic device, the user has complete control over the
low-level software implemented in the robot, delivering an acceptable trade-off between
customisability and the use of commercial solutions.
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The complexity of the realisation of a fully customisable quadrupedal platform reali-
sation could therefore be overcome by implementing a new approach to the development
of their actuation systems, using commercially available actuators as a foundation.

3.1.2 Making an agile quadruped

This work aims to address the complexity of conducting low-level hardware and soft-
ware research and product development in locomotion and navigation with commercial
quadrupedal robots due to manufacturer restrictions. Given the possibility to indepen-
dently purchase QDD actuators, it addresses the following question:

Is it possible to realise in-house an agile quadruped robot that can be fully
customised at its lowest hardware and software level, without requiring the
development of custom actuators from scratch?

Such a platform would be developed using COTS components and avoiding custom
actuator development by adapting existing components wherever possible. It would
therefore be open to customisation from researchers and developers across all its soft-
ware and hardware layers.

3.1.3 Commercial components and agility constraints

The realisation of a complete robotic platform requires the integration of several com-
plex subsystems:

• Actuation: actuators and their proprioceptive sensing and low-level electronics

• Sensing: exteroceptive and proprioceptive sensors like Red Green Blue - Depth
(RGB-D) cameras, Laser Imaging, Detection, and Ranging (LIDAR), Inertial
Measurement Unit (IMU), Global Positioning System (GPS)

• Computation: computers dedicated to low-level communication with the actu-
ators, middleware control and data processing from the sensors

• Communication: internal communication among computing units, actuators,
and sensors, and external communication (wireless) to control the robot

• Power: battery, power management and safety
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Sourcing the components that make up these subsystems from commercial cata-
logues presents various challenges.

On the one hand, these systems (when available commercially) are seldom provided
in a state that can readily be integrated into a robot design, with problems spanning
from bulky and heavy covers to power and communication interfaces. Their technical
details and datasheets are sometimes not fully available, and some of their specifications
have to be measured or inferred after procurement. On the other hand, commercial com-
ponents are also prone to market-related issues: despite their presence in manufacturers’
catalogues, they might be subject to minimum order quantities, regional availability,
long production times and similar problems.

Furthermore, to have an agile quadruped, the mechanical design and integration
of these components need to minimise and properly distribute the final inertia of the
robot. Their supporting mechanical structures need to ensure protection and sufficient
rigidity. Yet, they also need to be optimised for minimum weight, as the resulting
quadruped must retain the agility properties that make quadrupeds effective in un-
structured environments.

3.2 Grasping in unstructured environments

Grasping systems are critical for enabling the development of manipulation tasks in
unstructured environments. As seen in Section 2.1, the robots for unstructured envi-
ronments capable of manipulation are humanoids, mobile platforms, and quadrupeds
equipped with one or more robotic arms. These platforms often feature robotic hands
inspired by the human hand. Such systems have enabled dexterous robotic manipula-
tion even in extreme environments such as the deep sea [116], effectively overcoming
water pressure, temperature, and other environmental constraints.

3.2.1 Gripper payload, dexterity, versatility, and ruggedness

With the increase in payload capacity of small robotic arms and platforms for unstruc-
tured environments, it is critical that their grippers generate friction forces sufficient to
pick up and manipulate heavier objects. Despite their dexterity, robotic hands apply
low to moderate interaction forces, limiting the capability of the manipulation plat-
form. Furthermore, they lack mechanical simplicity and ruggedness (key features for
deployment in unstructured environments), as their fingers are mechanically delicate
and are composed of many components and sensors.
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The modular grippers analysed in Section 2.3, whether commercial or custom, pro-
vide simple two- or three-finger solutions featuring either angular or (more rarely) linear
finger movement. Their grasping elements can be easily customised for the operation
at hand, allowing designers to adapt the grasping jaws (or fingers) to a subset of tasks
that the robotic platform is called to complete. This delivers a good compromise be-
tween simplicity and versatility, obtaining a reliable system that can be deployed for
a variety of tasks. The implementation of custom fingers enables, at least for a lim-
ited subset of tasks and after a mechanical reconfiguration for the replacement of the
jaws, the recovery of dexterity to a level closer to that of robotic hands. Nevertheless,
these solutions also have relatively low gripping forces and (being designed for struc-
tured environments) have exposed mechanisms and ingress protection levels that are
not appropriate for unstructured environments.

Drawing inspiration from nature, robotic grasping paradigms can be reimagined.
Langowski et al. [117] observed the methods employed by animals to grasp objects
around them, comparing their levels of power, dexterity and compliance. These obser-
vations can be extended to canines, which pick up objects with their mouths instead of
their paws. Experience suggests that dogs securely grasp objects (e.g. a heavy toy, a
rug, a rolled newspaper) and their cubs just with their bite, showing extreme versatility.
They control their grasping force with their masticatory muscles, adjusting it according
to the task at hand. A dog’s mouth can be roughly modelled as a two-pad gripper with
wide pads and one torque-controlled revolute joint that actuates only one of the two
pads.

A similar approach is seen in the grippers of Boston Dynamics Spot [147] and Unitree
B1 with the Z1 arm [148]. These large-size grippers are not available separately from
their respective devices. They feature a single joint actuating one of two large grasping
pads. Their declared grasping force exceeds that of commercial two-finger grippers, and
their design follows paradigms of simplicity and sturdiness.

These grippers, while showcasing versatility and the capability to execute many
tasks typical of unstructured environments (as seen in their respective presentation
videos [136, 138]), cannot be repurposed for the task at hand without a significant
redesign of their jaws, as they are integrated into the main body of the gripper.

3.2.2 Sensor occlusions in grasping

To drive the grasping, implementations with commercial grippers and robotic hands
mostly make use of exteroceptive sensors (e.g. commercial Red Green Blue - Depth
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(RGB-D) cameras) that are located on the robotic platform or on its arm (often with
an additional flange [156]), leading to the possibility of occlusions of the sensors during
the final approach phase of the grasping action. Few specifications are known about
the Boston Dynamics Spot and Unitree B1 with the Z1 arm. Still, it is clear from
observation and datasheets that these grippers include exteroceptive sensors in their
large palms. Nevertheless, these sensors are deeply integrated in the gripper design and
cannot be replaced or adapted to a new task without redesigning a significant part of
the gripper.

3.2.3 Making a sensorised, rugged, and high-force gripper

This work aims to address the lack of a simple, robust and versatile gripper appropri-
ate for exploiting the full payload of mobile manipulation platforms in unstructured
environments and overcoming the problem of sensor occlusion in the grasping phase. It
addresses the following question:

Is it possible to realise a gripper for unstructured environments unaffected by
sensor occlusion and appropriate for high payload tasks, extending the sens-
ing and manipulation capabilities of these robots to tasks currently carried
out by human operators?

Such a gripper would allow grasping and manipulation tasks in unstructured en-
vironments with heavy objects, extending the functionality of robots for unstructured
environments further into the human-scale manipulation capabilities. Through mechan-
ical reconfigurability, it would open the possibility to achieve, by developing custom jaws
for a subset of tasks, higher dexterity than a generic equivalent. Its embedded extero-
ceptive sensors would overcome the problem of sensor occlusion that occurs during the
final approach to an object to be grasped. Furthermore, with a physical reconfiguration
of the sensing devices, it would be open to expanded sensing capabilities if a specific
task requires it.

3.2.4 Actuation, mechanical design, embedded sensing

To realise this one Degree of Freedom (DoF) gripper, challenges regarding actuation,
mechanical design, and sensor integration must be addressed.

Regarding the actuation system, it needs to be capable of both supplying high
continuous torques and precisely sensing the delivered torque, even at low grasping
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forces. Furthermore, it must be able to withstand impacts during operation, and in
terms of weight, it is crucial to have a high power-to-weight ratio.

From a mechanical design point of view, it is critical to minimise the mass of the
structure, as for a given robotic arm payload, the actual payload that the robot can
lift is diminished by the weight of the gripper. Furthermore, it is necessary to provide
sufficient mechanical strength to withstand impacts, allow the robotic arm to use the
gripper to push objects around (as seen in [136]), or even support the full weight of the
robotic platform falling onto the gripper (as observed in [157]).

To ensure maximum compatibility of the gripper, it is necessary that the gripper
can be mounted to the end-effector flange of the most widely used robotic arms for un-
structured environments. Its electronics should likewise allow control using widespread
protocols (such as EtherCAT [158]) that enable real-time control of the joint.

Modularity should also be addressed, allowing for a simple method of replacing the
grasping pads and encouraging the development of customised grasping pads for various
tasks. This enables the gripper to perform in applications that require more dexterity
than what is possible with the standard grasping pads.

Finally, particular tasks may require specific exteroceptive sensors (for example, in-
spection tasks may necessitate the use of a thermal camera to assess the state of a hot
component before touching it). In these cases, easy replacement of the exteroceptive
sensors can be beneficial. Furthermore, the signals from these sensors need to be eas-
ily retrievable when the platform on which the gripper is mounted changes, ensuring
maximum compatibility.

3.3 Power drilling in unstructured environments

Power drilling is one of the most ubiquitous machining operations, performed in both
structured and unstructured environments by human operators and robots to produce
holes in a wide range of materials. Its applications span from industry to construction,
appearing in the manufacturing process of most human-made artefacts. Automation of
the process is a traditional field of robot development in industrial shop-floor contexts,
but it has recently gained relevance for human-robot collaboration in unstructured
environments [150].
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3.3.1 Drilling end-effectors and robots for unstructured envi-

ronments

The examples analysed in Section 2.4 show that robotic drilling is easily achieved in
structured environments, where geometries are predetermined, and machining condi-
tions are predictable. Drilling end-effectors have adapted in this direction, evolving from
end-of-arm spindle tooling derived from Computer Numerical Control (CNC) machines
to solutions that aim to increase precision and combine multiple machining operations
with a single end-effector.

Conversely, there are very few examples of robotic drilling in unstructured envi-
ronments, where drilling operations are still mostly carried out manually by human
operators.

Manual power drilling in unstructured environments is easy to deploy and highly
versatile. The operator is equipped with a modern battery-powered drill and an appro-
priate set of drill bits. They arrive at the drilling site, manually measure and mark the
drilling location, configure the power drill with the correct drill bit and speed setting
and drill over the pre-marked spot up to the desired depth. They can then seamlessly
reconfigure their equipment to drill other materials and in different locations. These
operations are unmatched in terms of ease of deployment and versatility. The robotic
drilling operation, by contrast, is more complicated to implement and less adaptable to
varying circumstances.

The available robotic platforms for unstructured environments are either collab-
orative robotic arms or small robotic arms mounted on mobile bases (wheeled or
quadrupedal [159, 118]). These robotic arms often have a limited payload [160], cus-
tomised end-effector flanges and limited electrical power available at the end-effector [148].
Furthermore, the exteroceptive sensors of these platforms are limited, and their mount-
ing positions (optimised for locomotion and obstacle avoidance) are not ideal for iden-
tifying drilling target points.

Adapting existing drilling end-effectors to these mobile platforms is either impossible
or requires extensive reconfiguration of hardware and software.

These shortcomings can be addressed by redefining the concept of drilling end-
effector for mobile platforms for unstructured environments.
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3.3.2 Making a drilling end-effector

This work aims to address the absence of a robotic end-effector for drilling operations
with the existing mobile platforms for unstructured environments, by addressing the
following question:

Is it possible to design an end-effector that enables assisting or replacing the
human operator in power-drilling operations in unstructured environments?

The resulting system, deployed on existing mobile platforms for unstructured envi-
ronments, needs to match human-operated power-drilling operations in terms of ease
of deployment and versatility.

3.3.3 Limitations of robots for unstructured environments

To devise such an end-effector, it is necessary to analyse widespread mobile platforms for
unstructured environments that are equipped with one or more robotic arms, assessing
their compatibility issues with a power-drilling end-effector. These limitations are not
specific to a single robot model, but recur across most mobile manipulation platforms
designed for operation in unstructured environments.

1. Power limitation

2. Payload limitation

3. Transmission of axial drilling force

4. Variability of the mechanical coupling

5. Adequate exteroceptive sensing

6. Simplicity of low-level software integration

7. Simplicity of high-level software deployment

Power limitation

Small-sized robotic arms, such as cobots (e.g., Universal Robots UR5e [160] or Franka
Research 3 [161], often embedded in mobile platforms, e.g. Robotnik Kairos [159]),
or robotic arms integrated in robotic platforms like Unitree B1 with Z1 arm [148] or
Istituto Italiano di Tecnologia (IIT) CENTAURO [43] provide the possibility to connect
a device drawing a maximum of 50 W or no electrical connections at all. This obstacle
must be overcome to integrate a power-hungry end-effector for drilling.
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Payload limitation

Mobile platforms for unstructured environments, when equipped with a robotic arm,
have a limited payload. This is even more critical in quadrupeds or humanoids, where
the allowed payload varies with the position of the arm, as it affects the position of the
projection of the centre of gravity on the support polygon. The advertised maximum
payload is typically about 3 kg, but it varies significantly from device to device. A safe
assumption is that an end-effector exceeding 2 kg can significantly reduce the available
margin for force-controlled drilling. This limits the maximum permissible mass of the
end-effector.

Transmission of axial drilling force

The literature discussion of Section 2.4 presents multiple instances of drilling end-
effectors that have the axis of revolution of the drill bit out of alignment with respect
to the wrist axis of the robotic arm (most often identified with the axis perpendicular
to and concentric with the robot’s flange). In these cases, when the drill bit applies
an axial force to perform drilling, a torque is generated on the wrist, and the drill bit
has the natural tendency to deviate from the desired drilling axis. The wrist actuators
(which are normally the smallest actuators of a robotic arm) are therefore required to
generate high torques to compensate for this misalignment, and their capacity can limit
the maximum transmitted axial drilling force. Considering the size of the robotic arms
mounted on mobile platforms, this misalignment can lead to required torques exceeding
the capability of the arm, and thus should be minimised.

Variability of the mechanical coupling

The end-effector flanges vary among small-sized robotic arms. Some cobots comply
with the ISO 9409 wrist-tool mechanical interface definition, although the dimensions
vary as the size of the robot increases. Furthermore, customised platforms like the
Unitree B1 present proprietary flanges. When connecting a new end-effector, it is often
necessary to procure adapter flanges, slowing down the deployment process.

Adequate exteroceptive sensing

The exteroceptive sensors (i.e. Red Green Blue - Depth (RGB-D) cameras, Laser Imag-
ing, Detection, and Ranging (LIDAR)) that aid in the localisation of the drilling target
position are often positioned on the main body of the platform. Since a target drilling
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position is often on a benchtop or on a wall, the data derived from the exteroceptive
sensors is incomplete or inaccurate, mostly due to occlusion of the sensors. This lack of
information can substantially restrict the permissible operations, rendering the robotic
drilling system less effective.

Simplicity of low-level software integration

Drilling end-effectors integrate a system for controlling their actuators and sensors
through communication with their embedded electronics. This communication is not
standardised and requires a considerable amount of development from the hardware and
low-level software perspective. Furthermore, these developments are often non-portable
to other robotic platforms, impacting the deployment time of the solution.

Simplicity of high-level software deployment

The high-level software necessary for the drilling operation ultimately allows the control
of the robotic arm and the drilling end-effector to reach the target location, activate an
appropriate control method and execute the drilling. To accomplish this mission, the
software relies on the physical localisation and availability of the exteroceptive sensors,
which are used to identify the target drilling location. The variations in sensor type
and position from platform to platform can significantly influence the approach, slowing
down the deployment of the high-level software associated with the end-effector.
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Proposed approach

The approach used to address the problems illustrated in Chapter 3 is based on the
development of novel robotic devices for unstructured environments.

Following the listed problems, which concern (i) agile locomotion, (ii) powerful
grasping, and (iii) power drilling, three novel robotic systems are introduced:

• the agile quadruped Leon (Section 4.1)

• the high-force, perception-enabled gripper DAGANA (Section 4.2)

• the intelligent power-drilling end-effector Smart Drill (Section 4.3).

While the mechanical design of Leon is complete and validated through assessments
and simulations (Section 5.1), its first prototype has yet to be manufactured.

On the contrary, the prototypes of DAGANA and Smart Drill have been manufac-
tured, and are validated through experiments in Sections 5.2 and 5.3.

4.1 The Leon quadrupedal robotic platform

This section describes the design of the quadrupedal robotic platform Leon, an agile
robot open to customisation from researchers and developers. Its design addresses
the problem presented in Section 2.2, which is useful to understand its objective and
requirements.

