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Summary

Soft manipulation goes beyond traditional manipulation paradigms, introducing innovative
strategies to facilitate the robust interaction between robotic hands and their sorroundings.
The approach known as Environmental Constraint Exploitation (ECE), harnesses the features
of the environment to enhance grasp robustness while minimizing planning efforts. The pivotal
factor enabling ECE is the inherent compliance of soft hands, which allows them to comply and
adapt to environmental features. The foundational step toward achieving stable grasps involves
emulating how humans naturally exploit environmental constraints. However, the accurate de-
tection of environmental constraints can be complex or not possible in many cases. A possible
solution to deal with this issue is to embed, directly in the hand structure, purposefully designed
parts that work themselves as "embedded constraints”. This paradigm shift, for example, can
be obtained by endowing a robotic gripper with an additional soft-rigid palm that can slide
over and in between flat surfaces. This Thesis presents design and control techniques that allow
the development and use of soft-rigid grippers with embedded constraints to effectively exploit
environmental constraints and robustly grasp a variety of objects. Three distinct approaches
are employed for the control: the first calculates the pre-grasp pose of the gripper through
analytical optimization, the second relies on data-driven approaches based on human demon-
strations, while the third is based on Deep Reinforcement Learning. Regarding the design, this
Thesis shows that the application of optimization techniques combined with machine learning
algorithms can support the automated design of novel gripperss, which can work efficiently. The
proposed control and design strategies aim at broadening the application of robotic manipula-
tion beyond industrial settings, enabling robotic systems to operate effectively in unstructured
and previously unseen scenarios.
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Chapter 1

Introduction

“If you want a happy ending,
it just depends on where you close the book!”
Orson Welles

1.1 Soft Manipulation

Traditional robots are often limited by their rigidity. While they excel in tasks that require
strength and precision, they struggle with tasks that demand compliance, adaptability, and
interaction with delicate objects or environments. In industry, the application of rigid parallel
grippers is justified by the presence of higly structured environments, in which the gripper only
needs to interact with the target objects, accurately avoiding to enter in contact with other
items. In unstructured scenarios, it becomes fundamental for the robot to deal with the possible
interaction with the whole sorrounding while guaranteeing the integrity of the robot itself and
the safety of humans if present [10]. Soft robotic hands stand at the forefront of modern robotics,
embodying a transformative leap in automation technology [11]. Differently from the traditional
paradigm of rigid mechanical structures, these robotic technologies have paved the way for a
new era of adaptability, and versatility [10]. Soft grippers are designed to replicate flexibility
of human hands, while integrating novel materials, bio-inspired design principles, and advanced
actuation methods, including pneumatic, hydraulic or cable-driven systems with soft, pliable
materials [12].

As the development of soft robotic hands continues to advance, their applications span a
multitude of research fields, each harnessing their unique advantages. In the field of medicine
and healthcare, soft robotic hands are proving to be game-changers. Soft robotic prosthetic
hands (Fig. 1.1a) can improve the quality of life for amputees by providing them with more
lifelike and functional alternatives to traditional prosthetics [13]. These hands are fitted with
sensors and feedback systems [14] that allow users to experience a sense of touch, offering a
profound advancement in the field of prosthetic technology. In agriculture and food processing,
soft robotic hands are being employed in harvesting and packaging (Fig. 1.1b). Their ability to
pick and sort objects without causing damage is revolutionizing the way fruits and vegetables are
harvested and processed. The delicate touch of these hands ensures that the product remains
intact, reducing waste and improving efficiency in the supply chain [15, 16]. Manufacturing
and assembly are other sectors where soft robotic hands are making a significant impact. The
adaptability of these hands is ideal for tasks that involve handling fragile components, such as
assembling electronics (Fig. 1.1c) or quality control. Soft robotic hands can seamlessly adapt
to varying product shapes and sizes, reducing the need for extensive reprogramming or custom
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tooling, making them a cost-effective and efficient choice for manufacturers [17, 18].

(a)

Figure 1.1: Soft robotic hand applications. a) prosthetic hand Soft Hand Pro [1]. b) Soft robot
for food handling [2]. ¢) Soft gripper dealing with cable manipulation [3].

Nowadays, soft robotic hands face several challenges that researchers and engineers are work-
ing to address [19]. The main challenges that are present can be summarized in control and
programming, reconfigurability and scalability.

First, soft robotic systems are usually underactuated, making their control relatively easy.
However, their modeling can be more complex to evaluate compared to their rigid counterparts,
primarily due to their deformable structures [20]. Developing suitable models and sophisticated
algorithms is essential to make these systems accessible and practical.

Being underactuated, soft hands are usually developed considering single-purpose design,
often dictated by the actuation system. The presence of a single configuration can limit their
application to high-varying scenarios.

Lastly, scaling up soft robotic systems for industrial use can be challenging. Research into
scalable manufacturing methods and cost-effective solutions is required to expand their adoption
in large-scale applications.

On the other hand, soft grippers offer an array of distinct advantages that set them apart
from their rigid counterparts. Especially deriving from their intrinsic compliance, they find large
application for:

e Fragility management: The compliant nature of soft robotic hands enables them to interact
gently with objects. In healthcare, soft robotic hands can be used for delicate surgical
procedures, patient care, and handling of fragile medical instruments.

e Adaptability: Soft robotic hands can conform to a wide range of object shapes and sizes
without the need for constant reprogramming or recalibration. Their deformable structure
allow them to grasp and manipulate objects of varying consistencies, from rigid components
to delicate, irregularly shaped items.

e Enhanced Safety: Soft robotic hands are inherently safer when working alongside humans,
thanks to their compliant structure. In industries where human-robot collaboration is
adopted, such as manufacturing and warehousing, the reduced risk of injury in case of
accidental contact makes them an ideal choice. Human-robot interaction is becoming
more common in such settings, and the safety aspect is paramount.
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e Environmental Adaptation: The flexibility of soft robotic hands allows them to adapt to
complex and unstructured environments. This adaptability can improve the capabilities of
the hands during grasping or manipulation tasks, using the interaction between the hand,
the object and the environment.

In the next section, we will explore the environmental adaptation and exploitation more in
detail.

1.2 Environmental Constraint Exploitation

Soft manipulation offers an enhanced approach to effectively handle unknown environments.
In contrast to rigid manipulation, it allows for interaction with the environment, consequently
enhancing the grasping capabilities when complex scenarios are present. Inspired by how humans
deal with certain objects, soft grippers introduce a novel paradigm of robotic manipulation that
involves working with the environment rather than manipulating avoiding it [21].

The physical limitations presented by objects within the environment are seen as potential
ways for achieving optimal object manipulation [22]. Leveraging these opportunities, often
referred to as environmental constraints, enables robust grasping and manipulation in dynamic,
open, and highly unpredictable scenarios.

To effectively exploit the presence of environmental constraints, a unified approach of plan-
ning, design, and control algorithms is necessary. Together with perception, these aspects are
fundamental to exploit the gripper-object-environment interactions in an optimal way.

Regarding the planning, traditional grasp planners are based on the evaluation of the contact
points between the gripper and the object, and on the forces exerted by the robotic fingers.
Nevertheless, this approach does not consider the presence of the environmental constraints,
which are usually treated as obstacles to be avoided during grasp planning. On the other side,
grasp planners developed for soft manipulation are able to generate feasible grasps through
the use of sensing and with less accurate contact models, mainly inspired by how humans
grasp [23]. These planners consider grasp quality measures to evaluate the generated grasp,
but they do not execute the grasp replicating the exact same contacts considered during the
planning. This choice is also dictated by the actuation technologies most adopted for soft
hands [24]. Indeed, most of these grippers are underactuated, guaranteeing simple control of
the actuation system and usually an intrinsic compliance obtained through the passitivity of the
joints. This characteristic is fundamental for exploiting the environmental constraints, reason
why the design plays a fundamental role in this area.

Then, also perception is needed to detect the environmental constraints and consequently
to enable the execution of grasping strategies that exploit them. Opposed to what has been
done with rigid grippers, the detected environment is not avoided.Furthermore, the planner can
reconfigure the underactuated soft hand to better comply with a certain scenario or reposition the
environment to enable certain strategies that would not be accessible in another configuration.