4.1.1 Objective

Leon is an agile quadruped robot for unstructured environments that, unlike commercial
devices, is fully accessible and customisable at its lowest levels of software and hardware.
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Thus, research in locomotion, navigation or other fields is not restricted at the low level.
It is realised without requiring custom actuator development.

4.1.2 Requirements

From the analysis of the problem and the technical challenges presented in Section 2.2,
the design requirements can be determined. Leon satisfies the following:

1. Payload capacity appropriate for research in locomotion and navigation

2. Capability of performing agile motions

3. Unrestricted low-level software and hardware access

4. Simplicity and sturdiness

5. Custom actuators not required

6. Maximum use of commercially available components

Payload capacity appropriate for research in locomotion and navigation

The robot is capable of carrying a payload of at least 2.5 kg on its back, making
it appropriate for research and product development in the fields of locomotion and
navigation in unstructured environments.

Indeed, this research often requires equipping the quadruped with sensors and com-
putational units to support specific activities, such as terrain exploration or industrial
inspection. An example payload, used in navigation experiments [119], comprises a
powerful Single-Board Computer (SBC), a Laser Imaging, Detection, and Ranging (LI-
DAR), and a Red Green Blue - Depth (RGB-D) camera. Its estimated mass, as detailed
in Table 4.1, is less than 2.2 kg.

Table 4.1: Example exploration and inspection payload
Component Mass (g)
SBC (Nvidia Jetson AGX Orin) [162] 870
LIDAR (Ouster OS0) [163] 522
RGB-D camera (RealSense D455) [164] 380
Support structure (estimate) 400
Total mass overall 2172
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Capability of performing agile motions

The robot’s inertial properties and actuators enable dynamic motions that can be con-
sidered agile. In order to estimate a robot’s tendency to exhibit agile motion capability,
the per-leg force-to-bodyweight (FBW) ratio [46] is used. It relates the maximum
achievable purely vertical ground reaction force Fz of one single leg and relates it to the
mass of the robot Mr.

FBW =
Fz

g Mr

(4.1)

Fz is calculated, with the leg minimally extended, as:

Fz = min
i

(
τpeak,i
llink,i

)
(4.2)

where i indexes the links of the leg, τpeak,i is the peak torque delivered by the actuator
of link i, and llink,i is the length of the leg’s link i.

The robot ANYbotics ANYmal [41], which is considered an agile and is employed in
use-cases similar to those of Leon, features a FBW ratio of 0.54 (as reported by Bledt
et al. [46]). Leon is designed so that its calculated FBW ratio for Leon is higher than
0.55

Agility is also dependent on other factors, such as the actuator’s technology and
gear ratio. As seen in Section 2.2, Leon, with Quasi-Direct Drive (QDD) actuators and
a satisfactory FBW, can be considered agile.

As a result of these agility properties, Leon is appropriate for locomotion on uneven
and unpredictable terrains, commonly found in unstructured environments.

Maximum use of commercially available components

Leon uses commercial components wherever possible. When appropriate, the compo-
nents are used as delivered, in a Commercial Off-The-Shelf (COTS) state. If necessary,
they are minimally customised, e.g. to reduce the mass by removing a metal cover.
This reduces manufacturing complexity and ensures maximum maintainability of each
system.

Unrestricted low-level software and hardware access

As a consequence of creating a quadruped from minimally customised commercial com-
ponents from scratch, each component’s low-level software is accessible. Furthermore,
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the custom mechanical and electronics hardware necessary to integrate these compo-
nents is in-house designed. Therefore, complete knowledge and access to these hardware
components are guaranteed. This allows researchers and product developers full access
to customise, fine-tune, and improve any of Leon’s subsystems, acting independently
and without restriction wherever needed.

Simplicity and sturdiness

Leon is developed for research and product development in the fields of locomotion and
navigation in unstructured environments. For these reasons, its hardware is designed
with simplicity and sturdiness as guiding principles. This allows easy maintenance
and resistance to the possibly harsh conditions of unstructured environments. As a
consequence, the three actuators of Leon’s leg are identical in model and configuration,
even if torque requirements may differ between joints, simplifying maintenance and
tuning. Furthermore, the actuator’s output bearings are overdimensioned to withstand
high loads, including those from unpredictable impacts.

Custom actuators not required

Leon’s actuation system is developed from COTS actuators. Modifications are made to
its subsystems, but do not involve the electric motor or the gearbox. Therefore, it can
be stated that Leon is a quadrupedal platform that uses commercial actuators, without
requiring custom actuator development. This reduces manufacturing complexity and
development time.

4.1.3 Conceptual design

Leon (see Figure 4.1) can be conceptualised as a mid-size agile quadrupedal robotic
platform, developed by integrating minimally customised COTS components and using
commercially available QDD actuators identical across all joints. Its legs are in a
roll-pitch-pitch configuration, with fully symmetrical ranges of motion, with unlimited
range at the knee-pitch joints. Its battery can be replaced for extended operation. In a
closed position, the robot fits on the back of a human, as a backpack (see Figure 4.2).
The total mass of the robot is 27 kg. Its estimated autonomy is 1.5 hours. It can
carry a payload of 3 kg on its back without compromising its agility features. All its
integrated systems are accessible at all levels, allowing users to customise and develop
new solutions without restrictions.
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Figure 4.1: The quadrupedal robotic platform Leon.

Figure 4.2: Leon in folded position, close to the back of a mannequin carrying the robot
as a backpack.
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4.1.4 Customisation of a commercial actuator

The actuators of Leon are based on commercial QDD actuators with minimal customi-
sation. This allows for rapid robot development without the need to invest time in
developing a custom solution. The QDD technology, as shown in the literature (see
Section 2.2), ensures agile robot performance when the actuator is correctly dimen-
sioned.

Torque requirements

To determine torque requirements, a preliminary mass estimation of the robot is per-
formed. Each subsystem’s mass is estimated by summing up the known or estimated
masses of its components and comparing the result to available data from other commer-
cially available robots that use QDD actuators (such as the Unified Robot Description
Format (URDF) of Unitree Robotics [165]). The result is a predicted total mass of up
to 32 kg, as detailed in Table 4.2.

Table 4.2: Preliminary estimation of Leon’s mass
Subsystem Mass (kg)
Trunk 10

Computation units and other electronics 2
Battery 4
Frame and cover 4

Payload 2.5
(see Table 4.1)

Legs 20
Actuators (∼ 1 kg each) 12
Structural components(∼ 2 kg per leg) 8

Total mass overall 32.5

As seen in Section 4.1.2, given the torque capability, the FBW ratio can be used to
ensure that the robot can perform with agility.

Using the Formulas 4.1 and 4.2:

τpeak,i = FBW llink,i g Mr (4.3)

where i indexes the links of the leg, τpeak,i is the peak torque delivered by the actuator
of link i, and llink,i is the length of the leg’s link i, and Mr is the mass of the robot.

As indicated in Section 4.1.2, an actuation system can be considered satisfactory
when it delivers a FBW of 0.55.
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The length of the robot’s links significantly impacts its performance. As stated in
Section 4.1.3, Leon is a mid-size quadruped that can be carried on a human operator’s
back. This constrains its dimensions to a maximum length of 0.5 m to 0.6 m. Fur-
thermore, the robot can be fully closed in a crouched position. This constrains the
maximum length of the robot’s lower leg link to ∼ 0.25 m (considering the diameter
of the actuator of ∼ 0.1 m). To allow clearance between the upper legs’ links, the
upper legs’ links are shorter than the lower legs’ links. Therefore, considering the least
favourable condition llink,i = llower leg = 0.25 m.

For simplicity in manufacturing and maintenance, considering that Leon is designed
for research and product development, the same actuator is used in all joints. This
simplifies τpeak,i = τpeak.

Solving Equation 4.3 with FBW = 0.55, Mr = 32.5 kg, the minimum peak torque
required from the actuators to ensure an agile behaviour is calculated as:

τpeak = FBW llower leg g Mr = 0.55× 0.25 m× 9.81 N kg−1 × 32.5 kg = 43.8 Nm (4.4)

where g = 9.81 N kg−1 is the gravity of Earth.

Actuator selection and analysis

With the QDD market still undergoing significant expansion, at the moment of Leon’s
design, the only COTS actuator matching the torque requirements is the T-motor
AK10-9/V2.0, later rebranded CubeMars AK10-9/V2.0 [155]. The actuator’s specifi-
cations are: reduction ratio 9:1 with a planetary gearbox that ensures backdrivability,
rated/peak torque 18/48 Nm, maximum speed 26 rad/s, rated/peak current 11.8/31.2 A
and mass 0.960 kg. Its torque density, as advertised by the manufacturer, is approxi-
mately 50 Nm/kg. It is presented in Figure 4.3, on the left.

An analysis of the commercial actuator reveals three weak points.

1. Bearing
The output crossed-roller bearing, which supports the link, is not properly clamped
to the rotor and the stator as crossed-roller bearing manufacturers advise [166].
Its mounting consists of a simple press fit. Therefore, it is not protected from
impacts, especially in the axial direction.

2. Encoder
The integrated position sensor on the motor’s side, an in-axis 15-bit magnetic
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Figure 4.3: On the left, the COTS QDD actuator. On the right, the actuator modified
for Leon. Reproduced with permission from Springer Nature. First published in Springer
Proceedings in Advanced Robotics, vol 32, pp 58–63, 2025 by Springer Nature [120].

encoder which measures the position of the rotor before the gearbox, is not a
multi-turn capable sensor. The simplicity of QDD actuators, together with their
low gear ratio, allows them to be controlled with only one sensor on the motor
side, before the gearbox. Nevertheless, to implement this strategy, a multi-turn
encoder is needed. Furthermore, the encoder is not absolute. Therefore, it does
not account for the robot’s movements when the actuator is not powered, requiring
a calibration procedure at each robot’s startup.

3. Electronics
The integrated drive electronics are fixed to the back of the actuator, increas-
ing its overall axial dimensions. Since the motor’s encoder is integrated in the
electronics, they cannot be separated. This is particularly problematic for the up-
per leg, where the actuator’s overall axial length determines the link’s thickness.
Furthermore, they provide only the Controller Area Network (CAN) bus commu-
nication protocol, whereas other alternatives may be more reliable and therefore
preferred. For example, the use of the EtherCAT [158] protocol enables the imple-
mentation of modularity concepts that benefit research and product development
environments [121].

To address these shortcomings, the following modifications and upgrades are per-
formed. Figure 4.4 details the new components, while Figure 4.3 presents on the left
the original actuator, and on the right its modified counterpart.
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Figure 4.4: The internal parts of the upgraded actuator.

Bearing upgrade

The original bearing is replaced with a crossed-roller bearing of the maximum size that
fits the cylindrical envelope of the actuator’s main body, so that the final actuator
diameter is not increased. The bearing used is the slim type, sealed IKO CRBS 708 V
UU [166].

To verify its applicability, a maximum load equal to the load of the robot free-falling
on one leg is considered in a quasi-static condition. Such an occurrence is unlikely unless
the robot is dropped during transportation.

Following the procedure advised by the bearing’s manufacturer to calculate the
equivalent radial loads on the bearing [166], and using the preliminary estimations of the
robot’s mass (Mr = 32.5 kg) and of the least favourable link’s length (llower leg = 0.25 m),
the safety factors on the dynamic and the static loads are of 1.6 and 2.6 respectively.

Enhancing the functionalities of a COTS actuator poses the problem of having
little or no information about the assembly tolerances of its internal components. This
problem occurs during the design of the crossed-roller bearing’s clamping flanges, shown
in violet and dark green in Figure 4.4 (the bearing is shown in light green). In order
to provide correct service, these bearings need to be clamped axially on both the inner
and outer rings. Nevertheless, the tolerance on the axial position of the rotor is not
known. Therefore, the inner ring of the bearing cannot be clamped without the risk of
overconstraining the rotor. Among the actuators acquired, a 0.2 mm axial positional
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discrepancy of the rotor with respect to the stator was observed.

To solve this issue, the actuator’s output flange (red in Figure 4.4) is designed as
a deformable component which compensates for axial mismatch in the rotor’s position.
It is precisely positioned on the stator by clamping on the inner ring of the crossed-
roller bearing, and it is then connected to the link’s side of the rotor (of which the
axial position is unknown) by means of a deformable thin plate. This deformable plate
tolerates an axial deformation of up to 0.4 mm without breaking, permitting proper
clamping of the actuator without overconstraining the system. The design of this flange
is validated with a Finite Element Method (FEM) simulation, presented in Figure 4.5.

Figure 4.5: The FEM simulation validating the deformable output flange. A torque
of 60 Nm (higher than the peak torque of 48 Nm) and a displacement of 0.4 mm are
applied to the inner flange, while the bearing flange is fully constrained. The maximum
Von Mises stress of 222 MPa is safely below the yield strength of the material used,
Aluminium AL 7075-T6 [167], which is 503 MPa. Reproduced with permission from
Springer Nature. First published in Springer Proceedings in Advanced Robotics, vol 32,
pp 58–63, 2025 by Springer Nature [120].

Encoder upgrade

The original position sensor is replaced with the absolute magnetic encoder Bogen AKS
16, which provides 20-bit resolution and multi-turn counts. With a backup battery, it
tracks the motion when the robot is off, during the replacement of the main battery,
transportation or maintenance. Therefore, with this setup, a sensor on the output side
(i.e. the link side) of the actuator is no longer needed.
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To correctly assemble the sensor, the distance between the encoder’s magnetic ring
and the encoder’s reading head must be kept within the manufacturer’s tolerances.
Nevertheless, the axial position of the rotor with respect to the stator is variable from
actuator to actuator by 0.2 mm (similarly to what happens for bearing clamping). The
encoder’s head support is fastened on the original actuator’s outer case (i.e. the stator
(in dark blue in Figure 4.4), which defines its axial position. To compensate for variable
rotor positions, the mounting element of the magnetic ring (in brown in Figure 4.4) can
translate axially up to 5 mm during assembly. Once the correct distance from the
reading head is determined, it is locked in position with set screws.

To protect the encoder’s reading head from impacts, the encoder’s head support
features a cage in which the head is inserted (in dark blue in Figure 4.4, the sensor’s
reading head is in light blue together with the magnetic ring). Furthermore, this support
flange allows the rotor to get proper ventilation while protecting the encoder head.

Electronics upgrade

The original electronics are replaced with an EtherCAT-enabled servo-drive, the Synap-
ticon SOMANET Circulo 9 [168]. This integrated motor driver offers the option to in-
terface with a separate position sensor via a wired connection, allowing it to be mounted
separately in the robot’s links (as shown in Figure 4.7). Nevertheless, thanks to its cir-
cular form factor, it can still be attached to the back of the actuator without increasing
its overall diameter, as seen in Figure 4.4. This strategy is applied in the hip-roll joint.
It features EtherCAT-enabled safety and communication.

4.1.5 Leg design

For simplicity and maintainability, all four of Leon’s legs are identical, with no differ-
ences left to right or front to back. Likewise, all twelve actuators are identical.

The leg’s joints, shown in Figure 4.6, are arranged in a roll-pitch-pitch configuration.
The actuators are located in-axis with their respective joints, with the same approach
featured by ANYbotics ANYmal [41]. This results in an extended workspace, as shown
in Figure 4.14, at the cost of having less optimised upper leg inertia.

The hip-roll actuator is mounted on the trunk, and its electronics are attached to
its back. The actuator’s mounting flange, which houses the crossed-roller bearing, is
fastened to a mounting plate that is solidly fixed on the trunk’s frame.

The hip link, connecting the outputs of the hip-roll and hip-pitch actuators, is an
L-shaped bracket manufactured with aluminium AL 7075-T6 and optimised for rigidity
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Figure 4.6: Two views of Leon’s leg.

and mass reduction.

The hip-pitch and knee-pitch actuators and their electronics are located on the
upper-leg link. The upper leg, as shown in Figure 4.7, on the left, presents a symmetrical
design. The two half-cell structures, each containing one actuator and its corresponding
electronics, are identical and can be assembled and maintained separately. The half-cell
bodies incorporate the actuator’s mounting flange (in yellow in Figure 4.4), housing the
crossed-roller bearings directly in their structures (see Figure 4.7, on the right). This
approach avoids the need for a separate fastened connection between the actuator and
the link, reducing overall thickness and maximising structural rigidity. The length
between the hip-pitch and the knee-pitch joints is 215 mm.

The lower leg is connected to the output of the knee-pitch actuator. Its main body
consists of a composite structure, fabricated with the Fused Filament Fabrication (FFF)
method with carbon-fibre-reinforced Polyamide (PA) material. Its design features a
stringer and frame ribbing, which optimises its mass without compromising structural
rigidity. This ribbing is shown in the semi-transparent view of Figure 4.8. Since the
lower leg is not sensorised, there is no wiring between the upper- and lower-leg links.
Therefore, the range of motion of the lower leg is not limited.

A modified squash ball is used as a foot, similarly to Mini Cheetah [45]. The lower
leg measures 244 mm between the knee-pitch joint and the centre of the foot.
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Figure 4.7: On the left, an exploded view of the upper leg link. The symmetrical
design allows maintenance and replacement of either the knee-pitch or the hip-pitch
joints with the same components. The motor’s electronics are mounted off-axis to
reduce the link’s thickness. Reproduced with permission from Springer Nature. First
published in Springer Proceedings in Advanced Robotics, vol 32, pp 58–63, 2025 by
Springer Nature [120]. On the right, the actuator’s sectional view shows the removal of
the actuator’s mounting flange, obtained by housing the crossed-roller bearing’s outer
ring directly in the link’s structure.

Figure 4.8: The lower leg of Leon, with its main body in a semi-transparent state to
show the stringer-and-frame ribbing.
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4.1.6 Trunk design

Leon’s trunk houses all the components necessary for its communication and loco-
motion functionalities. These components are listed in Table 4.3. They include two
computation units, one for low-level EtherCAT-enabled joint control and one for robot
management and wireless communication, EtherCAT and Ethernet switches, an In-
ertial Measurement Unit (IMU), a battery and other power-related elements. The
components needed for higher-level implementations, such as sensing and navigation,
are instead located on Leon’s payload and can be quickly modified for specific needs
(see Section 4.1.7).

Table 4.3: Components in Leon’s trunk, providing communication and locomotion func-
tionalities to the robot

Function Component
Control SBC AAEON UP Xtreme i11 [169]
Manager SBC Intel NUC 11 Pro [170]
EtherCAT switch Omron GX-JC06 [171]
Ethernet switch D-Link DGS-105 [172]
IMU & GPS GABLE SE7-OEM-RA [173]
Lithium-ion battery MAP BATTERIE IP48V15 [174]
Power gauge Generic voltage meter (square hole 33 mm by 20.3 mm)
Power switch Generic 50 A Battery switch (hole 22 mm)
Emergency switch Generic mushroom-head switch (hole 16 mm)
Power up switch GenericNormally Open (NO) switch (hole 22 mm)
Power board Custom Printed Circuit Board (PCB)

Figure 4.9 shows the position of the internal components within the rigid frame
structure, which connects the legs and fixes the payload.

The trunk’s framing structure (shown in Figure 4.10) is designed with seven struc-
tural components. It consists of two identical bottom and top plates, connected by
two identical internal frames and two identical front and back actuator supports. The
internal frames, in conjunction with a sheet-metal box, form a confined battery bay
that can be accessed from the right side of the robot, providing protection for the in-
ternal components from the battery and enabling fast replacement of the battery itself.
Reusing the same elements twice (except for the sheet-metal box), totalling just four
different parts, results in more economical manufacturing and simplified maintenance.

The covers are designed to provide maximum leg workspace while maximising the
trunk’s internal space and protecting the internal components. They consist of five
Acrylonitrile Butadiene Styrene (ABS) structures fabricated with the FFF technology

40



Chapter 4. Proposed approach

Figure 4.9: The components inside Leon’s trunk

Figure 4.10: The structural components of Leon’s trunk framing structure. The actu-
ators are shown with semi-transparent placeholders.
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and fastened with screws. They can be disassembled independently from the sides by
undoing the fasteners, allowing easy access for internal cable routing and maintenance.
On either side, there are two cover structures: a smaller one, in the front, provides
access to the computation units and the EtherCAT switch. A larger one, in the back,
covers the battery, power board, and Ethernet switch. The right-back cover protecting
the battery on the side of the battery bay, as shown in Figure 4.9, is further split into
two pieces. The internal piece, which snaps into place with COTS snap-in fasteners,
allows easy battery removal. On the back-left cover, a voltmeter reads the battery’s
charge state.

The battery, as shown in Figure 4.9, features a FFF-fabricated ABS case which
is secured on the framing structure with two spring-loaded pins. Considering similar
systems [122] and the selected battery’s capacity (720 Wh), the robot’s autonomy is
estimated to be 1 to 1.5 hours of normal operation.

On the front and back actuator’s supports, Thermoplastic Polyurethane (TPU)
rubber endstops fabricated with the FFF technology limit the workspace of the hip
pitch links. If a particular payload requires further workspace restriction to prevent
the legs from hitting its components, these rubber endstops can be quickly modified to
meet the needs.

4.1.7 Payload

As seen in Section 4.1.6, the trunk of Leon includes all components that allow loco-
motion and communication. The components that enable exteroceptive sensing and
additional computation capabilities are instead mounted on the top of the trunk, as a
payload.

The standard payload of Leon consists of the following elements:

• an Artificial Intelligence (AI) capable SBC, the Nvidia Jetson AGX Orin [162]

• a forward-facing RGB-D camera for reliable depth sensing, the RealSense D455 [164]

• two side-facing stereo cameras for visual-inertial tracking, the Stereolabs Zed
Mini [175]

• a LIDAR, the Ouster OS0 [163]

An aluminium AL 7075-T6 sheet-metal cage structure protects the sensors from
impacts if the robot falls. Furthermore, it supports the sensors at a height that max-
imises their Field of View (FoV). Sheet metal is chosen for the LIDAR cage because it
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Figure 4.11: The Leon quadruped with its sensing and computation payload mounted
on the trunk.

offers multiple advantages: (i) it is easy to manufacture, (ii) it provides rigidity, and
(iii) it minimises the shadow created by the cage’s vertical structures on the FoV of the
LIDAR. The total weight of the cage structure is approximately 0.350 kg.

Additionally, a set of four lifting rings (visible in Figure 4.11) can be fastened on
Leon’s trunk. These rings, by allowing the robot to be lifted by a gantry crane that
follows it, aid in the development of locomotion strategies, thereby preventing falls that
can damage the robot’s components.

4.1.8 Leg wiring

The COTS actuators used in Leon do not provide a through-hole design, which facili-
tates the wiring of robotic links. As a consequence, a wiring system is developed.

Since the hip-pitch and knee-pitch actuators and their electronics are located on the
upper-leg link (as seen in Section 4.1.5), only one wiring harness is necessary for each
leg, connecting the trunk to the upper leg. It features power cabling and EtherCAT
cabling for the servo drives.

The cables, properly bundled together, exit the trunk close to the hip-roll actuators
and enter the upper legs on their sides, close to the hip-pitch actuator. Four holes are
present on the upper-leg body, so that the most convenient entry point can be selected.
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To prevent failures, sufficient slack and chafe protection on the cables bundle and at
the exit or entry points are to be employed during assembly. To preliminarily determine
the appropriate cable length, a Computer-Aided Design (CAD) study involving extreme
joint configurations is performed. It is presented in Figure 4.12.

Figure 4.12: In light green, the wiring that connects the trunk to the legs of Leon,
presented in operational and extreme workspace positions.

4.1.9 Technical specifications of Leon

The previous paragraphs have introduced Leon’s components, describing its actuators
in Section 4.1.4, its legs in Section 4.1.5 and its trunk in Section 4.1.6, while its stan-
dard payload is discussed in Section 4.1.7. The wiring of Leon’s legs is described in
Section 4.1.8.

The full assembly of Leon is shown in Figure 4.1.
This section reports the robot’s final technical specifications, including its dimen-

sions, mass and workspace.
Leon’s actuators are capable of 18 Nm of continuous torque and 48 Nm of peak

torque (as seen in Section 4.1.4).
The overall dimensions of Leon are visible in Figure 4.13. The most significant ones

are reported in Table 4.4.
The workspace of each leg’s joint is visible in Figure 4.14 and is reported in Table 4.5.

44



Chapter 4. Proposed approach

F
ig

ur
e

4.
13

:
Te

ch
ni

ca
ld

ra
w

in
g

sh
ow

in
g

Le
on

’s
fr

on
t

an
d

ri
gh

t
vi

ew
s

an
d

pr
es

en
ti

ng
th

e
ro

bo
t’

s
m

os
t

si
gn

ifi
ca

nt
di

m
en

si
on

s.

45



4.1. The Leon quadrupedal robotic platform

The workspace of the hip-roll joint is 90◦ and completely symmetrical with respect
to the vertical direction, while the workspace of the hip-pitch joint is 340◦ and is only
limited by the presence of the electrical cables that go to the upper leg’s link from the
trunk, while the knee-pitch joint is unlimited.

The mass of Leon’s subassemblies is reported in Table 4.6. The expected mass is
27 kg, while the platform is capable of carrying a payload of 3 kg.

Table 4.4: Significant dimensions of Leon, in mm.
Characteristic Dimension
Length 636
Width 430.6
Trunk thickness (without ground bumpers and lifting rings) 122
Trunk thickness (with ground bumpers and lifting rings) 168
Upper-leg link’s length 215
Lower-leg link’s length (to the centre of the foot) 244
Lower-leg link’s length (to the bottom of the foot) 264
Horizontal distance between hip-roll axis and foot 144.3
Payload mount plate height (legs fully extended) 540

Table 4.5: Leg’s joints workspace. Angles in degrees referred to the pose of Figure 4.13.
Joint Angle MIN Angle MAX Range
Hip Roll -45 +45 90
Hip Pitch -240 +100 340
Knee Pitch – – unlimited
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Figure 4.14: Technical drawing showing Leon’s front view and presenting the workspace
of the robot’s hip-pitch joints.

Table 4.6: The mass of Leon and its subassemblies

Subassembly Mass (kg)
Trunka 9
Leg - Hip actuatorb 0.9
Leg - Hip linkb 0.9
Leg - Upper leg linkb 2.2
Leg - Lower leg link 0.5
Payloada 2.7
Total mass without payload 27
Total mass with payload 29.7

Values rounded to the first decimal place.
a

Considering a safety factor of 1.2 to account for cabling, con-
nectors, and other elements that are not predictable with Com-
puter Aided Engineering (CAE).
b

Considering a safety factor of 1.02 to account for cabling and
connectors.
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4.2 The DAGANA gripper

This section describes the design of the high-force gripper DAGANA, a modular one
Degree of Freedom (DoF) grasping end-effector equipped with multimodal exteroceptive
sensing capabilities. Its design addresses the problem presented in Section 3.2, which
clarifies its objective and technical requirements.

Figure 4.15: The high-force gripper DAGANA on the IIT RELAX [123] and IIT CEN-
TAURO [43] robotic platforms.

4.2.1 Objective

DAGANA is a grasping end-effector for human-scale heavy-object manipulation with
robotic platforms in unstructured environments. It overcomes occlusion of the robot’s
exteroceptive sensors during grasping and offers extended versatility through electrome-
chanical reconfiguration.

4.2.2 Requirements

From the analysis in Section 3.2, which expands the problem and technical challenges
addressed by this design, it is clear that DAGANA needs to satisfy the following tech-
nical requirements:

1. Simplicity and ruggedness

2. High-force capability

3. High force and impact resistance
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4. Low overall mass

5. Embedded exteroceptive sensors

6. Reconfigurability of grasping elements and sensors

Simplicity and ruggedness

The gripper is a simple one DoF design, with large grasping elements (or jaws). It
can operate in unpredictable environments without exposing its components to damage
from impacts, dirt, or dust. These features make it optimal for working in unstructured
environments, where the conditions are a priori unknown, and the task is not fully
defined.

High-force capability

The gripper is capable of delivering a force higher than 100 N at its tip with a standard
jaw configuration, thanks to a peak torque from the actuator higher than 15 Nm. This
allows the gripper to exert high forces on the grasped objects, thereby producing friction
forces between the target object and the gripper jaws high enough to support heavy
objects.

High force and impact resistance

The actuator and the mechanical structure can withstand high loads and impacts not
only related to its high-force operation, but also resulting from impacts and tasks in
which the gripper is used to push objects and furniture (like doors).

Low overall mass

Any payload of the robotic arm used to support the weight of the end-effector reduces
the free payload available for manipulation. As seen in Section 2.3, robots for unstruc-
tured environments and small collaborative robotic arms are moving towards higher
payload capabilities, thus enabling high-payload manipulation. Nevertheless, it is im-
portant that this increase in payload is not absorbed by the mass of the gripper. Thanks
to the optimisation of the mechanical structure and the high power-to-weight ratio of
the actuator, the overall weight of DAGANA is below 2.5 kg.
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Embedded exteroceptive sensors

The gripper includes exteroceptive sensors: a Red Green Blue (RGB) camera and a
distance sensor, complemented by their data processing electronics. This allows the
gripper to overcome the problem of sensor occlusion due to the end-effector obstructing
the exteroceptive sensor of the robotic platform during the final phases of the approach.

Reconfigurability of grasping elements and sensors

A modular approach is used in the development of the gripper. In particular, its jaws are
designed in a modular way, so that the gripper can be reconfigured with new mechanical
components adapted for a particular task. This allows for the recovery of part of the
dexterity lost with the choice of using a simple two-pad gripper with a revolute joint.
Furthermore, its sensing system is modular, so that it can be replaced or upgraded with
sensors more appropriate for a specific task.

4.2.3 Conceptual design

DAGANA is conceptualised as a high-force grasping end-effector of simple and rugged
design, based on a single revolute joint. It features a high-power-to-weight actuator,
and it is capable of withstanding impacts during operation. It is equipped with in-
palm multimodal exteroceptive sensors. It is designed with a modular approach: its
grasping module, normally equipped with two large grasping jaws, can be mechanically
reconfigured to satisfy the requirements of a specific subset of tasks, while its sensing
module can be expanded or replaced according to the needed sensing capabilities.

4.2.4 Actuator selection and customisation

While the gripper is designed to be adaptable to different robotic platforms, its initial
design and operation are performed with the IIT CENTAURO [124] humanoid robotic
platform.

The CENTAURO robotic platform includes 5 sizes of high-power-to-weight torque-
controlled actuators with different harmonic gearing options. These high-performance
actuators are developed by the IIT Humanoids and Human Centered Mechatronics
(HHCM) research line as foundation technology and described in [43]. Thanks to their
optimised Series Elastic Actuator (SEA) design, they are resilient to impacts, especially
in their lower gearing configuration. They feature high-resolution (19-bit) position
sensing on both the three-phase motor side and the output (or link) side.
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Figure 4.16: The DAGANA gripper on the IIT CENTAURO humanoid robot [43].
Reproduced with permission from IEEE. First published in [125]. © 2024 IEEE.

DAGANA uses one of these high-performance actuators, the Alberobotics Lime. As
seen in the datasheet [176], this actuator has a mass of 0.87 kg, a length of 120 mm
and a diameter of 82 mm. It features a continuous torque of approximately 10 Nm and
a peak torque of 16.5 Nm. Considering a distance between the axis of the actuator and
the tip of the grasping jaws of about 0.15 m, the peak pinching force at the tip (where
the grasping force is lowest) is 110 N.

The torque-sensing capability enables precise force control during grasping, allowing
regulation of impedance parameters (stiffness and damping), whereas the backdrivable
low gearing (50 to 1), combined with the SEA approach, ensures a good impact resis-
tance.

The actuator electronics used are custom and identical to those developed for CEN-
TAURO, and are equipped with EtherCAT [158] communication. This enables seamless
communication and control: DAGANA can be controlled as if it were just another of
CENTAURO’s joints.

The actuator output shaft is supported through an embedded crossed roller bearing.

Because the actuator’s dimensions constrain the gripper’s overall dimensions, the
flange for mounting the actuator on the robot’s structure was modified. The original
flange (grey in Figure 4.17) is designed to provide a stable mounting through 6 screws
and 2 pins assembled in the axial direction, requiring a higher actuator diameter to
accommodate the mating surface. The new flange (red in Figure 4.17) is designed to
provide tangential mounting, through 2 screws and 2 pins assembled in the tangential
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Figure 4.17: The Alberobotics Lime SEA. On the left, the original design with an
overall diameter of 92 mm and axial fasteners, on the right, the customised design (new
mounting flange in red) with an overall diameter of 70 mm and tangential fasteners.
The green arrows indicate the holes for the fasteners.

direction. Furthermore, the lower-diameter cylindrical surface on the red flange and its
axial steps have tight manufacturing tolerances. This allows creating a shape constraint
wherever the two-screw mounting is deemed too weak for the specific application.