Lastly, regarding the control part, it can be useful to understand that the environmental
constraint can be considered a passive component to be exploited during grasping tasks. To
optimally control the motion of the robot while interacting with the environment, a precise
modeling of gripper-environment-object contacts should be needed. However, this interaction
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can be complex given the unpredictability and the variety of contacts and deformations between
the hand, the object and the environment. In this case, the best approach consists in developing
a less accurate model, approximating real deformations and interaction forces. Thus, precise
and optimal control strategies are needed to evaluate the exact disposition of the environment
and reduce the uncertainty of the grasp generation.

While there are cases where the soft hand can grasp the target object directly by exploiting
the constraining surface (Fig. 1.2a), the exploitation of environmental constraints becomes even
more crucial when the object presents characteristics that make the grasping task especially
difficult. For example, a flat object lying on a table is difficult to be directly grasped from its
top face (Fig. 1.2b). Also when the object is very close to obstacles, the grasp can result in
a failure. In these cases, the environmental constraint exploitation proposes to adopt different
non-prehensile grasping strategies to re-position the object in a more feasible pose. The most
known strategies are flipping, pushing, or sliding. However, depending on the environment,
these strategies are not always applicable and it can be complex to move the object from its
current position. For instance, a slide-to-edge grasp necessitates the presence of an edge in the
workspace [25].
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Figure 1.2: Grasps exploiting the environment. a) Sequence of grasping using the environment.
b) Sequence of non-prehensile action, e.g., slide-to-edge grasp.

To solve this issue, to avoid the detection of the exploitable environment in the scene and
to ease the burden of the control part, a further approach proposes to directly embed the
environmental constraints in the hand itself, through the design of ad-hoc structures [6]. In this
case we referred to them as embedded constraints. The embedded constraint adopted in [9], for
instance, is a scoop-like structure designed as rigid parts and able to slide on different surfaces.
Altough the embedded constraints are rigid, they can adapt to the environment through the use
of compliant joints, making them able to perform in every situations.

The insertion of a “known” environment into a gripper can give different advantages:

e They can act as environmental constraints to support the grasp, when they are not present
in the scenario. This feature also allows for simpler perception system, given that the
detection of environmental constraints become unnecessary.
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e They can simplify the control and sensing systems, given that the environment is embedded
and there is no more necessity to detect it in the workspace. Moreover, because they are
part of the hand, they can be designed as desired, integrated with sensors, and modeled
as primarily suitable.

e They can be useful when dealing with fragile objects even if rigid, sliding between the
environmental constraint and the object with a controlled strategy.

For these reasons, it can be stated that the application of embedded constraints can open a new
paradigm in the environmental constraints exploitation, where the gripper-object-environment
interactions become two pair: gripper-object and gripper-environment.

One of the first examples of embedded constraint has been presented in [9], where a novel soft
gripper embodying the scoop has been presented, called SoftScoop Gripper (SSG). Nevertheless,
the design proposed for the embedded constraint was prototypal and its control was not defined.

As detailed in the next section, the work described in this Thesis aims at developing optimal
control and design algorithms to use embedded constraints to increase the grasping capabilities
of soft grippers.

1.3 Contribution

The grasp planning and design techniques developed and described in this Thesis take into
account and explicitly exploit the environmental and embedded constraints.

The first part of the Thesis is focused on how to generate suitable grasp configurations
when dealing with embedded and environmental constraints, using optimization and machine
learning algorithms. The second part deals with the design of these embedded constraints,
through the combination of data-driven and optimization techniques. Lastly, the application of
the embedded constraint into a real-world use-case scenario is presented.

1.3.1 Grasp planning with environmental and embedded constraints

The first main topic we will analyze consists in the development of grasp planning algorithms
to produce optimal grasps dealing with embedded and environmental constraints. We adopted
optimization and machine learning techniques to fully explore this topic.

First, we explored how to optimally execute grasps using the SSG and the embedded con-
straints, considering a prototypal non-optimal design of them [26]. We relied on a grasp planner
that fully exploits the gripper features in combination with the environment around the manip-
ulandum by solving an optimization problem. We performed a grasping strategy called scoop
grasp, where the scoop slides onto a surface constraining the target object. In this work, we
extend the concept of scooping grasps to include cases in which objects are constrained from two
sides, and the scoop can exploit the surroundings by sliding on surfaces of different inclinations
to fulfill the manipulation task. Through the experimental trials we demonstrated that in this
setting a single motion is necessary to achieve the grasp, contrary to what would be needed
when using other grippers in combination with non-prehensile actions.

The second contribution of this part focused on developing a grasp planning algorithm based
on how humans would employ the embedded constraint to produce optimal grasps [27]. To
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understand how humans would use this component, we proposed a data-driven methodology.
Even if we simplified the hand-object-environment interactions through the embedding of the
scoops, analytical approaches might fail due to the uncertainty deriving from them. We proposed
to firstly observe how humans would approach the objects with this specific gripper, and then to
generate grasping primitives based on the demonstrations. We developed a novel Learning from
Demonstrations (LfD) method, which demonstrate to be faster in computing feasible grasps
and needed few training data. We also considered different representations of the objects when
extracting the grasping primitives to generalize the method. We applied this methodology to
the SSG, but it can still be adopted for other soft grippers.

The last contribution regards the development of an algorithm for grasp planning in cluttered
environment. This study was particularly useful to understand if non-prehensile actions are still
necessary when exploiting the embedded constraints. We evaluated this hypothesis training and
testing a state-of-the-art machine learning algorithms and analyzing the influence of the scoops
on its learning process. In particular, we evaluated how a Deep Reinforcement Learning (DRL)
based planner may exploit the mechanical intelligence of the SSG in a decluttering task. We
compared two policies to test our theory. A policy consisted of only grasp actions, while the
other contained also the pushing of the objects. While the baseline algorithm showed that the
two-action policy was the best in terms of grasp success rate, in our case the best policy was
the grasp-only. This approach demonstrated that the adoption of embedded constraints allows
autonomous planning algorithm to use simpler grasp strategies while obtaining better results.

1.3.2 Data-driven design techniques for embedded constraints

The second part of the Thesis will focus on the design of the embedded constraints for achieving
successful grasps. We propose design methods that incorporate data-driven techniques through
the analysis of precedent grasping experiences. Thus, the design becomes intelligent, embodying
information of precedent grasp plannings. Doing so, we are able to ease the grasp planning
complexity because part of it has already been considered during the design.

First, we developed a data-driven framework to merge optimal design and planning of the
scoops [28]. To do so, we performed several simulations to evaluate the optimal positioning and
size of the embedded constraints on two different soft hands. In these simulations, we took into
consideration the presence of the environment and we planned grasps orienting the scoop parallel
to it, implicitely making the grasps generation for the execution simpler. We then clustered the
optimal scoops to find a reasonable number of them, and we trained a Convolutional Neural
Network (CNN) to recognize which of them to use depending on the target. We noticed that
the optimal scoops outperformed with respect to the original and also when mounted on soft
hands that natively do not consider their application.

Even if we optimally developed the embedded constraints implicitely considering the future
grasp planning, their structural properties were not considered. Thus, we decided to developed
a framework able to guarantee their mechanical stability while reducing the amount of material
to be printed [29]. We evaluated the interaction between the scoop and different objects through
simulation, and then we translated these force signals in instructions for Topology Optimiza-
tion. Through extensive simulations we found that this analysis improved the gripper grasping
success rate while also guaranteeing its resistance to mechanical stress. This methodology is
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easily generalizable to any part of a given gripper.

Lastly, we decided to apply all the research on embedded constraints to develop a novel
gripper able to fully exploit them. We designed this novel gripper composed of two soft fingers
with a scoop placed at their fingertips. Through several experimental trials we showed that this
novel gripper, called Double Scoop Gripper (DSG), was especially suitable for food handling.
The reason for this particular behavior lies in the fact that the scoops can easily adapt to the
environment and thus support the food instead of pinching or power-grasping it.
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1.3.3 Thesis structure

The rest of the Thesis is structured as follows. Chapter 2 reviews the literature relative to the
topics discussed in the rest of the Thesis. We will provide an overview on planning and design
methods that exploit the environmental constraints with data-driven grasping strategies.