4.2.5 Modular mechatronic design

DAGANA is designed using a modular approach, which encourages the independent
development of its elements and simplifies task-driven physical reconfiguration of its
hardware. The 3 functional modules are connected with threaded fasteners and locating
pins.

As shown in Figure 4.18, the following modules can be identified:

1. Actuation module
Consisting of the main body of the gripper, it includes the actuator, its electronics
and cooling system. It provides physical protection to these components through
a cell design.

2. Grasping module
This module consists of the grasping pads or jaws. They are fixed on the actuation
module’s interfaces and can be replaced easily according to the task at hand.

3. Sensing module
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The sensing module contains the exteroceptive sensors. It is housed inside the
main module, and its sensors are exposed inside the palm of the grasping module.

Figure 4.18: The modules of the DAGANA gripper.

The combined weight of the actuation and sensing modules is 1.5 kg, while the
grasping jaws weigh 0.35 kg each, giving a total weight, in the standard configuration
represented in Figure 4.18, of 2.2 kg.

Actuation module

The design of the main body of the DAGANA gripper follows the cell approach, with the
actuator suspended inside a lightweight aluminium AL 7075-T6 cell structure identified
in Figure 4.18 as the stationary link. The structure also creates a protective box for
the actuator’s power and communication electronics. Furthermore, it houses the sens-
ing module, exposing its sensors to the palm of the gripper. This approach provides
mechanical and ingress protection to the delicate actuation and sensing components.

A fan-forced airflow from the sides of the cell delivers cooling air through the actuator
body and its electronics (see Figure 4.19). Thanks to the possibility of adding dust filters
on the generously dimensioned air gratings on the sides of the cell, the cooling system
can be made dust-proof.

The actuator is controlled through its custom-developed electronics. Nevertheless,
to add flexibility to the design, an integration with commercial electronics is considered.
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Figure 4.19: Left: a view inside the DAGANA’s actuation module. A generous airflow,
provided by a fan (not visible in the picture), cools the compactly assembled custom
electronics. Right: the interfaces of the actuation module (pins and threaded holes),
used to assemble the grasping modules. The aperture on the palm identifies the space
reserved for the sensing module. Reproduced with permission from IEEE. First published
in [125]. © 2024 IEEE.

As visible in Figure 4.20, the commercial Synapticon SOMANET Circulo 9 [168] elec-
tronics, appropriate to replace the original system, fit in the cell, and their installation
only requires the replacement of the electronics mounting plate (in fuchsia on the left
and violet on the right of Figure 4.20). From Figure 4.20, the compact assembly of the
fan and the Direct Current - to - Direct Current (DC-to-DC) converters dedicated to
the power supply of the sensing module can be seen.

A conical clamp-based electromechanical interface (red, on the left in Figure 4.18,
visible in Figure 4.21) enables fast mounting of the gripper to the robot’s wrist. It can
be replaced to adapt the gripper to another robot flange type without modifying the
actuation module’s main structure.

The actuator is mounted via the developed tangential mounting flange (shown in
Figure 4.17). The assembled actuator is visible in Figure 4.19, and its output shaft
is sealed with a radial shaft seal of nitrile rubber that sits on the cell’s structure. It
prevents dust and particles from entering the actuator output link’s area, which houses
the output encoder, and is highlighted in Figure 4.22.

On the actuator output shaft, one arm of the moving link (blue in Figure 4.18) is
assembled. As seen in Figure 4.22, the actuator features a four-point contact ball bear-
ing, the SKF Kaydon KAA15XL0 [177], which ensures resistance to moderate moment
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Figure 4.20: DAGANA’s actuation module shown in two electronics configurations.
On the left, the custom-developed boards. On the right, a commercial alternative, the
Synapticon SOMANET Circulo 9 [168]. The DC-to-DC adapters and the fan remain
unchanged in the two configurations.

Figure 4.21: Details on the mechatronic coupling of DAGANA, the additional grasping
module interfaces, and the features for mounting accessories and the easily replaceable
endstop.
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loads. The other arm of the moving link (yellow in Figure 4.18) is mounted on a flanged
bearing, the MISUMI FL6805ZZ [178], assembled so that the distance between the two
bearings’ outer surfaces is 82.5 mm.

Figure 4.22: The bearing configuration of DAGANA. A four-point contact ball bearing
is integrated into the actuator an additional deep groove ball bearing is fitted on the
cell structure. A seal protects the output of the actuator, which houses the link encoder
(not shown), from dust and unwanted particles. Note that, for visual simplicity, only a
few of the actuator’s components are shown.

This bearing arrangement allows higher protection from impacts and greater resis-
tance to moment loads that what would be delivered by simply relying on the actuator’s
internal bearing, thereby satisfying the ruggedness requirement that makes the gripper
effective for unstructured environments operation.

The basic static load rating of the actuator’s four-point contact ball bearing is
2.71 kN. Considering the bearing’s pitch diameter and a safety factor of 2, the maximum
allowable moment on this bearing can be assumed to be approximately 30 Nm. By
adding the flanged bearing, with a basic static load rating of 2.9 kN, the allowable
maximum moment is determined by the admissible radial force on the bearings and
their distance (which, considering the distance between the midplanes of the bearings,
is approximately 76.5 mm). The maximum allowable radial force is constrained by the
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actuator’s bearing (since its basic static load rating is lower than that of the flanged
bearing). Using a safety factor of 2, the bearing configuration can be estimated to
withstand moment loads up to approximately 100 Nm, which can be generated by a
load of 667 N at the tip of the standard jaws used on DAGANA. Furthermore, the
combination of the two bearings ensures that allowable radial loads are significantly
increased. Thanks to the flange of the deep groove ball bearing, axial loads acting
towards the opposite side of the actuator’s output are supported by the flanged bearing,
further protecting the actuator’s bearing.

The integration of a second bearing on the DAGANA’s moving link is performed
though a specifically devised tolerancing and assembly strategy, with the aim of elim-
inating axial play between the moving link’s arms and preventing overconstraining of
the actuation system. Furthermore, this assembly strategy ensures that the actuator’s
bearing and the flanged bearing operate in tandem, delivering the desired impact pro-
tection and load capability. Figure 4.23 presents the assembly strategy. The actuator
arm (blue) is locked on the actuator, and the bearing arm (yellow) is press-fitted inside
the bearing previously installed on the cell structure. Then, the output faceplate is
installed. Its alignment is ensured by the precisely machined slots and bosses, which
allow small adjustments to compensate for inconsistencies in the axial runout of the
flanged bearing and the actuator’s output (motion shown on the left of Figure 4.23)
and permit to minimise axial play between the arms (motion shown on the right of
Figure 4.23). Oversized holes are used to lock with screws the output faceplate in the
final position.

The moving link’s range of motion is limited by two removable endstops (dark green
in Figures 4.18 and 4.21), which can be customised to a lower angle of movement if a
specific grasping module requires it.

The interface from the actuation module to the grasping module is visible in Fig-
ure 4.19. It consists of pins and threaded holes, and it is the same for the moving
link and the stationary link. Additionally, on the bottom of the stationary link and on
the top of the moving link, a set of threaded holes and pins is available for alternative
mounting strategies of the grasping modules. These interfaces are visible in Figure 4.21,
along with the threads and openings dedicated to mounting accessories, switches, or to
be used as exits for wires.
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Figure 4.23: The moving link’s assembly strategy, which aims to eliminate axial play
between the link’s arms and avoid overconstraining of the actuator’s bearing. During
assembly, the output faceplate of the moving link (in light brown) slides into the ad-
justment slots in the direction shown by the yellow arrows and is locked in position by
tightening the screws that engage in the oversize holes. Note that, for visual simplicity,
only a few of the actuator’s components are shown.

Grasping modules

The grasping module enables DAGANA to perform the high-force gripping task. Two
types of grasping modules are developed: (i) a generic set of grasping jaws, which can be
satisfactory in most high-force applications, and (ii) task-specific grasping jaws, which
increase the gripper’s dexterity with objects of irregular shape (enabling enveloping or
adapting to the grasped surface).

1. Standard grasping jaws
The standard grasping module, developed as a set of generic grasping pads for
the DAGANA gripper, consists of an aluminium AL 7075-T6 jaw structure com-
plemented by rubber pads. The depth of the grasping pads is 110 mm, and the
distance of the tip of the pad from the actuator’s axis is approximately 0.15 m.
Here, when the actuator is at peak torque of 16.5 Nm, DAGANA delivers a pinch-
ing force of 110 N.

To ensure that this module can withstand not only the grasping forces, but also
the loads related to impacts or derived from pushing objects around, a FEM
validation is performed, as shown in Figure 4.24.

Multiple rubber grasping pads are developed for these standard grasping jaws,
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Figure 4.24: FEM validation of the standard grasping module’s jaw structure. The
loads considered are: a 200 N pinching force (equivalent to the maximum pinching
force with a 1.8 safety factor) and a 1.7 kN pushing force (equivalent to the weight of
the CENTAURO robot with a 1.8 safety factor).

Figure 4.25: Three different grasping modules developed for the DAGANA gripper. On
the left, the standard jaws, in the centre, jaws for manipulating planar formwork, and
on the right, jaws for grasping tubes. Reproduced with permission from IEEE. First
published in [125]. © 2024 IEEE.
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adapting their rigidity and shape according to the desired task. Highly deformable
pads are presented in Figures 4.15 and 4.16, while more stiff pads are used for
the experiments presented in 5.2.2 and are visible in Figures 4.25 and 5.14. These
pads are manufactured with Fused Filament Fabrication (FFF) of Thermoplastic
Polyurethane (TPU) rubber, enabling rapid development of task-customised pads.

2. Task-specific grasping jaws
As seen in Figure 4.25, additional grasping modules are designed. These modules
enable DAGANA to grasp objects commonly found on construction sites, promot-
ing the on-site deployment of the robotic platform. The first set of construction
jaws (in the middle of the figure) is appropriate for grasping flat objects, such as
planar concrete formwork. The second set (on the right of the figure) is appro-
priate for handling high-diameter pipes, such as large-diameter drainage pipes.

Sensing modules

Two different sensing modules are developed for the DAGANA gripper, both satisfying
the requirements of being equipped with a RGB camera and a distance sensor. They are
based on different processing units: (i) Arduino Nicla Vision [179] and (ii) Raspberry
Pi Zero 2 W [180]. They both fit in the gripper’s palm, and their sensor positions are
optimised to exploit the maximum available Field of View (FoV).

Figure 4.26: The battery-powered sensing module based on the Arduino Nicla Vi-
sion [179]. It includes a 6-axis IMU, a microphone, a 2 MP RGB camera, and a ToF
distance sensor. The module, which can be easily removed from the palm for develop-
ment, communicates via Wi-Fi and is independent from the robot’s joint power supply.
Reproduced with permission from IEEE. First published in [125]. © 2024 IEEE.
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Figure 4.27: The sensing module based on the Raspberry Pi Zero 2 W [180]. It features
the 8 MP RGB camera Raspberry Pi Camera V2.1 [181] and the ST Microelectronics
VL53L1X-SATEL [182] ToF distance sensor. The micro-USB connector and the reset
switch, connected to the SBC is assembled on the side of the stationary link.

1. Module based on Arduino Nicla Vision
The module based on the Arduino Nicla Vision is a compact, self-powered sensing
system. It is shown in Figure 4.26. Its customised box has been designed to
include a high-capacity lithium battery, the Wi-Fi antenna and the sensor, with a
switch to cut power when not needed. Its embedded camera’s resolution is 2 MP,
which is appropriate for high-speed image streaming, and its ToF distance sensor
is accurate over a range of a few millimetres to 4 m. Additionally, it includes a
6-axis IMU sensor and a microphone.

Thanks to an embedded Battery Management System (BMS), the battery can
be recharged when the sensing unit is connected to the actuator’s power supply
(through the DC-to-DC converters seen in Figure 4.20). The fact that the sensor
is battery-powered allows wireless communication to continue after the robot’s
joint is shut down, ensuring a more stable connection to the robot’s network.

The signals from the Arduino’s sensors are streamed via User Datagram Protocol
(UDP) to the robot’s wireless network. They are then processed by a Personal
Computer (PC) running the Robot Operating System (ROS) middleware [126],
and the sensor information is made available as ROS topics dedicated to each
sensor.

2. Module based on Raspberry Pi Zero 2 W
The module based on the Raspberry Pi Zero 2 W is a powerful, intelligent sensing
system. It is shown in Figure 4.27. Its design relies on the integration of commer-
cial sensors: the 8 MP RGB camera, the Raspberry Pi Camera V2.1 [181], and
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the ST Microelectronics VL53L1X-SATEL [182] ToF distance sensor.

The Raspberry Pi SBC directly processes the data stream from these sensors. It
runs Ubuntu Linux [183] and ROS [126], directly streaming on the network the
topics related to the sensor’s data.

Since the module lacks a backup power source and relies on the robot’s joint power
supply, a reboot of the SBC is required whenever the joint is reset.

Compared to the module based on Arduino Nicla Vision, the module based on the
Raspberry Pi provides higher-quality camera information and allows higher-level
software implementations. This edge-computing approach, in which sensor data
is processed directly on the end-effector, is further explored (with a more compu-
tationally powerful SBC) on the Smart Drill end-effector. The developments are
described in Section 4.3.6.

4.2.6 Perception-driven grasping pipeline

To complement the mechatronic design of the DAGANA gripper, a software pipeline
which makes full use of the gripper’s perception capabilities is developed. It allows the
gripper to autonomously detect, reach, grasp, and hand over a target object to the user
in response to a user’s voice command.

Since the pipeline uses vocal commands, it is compatible only with the sensing
module based on the Arduino Nicla Vision.

This perception-driven grasping pipeline, presented in Figure 4.28, consists of 6
steps.

1. Pre-scan
The gripper is initialised in front of a table on which several target objects are
placed. The microphone is active and detects vocal commands, which are pro-
cessed by the offline speech recognition toolkit VOSK [184] on the PC of the
robot.

2. Scan
The gripper searches for the objects to grasp within its camera’s FoV, while the
robot moves the wrist to extend the camera’s field of view to the whole table.
When an object is detected, it is classified with a network based on YOLO [127].

Meanwhile, the user gives a vocal command naming what object they want the
robot to grasp. The vocal command is processed, and the search for the target
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Figure 4.28: The perception-driven grasping pipeline which combines the gripper’s
sensing and actuation capabilities to reach, grasp and hand to the user a requested
object. Reproduced with permission from IEEE. First published in [125]. © 2024
IEEE.

object begins. If one of the detected objects matches the user’s request, the target
is defined.

3. Align
The centroid’s horizontal and vertical coordinates, Ch and Cv, of the target ob-
ject are obtained from the image by extracting the median point of the object’s
bounding box. Then, the horizontal and vertical angles (θh and θv) are computed
with:

θh =
fovh

dimh

(Ch − ref h) (4.5)

θv =
fov v

dimv

(Cv − ref v)

where fovh and fov v are the FoVs of the camera, dimh and dimv are the dimensions
of the image, ref h and ref v are the reference position that the object’s centroid
is desired to reach (as the camera is positioned in the centre of the palm of the
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gripper, ref h = dimh

2
and ref v =

dimv

2
).

The angles θh and θv are then used in a Cartesian Proportional - Derivative (PD)
controller to align the gripper toward the target object. Considering that the x,
y, and z reference axes follow the convention of x forward, y left, and z up and are
centred on the robot’s torso, and assuming that the gripper’s approach is almost
parallel to the x axis, the controller follows:


x[i] = x[i− 1]

y[i] = y[i− 1] +Kpθh[i] +Kd(θh[i]− θh[i− 1])

z[i] = z[i− 1] +Kpθv[i] +Kd(θv[i]− θv[i− 1])

(4.6)

4. Reach
Once aligned, the ToF sensor data is used to produce a rough estimate of the
object’s three-dimensional (3D) position, and the gripper is moved towards the
target.

5. Grasp
When the target is in front of the gripper’s palm, assuming that the orientation
of the object is known or irrelevant for a successful grasping, the gripper is closed
at a pre-set grasping torque, and the object is grasped.

6. Handover
Then, the object is lifted from the table. When the user is ready to grab the
object from the robot’s gripper, they send the vocal command, and the gripper
opens. The robot then goes back to the pre-scan phase.
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4.3 The Smart Drill power-drilling end-effector

This section describes the design of Smart Drill, an intelligent power-drilling end-
effector. Its conceptual design is inspired by the problem described in Section 3.3,
which helps to understand its objective and technical requirements.

Figure 4.29: The Smart Drill end-effector.

4.3.1 Objective

Smart Drill is a power-drilling end-effector for small robotic arms used in unstructured
and collaborative environments to aid or replace human operators, while matching the
versatility and ease of deployment of manual power drilling.