Chapter 3 presents the scoop grasp strategy. We developed this strategy such that the
embedded constraint can adapt to a sliding surface to increase the probability of grasping the
objects.

Chapter 4 reports a Learning from Demonstration approach to extract grasping primitives
for soft non-anthropomorphic hands possessing embedded environmental constraints.

Chapter 5 describes a Deep Reinforcement Learning based planner for declutter that allows
to evaluate and compare the ability of the scoop in complex scenarios.

Chapter 6 describes a data-driven framework for designing optimal embedded constraints
considering the presence of restricted scenarios.

Chapter 7 introduces a pipeline to optimize the structure of the embedded constraints
through the use of a topology optimization algorithm based on simulation data.

Chapter 8 presents the application of the embedded constraints to a real-world scenario
through the design of a novel soft gripper that is comprising two scoops and is capable of
grasping fragile food items.

Finally, Chapter 9 derives the conclusion of the Thesis together with future works.



Chapter 2

Related Works

“Literature is my Utopia.”
Helen Keller

This chapter provides an overview about the state of the art of the ideas and methods
employed in the next chapters. Three main areas are covered: environmental constraint ex-
ploitation, grasp planning algorithms in robotic manipulation and design techniques for robotic
hands.

2.1 Environmental Constraint Exploitation

Grasping objects in unstructured environments poses a considerable challenge for autonomous
robots. Indeed, the uncertainty of the perception system can lead to dangerous interactions
between the robot and its surroundings. An emerging trend to perform complex robotic ma-
nipulation involves leveraging external contacts or forces, such as the environment or gravity
[30], avoiding non-prehensile actions. These strategies can be employed with both rigid and soft
grippers. While several works present pivoting techniques exploiting gravity with completely
rigid grippers [31, 32], it is complex and potentially dangerous to directly interact with the
environment when employing this type of grippers. Still, it is conceivable to interact with the
environment through impedance controllers or other techniques to make the robotic system
compliant [33, 34, 35]. Another strategy to interact with the surroundings when adopting in-
dustrial, rigid grippers consists of leveraging the object-environment interactions by controlling
the applied forces without making contact between the gripper and the environment. Tasks
that necessitate manipulation in contact often incorporate the use of tools. These tools may be
either firmly affixed to the robot arm or held by the robot for operational purposes [36, 37]. Ex-
amples of such manipulation are presented in [38, 39], where the authors utilize rigid grippers to
push objects against the environment, enabling relative in-hand sliding motion. However, these
strategies present high complexities and do not entirely prevent the possible damage caused by
unwanted contact with the rigid gripper. Yet another possible concern arises from uncertainties
encountered during interactions with the environment while utilizing a grasped tool. The act
of holding a tool inherently introduces uncertainty regarding the precise location of the tooltip,
necessitating compliance when in contact. Various methods exist to mitigate these uncertainties,
particularly when sufficient information about the tool has been accurately measured [40].
Conversely, soft grippers can directly exploit the constraints present in the environment
thanks to their intrinsic compliance [24, 41]. Thanks to their design, soft hands can interact with
their surroundings, employing minimal sensing and control, reducing the required computational
complexity and the risk of damage [10]. While some devices show compliance featuring passively
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compliant joints [42, 43, 44], recent progress in soft robotics has led to the creation of devices
entirely made of soft materials [45, 11, 46]. As Catalano et al., demonstrated in [43], a hybrid
configuration of deformable joints and rigid links can be effectively employed to simultaneously
comply with environmental contact forces and adapt with the object to be grasped.

Despite these hardware advancements, a paradigm shift is essential for grasp planning and
control strategies. Traditional grasp planners rely on precise hand and environment models
[47, 48], using distinct finger-to-object contact points while avoiding interactions with the sur-
rounding environment. However, these models become highly unpredictable in real-world scen-
arios, leading to poor grasping performance. Considering this, it is necessary to broaden classical
grasp planning methods, or even surpass them, to effectively leverage the inherent characteristics
of soft hands [49]. For instance, in studies such as [50], soft robotic hands are preconfigured and
appropriately positioned above the object to achieve edge-grasps and top-grasps, respectively.
Other approaches involve utilizing human demonstrations to establish motion primitives [51] or
pre-grasp hand orientations [52] tailored for a soft anthropomorphic hand.

The presented grasp planners do not consider the exploitation of the environment, which,
however, can lead to more robust grasps, as it happens in human manipulation [53, 54]. In
Fig. 2.1, a summary of all the possible complex interactions that arise between a robotic hand,
the grasped object and the environment are summarized in a scheme (on the left) and depicted
in an example (on the right).
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Figure 2.1: Paradigm and example of soft manipulation when the interaction with the environ-
ment is considered [4].

Environment

In [23, 55], a planner for automated grasp synthesis with a variable stiffness hand is presented,
considering multiple factors such as the object neighborhood, environmental constraints (EC),
and a vision confidence score. Yet, this approach is time-consuming, requiring the training of
a stiffness decision tree to adjust hand compliance. Another method presented in [56] involves
a computational framework for direct trajectory optimization, where exploiting environmental
constraints is crucial for task accomplishment.

Human studies also highlight the tendency to exploit environmental features for grasping
tasks, especially in the presence of uncertainties. Moreover, the Environmental Constraints
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Exploitation (ECE) can potentially empower robotic systems with additional capabilities pre-
viously unattainable with rigid end-effectors. For instance, in numerous tasks, the handling of
contact is not merely a matter of control, but it can be exploited, allowing robots to establish
their location by touching the environment to execute tasks in the presence of uncertainties.
The techniques for handling and leveraging contacts have also progressed to ensure that the
computational demands remain manageable [57].

Various strategies for ECE include surface-constrained grasps from the top, where objects are
caged within the hand, and fingers slide on the surface. For items on hard surfaces that cannot be
grasped from the top, humans often use flip or slide-to-edge actions, requiring complex motions.
Robotic implementations of these strategies pose challenges, but some studies have achieved
flip-and-pinch grasps, slide-to-edge grasps, and scooping methods using compliant grippers [58,
25, 59]. Thanks to the effectiveness of the soft hands, these strategies can be performed with
both open and closed-loop control. For instance, in [58], the authors demonstrated an open-
loop control strategy to flip-and-pinch grasp with excellent results. On the other side, Bimbo
et al., adopted a hybrid force-velocity closed-loop controller to manage to pivot objects during
a slide-to-edge grasp [25].

Models and measures assessing the grasp quality of soft hands have been developed, extending
classic quasi-static models and synergy concepts to incorporate environmental interactions [60,
61, 62]. For instance, in [60], the authors formulate the hypothesis that the human capability to
utilize environmental constraints can be characterized as a synergistic behavior in the creation
of pre-grasp poses.

Lately, another trend has been rising, where the exploitation of environmental constraints
is performed by embedding the constraint into the hands themselves. This novel idea can be
groundbreaking in cases where the usual ECE strategies are not applicable (e.g., when needing
a slide-to-edge grasp but the workspace does not present any exploitable edge). Several works
demonstrated that the addition of these rigid parts, called scoops or embedded constraints, can
enhance the effectiveness of soft hands when dealing with environmental constraints [5, 63, 64,
6, 9]. This kind of gripper is particularly beneficial when dealing with complex objects, such
as food-handling tasks. These rigid parts can be mounted as opposing fingers or as nails at
the finger’s termination. For instance, the Quad-Spatula Gripper presented in [5] is a cable-
driven gripper that can grasp food items without damaging, through four spatulas placed at the
fingertips, as shown in Fig. 2.2a. On the other side, in [6], Babin et al., developed a compliant
parallel gripper that slides a scoop under the target object, exterting the minimum required
grasping force, being able to hold very thin and fragile items. The developed gripper is shown
in Fig. 2.2b.