4.3.2 Requirements

From the analysis of the problem and the technical challenges presented in Section 3.3,
and in particular in consideration of the technical challenges related to the integration
on a low-payload robotic arm, Smart Drill satisfies the following technical requirements:
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1. Power independence

2. Limited overall mass

3. Alignment of the drilling axis with the robotic wrist axis

4. Easily replaced mechanical coupling

5. Embedded sensing

6. Embedded computation unit

7. Drilling capability

Power independence

The end-effector is battery-powered (like a cordless power drill for human operators),
so that no power connections need to be implemented between the robot and the end-
effector. This simplifies the following aspects:

• Some robots (such as Istituto Italiano di Tecnologia (IIT) CENTAURO [43]) do
not include a power line at the end-effector that is independent from the power
line of the actuators of the arm. If the robot is set in safe mode (e.g. by pressing
the emergency button) the power line is cut, resulting in a complete shutdown of
the end-effector and its associated computation units

• the end-effector’s installation of a robot does not require the matching of the
voltage supply from that of the robotic arm to that of the end-effector itself,
avoiding the installation of a dedicated Direct Current - to - Direct Current (DC-
to-DC)

• the end-effector is decoupled from the robotic arm, so that no concern is to be
given to any power limitation at the robotic arm’s flange.

Limited overall mass

The total mass of the end-effector is kept below 2 kg, so that Smart Drill is also
compatible with the smallest commercial robotic arms for unstructured environments
(like the Universal Robots UR3e [160]), and the free payload can be used to exert
drilling force (e.g. in an overhead drilling application).
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Alignment of the drilling axis with the robotic wrist axis

The axis of revolution of the drilling bit is aligned with the axis of the end-effector
flange of the robot, so that the axial force required to perform the drilling operation
does not generate moments on the wrist of the robot. This not only allows the drilling
operation to be executed by smaller robotic arms (which generally have more limited
torque capability on the wrist joints), but also ensures higher machining precision, as
the natural tendency to rotate the wrist joints under the machining load is prevented
by keeping the load direction aligned with the centre of the wrist.

Easily replaced mechanical coupling

The mechanical coupling between the end-effector and the flange of the robot can be
replaced easily with one of different specifications, so that Smart Drill can be adapted
to a new robotic arm in a short reconfiguration time.

Embedded sensing

To facilitate the execution of alignment and pointing tasks during drilling, the end-
effector is equipped with an Red Green Blue (RGB) camera and a Time-of-Flight (ToF)
distance sensor. These sensors open various possibilities to enhance the drilling oper-
ation. Firstly, they enable the development of robust drilling algorithms that are not
dependent on the specific sensors provided by the robotic platforms and can therefore
be fully portable to other robots for unstructured environments. Furthermore, they fa-
cilitate the exploration of sensor-fusion strategies like the one described in Section 4.3.6,
which permits the use of these sensors to align the end-effector perpendicularly to the
target surface and to locate the target drilling point.

Embedded computation unit

The end-effector features an embedded computer for edge-computing data processing
and mechatronics control of the device. This allows for direct interface and control
of the end-effector and of its sensors from a high-level software interface (like Robot
Operating System (ROS) [126]), and to implement autonomous tasks as described in
Section 4.3.6.
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Drilling capability

The motor, gearbox, and chuck of a power drill are essential for identifying its capa-
bilities in terms of the tasks it can perform. Smart Drill is required to execute the
operations that a generic cordless power drill can, matching the processes performed
by a human operator in industry, light-weight construction, or carpentry.

Considering the constraint of low weight, the system aims to match the capabilities
of small 12 V cordless drills (like the Bosch Professional GSR 12V-15 cordless drill/-
driver [185], the Milwaukee Tool M12 FUEL 1/2" Drill/Driver [186] or the DEWALT
12V XR Brushless Sub-Compact Drill Driver [187]), which are capable of holes in a wide
variety of materials, can hold drilling bits up to 10 mm shank diameter and can be me-
chanically configured to limit the maximum delivered torque and to set the rotation
speed of the chuck as high or low.

4.3.3 Conceptual design

Smart Drill is conceptualised as a lightweight drilling end-effector. Its chuck is mounted
in-axis with the end-effector flange. It is equipped with a battery that powers not
only its drilling motor, but also its embedded computation unit. It features a camera
and a distance sensor. It is interfaced with the robotic system via an easy-to-replace
mechanical coupling and high-level software running on the embedded computer.

4.3.4 Components selection

The design of Smart Drill primarily focuses on integrating commercial components in
order to achieve a compact and lightweight end-effector. Instead of implementing a
custom actuator and chuck for the drilling operation, the adopted solution is to repur-
pose the motor, gearbox, and chuck of a commercial power drill, reverse-engineering
its internal components. To drive the motor, the internal electronics of the commercial
power drill are retrofitted in order to be interfaced with the embedded computer.

A similar approach is dedicated to the battery. Power-tool batteries are widespread,
easily recharged and reliable. Furthermore, they often incorporate a basic Battery
Management System (BMS) or at least a Protection Circuit Module (PCM), which
simplifies integration. Therefore, a solution utilising the battery from the power tool is
adopted, following an approach similar to that presented by Katz for the first version
of the Mini Cheetah quadruped [45].
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This section presents the commercial components selected for integration into Smart
Drill, which are:

1. Motor, gearbox and chuck

2. Battery

3. Motor controller

4. Embedded computer

5. Interface electronics

6. Camera

7. Distance sensor

8. DC-to-DC converter, power switch and fuse

Of each component, a Computer-Aided Design (CAD) representation is procured
or, whenever not available, is realised in order to facilitate the mechatronic design.

Motor, gearbox, chuck

Among the small commercial drilling tools, models with a 12 V battery have the most
promising capabilities in terms of low weight.

Of the models on the market, the Bosch Professional GSR 12V-15 cordless drill/-
driver [185], the Milwaukee Tool M12 FUEL 1/2" Drill/Driver [186] and the DEWALT
12V XR Brushless Sub-Compact Drill Driver [187] are considered. Of these, DEWALT
reports a weight of 0.87 kg for the bare tool, while Milwaukee Tools does not specify
the weight. Bosch Professional reports a total weight of 0.98 kg, including a 2 Ah 12 V
battery. Therefore, the Bosch Professional GSR 12V-15 is selected for its low total
weight. Its maximum torque is 30 Nm, while its maximum speed is 400 RPM in the
lower gear and 1300 RPM in the higher gear. It can accept drill bits with a diameter
up to 10 mm.

Upon disassembly of the Bosch Professional power tool, the motor, gearbox, and
chuck are removed for repurposing on Smart Drill.

The assembly of these components in the power tool is performed without the use of
fasteners. In fact, the simple clamshell design of the power tool casing/cover integrates
features to position and fix these components correctly.

The maximum output speed of the gearbox is selected by moving a lever on the
body of the gearbox.
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Battery

Regarding the battery, the one included with the Bosch Professional GSR 12V-15 is
selected, as it is acceptable for running the SBC and the motor. It is the Bosch Pro-
fessional GBA 12V 2.0Ah battery. A minimal BMS is integrated into its case, so the
battery can be used directly to power components other than the motor controller
(provided sufficient overcurrent protection is included). Its cover snaps inside shapes
integrated into the pistol-grip housing, where a proprietary male connector is located.

Motor controller

The proprietary motor controller Printed Circuit Board (PCB) is necessary to drive the
brushed DC motor properly. Replacing this component with a commercial alternative,
while possible, would not provide an advantage in terms of capabilities for Smart Drill,
as most robotic drilling operations in industry are performed at constant speed. Fur-
thermore, it would be a major reverse-engineering exercise, as the specifications of the
motor are completely unknown. Additionally, the motor does not feature any speed
sensor, and control through higher-end servo controller electronics (such as Synapticon
SOMANET Circulo 9 [168]) would not be possible without the integration of other ad-
ditional components. Therefore, the original motor controller is extracted to be reused
on Smart Drill.

When a human operates the drill, electromechanical switches complement the motor
controller to reverse the drilling direction, and a trigger (which actuates a potentiome-
ter) modulates the drilling speed. As these features are not required at the moment,
these components are not CAD modelled.

Embedded computer

The embedded computer is required to connect to the sensors, process their signals
and interface with the motor control electronics. Furthermore, it requires communicat-
ing with the computer of the robotic platform on which the end-effector is installed.
To accomplish this, a Single-Board Computer (SBC) module with General Purpose
Input/Output (GPIO) connectors and a dedicated camera connector is ideal.

Among the commercial alternatives that satisfy these requirements, the Raspberry
Pi 4 Model B [188] with 8 GB of Random-Access Memory (RAM) is selected for its
wide availability, low energy consumption, and acceptable computational capacity.

Since the Raspberry Pi 4 Model B does not include a Real-Time Clock (RTC)
module, an additional RTC module (the Adafruit PiRTC DS3231 [189]) is installed to
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ensure the synchronisation between the SBC and the other computer(s) of the complete
robotic system.

Interface electronics

Drilling speed control is not seen as an essential requirement, as robotic drilling op-
erations in industry are normally carried out at a constant drilling speed. Therefore,
the electromechanical switches and the trigger that initiate and regulate the drilling
operation in the Bosch power tool are replaced with a simple ON/OFF logic. The
potentiometer on the drill trigger that regulates the drilling speed is therefore replaced
with a simple relay board. The board is chosen to be compatible with 5 V signals from
a generic GPIO interface. From the SUNFOUNDER catalogue, the model TS0010
HL25S is selected [190].

Camera

As illumination conditions in unstructured environments are unpredictable, among the
natively supported camera modules for the Raspberry Pi, the Raspberry Pi Camera
Module 2 NoIR [181] is chosen thanks to its extended capabilities in challenging lighting
conditions.

In fact, the NoIR camera module offers all the benefits of the standard Raspberry
Pi Camera Module 2, based on the Sony IMX219 8 Mega Pixel (MP) Complementary
Metal Oxide Semiconductor (CMOS) sensor, but does not include an Infra Red (IR)-cut
filter in the lenses. This allows the sensor to perform better in dim lighting conditions
or when shiny materials are used, provided that the light source also emits near IR light
(e.g. in case of natural sunlight). However, this limits the ability to correctly identify
colours (useful in specific vision applications, such as colour-based segmentation). In
these situations, the NoIR module can be easily replaced with the standard module, as
their dimensions and software interfaces are identical.

Distance sensor

The distance sensor selected is the ST Microelectronics VL53L1X [191], a ToF sensor
that is precise up to 4000 mm and, thanks to its implementation on the ST Micro-
electronics VL53L1X-SATEL [182] breakout board, can be interfaced directly with the
SBC through the GPIO connector using the I2C interface.
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DC-to-DC converter, power switch and fuse

To power the SBC computer from the 12 V power source of the battery, a DC-to-
DC converter capable of delivering up to 3 A at 5 V is required. The Traco Power
TSR3-1250 [192] is selected for its compactness and for its ability to handle lower input
voltages than the nominal 12 V, thereby compensating for battery discharge.

Since the original battery is used to power both the SBC and the original motor
controller, a 30 A power switch (the APEM 631H/2TK [193]) is used to cut the battery
power, together with a regular 30 A fuse protection on the motor controller line and a
5 A fuse for protection of the SBC power supply line (following the recommendations
of the supplier of the power supply).

4.3.5 Mechanical integration

The mechanical integration of the components listed in Section 4.3.4 aims to rely on a
simple, widely available manufacturing technology, to devise an easy assembly process,
and to obtain a strong yet lightweight mechanical structure.

Figure 4.30: Smart Drill, partially disassembled. On the left, the two semi-shell struc-
tures of the frame. In the top-middle, the front cover. In the centre and bottom-middle,
the couplings. On the right, the battery and its cover.
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The selected manufacturing process is Fused Filament Fabrication (FFF) three-
dimensional (3D) printing using the Acrylonitrile Butadiene Styrene (ABS) plastic.
This process ensures low cost (for a small production batch) and fast manufacturing, so
that the final design can be quickly fine-tuned and later modifications or customisations
can be rapidly deployed.

The use of ABS plastic offers a compromise between low cost, strength, electrical
insulation, and wide market availability.

A view of all the Smart Drill’s components is presented in Figure 4.30.

Frame

The design is based on a double-clamshell framing structure, identified as the frame
(shown in Figure 4.31). The two halves of the frame, once joined, lock in position
the motor, the chuck, the gearbox, the distance sensor and the battery male connector.
The motor, gearbox, chuck and the battery connector are shape-constrained by features
specifically determined to match the original assembly process of the power tool, despite
the different manufacturing technology (as the pistol-grip frame of the tool is injection-
moulded, instead of FFF fabricated, some features cannot be exactly replicated). These
three components also provide alignment for the two halves of the frame, which are then
joined with M4 bolts. The gearbox is permanently set at the lower speed (400 RPM),
as this drill bit speed generates lower cutting forces on the tool and is appropriate for
most materials.

Furthermore, the frame includes shapes that allow installing and removing the bat-
tery from the back of the end-effector in the same way as it is originally done with the
power tool, namely through snapping plastic handles.

The framing structure houses the motor controller, the camera, the interface elec-
tronics, the DC-to-DC converter, the SBC and the power switch. These components,
identified in Figure 4.32, are mounted on the outer surface of the frame with self-
threading screws for plastic. This arrangement simplifies the wiring of all the internal
components, as the wires can be routed directly on the exterior of the framing.

Robot couplings

The frame of Smart Drill, on its back and behind the motor power connectors, presents
a 60 mm diameter cylindrical flange. This flange is equipped with a generously sized
keyway and four radial bolt holes, which encapsulate at their internal end four M4
nuts. The encapsulated nuts are preferred over brass inserts, which are more common
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Figure 4.31: The frame of Smart Drill, housing all functional components.

Figure 4.32: A CAD representation of the inside of Smart Drill, with its components
labelled (the motor controller is not shown). Reproduced with permission from IEEE.
First published in [128]. © 2024 IEEE.
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on 3D-printed parts, for their shape-based retention and the strength of the material.
Furthermore, this interface features a generously dimensioned keyway.

End-effector flanges of many of the widespread robots available on the market (e.g.
Universal Robots [160] and Franka Robotics [161]) follow the method defined by the
International Standardization Organization (ISO) standard 9409-1 [129], which requires
screws to be fastened in the axial direction of the flange. As a consequence, end-
effector mounting requires some sort of solution to access these axial screws during
installation. The radial bolting method implemented with the flange of Smart Drill
solves this problem. The mechanical coupling between Smart Drill and the robotic arm
can, in fact, be installed on the robot in advance, inserting the axial screws if required.
Then, Smart Drill is attached by using its flange and is secured with the radial bolts.

Furthermore, the use of radial bolts results in an axially compact fastening, thereby
minimising the distance between the robot and the Smart Drill chuck. This lowers the
overall end-effector inertia and keeps to the lowest possible the moments that can be
generated by unexpected forces during operation.

Figure 4.33: A CAD view of the Smart Drill’s robot couplings. On the right, the
coupling compliant with ISO standards. On the left, the coupling for the CENTAURO
NEXUS humanoid, in a semi-transparent state to show the four radial bolts that connect
the coupling to the frame.

In order to install Smart Drill on a different robotic arm, the only necessary step is
to 3D print a new coupling, appropriate for the robot considered. As an example, two
couplings were designed: one for the robot CENTAURO NEXUS [43], used to develop
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the experimental validation presented in Section 5.3, and one complying with the ISO
standard used by the Universal Robots UR5 [160] and the Franka Research 3 [161]. The
couplings are shown in Figure 4.33.

Cover

To protect the components and wiring installed on the outer surface of the frame and
to offer a visually uniform shape for the finished end-effector, a three-piece cover is
designed. Its middle part is integrated in the robot coupling, resulting in a compact use
of space, as no axial length is wasted to fix the cover. From the front, an enveloping box
is assembled on the middle part to provide protection to all external components. This
box has ventilation apertures and shapes that guarantee no interference with the Field
of View (FoV) of the sensors. On the back of the middle cover, above the end-effector
coupling, a smaller cover is installed with magnetic locks. This small cover can easily
be removed to access and replace the battery, which is slid into the frame from the
back.

Total mass

The total mass of the design, in operating conditions (including a 10 mm drill bit
mounted in the chuck), is 1.55 kg. This satisfies the requirements and allows Smart
Drill to be used with small robotic arms of limited payload capability.