The main similarity between the design of these different grippers lies in the intrinsic com-
pliance of the joint linking the rigid scoop to the rest of the hand. These devices are adaptable,
versatile, and robust thanks to passive compliance in their mechanical structures. Thus, we can
say that part of the "intelligence” of the grasping system is already embodied in the hardware
design, making the grasp planning phase more straightforward than in usual soft hands. Ac-
knowledging the potential of designing soft robots with ”embodied intelligence” [49], researchers
have explored applications such as wrist extensions in constrained environments [65, 66]. These
extensions simplify complex movements required for specific tasks, underscoring the adaptability
and problem-solving capabilities achievable through innovative design approaches. At the same
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(a)

Figure 2.2: Soft hands integrating embedded constraints. a) Quad-Spatula Gripper [5]. b)
gripper proposed by Babin [6].

time, the compliance of the hands allows the interaction with the environment. Another reason
for embodying these components consists of the possibility of having the environmental con-
straint available whenever it is needed. Indeed, the scoops can act as environmental constraints
to support the grasp when no constraint is present in the scenario.

2.2 Grasp planning algorithms in robotic manipulation

Grasp planning is a fundamental aspect of robotic manipulation that involves determining how
a robot should position its end-effector to grasp an object securely and effectively. The ability
to manipulate objects is crucial for robots to perform various tasks in environments designed
for human interaction. Grasp planning algorithms enable robots to autonomously analyze and
choose suitable grasps, ensuring successful and stable interactions with objects of varying shapes,
sizes, and orientations.

The complexity of grasp planning arises from the diversity of objects and the uncertainties
associated with real-world environments. Grasp planning algorithms must consider object geo-
metry, surface properties, friction, and external disturbances to generate reliable and robust
grasps. Over the years, researchers have developed a wide range of grasp planning techniques,
leveraging advances in artificial intelligence, computer vision, and robotics. As highlighted by
Sahbani et al., two distinct approaches have been employed to address this challenge: analytic
and empirical [67, 68].

Analytic grasp synthesis algorithms consider the physical and mechanical properties inher-
ent in grasping [69, 70, 71]. Formulating an effective grasp solution tailored to a particular
gripper and an object or a scene entails navigating a high-dimensional search. This complexity
arises from the multitude of potential gripper-object poses, joint configurations, and contact
conditions. Evaluating the merit of each grasp hypothesis involves considering various criteria,
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including grasp stability, object or scene geometry, gripper geometry, kinematics, and suitab-
ility for a given manipulation task. Among these many criteria, a solution often recurring in
literature is the adoption of grasp quality measures, i.e., indices that quantify the goodness of
a grasp [72, 61]. These metrics for assessing grasp quality can be categorized into two groups
based on the information utilized for evaluation. The first group pertains to the positions of
contact points and includes grasp quality measures that exclusively take into account the prop-
erties of the object, friction constraints, as well as form and force closure conditions to quantify
the effectiveness of the grasp [73, 74]. Conversely, the second group of quality measures includes
those considering hand configuration to estimate the grasp quality. In this case, the quality index
is assessed by evaluating the hand-object Jacobian matrix or through the hand joint positions
[75, 76].

While the analytic approach is a viable solution for relatively simple hands [77], more complex
and reconfigurable hands can face several problems with this method. The main issue of this
technique lies in its computational complexity and incapacity to be applied in real-time [78].
Moreover, the need of accurate models for both the hand and the gripper makes this approach
difficult to be employed in real-world scenarios [68].

On the other hand, data-driven grasp synthesis chooses the most appropriate hand configur-
ation for the object and task using tools that consider prior grasp experience [79]. This approach
selects the optimal hand configuration for a given object and task, employing techniques like
learning from demonstration [80, 81, 82], neural networks [83, 84], or knowledge-based systems
[85]. Data-driven models require a training phase that can be time-consuming, but after training
the model, the execution of the algorithm is faster than in analytic models. For this reason,
learning-based approaches can be adopted when online computation is needed.

Data-driven grasp synthesis methods can be divided into three main groups, depending on
the learning process [86, 87]. The first method relies on labeled data derived from past grasp
attempts and is often related to using deep or convolutional neural networks. The second is called
Learning from Demonstration (LfD) and can be employed to record and analyze tasks performed
by humans, extracting trajectories to be reproduced by the robot. Lastly, the third method
consists of a trial and error process, where the robot autonomously updates some parameters
under a set of specified rules to learn a specific task.

The first approach relies on labeled data, which can be supplied by humans or through a
self-supervised process, where labels are automatically generated. This method can be based on
camera images or specific object representations, such as voxels or meshes [88, 89], and it can
produce candidate grasps or its grasp quality scores [90]. Typically, these approaches involve
either sampling grasp candidates and ranking them with a neural network through discriminative
techniques [91, 92, 93] or directly generating appropriate grasp poses with generative methods
[94, 95, 96]. An example of sampling grasp candidates is provided in [51], where the authors
labeled pre-grasp poses from human experience to train a deep neural network and predict how
humans would grasp a specific object. This approach has also been exploited to evaluate the
quality of a grasp through model-based techniques, as done in [97], where a grasp function
evaluates the predictions provided by the network. The notable characteristic of the labeled
approach is that similar architectures can be trained to perform significantly different tasks, i.e.,
labeled data can be employed to predict if objects in a scene are graspable, to generate grasping
candidates, or to find the hand configuration to manipulate a specific object [98, 99, 100]. Other
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interesting examples are provided in [101, 102]. The authors adopted similar Support Vector
Machines for two different tasks in these two works. The first anticipates the graspability
of an object within a scene, while the second identifies an appropriate grasp configuration,
encompassing the approach vector, wrist orientation, and finger opening.

As it can be noticed, these methodologies are widespread and applicable to real-time grasp
generation, but the labeled data needed to train these models can be massive. For instance, state-
of-the-art Convolutional Neural Networks used for image data can contain more than 60 million
parameters [103]. As demonstrated by Choi et al., architectures that exploit more straightfor-
ward image representations can be trained with fewer parameters, but they still amount to 2
million [104]. Other more performant networks, such as the one proposed by Morrison et al.,
exploit new types of architecture that are faster and need fewer parameters to be tuned [95].
Nevertheless, the authors required more than 50000 grasping label data to train their model.
Since the Transfer Learning from simulation to the real world is far from attainable for complex
cases like deformable objects or soft hands, collecting this data can be time-consuming with a
real robot.

On the other hand, Learning from Demonstration (LfD) is a method that can be applied
with few collected data. Moreover, it is beneficial to reproduce human behaviors that would
be complex with a model-based approach [105]. Typically, the data is collected from humans
executing some tasks, and later, the learning process is performed offline. This first process is
usually done by teleoperating the robot [106, 107, 108] or through kinesthetic guidance, moving
the robot manually across the relevant positions [109]. While the first method is preferable
because of its higher maneuverability, it can be counterintuitive for a novel user, making the
kinesthetic teaching more convenient for simple tasks. Many techniques have been employed in
literature for the second step of the process. One of the most common is the Gaussian Mixture
Model (GMM) together with Gaussian Mixture Regression (GMR) [110, 111, 112, 113]. This
method consists of an analysis to parametrize the collected data as Gaussian distributions, and
later, the output is provided through a regression of partial input data. Nevertheless, other
techniques apply to this kind of problem, such as Dynamic Motion Primitives (DMP) [114], De-
cision Tree Regressors [52], Hidden Markov Models [115], and Probabilistic movement primitives
(ProMP) [116]. Often, a combination of these methods is effective, exploiting the strengths of
each. For instance, in [117], the authors propose a combination of Gaussian Mixture and Hidden
Markov Models to address the generic resolution of extracting task constraints within a pro-
gramming by demonstration framework and the subsequent challenge of extending the acquired
knowledge to diverse contexts. This combination is advantageous when both trajectories and
force/torque information are needed. In [118], the Hidden Semi-Markov Model is employed with
Gaussian Mixture Regression to model motion as well as force data for in-contact tasks. While
these methods are versatile and usually need few demonstrations, they are mainly targeted at
reproducing human behavior, failing when complex tasks are presented.

For these tasks, e.g., grasping in a cluttered environment, learning through trial and error
approaches were demonstrated to be outperforming. These methods have been employed for
two applications: the first consists of tuning grasping strategies rather than choosing among a
predetermined set of grasp candidates [119, 120], and the second cousists of generating grasp
candidates by setting a set of rules that the robot should obey [121]. One of the most widely
adopted trial-and-error techniques is Reinforcement Learning (RL) [122]. RL requires an agent
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to interact with the environment and, by updating specific parameters, can learn the best policy
for a given task [87, 123, 124, 125].

Recently, RL has been combined with deep learning, leading to deep-RL algorithms that are
vastly employed in complex robotic grasping scenarios like decluttering, bin picking, and pick
and place in cluttered and narrow scenes [8, 126, 121, 127].

For instance, in [126], the authors propose a deep RL method for learning 6-DoF pick and
place poses for objects in clutter (e.g., pick a mug among others and place it upright). To
improve sample efficiency, the robot focuses on the most relevant parts of the scene for the
performed task.

While the method presented in [126] exploits only prehensile actions for picking up target
objects in clutter, other works focus on using non-prehensile motions (e.g., pushing, pulling,
shifting) to remove the clutter and facilitate object grasping. This approach has been fully
adopted in learning-based methods, including deep-RL [8, 127]. In [8], a synergy between pushing
motions and grasping actions (called Visual Pushing-Grasping, VPG) was learned through self-
supervised trial and error, considering pushing movements valid only if they lead to grasping
success, whereas in [127], grasping in clutter was achieved using a combination of manipulation
primitives like clamping or shifting to rearrange the surroundings. Typically, RL is employed
with rigid industrial grippers, but some works exist in literature where soft hands have been
adopted [123, 122].

While this methodology is effective for both simple and complex tasks and can be general-
ized for different purposes, it requires a lot of time to learn, and most of the time, the learning
process can only be performed in simulation because of safety issues. To overcome this issue,
many approaches propose using human demonstrations with reinforcement learning approaches
to fasten the learning process [128, 129, 130]. For instance, Kroemer et al. [124], proposes a
reinforcement learning method to finely tune a controller to reproduce an initial human demon-
stration. In [131], Gaussian Mixture Regression is employed with Reinforcement Learning to
instruct a robot in an object grasping task. Additionally, reinforcement learning is utilized to
explore novel approaches for task execution.

Even if RL techniques are becoming increasingly widely spread, they see few applications
in the soft manipulation area [123, 122]. An engaging example is presented in [132], where the
authors present a technique combining reinforcement learning and learning from demonstration
to teach a robot how to manipulate objects with a soft anthropomorphic hand.

2.3 Design techniques for robotic hands

Creating capable robot hands stands out as one of robotics’s most intricate and delicate aspects.
The existing iterative and time-consuming process for gripper design needs to meet the require-
ments of agile manufacturing. In the work by Napier et al.[133], a standardized procedure for
designing robotic hands is proposed, encompassing the following stages: ¢) kinematic architec-
ture, i) actuation technology, i) actuation transmission, iv) type of sensors, v) materials, and
vi) manufacturing method. The first can be interpreted as the number of Degrees of Freedom
(DoF) and Degrees of Control (DoC) that the hand should comprise. From these parameters,
the dexterity of the hand is defined [134]. Then, the actuation steps describe the force that the
hand can exert and how it is transmitted to the fingertips [135, 136, 12]. The integration of
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sensors can help perform closed-loop manipulation or object detection through tactile informa-
tion [137]. Ultimately, the last two steps are essential to define the final product’s stiffness and
robustness [138].

Starting from these considerations, many researchers have pursued a design approach that
aims to closely emulate the appearance and skills of human hands, trying to interpret and adapt
the steps above. The first examples of taxonomies of human-centered grasps have been presented
in [139, 140]. These methods involve sophisticated designs incorporating numerous actuators
and sensors [141, 142, 143]. Even if several prototypes exist, this approach must be more
effectively applicable. While achieving perfect structural and functional anthropomorphism,
i.e.the resemblance to the human hand not just in appearance but also in movement and function,
may be overly complex, recent innovations in hand design are focused on creating robust and
easily programmable robotic hands capable of performing valuable subsets of the functions of
human hands. Novel approaches have been proposed to increase relevance in real-world scenarios
by simplifying the design process and the hands’ structure. A simplification in design and
control can radically reduce the complexity of the robotic system for several aspects [144, 145].
Nevertheless, this simplification process still needs to be improved to ease the design procedure.
Typically, the process of designing a robotic hand is characterized by an iterative trial-and-error
approach, which could extend over several weeks when executed by an expert. However, the
agile market necessitates a rapid design process [146].

A viable solution may be found in a generalizable, hand-independent procedure to design
complete hands or parts of them autonomously. Consequently, the automated design of robotic
grippers represents a significant leap forward in developing highly adaptable grasping systems
capable of manipulating diverse objects across varied environments. This transformative capabil-
ity has been exemplified in various methodologies, showcasing the potential for rapid prototyping
and synthesis of gripper structures tailored to specific manipulation strategies. In particular,
the application of automated design methodologies proves instrumental in the evolving field of
soft robotics, where the intricate relationship between morphology and functionality necessitates
innovative approaches.

In the literature, several analytical methods have been presented. Honarpardaz et al.,
propose to divide the automated design techniques into three categories: modular design, re-
configurable design, and customized design [147]. First, modular design-based strategies typ-
ically simplify the workpiece’s shape to basic geometries (e.g., cylinders, spheres, cubes, etc.).
From a hand library, appropriate components are then selected [148, 149]. While these methods
do not necessitate the production of fingers for each workpiece, an initial investment is required
to create libraries, rendering them moderately cost-efficient. A framework for rapid prototyping
of modular grippers, as proposed in [150, 151], exemplifies the potential for swift adaptation to
different tasks. However, these methods encounter challenges in handling complex objects.

Re-configurable design approaches rely on algorithms that automatically determine finger
configurations to grasp the workpiece and fulfill the task [152, 153, 154]. Despite being the
most cost-efficient, they exhibit moderate design flexibility. Moreover, re-configurable methods
demonstrate low design genericity and reliability since they neglect the workpiece’s surface con-
tour in the design process. In contrast, customized design approaches, distinct from the above-
mentioned methods, provide a specific solution for each workpiece. These approaches are highly
generic and capable of achieving both form and force closures. Nevertheless, they exhibit high
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design flexibility and reliability, handling objects with any shape complexity and ensuring that
the designed parts perfectly match the workpiece’s shape. Despite their advantages, the need
to design and produce separate components for each workpiece results in lower cost-efficiency
for these methods [155, 156, 157, 158]. Among these methods, the Velasco and Newman [155]
approach stands out as it can be integrated with grasp synthesizers and analyzers in CAD soft-
ware. Although this method designs fingers to fully encompass the workpiece without relying
on friction, practical feasibility concerns arise. For example, it may struggle to provide solutions
with frictionless contacts that entirely fix the position of axisymmetric workpieces in space.

One notable technique employed in automated gripper design is Topology Optimization,
focusing on maximizing system performance while minimizing material usage [159]. Topology
optimization algorithms provide versatility in developing grippers tailored to specific require-
ments [160] or actuation technologies [161, 162, 163]. For instance, Liang et al.[160], proposes to
design a micro-gripper through a two-step nonlinear topology optimization method to obtain a
specific motion during the closure of the fingers. The two steps consist of a conventional linear
topology optimization problem with a loose boundary condition and the subsequent nonlinear
topology optimization based on the previous solution. Conversely, in [161], the authors present
a method to systematically design soft robots, proposing to develop each gripper finger as a
continuum, compliant mechanism to achieve its maximal bending deformation.
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Figure 2.3: Schematic of the closed-loop framework for automated design of a parallel gripper
proposed in [7].