4.3.6 Software architecture

The software developed for Smart Drill can be differentiated into two levels: (i) the low-
level software, dedicated to obtaining and abstracting sensor information and controlling
the actuator, and (ii) the high-level software, which builds on the low-level software and
the architecture of Smart Drill to implement a complete drilling task that is relevant
for aiding or replacing the human operator while drilling in unstructured environments.

Low-level software

To address the tasks of sensor data processing and mechatronics control of Smart Drill,
a set of software tools running on the embedded SBC is developed. The presence of the
SBC enables wired and Wi-Fi network communication between the computers of the
robotic system and Smart Drill, avoiding the need to develop and maintain lower-level
interfaces.
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These higher-level tools are developed using the Robot Operating System (ROS)
middleware [126], running on the Ubuntu Linux [183] operating system installed on the
SBC and on the other computers in the system.

The low-level ROS software development consists of three ROS nodes.

1. Motor control node
To control the activation and deactivation of the motor, a dedicated ROS node
is written. It initialises the GPIO pin of the SBC connected to the interface
electronics and sets its status so that the motor is switched off. Then it creates
a ROS service that, upon call, allows updating the status of the GPIO pin to
activate the relay on the interface electronics and start the motor of Smart Drill.
To include a level of operational safety, the service implements a safety watchdog
that, every second, verifies that the ROS node which requested the activation of
the motor of Smart Drill is still active. If the node is unresponsive, it resets the
state of the GPIO pin, switching the motor off.

2. Camera node
To stream the image of the camera sensor, a ROS node developed by the commu-
nity (the raspicam_node [194]) is integrated in the project. It allows streaming
the image of the camera on a dedicated ROS topic and exposes the camera pa-
rameters for seamless acquisition configuration.

3. Distance sensor node
Likewise, a ROS node developed by the community (the vl53l1x_ros [195]) is
also used to read the signal from the ToF distance sensor. It provides a fast
sensor reading message on a dedicated ROS topic, and it exposes the configuration
parameters to fine-tune the sensor settings.

Thanks to this low-level abstraction layer obtained with the ROS nodes, porting
the Smart Drill to a different system is extremely easy (the only requirement being
the presence of the ROS middleware). This simplicity of adaptation complements the
simplicity with which Smart Drill can be reconfigured to work with robots having
different end-effector flanges, seen in Section 4.3.5.

Semi-autonomous power-drilling pipeline

To complement the mechatronic design of Smart Drill, a software pipeline deployable in
real-world power-drilling applications is developed. It allows a semi-autonomous drilling
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operation in an unstructured environment. Thanks to the availability of consistent
sensor data even when the robotic platform changes (thanks to the embedded sensors),
the full task execution is completely robot-agnostic.

Considering a configuration in which the robotic platform equipped with Smart Drill
is brought in front of a surface on which a hole needs to be drilled over a pre-marked
target point, this software enables Smart Drill to perform a semi-autonomous drilling
operation that can be described as follows:

1. Align the end-effector perpendicularly to the target surface
This task is executed by commanding the robot to perform with its end-effector
a circular sweeping motion in front of the target surface while simultaneously ac-
quiring the distances read by the distance sensor. The 3D points measured on
the surface are registered in the reference system of the robot. Then, a plane (of
general form equation ax + by + cz + d = 0) is fitted on these points by com-
bining the standard Perspective-n-Point (PnP), the RANdom SAmple Consensus
(RANSAC) algorithm, and determining the normal to the surface (identified by
the normal vector components a, b, and c from the plane equation). Lastly, the
end-effector of the robot is commanded to assume an orientation perpendicular
to the surface.

2. Acquire the target drilling point
Through a User Interface (UI) which displays the camera stream to the operator
of the platform, the operator is required to select the desired drilling point on the
image streamed by the camera. The two-dimensional (2D) image pixels [u, v]T

are then converted into 3D points [x, y, z]T with the following formula:xy
z

 =


1
fx

0 −px
fx

0 1
fy

−py
fy

0 0 1


uv
1

 z (4.7)

where fx, fy, px and py are the camera intrinsic parameters (the focal lengths and
principal points of the camera along x and y image axes), and the z coordinate of
the 3D point represents the depth of the point with respect to the camera optical
frame. It is estimated using the range sensor.

3. Perform the drilling operation
This task is executed by commanding the robot to reach the target drilling point
(keeping clear of the surface), start the motor, and perform a constant-velocity
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trajectory to feed the drill bit into the surface, drilling up to the desired depth.
The choice of a constant-velocity trajectory is justified by the fact that, in con-
ventional and robotic Computer Numerical Control (CNC) machining operations,
the feed speed is generally constant.

The code is based on ROS. Except for the UI interaction, which requires a Personal
Computer (PC) with a screen and a mouse to be completed, the whole code runs on
the SBC of Smart Drill.

Thanks to the combination of camera and distance sensor information, the system
overcomes the limitations due to the monocular vision and the lack of a sensor that
can provide direct 3D spatial information (such as a Red Green Blue - Depth (RGB-D)
camera).
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Experimental results

This chapter presents the experiments performed with devices introduced in Chapter 4,
validating the effectiveness of the designs with respect to the problems illustrated in
Chapter 3.

The experiments regarding DAGANA (Section 5.2) and Smart Drill (Section 5.3)
are conducted with physical prototypes built according to the design specifications. In
contrast, Leon’s physical prototype has not yet been manufactured. Only the physical
prototype of one actuator has been obtained. Hence, Leon’s validation (Section 5.1)
relies on simulations and on bench-testing the actuator.

5.1 Validation of the design of the Leon quadruped

At the time of writing, the first prototype of Leon’s customised actuator (see Sec-
tion 4.1.4) has been obtained, assembled and tested. The detailed Computer Aided
Engineering (CAE) design of the full robot has been completed to a manufacturing-
ready level, as presented in Section 4.1. Yet the complete physical prototype of Leon is
still to be manufactured.

Therefore, the design is validated by:

• assessing the robot’s payload and agility performance according to the final design
specifications

• confirming the structural soundness of the design through Finite Element Method
(FEM) simulations of its most critical components, thereby ensuring that the final
specifications of the robot (see Section 4.1.9) are realistic
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• determining, through a dynamic simulation, the torques and speeds required from
the actuators

• evaluating the actuator’s performance on a test bench.

This validation was partially presented at the European Robotics Forum 2024 [120].

5.1.1 Payload capability

To assess the robot’s capability to carry a payload indefinitely, the robot is presented
in a moderately crouched stance with a clearance from the ground of 220 mm, as seen
in Figure 5.1. In this condition, supposing an equal angle for the lower- and upper-legs
links with respect to the horizontal of 36.2◦, the joint in the least favourable position
is the one actuating the lower leg.

Figure 5.1: Technical drawing showing Leon in a crouched stance. The payload support
is at 352 mm from the ground, while the clearance below the trunk is 220 mm.

The projected length of this link on the ground in these conditions is llower leg,projected =

0.1969 m, as reported in Figure 5.1. Since the payload is to be carried indefinitely, the
continuous actuator torque of τcontinuous = 18 Nm and the quadruped’s mass without
payload of Mr = 27 kg (from Table 4.6) are used to determine the payload carrying
capacity with Equation 5.1.
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Mpayload,max =
Nlegs τcontinuous
g llower leg,projected

−Mr

=
4× 18 Nm

9.81 Nkg−1 × 0.1969 m
− 27 kg

= 10.28 kg ≈ 10 kg

(5.1)

where Nlegs = 4 is the number of legs that are supporting the payload continuously
at the same time, llower leg,projected = 0.1969 m and g = 9.81 N kg−1 is the gravity of
Earth.

Therefore, the maximum payload capacity of Leon in static conditions can be as-
sumed to be about 10 kg.

5.1.2 Agility assessment

As seen in Section 4.1.2, the tendency of a robot to exhibit agile motion capability can be
estimated with the force-to-bodyweight (FBW) ratio. Combining Equations 4.1 and 4.3,
considering the lower leg link minimally extended (which is the least favourable condi-
tion, due to the link’s length of llower leg = 264 mm), the fact that all the actuators are
identical, the actuator’s peak torque of τpeak = 48 Nm, and approximating the weight
of the robot with the standard payload to g Mr = 300 N, the final FBW ratio of Leon
is calculated in Equation 5.2.

FBW =
Fz

g Mr

=

τpeak
llower leg

g Mr

=
48 Nm
0.264 m

300 N
= 0.61 (5.2)

5.1.3 FEM simulations

The mechanical structures that compose the trunk and the legs of Leon are designed in
order to minimise their weight and maximise their mechanical rigidity, while performing
their specific function. To validate the design, FEM simulations are run, using the final
design as input.

The materials used in the simulations are:

• Aluminium AL 7075-T6 [167], which features an ultimate tensile strength of
572 MPa, a yield strength of 503 MPa and a Young’s modulus of 71.7 GPa

• Polyamide (PA) 12 or Nylon 12 thermoplastic filament reinforced with chopped
carbon fibre, 35% by weight [196]. This material, due to the Fused Filament
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Fabrication (FFF) process, is anisotropic. In the flat direction (the direction in
which a layer is printed), it features an ultimate tensile strength of 83.5 MPa and
a Young’s modulus of 9.46 GPa. In the upright direction (the direction in which
printed layers are stacked together), it features an ultimate tensile strength of
32.7 MPa and a Young’s modulus of 3 GPa.

The robot is subject to static and dynamic loads derived from locomotion, failures
(e.g. the robot falling on the ground) and accidents during transportation. During the
simulations, the mass of the robot is assumed to be 27 kg (see Section 4.1.9) plus a
payload of 3 kg, for a total of 30 kg and a resulting weight approximated to 300 N.

The elements for which the design is more optimised for weight reduction are: (i)
the framing structure of the trunk, (ii) the leg’s hip link and (iii) the lower leg link.
Conversely, the upper leg link (which is the only other structural element in the design)
is less optimised for weight reduction. Its structure is of the cell type, and its thick-
ness and load-bearing surfaces are more generously dimensioned to provide ingress and
impact protection to the lower and upper leg’s actuators. Therefore simulation is not
required to validate its structural validity.

Trunk’s frame

The trunk’s structural rigidity is ensured by a frame structure, described in detail in
Section 4.1.6. It consists of multiple components of Aluminium AL 7075-T6.

To validate the design under worst-case conditions, the weight of the robot (300 N,
see above) is applied to one of the four hip-roll actuators (back-right), while the opposite
hip-roll actuator (front-left) is fully constrained. The simulation is shown in Figure 5.2.

Leg’s hip link

The hip link’s design (presented in Section 4.1.5 and connecting the hip-roll and hip-
pitch actuators) is FEM-validated, given its peculiar shape optimised for weight reduc-
tion. It consists of one component of Aluminium AL 7075-T6.

Considering a worst-case scenario, the robot’s weight (300 N, see above) and the
actuator’s maximum torque (48 Nm) are applied to one of the link’s flanges, while the
other flange is fully constrained. The simulation is shown in Figure 5.3.
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Figure 5.2: The FEM simulation on the trunk’s frame. Von Mises stress in MPa.
The frame structure is transparent, allowing visualisation of the maximum stress of
415 MPa, which is located in the battery box’s sheet-metal structure.

Figure 5.3: The FEM simulation on the hip link. Von Mises stress in MPa. The
maximum stress is 219 MPa. Reproduced with permission from Springer Nature. First
published in Springer Proceedings in Advanced Robotics, vol 32, pp 58–63, 2025 by
Springer Nature [120].
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Lower leg link

The lower leg link, presented in Section 4.1.5, is fabricated with FFF by stacking 3D-
printed layers in the direction perpendicular to the actuator’s flange.

To validate its structural properties, the scenario consists of the foot locked while
the actuator is delivering the maximum torque (48 Nm). The simulation is shown in
Figure 5.4.

Figure 5.4: The FEM simulation on the lower leg link. Von Mises stress in MPa.
The maximum stress is 70.5 MPa. Reproduced with permission from Springer Nature.
First published in Springer Proceedings in Advanced Robotics, vol 32, pp 58–63, 2025
by Springer Nature [120].

5.1.4 Locomotion simulation

Using the information provided by the detailed design presented in Section 4.1.9 and
by Leon’s Computer-Aided Design (CAD) model, a Unified Robot Description Format
(URDF) representation of the quadruped is developed. A dynamics simulation environ-
ment based on Gazebo [197] is used, implementing a Model Predictive Control (MPC)
method to generate the control commands applied to the quadruped robot during lo-
comotion simulations.

Figure 5.5 presents RViz views of the robot. Coloured curves are used to illustrate
the time evolution of the foot and trunk trajectories in Cartesian space. The figure
presents three simulated conditions: standing up from the ground, trotting in place
(zero forward velocity), and trotting at a speed of 1 m/s. The joint positions, velocities,
and torques recorded during these three simulations are presented in Figure 5.6 for the
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Figure 5.5: RViz views of Leon performing standing up from the ground (top), trotting
in place (bottom left), and trotting with a forward speed of 1 m/s (bottom right). The
coloured curves represent the Cartesian trajectories of the feet and trunk over time.

left-front leg and in Figure 5.7 for the left-hind leg. Given the symmetry of the gaits,
only the left legs are presented.

The plots provide information on the required maximum torques and speeds to be
reached by the customised actuator of Leon. A peak torque of 31.47 Nm is required to
perform a trotting gait at a forward speed of 1 m/s, while the maximum speed reached
is 7.26 rad/s.

5.1.5 Actuator characterisation

In order to determine the feasibility of the design, the actuator’s rated data provided
by the manufacturer the manufacturer [155] is used. Given the customisations and
modifications required for the Commercial Off-The-Shelf (COTS) actuator to be inte-
grated into Leon, one custom actuator was assembled and a dedicated test bench was
developed.

The test bench relied on plastic and aluminium components that allowed to clamp
the actuator to a sturdy bench (see Figure 5.8), as well as on a custom output link
consisting of an aluminium profile rod mounted on a FFF-fabricated flange. 8 kg of
gym weights could be mounted on the aluminium profile at an adjustable distance from
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Figure 5.8: Leon’s customised actuator on the test bench. The actuator is configured as
a hip-roll joint, i.e. with the electronics positioned on its back. It is mounted through
FFF-fabricated components on an aluminium profile extrusion, which is clamped on the
desk. Another aluminium extrusion, mounted through a FFF-fabricated output flange,
acts as link, and gym weights (up to 8 kg) can be positioned at any distance from the
rotation axis (up to 0.5 m).
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the actuator axis.

The actuator was controlled through the software interface of the newly installed
electronics (see Section 4.1.4). After a preliminary setup phase, the software allows
speed and torque references (among other control modalities) to be sent to the actuator
while recording motor current, estimated torque, temperature, and speed.

Three tests were executed, in order to assess the actuator’s capability to reach (i)
the rated torque, (ii) the peak torque required by the locomotion simulation (presented
in Section 5.1.4), and (iii) the maximum speed.

Nominal torque validation

The nominal torque of the COTS actuator, according to the datasheet, is 18 Nm. To
generate an approximately equal load torque, 4 kg of weight were installed on the output
link. Considering the link’s length of 0.5 m, the torque generated by the weight, when
the link in horizontal position, is equal to 19.62 Nm.

The actuator was commanded increasingly higher target torques until the horizontal
position of the link was reached. The load torque was calculated accordingly, using the
position data from the actuator’s encoder. Then, then position was held for approxi-
mately 20 seconds.

Figure 5.9 reports the recorded data of link position, torque (commanded and actual,
as well as load torque calculated from the position), and motor coils temperature.

The increase in motor’s temperature during the experiment was less than 4 ◦C.

Peak torque validation

The peak torque required according to the locomotion simulation (presented in Sec-
tion 5.1.4) is 31.47 Nm, which corresponds to 66% of the rated peak torque of the
actuator. Using a safety factor of approximately 1.2, the actuator was tested for a peak
torque of 39.2 Nm. This load torque was generated by a weight of 8 kg at 0.5 m distance
from the actuator axis, which corresponds to double the weight used in the nominal
torque validation experiment.

The stages of the experiment can be observed in Figure 5.10. Contrary to the
nominal torque test, the peak torque was only held for an instant: when the link
reached the horizontal position, the actuator was switched off.

Figure 5.11, following the same structure of the nominal torque test presented in
Figure 5.9, presents the position, torques and motor temperature recorded.
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Chapter 5. Experimental results

Figure 5.10: Leon’s customised actuator on the test bench, during the peak torque test.
The actuator lifted a load of 8 kg, composed by 4 disks of 2 kg each mounted at the
end of a 0.5 m long link.

During the peak torque test, the increase in motor’s temperature during the exper-
iment was 2.5 ◦C.