Hiller and Lipson [164] utilized topological optimization to craft freeform soft robots capable
of dynamic locomotion, showcasing the potential for innovation in the design of soft robots.
Wang et al. [165] defined motion patterns for a soft gripper and employed topological optim-
ization to design a gripper tailored to these patterns, showcasing the adaptability achievable
through automated design. Similarly, Maloisel et al. [166] introduced a computational method
for co-optimizing the routing of thin artificial muscle actuators and their actuation in hypere-
lastic soft robots, pushing the boundaries of what is achievable in soft robotic design. Similarly,
for all these works, contacts between the gripper and objects are often modeled using pressure
loading and friction tractions [165] or as constraints [167]. However, while reasonable for simpler
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grippers, the a priori positioning of contacts may need to be more realistic for more complex,
possibly soft, robots.

On the other hand, automated design methodologies based on data-driven methods offer a
promising avenue for developing versatile grasping systems. In literature, few works propose to
design exploiting data-driven considerations [168, 169, 170, 171, 7]. The approaches proposed in
[168, 170] are computationally inexpensive and adaptable to various contacts and workpieces of
varying shapes. However, they experience many issues when the process needs to be automated.
Indeed, these methods necessitate simulations of operational procedures, which predominantly
involve manual steps. Automating this process demands a substantial computational effort to
identify the assembly process and simulate each task. Consequently, the efficiency of these
approaches experiences a significant decline.

On the other side, an interesting example has been proposed by Deimel et al., who developed
a framework based on co-design methods where gripper structure and control strategy are sim-
ultaneously optimized and verified for feasibility through simulation [171]. Similarly, in [7],
the authors propose a closed-loop system to test and optimize the fingers of a parallel gripper
(diagram in Fig. 2.3).

This approach, as demonstrated in other works [172], harnesses simulation data for informed
and efficient design iterations without the need for time-consuming and potentially unsafe actual
experiments. Similarly, [173] introduces a procedure for synthesizing hand structures capable
of executing specific in-hand manipulation strategies, underlining the adaptability achievable
through automated design.

However, all these works propose to design the entire hand or gripper, while no partial design
of just some components has been considered.
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Chapter 3

Scoop grasp strategy for exploitation of
embedded and environmental constraints

I fanciulli trovano il tutto nel nulla,
gli womini il nulla nel tutto.
Giacomo Leopardi

Grasping in unstructured environments requires highly adaptable and versatile hands to-
gether with strategies to exploit their features to get robust grasps. This chapter presents a
method to grasp objects using a novel reconfigurable soft gripper with embodied constraints,
the Soft ScoopGripper (SSG) [9]. The considered grasp strategy, called scoop grasp, exploits the
SSG features to perform robust grasps. The embodied constraint, i.e., a scoop, is used to slide
between the object and a flat surface (e.g., table, wall) in contact with it. The fingers are first
configured according to the object geometry and then used to establish reliable contacts with it.
Given the object to be grasped, the proposed grasp planner chooses the best configuration of the
fingers and the scoop based on the object point cloud, and then suitably aligns the gripper to
it. Several experimental trials in different scenarios confirmed the effectiveness of the proposed
method.

The chapter is organized as follows. Sec. 3.1 defines the proposed strategy and relates it to
literature works. The grasp planning algorithm is introduced in Sec. 3.2, and its experimental
validation through multiple grasping trials is presented in Sec. 3.3. The discussion of the results
is included in Sec. 3.4, and the conclusions are outlined in Sec. 3.5.

© 2021 IEEE. Reprinted, with permission, from E. Turco, V. Bo, M. Pozzi, A. Rizzo and D. Prattichizzo,
? Grasp Planning With a Soft Reconfigurable Gripper Exploiting Embedded and Environmental Constraints,” in
IEEE Robotics and Automation Letters, vol. 6, no. 3, pp. 5215-5222, July 2021, doi: 10.1109/LRA.2021.3072855.
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3.1 Introduction

In this chapter, we propose a method to plan grasps with the Soft ScoopGripper [9], a novel
hand composed of two soft modular fingers and a tendon-driven scoop connected through a
flexible hinge to the hand palm. In [9], Salvietti et al., introduced a different point of view,
embedding a constraint directly in the robotic hand. This work aims to explicitly take into
account and exploit the gripper features. The considered grasp strategy is the so-called scoop
grasp (Fig. 3.1), where the scoop adapts its orientation to the surface where it slides (e.g., table
or wall), while the soft fingers establish reliable contacts with the object and cage it over the
SCOOP.

Two main situations are considered: i) the object to be grasped is in contact with only one
environmental constraint (e.g., table, Fig. 3.1a), and i) the object touches two different surfaces
(e.g., wall and table, Figs. 3.1b-c). The grasps depicted in Fig. 3.1 take inspiration from the so-
called surface-constrained grasp and slide-to-wall grasp [53]. In [53], however, the two strategies
are performed by a multifingered soft hand and require two very different motions. A scoop
grasp, instead, can be performed on surfaces with different inclinations without substantially
modifying the adopted strategy. This is possible because the exploitation of environmental
features is facilitated by the presence of the actuated scoop, which offers an additional embedded
constraint besides the palm.

reconfigurable fingers

N\
scoép g ripper

(a)

table

Figure 3.1: Scoop grasp: a soft gripper uses an embedded constraint (scoop) to slide over an
environmental constraint (table or wall) and reach the object. Then, reconfigurable soft fingers
grasp it.

Indeed, similarly to [21] and [53], the passive compliance of the SSG allows shape adaptation
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between hand, object, and environment, and further improves grasp success. While there are
works that consider completely rigid embedded constraints [174], passive adaptability in the
gripper structure was found to be very important in other works presenting a “scooping grasp”
strategy [175, 6].

We introduce an algorithm that, given the object point cloud, computes the best pre-grasp
gripper configuration from which to start the scoop grasp strategy. The scoop grasp is then
executed starting from the optimization results.

We extend the concept of scooping grasps to include cases in which objects are constrained
from two sides and the scoop can either slide on horizontal surfaces, or on vertical ones. This
level of flexibility is obtained thanks to a grasp planning algorithm that, based on the point
cloud of the object, computes the desired pre-grasp configuration of the hand with respect to
the object, rather than the exact position of contact points as done in [175].

In our method, pre-grasp parameters are computed by solving an optimization problem
in simulation, then the real SSG is configured accordingly, and the hand-environment-object
interaction is exploited to achieve the grasp. In this way, we leave the grasp execution to
the gripper “intelligence”, without attempting to exactly control the unpredictable interplay
between hand, environment, and object. This principle is at the basis of recent methods for
planning grasps with soft and underactuated robotic hands. Thanks to the presence of passive
compliance in their mechanical structures, these devices are adaptable, versatile, and robust.
Thus, we can say that part of the “intelligence” of the grasping system is already embodied in
the hardware design, and it is not all demanded to the planning and control algorithms.

To summarize, in this work, we build on a method to achieve pre-grasp configurations that,
combined with the hand adaptability, allow to get successful grasps. Additionally, we propose
an algorithm that is suitable for hands with embedded constraints, like the SSG.

3.2 Materials and methods

3.2.1 The Soft ScoopGripper

The Soft ScoopGripper is a non-anthropomorphic underactuated robotic gripper composed of
two soft fingers and a flat surface connected through a flexible hinge to the hand palm (the
“scoop”). The fingers can be simultaneously flexed thanks to a tendon-driven differential system
actuated by one motor. The scoop can be closed towards the fingers through a tendon-driven
mechanism actuated by another motor. While in [9] this motion was obtained manually, the
new version of the gripper used in this work has two additional degrees of actuation that allow
to rotate the dovetail joints placed at fingers’ bases up to 180°. Fig. 3.2 shows the new version
of the gripper highlighting its components.

Similarly to multimodal grippers, the SSG can be reconfigured according to the object to
grasp. However, in the SSG, the performed grasp is always the result of an enveloping movement
(i.e., the fingers close towards each other, as in Fig. 3.1a, or both against the scoop, as in
Figs. 3.1b-c), while, in multimodal grippers, different grasping modes, not necessarily based on
closing motions (e.g., suction cups [176]), can be combined.
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reconfigurable fingers
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the dovetail
joints
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Figure 3.2: New version of the Soft ScoopGrippper.