Speed step response

The maximum speed of the COTS actuator, according to the datasheet, is 26 rad/s. To
avoid overstressing the hardware, the test is performed by commanding a speed step to
the actuator of 23 rad/s, equal to 88% of the rated maximum speed. As the maximum
speed required according to the locomotion simulation (presented in Section 5.1.4) is
7.26 rad/s, the actuator in the test reaches a speed well above the requirements.

Figure 5.12 shows the actuator during a speed step response test. The only load
on the actuator was the FFF-fabricated low-inertia link adapter visible in the figure in
blue.

The data collected during the test is shown in Figure 5.13. The target speed is
crossed after approximately 8 ms since the step command is applied, and the speed
overshoots at 27.12 rad/s. To reach the target speed, a torque of 44.9 Nm is required
by the controller, and the actual torque overshoots at 49.87 Nm.

5.1.6 Discussion

The evaluation of Leon is conducted on multiple levels. Firstly, using the final phys-
ical characteristics of Leon’s design (presented in Section 4.1.9), simple assessments
regarding Leon’s payload capability and agility are elaborated.
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Figure 5.12: Leon’s customised actuator on the test bench during a speed step response
test. A low-inertia link adapter is mounted on the output flange. The actuator was
driven with a step velocity command to reach its peak speed.

Figure 5.13: The results of the speed step response test. The top plot shows the
commanded and actual speeds, while the bottom plot reports the commanded and
actual torques.
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Section 5.1.1 demonstrates that payloads up to 10 kg can be carried in moderately
crouched positions. Section 5.1.2 uses the final design characteristics to estimate the
FBW of the robot. The calculated value is 0.61, considering the standard 3 kg payload.
As a reference, ANYbotics ANYmal [41] (which is moderately agile) features a FBW
ratio of 0.54 [46], while Massachusetts Institute of Technology (MIT) Cheetah 3 (which
is highly agile) features a FBW ratio of 1.6. This value, in conjunction with the Quasi-
Direct Drive (QDD) actuation paradigm and the actuators’ low gear ratio (9:1), suggests
that the platform’s behaviour is dynamic and agile.

These evaluations rely on the device’s specifications, which are determined through
the CAD model and reported in Section 4.1.9. To ensure that these quantities (partic-
ularly the masses) are realistic and reliable for the design assessment, the quadruped’s
structural elements are analysed. These components are designed to minimise weight,
as the quadruped’s agility depends directly on their low inertial properties. At the same
time, they are subjected to high operational loads, making their structural integrity es-
sential to the feasibility of the design. The performance of these components is therefore
validated through FEM simulations, presented in Section 5.1.3, which demonstrate that
Leon’s structural elements can withstand the predicted operational loads.

To further validate the design, a dynamic locomotion simulation is performed and
reported in Section 5.1.4. Its results confirms that the robot is able to perform agile
trotting gaits. The data gathered during the simulation give estimations on the actual
torque and speed requirements for the actuators, and show that even the the most
challenging motions (standing up and trotting at 1 m/s forward speed) require torques
and speeds that are below the actuator’s rated capabilities.

The whole design relies on the customised actuator’s capacity to deliver its rated
torque and speed. This is confirmed in Section 5.1.5, which describes the tests that
were performed with the actuator’s physical prototype on a test bench. The actuator’s
performance confirms the predictions, demonstrating that the nominal torque can be
held without significant temperature rises, that the peak torque is achievable and that
the actuator can reach the rated speed.

Overall, the simulations and experiments confirm the validity of the design. Its
characteristics position the device among mid-size agile quadrupedal robotic platforms,
satisfying the design requirements. In conjunction with other factors deriving from
the design choices (such as low-level software and hardware accessibility), Leon can be
proposed as a completely customisable, easy-to-maintain, agile quadruped that does
not require custom actuator development for fabrication.
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5.2 Validation of the DAGANA gripper

The design of the DAGANA gripper was validated through several experiments. The
first set of experiments aimed to demonstrate that the gripper is capable of delivering
a high grasping force and therefore enables carrying a heavy payload, while the second
set aimed to validate the perception-driven grasping pipeline.

Figure 5.14: The DAGANA gripper pinching a FT sensor on a lightweight robotic
manipulator developed by IIT [130]. Reproduced with permission from IEEE. First
published in [125]. © 2024 IEEE.

The experiments presented in this section were carried out in the context of the work
presented at the 2024 IEEE-RAS 23rd International Conference on Humanoid Robots
(Humanoids) [125].

5.2.1 Payload capability

As seen in Section 2.3, most grasping end-effectors’ performances are presented as peak
and continuous grasping force or payload. To validate the DAGANA gripper’s payload
capabilities, a more comprehensive set of tests was developed. These tests also take
into account the thermal dissipation limits of the actuator at higher torques and the
dynamic effects of robot motion in determining the maximum payload. This allows for
a complete assessment of the gripper’s capabilities in high-force grasping conditions.
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Grasping force evaluation

This experiment measured the grasping force at different torques delivered by its actu-
ation system. In order to have a direct measurement of the force (instead of a measure-
ment of the applied torque and of the distance at which the resulting force is delivered),
an external FT sensor [198] was used, using the setup presented in Figure 5.14. The
sensor was at a distance of 0.15 m from the actuator’s axis.

Figure 5.15 presents the increments in the commanded torque (up to the actuator’s
peak torque of 16.5 Nm) and the corresponding force, up to the maximum of 110 N.

Figure 5.15: The torques commanded to the DAGANA gripper’s actuator and the
corresponding forces measured by the external FT sensor. Reproduced with permission
from IEEE. ©2024 IEEE, first published in [125].

Thermal limit evaluation

This experiment measured the temperature rise over time for 10 different commanded
torques. The measurement was performed using the actuator winding’s temperature
sensor, and torque was cut when the temperature exceeded 85 ◦C to avoid damage to
the actuator (the actuator’s datasheet reports a maximum limit of 130 ◦C). The results
are shown in Figure 5.16. The peak torque 16.5 Nm (at which the gripper generates
110 N of pinching force) could be safely maintained for almost 80 seconds, while the
continuous torque of about 10 Nm could be kept for more than 15 minutes.

Static payload evaluation

This experiment aimed to evaluate the capability of the DAGANA gripper, mounted
on the IIT CENTAURO robot [43], to hold a given weight in static conditions. The
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Figure 5.16: The actuator’s temperature profiles over time, measured for several com-
manded torques. Reproduced with permission from IEEE. First published in [125]. ©
2024 IEEE.

payload consisted of a set of weights with a small wooden panel used as a handle, while
the DAGANA gripper was equipped with high-density rubber pads mounted in the
standard jaws (see Figure 5.17). Given a statically held payload and a gripping torque
sufficient to support it, the torque was lowered until the payload slipped.

The results were reported in the plot of Figure 5.18: for the given materials in
contact (rubber pads and wooden panel), the robotic system can hold a payload of 8 kg
for an indefinite amount of time, while to hold a 10 kg payload, a torque of 12.5 Nm
must be delivered. As seen from the plot of Figure 5.16, this torque can be held for a
maximum of 3 minutes before risking overheating the actuator.

Dynamic payload evaluation

This experiment was an expansion of the static payload evaluation and aimed to assess
the gripper’s capability to hold a given weight in dynamic conditions, i.e. by accelerating
the gripper in the vertical direction.

DAGANA was equipped with the standard jaws and high-density rubber pads, while
the payload consisted of a set of metal weights. The applied torque was 10.6 Nm, which
(as seen in the plot of Figure 5.16) is the maximum torque that can be held indefinitely.
During the experiment, the robot was commanded to move along the direction of gravity
with increasing speed, as seen in Figure 5.19. The peak Cartesian acceleration along
the z axis, which occurred at the highest and lowest points of the linear trajectory, was
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Figure 5.17: The DAGANA gripper on the CENTAURO humanoid, holding a 9.4 kg
weight statically. Reproduced with permission from IEEE. First published in [125]. ©
2024 IEEE.

Figure 5.18: The minimum torque required to hold a set of payloads with the DAGANA
gripper in static conditions. Reproduced with permission from IEEE. First published
in [125]. © 2024 IEEE.
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Figure 5.19: The DAGANA gripper on the CENTAURO humanoid, holding a 5.9 kg
weight while moving its arm up and down. Reproduced with permission from IEEE.
First published in [125]. © 2024 IEEE.

recorded.

Figure 5.20: The maximum acceleration at which a set of payloads slipped. The
blue area indicates conditions in which the experiment failed, not because the pay-
load slipped, but because the robot’s joints reached the maximum allowed acceleration.
Reproduced with permission from IEEE. First published in [125]. © 2024 IEEE.

The plot presented in Figure 5.20 reports, for each payload, the maximum vertical
acceleration measured before slipping occurred.

5.2.2 Perception-driven grasping experiment

This experiment employed the perception-driven grasping pipeline presented in Sec-
tion 4.2.6 and made full use of the sensors developed with the integration of the Arduino
Nicla Vision as a sensing module: the microphone, the Red Green Blue (RGB) camera
and the Time-of-Flight (ToF) distance sensor.

The experimental setup consists of the IIT CENTAURO humanoid robot [43] with
the DAGANA gripper on its right arm, positioned in front of a table on which a cup
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and a bottle are lying.

Figure 5.21: The perception-driven grasping experiment. (i) Pre-scan phase: the robot
is scanning the table and awaits commands (ii) Scan and align phases: after the user
commands “bottle”, the robot aligns (iii) Reach and grasp phases: after the bottle is
reached, the gripper grasps it (iv) Handover phase: the robot, in the handover position,
opens the gripper at the user’s “open” command (v) The pre-scan phase is activated
again. Reproduced with permission from IEEE. First published in [125]. © 2024 IEEE.

Figure 5.21 shows the phases of the experiment. While the robot was scanning
the table, the user requested an object (either pronouncing “cup” or “bottle”). The
robot, using the gripper’s sensors, identified and grasped the object autonomously and
presented it to the user. The gripper opened as the user was grasping the object from
the robot and issued the command “open”.

The pipeline was run multiple times with success, positioning the objects in differ-
ent locations and orientations. The recordings of the pose of the end-effector’s Tool
Center Point (TCP), the angles calculated by the image processing software and used
in the Cartesian controller of the arm to align to the target, and the readings from the
ToF distance sensor throughout the multiple runs of the experiment are presented in
Figure 5.22.

5.2.3 Discussion

The experiments fully demonstrated the capabilities of the DAGANA gripper.
On the one hand, the experiments presented in Section 5.2.1 evaluated the high-

grasping-force performance of the gripper. The conditions imposed in the experiments
are not different from those in industrial and construction tasks, where a robot may
be required to move heavy wood panels or heavy metal objects. This fact reinforces
the claim that the DAGANA gripper can be an essential tool in mobile manipula-
tion in unstructured environments. Furthermore, the testing approach defined a new
method for benchmarking a high-force-capable grasping end-effector that goes beyond
the maximum force ratings of commercial grippers. Using information from the thermal
evaluation and the static and dynamic payload capability tests, it is possible to define
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Figure 5.22: The data recorded in the perception-driven grasping experiment. Each
phase is highlighted with colour. The first two rows show the end-effector’s TCP pose.
The third plots the object displacements computed from the RGB images. The fourth
row presents the data recorded by the ToF distance sensor. Reproduced with permission
from IEEE. First published in [125]. © 2024 IEEE.
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a workspace of safe operational conditions (relevant to the industry or construction
environment) in which the gripper is guaranteed to operate as claimed.

The experiments presented in Section 5.2.2 aimed, on the other hand, at showcas-
ing the perception-enhanced features in a real-world application with everyday objects.
Some simplifications with respect to a real-world setting were used: the assumption that
the gripper’s approach is almost parallel to the robot’s x axis and the assumption that
the orientation of the object is known (which is true for cylindrical objects positioned
on a flat surface). Nevertheless, these simplifications (also presented in Section 4.2.6
for each relevant phase) do not diminish the qualitative result of the experiment: mul-
timodal sensing at the end-effector can be beneficial for grasping applications, enabling
otherwise impossible semi-autonomous manipulation with robots in unstructured envi-
ronments.
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5.3 Validation of the Smart Drill end-effector

The validity of the design of Smart Drill was assessed by performing two semi-autonomous
drilling experiments with a robotic platform for unstructured environments. These ex-
periments aimed to evaluate the end-effector’s drilling capability and the precision of
its sensing systems by running the semi-autonomous drilling pipeline presented in Sec-
tion 4.3.6 in two different conditions.

The experiments presented in this section were carried out in the context of the work
presented at the 2024 IEEE 20th International Conference on Automation Science and
Engineering (CASE) [128].

5.3.1 Use case identification and experimental setup

The use case identified and replicated through the experiments is a construction or
carpentry application, such as the application of plasterboard or the installation of
electrical systems on a wall. The human operator marks on a wall target points that
need to be drilled to perform the activity, and the robotic platform is brought in front
of the surface to aid the operator in the drilling activity.

Figure 5.23: The IIT CENTAURO NEXUS [43] drilling a plywood panel with Smart
Drill. Reproduced with permission from IEEE. First published in [128]. © 2024 IEEE.

This setting was replicated in the laboratory (see Figure 5.23) using the CEN-
TAURO NEXUS [43] humanoid, developed by IIT and available at Leonardo S.p.A.
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Robotics Laboratory. The robot was chosen for its ready availability and high-force
capabilities, but any other robotic platform with sufficient payload capacity would pro-
duce analogous results, as the experiment did not use any platform-specific sensors and
relied only on the equipment of Smart Drill. In fact, the robot was controlled in position
control by sending to its controller the target positions of its end-effector directly from
the Single-Board Computer (SBC) of Smart Drill. This simple approach focused on the
assessment of the capabilities of Smart Drill rather than the determination of the most
appropriate kinematics and control method to execute the drilling (which was outside
of the scope of the experiment).

5.3.2 Drilling capability test

This test aimed to assess the robustness of the system by stressing its drilling capability
and drilling a larger-than-usual hole. It was performed by commanding the system to
drill a 10 mm hole on a 6.5 mm-thick plywood panel, thereby assessing the strength of
the mechanical structure of Smart Drill. The 10 mm hole corresponds to the largest drill
bit shank diameter of Smart Drill and is therefore regarded as appropriate to represent
a large hole drilling example. The plywood material was selected as it represents a
widely used material in construction. A red cross was marked on the target drilling
point.

Figure 5.24: On the left, the view from the Smart Drill’s camera stream. The operator
selects the target point (dot on the red cross). On the right, the drilled hole. Slippage
occurred: the drilling started in the correct position (the red cross is cancelled in the
centre), but the final hole is 4 mm from the centre of the cross. Reproduced with
permission from IEEE. First published in [128]. © 2024 IEEE.

The semi-autonomous pipeline was executed, and the robot drilled the wooden panel
successfully. The experiment was repeated 3 times. Nevertheless, the drilling was not
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precise: by the visual analysis (see Figure 5.24) of the resulting hole, the drilling was
initiated at the correct location, but the drill bit slipped on the wood while the robot
was pushing on the surface, and the final hole was displaced approximately 4 mm from
the target point. Close inspection indicated that the support structure of the plywood
panel had slipped during the drilling operation.

5.3.3 Precision test

This test aimed to determine the effectiveness of the sensing system and its related
data processing performed by the SBC using the previously described pipeline. It was
performed by commanding the robot to drill 36 holes (using the same 9 points as a
target for 4 times) on a soft substrate, so that any deviations related to the high-force
interaction between the robotic system and the environment were eliminated. The drill
bit installed was 5 mm in diameter, while the panel material was low-density polystyrene
plastic. To provide a deterministic set of target points, a pre-marked A3 sheet of paper
was attached to the plastic panel. This sheet presents a grid of 25 target points, equally
spaced at 50 mm, and is visible in Figure 5.25.

Figure 5.25: The Smart Drill’s camera stream showing the target grid of 25 points,
equally spaced at 50 mm. The points used in the experiments are identified by coloured
dots in the bottom-left corner of the grid. Reproduced with permission from IEEE. First
published in [128]. © 2024 IEEE.

The autonomous drilling operation was triggered (after the alignment of the end-
effector with the drilling surface) over 9 of the 25 points, located in the bottom-left
quadrant of the field of view of the camera. These points were chosen so that they did
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not require a reconfiguration of the arm of the robot to be reached. The operation was
repeated 4 times; therefore, 4 paper sheets and supports were drilled, collected and a
two-dimensional (2D)-scan of each was obtained.