3.2.2 Optimization problem

In this work, we present a method to choose the pre-grasp pose of the SSG based on an optim-
ization algorithm. The vector x of decision variables contains the angles of the dovetail joints
0r and 0p,, the distance between object and scoop centers d, the orientation of the scoop v with
respect to the object, and the inclination of the gripper « (see Fig. 3.3):

x = [0r,0L,d,v,ql. (3.1)

The values of v vary in an interval whose end points depend on the portion of workspace that
is reachable by the robot for a certain object pose.
The optimization problem is formulated as follows:

Ascoop (X) )
Atot

The main components of the cost function are a grasp quality index and the ratio between
the area of the scoop occupied by the object (Ascoop) and the total area of the scoop (Asor).

maximize GQI(x)+ (3.2)

In our simulations and experiments, we chose the Grasp Isotropy Index (GII)? [72] as grasp
quality index.

While the GIT is useful to evaluate the quality of the grasps, the second term tells us how
much the objects are kept robustly, letting the scoop deal with the weight of the object. Thus,
values of GII close to 1 translate into better grasps, while values of Agcoop close to Aio give
us insights on how much the object’s weight is sustained by the scoop. Indeed, from a physical
point of view, the more the object is lying on the scoop, the more the scoop can support the
object’s weight.

2The GII is the ratio between the minimum and the maximum singular values of the Grasp Matrix G:
GII = 01min(G)/0masz(G). This index approaches 1 when the grasp is isotropic (optimal case), and falls to zero
when the grasp is close to a singular configuration. For more details on the computation of the Grasp Matrix
the reader can refer to [177].
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Figure 3.3: Decision variables of the optimization problem in Eq. (3.2): a) 8r and 0, express
rotations of right and left dovetail joints, respectively. Joint axes point towards the palm of
the hand; b) d is the distance between the object center and the scoop center; c¢) «y represents
a rotation referred to the scoop frame around the z-azis of the object reference frame; d) «
represents a rotation referred to the scoop frame around its z-azis. The axes are represented in
red (x), green (y), and blue (z).

In principle, however, it is possible to choose any other metric that can be computed based
on the knowledge of the quasi-static model of the grasp [177]. The only precaution to be taken
consists in the normalization of the index. The second term of the cost function is meant to
give more importance to the solutions which maximize the use of the embodied constraint. An
analysis of its role is presented at the end of this section. Given that both the terms vary
between 0 and 1, the value of the cost function varies in the interval [0,2]. The closer is the
value to 2, the better is the solution.

Our problem is non-convex, and as a solver, we adopted a genetic algorithm (GA) [178]. The
procedure for the development of the genetic algorithm follows the prototypical organization of
“standard” GAs, as illustrated from the flowchart in Fig. 3.4, which is based on the guidelines
explained in [179)].

We generated an initial population of 50 individuals where the genes represent our con-



26 3. Scoop grasp strategy for exploitation of embedded and environmental constraints
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Figure 3.4: Flowchart representing the steps followed by the genetic algorithm to find a solution
to the optimization problem. The algorithms we adopted for the selection, the crossover, and
the mutation have been reported, together with the stopping criteria.

strained variables in (4.1). We adopted (4.2) as a fitness function. The best individuals were
chosen using the Tournament Selection to speed up the entire process. After each generation,
we generated the children with a scattered crossover function, such that the variables are inher-
ited by the new individuals with a random binary vector. We adopted an adaptive mutation
algorithm that randomly generates adaptive directions for the last successful or unsuccessful
generation. The algorithm stops when the average relative change in the fitness function value
is less than a certain threshold §. We assumed § = 0.05. We noticed that, in the worst case, the
algorithm stops after the 10th generation. To determine the number of generations necessary
to obtain reasonable solutions, we performed several tests before the experimental phase.

Fig. 3.5 illustrates the fitness score of each individual (in blue), the best score (in green),
and the mean score (in red) for each generation until the algorithm reaches the stop condition.
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Figure 3.5: Fitness score evaluated for the apple. We reported the fitness value (on the y-axis
of each individual (in blue), the best (in green), and the mean (in red). As can be noticed,
the optimization algorithm converges after the 6th generation (represented on the z-axis). The
closer the fitness score to 2, the more the grasp is considered good.

The illustrated behavior has been obtained by running the optimization algorithm for the apple
object.

The grasp simulations needed to solve the optimization problem were carried out using
the SynGrasp MATLAB Toolbox [48], in which we defined the model of the SSG depicted in
Fig. 3.3. To simulate grasps with the SSG we first defined its model based on DH-parameters,
and included it in the SynGrasp Toolbox. The optimization algorithm takes as input the normal
to the plane on which the scoop should slide and the point cloud of the object to be grasped.
Then, the hand model is rotated in the frame of the selected plane and for each combination
of decision variables selected by the solver, a grasp is generated by closing the simulated SSG
over the model of the object obtained from the point cloud. Since the gripper is underactuated,
we implemented in SynGrasp a function to simulate its closing motion based on the concept of
synergy [180]. In this way, the gripper model closes with a coordinated motion of all its joints,
simulating the fact that the single joints of the device are not independently actuated. For each
iteration of the optimization process, the gripper model is positioned with respect to the object
model according to the pre-grasp configuration chosen by the genetic algorithm, and the closure
of the gripper over the object is simulated in a quasi-static framework [177]. The closure of a
finger is stopped when a contact point between its mesh and the object mesh is detected by a
contact detection algorithm. The latter is based on geometric considerations and is an adapted
version of the one included in the SynGrasp Toolbox. The G matrix is computed based on
the contact points detected by the contact detection algorithm and according to the methods
described in [177]. Once the G matrix is obtained, the GII is computed as in [72].

As regards the scoop, we could have considered several contact points placed on its surface
in the GII’s estimation. However, we found that it was necessary to insert the second term
Ascoop()/Aror in the cost function for the following reason. The contact detection algorithm
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computes the intersections between every contact point and the mesh of the object. Thus,
increasing the number of scoop’s contact points translates into an increase in the computational
complexity of the whole simulation. For this reason, we decided to represent the scoop as a
single contact point for the calculation of the GII and to evaluate its real contribution with a
separate term in the cost function.

More details on scene segmentation and grasp execution are in Sec. 3.2.3.

To better characterize the contribution of the second term in (3.2), we analysed the results
of the optimization carried out with two different objective functions:

Ascoop(x) )

for = GII(x), fo2=GII(x)+
Atot

We acquired the point cloud of 11 different objects (see Table 3.3). We ran the optimization
algorithm five times for each objective function, and for each object, considering the object
always in the same pose. We noticed that the presence of the second term remarkably affects
the solutions found for the distance d between scoop and object centers. Obtained results are
reported in Table 3.2 and show that both the mean values and the standard deviations of the
distance d are lower when the second term is present. A lower average distance translates into a
pre-grasp pose in which the gripper is closer to the object, and thus the scoop is exploited more.
Lower standard deviations, instead, indicate that f,o gives more repeatable and reliable solu-
tions, increasing the robustness of the algorithm [181]. Using the optimization results reported
in Table 3.2, we made a short comparison between f,; and f,o in terms of grasp success rate
in real experiments. We chose 3 objects in the dataset (apple, chips can, box) and performed 5
trials per object, per function. The success rate obtained when using foo (93%, 14 out of 15) is
remarkably higher with respect to that achieved with f,1 (60%, 9 out of 15).

Table 3.1 summarizes the result we obtained.

Table 3.1: Success rates obtained for the two cost functions.

ID Object Exp. 1 ( fo1) Exp. 1( fo2)

1  apple 3/5 5/5

2 chips can 4/5 5/5

3 box 2/5 4/5
TOTAL 9/15 14/15

3.2.3 Scene segmentation and grasp execution

We adopted the Object Recognition Kitchen Tabletop pipeline [182], to recognize the planes
that are present in the scene (captured through an RGB-D camera), and identify a cluster of 3D
points belonging to the object. The extraction of the cluster is performed using the Point Cloud
Library (PCL) [183], that allows to process the point cloud coming from the camera. The point
cloud of the object is then opportunely processed using the Crust algorithm to reconstruct the
object shape [184].