The 36 drilled locations on the images were then reconstructed and measured using
the software ImageJ [199], determining the distance and angle from each target point.
The data are collected and presented in the polar plot of Figure 5.26, on which a black
cross represents the mean distance from the target, and the grey area represents the
standard deviation. In the plot, each drilled point is correlated with its pre-marked
target location on the paper grid by using different colours; therefore, four points per
colour (one for each paper sheet and support drilled).

Figure 5.26: Polar plot of the drilling error from the precision test. The error is mea-
sured from the target point to the drilled hole, obtaining distance and angle. The
drilling location is identified using the colours of Figure 5.25. Reproduced with permis-
sion from IEEE. First published in [128]. © 2024 IEEE.

The mean error (or distance from the target) is 5.5 mm (with a standard deviation
of 3.3 mm), and the mean angle is 188◦ (with a standard deviation of 89◦).
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5.3.4 Discussion

The experiments demonstrate that Smart Drill is a functional drilling end-effector for
low-payload robotic arms. Thanks to its embedded sensing and computation, along
with its complementary software, it can effectively aid the human operator working in
unstructured environments.

The first experiment demonstrated that the mechanical structure of the end-effector
can support the loads characteristic of drilling a medium-hardness material, common
in carpentry. The slippage that occurred during the operation can be attributed to the
control strategy of the robot (which used a constant-velocity linear trajectory to feed the
drill bit during cutting), specifically to an excessively high feed speed, which generated
forces that the support structure of the plywood panel could not withstand. A further
refinement of the control strategy, either by implementing force control to limit trans-
mitted forces or by reducing the feed speed of the drill bit (through a reconfiguration
of the constant-velocity trajectory), could improve the result.

The second experiment assessed the precision and accuracy of the sensing system
and its associated software. From the results, presented in the polar plot, it is evident
that the system is not accurate, as most of the holes were not drilled at the target point.
Nevertheless, a colour-based clustering of the drilling points can be inferred from the
plot. Points related to the same drilling location (identified by the same colour on the
plot) are closest together. This indicates good repeatability of the system, which can
therefore be considered sufficiently precise. Furthermore, correlating the position of the
target within the Field of View (FoV) of the camera and the measured error, it can be
inferred that the error is larger for the targets that are located farther to the left of
the centre. To confirm, the standard deviation (grey area) is located to the left of the
centre of the plot. These facts suggest that the error is likely due to camera distortion,
which increases as the target is farthest from the centre of the FoV. A refinement in
the calibration of the sensor, or the upgrade to a higher-quality Red Green Blue (RGB)
camera, could improve the result.
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Related work

This chapter compares the robotic systems introduced and validated in the previous
chapters with similar devices, highlighting their novelty and relevance to the current
state of the art. Specifically, the following sections compare Leon, DAGANA, and Smart
Drill, respectively, with similar quadrupedal robotic platforms (Section 6.1), high-force
and perception-capable grippers (Section 6.2), and custom power-drilling end-effectors
(Section 6.3).

6.1 Leon in the context

In this section, Leon is compared to the Unmanned Ground Vehicles (UGVs) for un-
structured environments analysed in Section 2.2.

Table 6.1 reports Leon’s and other agile quadrupeds’ actuator type, leg size, mass
and corresponding force-to-bodyweight (FBW) ratio (used in Section 4.1.2 and intro-
duced in [46] to assess the capability of a quadruped to perform agile motions).

Despite Leon still being in the design phase, its expected characteristics make it a
promising quadrupedal platform well aligned with the state of the art. Its predicted
agility is comparable to that of the direct competitors in terms of size and mass, and its
unique design approach, based on commercial components up to the actuators, makes
it interesting for research and product development. To reinforce these claims, Leon is
compared in terms of dimensions, agility, manufacturing process and customisability,
equipment, and possible uses.
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Table 6.1: Comparison of agile quadrupeds, ordered by year of introduction.

Name Year Actuator Leg sizea Mass FBW
type (m) (kg) ratiob

BigDog [31] 2008 Hydraulic 1.00 109 –
HyQ [32] 2011 Hydraulic 0.70 91 0.66
StarlETH [40] 2012 SEA 0.40 23 0.66
MIT Mini Cheetah [48] 2013 QDD 0.39 9 1.7
HyQ2Max [33] 2015 Hydraulic 0.70 80c 0.84c
ETH Zurich ANYmal B [42] 2017 SEA 0.60 30 0.54
MIT Cheetah 3 [46] 2018 QDD 0.68 45 1.6
HyQReal [34] 2019 Hydraulic 0.74 130 0.49
Spot [152] 2019 Electric 0.75 32 –
ANYbotics ANYmal [137] 2021 SEA 0.66 50 –
Barry [52] 2022 QDD 0.80 48 0.74
Go2 [141] 2023 QDD 0.45 15 –
B2 [141] 2023 QDD 0.80 60 ≈ 0.6
Keyper [200] 2023 Electric 0.75 43 –
A2 [141] 2025 QDD 0.8 42 ≈ 1
PUDU D5 [201] 2025 Electric 0.7 61 –
Leon – QDD 0.48 30 0.61

a

Leg size corresponds to the sum of the lengths of the upper and lower leg links. When not
available in the respective reference, the value is reported from [52] or estimated.
b

From [46] or estimated using data from the respective reference, whenever the peak torque
with the leg minimally extended is provided for the actuator in the least favourable condition.
c

Calculated with the power system offboard.

Dimensions

Firstly, Leon, with its characteristics and expected performance, can be classified as a
small-to-medium-sized quadruped, larger than Mini Cheetah and StarlETH but smaller
than ANYmal or Spot. Its dimensions are comparable to those of Unitree Go2, while
its simplified arrangement of lower-leg actuators (in-axis with the knee-pitch joint) is
the same as in ANYmal. Its mass of approximately 30 kg includes a standard inspec-
tion payload, making it a direct competitor of ANYmal in terms of functionalities.
Lighter quadrupeds excel in agility, but their standard payload is less appropriate for
locomotion and navigation research and development, while bigger quadrupeds are not
as conveniently-sized for indoor exploration.

Agility

Compared to ANYmal, Leon shows a better FBW ratio, suggesting that Leon’s agility
is sufficient. Additional agility could have been obtained by optimising the internal
components and the automation systems, reaching values similar to those of Unitree
robots [141], Keybotic Keyper [200] of PUDU Robotics D5 [201], which feature simi-
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lar actuators but a highly integrated trunk design and an optimised lower-leg inertia.
This approach would nevertheless have been detrimental to Leon’s simplified sourcing
and manufacturing objective. Bigger quadrupeds, except those optimised for agility
(Massachusetts Institute of Technology (MIT) Cheetah 3 and possibly Spot, although
no definitive data is available to calculate the FBW ratio), show similar agility. Barry
(optimised for high payload) shows superior agility while still using a Quasi-Direct
Drive (QDD) actuation system. Still, its actuator design and leg kinematics are highly
developed and not as easily sourced and manufactured as Leon’s.

Manufacturing process and customisability

One of the main objectives of Leon’s design is to prove that an agile quadruped can
be manufactured from the integration of minimally customised commercial components
and a few simple custom mechanical components. In this, Leon excels, as it is the
only quadruped developed with Commercial Off-The-Shelf (COTS) actuators that does
not require prior actuator development experience, cutting development time and mak-
ing the system more attractive for research and development contexts without prior
mechatronics experience. The extensive use of commercial components, integrated in
a way that permits agile behaviour, is another point of interest of the design. Internal
components can be readily accessed, replaced, or expanded. Hardware and software are
open to the user at all levels, as no previously integrated commercial subassembly is
included. This differentiates Leon from the widely used commercial robots like Spot or
Go1, making it more suitable for research.

Equipment and possible uses

While Leon has been developed as a multi-purpose research and development platform
for studies in quadrupedal locomotion and navigation, its equipment (Laser Imaging,
Detection, and Ranging (LIDAR), Red Green Blue - Depth (RGB-D) cameras, power-
ful computation units) and its expandable payload (up to a total of 10 kg of sensing
equipment) make it appropriate for the growing commercial task of industrial inspec-
tion, which is the current market target of ANYmal [137], Spot [136], and Unitree
quadrupeds [138] and many other companies and startups.
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6.2 DAGANA in the context

This section compares the DAGANA gripper with other grasping systems previously
analysed in Section 2.3.

DAGANA is a rugged one Degree of Freedom (DoF) sensorised gripper specifically
designed for operation in unstructured environments. Similar devices are the end-
effector mounted on the Boston Dynamics Spot quadruped robot [147], and on the
Unitree B1 quadruped with the Z1 arm and its gripper [148]. Nevertheless, few specifi-
cations of these grippers are known due to commercial interests. For what can also be
inferred from videos showcasing these products [136, 138], these grippers show similar
kinematics and functionalities to those of DAGANA.

In terms of grasping force, Boston Dynamics declares for Spot’s gripper a maximum
pinching force of 130 N at the tip of its 90 mm deep palm [147], while DAGANA showed
a pinching force of 110 N at the tip of its standard 110 mm deep palm (see Section 5.2.1).
If the gripper palm of DAGANA were the same size as that of Spot’s gripper (90 mm
instead of 110 mm), the pinching force (at DAGANA’s actuator maximum torque of
16.5 Nm) would be 127 N. Therefore, DAGANA and Spot’s gripper are comparable in
size and capacity.

Nevertheless, DAGANA shows a higher level of reconfigurability than Spot’s and
Z1’s grippers, both in the grasping pads and in its sensing systems. This feature is a
result of DAGANA’s modular design. It extends the gripper’s applicability to more
use cases: the jaw modules can be quickly replaced to address new use cases requiring
different jaw shapes and materials optimised to accommodate grasping a particular tool
or object. Modularity in the grasping pads, with specific pads installed to perform tasks
otherwise impossible, has been shown to work in other one DoF grippers such as the
F1 Hand [75] and the M2 Gripper [76]. DAGANA applies the concept to much higher
force scales, allowing the manipulation of metal formwork and tubes (see Figure 4.25).

DAGANA’s robustness and impact resilience are exceptional for grippers. They
are favoured by the use of a Series Elastic Actuator (SEA) actuator. This actuation
method is the favoured choice in collaborative robots. However, in robotic grippers,
SEAs have been used only rarely, with low torque ratings [131]. DAGANA’s SEA
actuation system delivers high torque, derived directly from the actuation system used
in high-torque-to-weight-ratio robotic arms and humanoids.

The sensing systems used in DAGANA also feature a tightly integrated yet modu-
lar design, allowing sensing capabilities to be extended when needed while protecting
the sensors within the gripper’s main body. This level of integration, obtained while
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maintaining full modularity, is a novelty with respect to other systems that use eye-in-
hand vision, microphones or range sensors that are either external [79, 84] or tightly
integrated [138, 83, 147]. Furthermore, the correlated sensing software is also developed
in a modular way, aligning with the state of the art for easy, seamless exploitation of
sensor information during task execution [85].

Another contribution of the work on the design and validation of DAGANA is
the implementation of an extensive gripper-testing method, particularly regarding its
payload capacity. This is uncommon for grippers. In fact, other works [65, 66, 67, 68,
69, 70, 71, 74, 75] and commercial products [144, 145, 146] seldom present such detailed
evaluations, limiting the information to reporting maximum grasping force capabilities
in papers or datasheets. The approach used for DAGANA (see Section 5.2.1) outputs
information that enables the prediction of the gripper’s behaviour in real-world tasks,
extending the maximum grasping force evaluation to the real payload capability during
manipulation and considering also the thermal limits of the actuator.

6.3 Smart Drill in the context

In this section, the Smart Drill power-drilling end-effector is compared with existing
robotic drilling end-effectors analysed in Section 2.4.

Drilling end-effectors for small robotic arms, such as those used in collaborative
contexts and in mobile platforms for unstructured environments, are most often imple-
mented by clamping a commercial power drill to the end-effector flange, as seen in [85,
104], or by creating custom drilling end-effectors that are optimised for collaborative
human handling [102, 103].

Smart Drill extends this approach by reconfiguring commercial drilling components
into a robot-optimised end-effector. Its power-drilling components are still derived from
a small commercial power tool. Nevertheless, these components are spatially arranged
to optimise the transmission of drilling force to the robot. When drilling, Smart Drill
does not generate moments at the robot’s wrist joints, which are generally rated for lower
torques. This reduces the robotic arm’s drilling effort and enables drilling operations
to be carried out with smaller robots.

The idea of creating a drilling end-effector from commercial power drills is also ex-
plored in research on power drilling in construction [110, 111]. Still, these end-effectors
are mounted on large robotic arms that are less sensitive to the optimisation of the
drill’s orientation to reduce drilling effort. Nevertheless, the Smart Drill’s approach
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could improve the operation’s precision, as errors in the wrist joints in these configura-
tions immediately cause the drill bit to deviate from its feed direction.

In the literature, sensorisation of drilling end-effectors is often applied, mostly with
bulky designs optimised for high-payload industrial robotic arms [96, 97] to enhance
the precision or capabilities of an industrial drilling operation. The Smart Drill’s sen-
sors are instead integrated in a way that minimally affects the end-effector’s size and
weight. They not only improve precision during a conventional drilling operation, but
also enable drilling in positions where the robotic platform sensors would be ineffective
due to occlusions. While Smart Drill still requires upgrading to reach, with its embed-
ded sensing systems, precision, and capabilities comparable to those seen in industrial
environments [95], it shows how the integration of sensors can be beneficial even in
small-scale robotic applications, where sensors are already present in the mobile plat-
form.

The conceptual design of Smart Drill combines a sensorised end-effector for enhanced
performance, as seen in industry, with the reuse of commercial power drill components,
as seen in construction and collaborative environments. This hardware combination ap-
proach is then completed with an embedded computation unit, which not only interfaces
with the sensors but also controls the robot and the collaborative drilling experience, as
seen in Section 5.3. This edge-computing approach, which translates the task definition
and execution directly into the end-effector that enables the task, to the best of the
author’s knowledge, has not been reported in the literature and constitutes the novelty
of the proposed design. With this approach, Smart Drill demonstrates a new method
in which the end-effector takes control of the operation, and the same operation can
therefore be translated to another robotic arm with minimal effort.
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Conclusions

This thesis concerns the design and validation of three robotic devices for unstructured
environments: the agile quadruped Leon, the high-force gripper DAGANA, and the
power-drilling end-effector Smart Drill.

The devices have been described in detail, and experimental results validated their
effectiveness in relation to the problem their design aimed to solve. Still, much work
remains to be done.

Regarding the quadruped Leon, the first physical prototype has not yet been man-
ufactured. While the design has been validated on paper, significant technical effort is
still required to implement the first functional robot, and only its final deployment will
confirm the estimated performance. Nevertheless, the approach itself already provides
inspiration for other researchers and designers: an agile platform can be made from
commercial components, with a limited mechanical design and mechatronic integration
effort. Research groups should not be demotivated by a lack of extensive knowledge in
actuator development, as it is no longer a requirement for obtaining a functional agile
quadrupedal platform.

Conversely, the DAGANA gripper is a mature design that has been built in mul-
tiple physical prototypes and has been thoroughly validated. The set of experiments
provided to demonstrate the gripper’s effectiveness is the most complete presented in
the thesis, and this validation procedure aims to be a reference for others who want
to introduce new high-force-capable designs. Prototypes of the gripper have also been
used extensively in recent works, and testify to its validity [132, 133, 134]. Other than
mechanical refinements (such as reduction in size, implementation of full ingress pro-
tection), no further work is required. Furthermore, thanks to its modular approach, the
gripper can be used as a platform for devising innovative grasping and sensing modules
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that extend its dexterity and expand its sensing capabilities.
One physical prototype of the Smart Drill end-effector has been built. As reported

in its validation, work remains to be done to improve the precision and accuracy of
the drilling process. Further tests, involving experimenting with arm control strategies
and installing the end-effector on other robotic arms, are required to fully validate the
design. Nevertheless, the fundamental contribution of the conceptual design is demon-
strated: with Smart Drill, the end-effector commands the execution of the task, without
requiring complex installation procedures on the robotic platform to perform real-world
tasks. A collaborative drilling task is presented and, once precision is addressed, can
be deployed in a construction environment with minimal changes to the end-effector’s
design.

Overall, the work reported provides examples of new approaches and applications
of robotics in unstructured environments, with the aim of expanding their industrial
deployment. The relatively simple inspection tasks that currently involve these robots in
industrial settings may evolve, ultimately allowing the replacement of human operators
in dangerous or physically demanding assignments. The hope is that, by observing
the robotic design developments reported herein, readers are encouraged to experiment
in the creation of new devices and approaches, bringing the industrial deployment of
robots for unstructured environments another small step closer.
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