Among the detected planes, the one that should be exploited with the scoop can be selected
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Figure 3.6: Simulated result of the optimization and corresponding real experimental trial for
a cylindrical object (chips can) grasped from the table (left), and for a spherical object (apple)
grasped by sliding the gripper over a vertical wall (right).

Table 3.2: Optimization results for the variable d averaged over 5 trials for each condition.

Object Obj.  d (mm)  Object Obj.  d (mm)
fet. fet.

apple for  28.2(£4.26) banana  f,; 8.45(+10.7)
for  9.39(£1.45 for  0.47(£1.82)

( )

( )
bowl for  1L.1(£15.1) chips for  26.4(£10.7)
foz  0.22(£2.37) can foz  21.2(+£0.89)

( )

( )

)

spring for 3.59(£7.03) plastic  fo1 20.5(£8.93)
clamp fo2 0.53(£0.92) funnel fo2 4.57(4+0.91)
gelatin  f,;  11.2(+£8.11) mug for 24.9(+13.5)
box for  0.8(0.51) for  12.3(£5.27)
pasta for 18.9(4+8.72) screw- for 4.74(+1.83)
pack fo2 9.49(+3.56)  driver fo2 1.36(+0.73)
toy fo1 3.39(£1.66

dolphin  f,,  1.67(+0.83

~— — — —

either by the operator, as we did to implement the experiments presented in Sec. 3.3, or auto-
matically. In the second case, the plane to slide on could be chosen, for example, based on the
distance between the object and the plane, or according to task constraints (e.g., obstacles to
avoid, objects affordances to use, etc.). An example of the outcome of the scene segmentation
is shown in Fig. 3.7.

Once the main features of the scene are correctly detected and the sliding plane is selected,
the grasp planning algorithm based on the optimization problem in Eq. (3.2) can start searching
for the optimal pre-grasp pose, that we indicate with x* = [0}, 07 ,d*,v*, a*].

Based on the result of the optimization, the execution of the grasp proceeds as follows. The
orientation of the fingers is set using the two servo motors to achieve 6} and 607. Then, the
robot arm supporting the SSG is moved to let the scoop rotate of an angle v*. Hence, a hybrid
force-velocity controller is implemented such that the SSG moves towards the surface to slide
on until it touches the surface itself. Upon termination, the scoop is moved towards the object
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Figure 3.7: Scene detection: planes p; and p, with normals v; and v, respectively, and object
0.

at a constant speed ¥ parallel to the surface, while maintaining a constant force in the direction
normal to the surface. During its sliding motion towards the object, the end-effector is rotated
with respect to the table surface by an angle o*. Thus, the angular velocity of the robot end-
effector is computed as: w(t) = (0(t)/d(t)) - a*, where d(¢) is the distance between the object
and the hand. Once the distance between the hand and the object reaches the desired value d*,
the gripper controller flexes the fingers until they touch the object. Then, the scoop is actuated,
and the object is pushed against the palm until it is caged.

Two examples of the simulated outcomes of the optimization and their real counterparts are
shown in Fig. 3.6. While the cylindrical chips can is grasped from the table, the apple is grasped
sliding the scoop over the wall. An interesting result to notice is that in the case of the cylinder
the fingers are rotated of different angles in order to hug the object, while for the apple both
and 0, are set to zero.

3.3 Experimental results

A video of the experimental trials can be found at link.

The experimental setup, shown in Fig. 3.8, included a LBR iiwa 7 robot arm (KUKA AG), a
Gamma 6-axis force-torque sensor (ATT Industrial Automation, Inc.), and the Soft ScoopGripper
attached to the end-effector [9]. A Kinect One RGB-D camera (Microsoft) was used to detect
objects and planes in the scene as described in Sec. 3.2.3.

The adopted dataset of objects is shown in Fig. 3.8 and described in Table 3.3. The objects
were chosen to have a wide range of sizes, weights and shapes and most of them come from the
YCB Dataset [185]. The apple, the gelatin box, and the chips have paradigmatic shapes (sphere,
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cuboid, cylinder); the banana, the spring clamp, and the screwdriver have a small height and
diverse shapes; the pasta pack is heavy; the toy dolphin is deformable; the funnel has a complex
shape and can rotate when touched; the mug and the bowl are hollow. The cracker box was
only used in Experiment 3 as a support for another object.

Figure 3.8: Experimental setup and dataset of objects. (A) Soft ScoopGripper, (B) ATI F/T
sensor, (C) KUKA LBR iiwa, and (D) Kinect. Objects are indicated with numerical IDs and
their properties are reported in Table 3.3.

Three experiments were performed to test the grasp planning algorithm explained in Sec. 3.2.
Experiment 1 was meant to test the effectiveness of the grasp planner when dealing with objects
in contact with just one surface in the environment, i.e., laying on a table. In this case, the
success rate over 11 different objects, picked up 10 times each, was evaluated in correlation to
objects’ characteristics. Experiment 2 aimed at testing the scoop grasp in situations in which
the object is in contact with two different surfaces, i.e., table and wall. Here, the most relev-
ant aspect to study was where to slide the scoop to obtain higher success rates, given objects’
features. Experiment 3 had the objective of showing the applicability of the proposed grasping
strategies in real world scenarios, including grasping in clutter or inside boxes. In all the ex-
periments, a grasp was considered successful if the object was picked up and moved to the final
position without falling. Otherwise, it was considered unsuccessful.
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Table 3.3: Dataset of objects.

ID  Object Weight (g) Size (mm)

1 banana (YCB) 66 36 x 190

2 apple (YCB) 68 75

3 toy dolphin 84 80 x 200 x 90
4 spring clamp (YCB) 59 90 x 115 x 27
5 pasta pack 510 65 x 114 x 182
6  metal mug (YCB) 118 80 x 82

7 metal bowl (YCB) 147 159 x 53

8  cracker box (YCB) 411 60 x 158 x 210
9  gelatin box (YCB) 97 28 x 85 x 73

10  screwdriver (YCB) 98.4 31 x 215

11  chips can (YCB) 205 75 x 250

12 plastic funnel 21 125 x 115

Figure 3.9: Experiment 1: grasp success (top) and failure (bottom) of the funnel.

3.3.1 Experiment 1: scoop grasp exploiting a table

First, we decided to analyze the case where the object is placed on a table, far from any other
possible constraint. The scene segmentation algorithm recognizes that no walls or inclined planes
are exploitable by the SSG. Then, the optimization problem is solved considering that the scoop
will slide on the table and the constrained variables are referred to the reference frame placed
on the table itself. The grasp is executed as explained in Sec. 3.2.3 and two trials (a success and
a failure) are shown in Fig. 3.9. We carried out 110 trials with this setup, 10 for each object.
The third column of Table 3.4 shows the obtained success rates.
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Table 3.4: Success rates obtained in Experiment 1 and in the two conditions tested in Experiment
2.

ID Object Exp. 1 Exp. 2 (wall) Exp. 2 (table)
1 banana 10/10 3/6 5/6
2 apple 10/10 3/3 3/3
3 toy dolphin 10/10 6/6 6/6
4 spring clamp 9/10 8/18 16/18
5  pasta pack 4/10 7/18 12/18
6  metal mug 10/10 3/3 3/3
7 metal bowl 10/10 3/3 3/3
8  gelatin box 8/10 6/18 16/18
9  screwdriver 6/10 1/6 3/6
10  chips can 9/10 9/9 9/9
11 plastic funnel ~ 8/10 7/9 9/9
TOTAL 94/110 56/99 85/99

3.3.2 Experiment 2: scoop grasp exploiting a table or a wall

The second experiment consists in grasping objects which are constrained from two sides. The
objects were placed close to a vertical wall and we tested two different types of grasp approaches:
i) scoop sliding on the wall, towards the object, i) scoop sliding on the table towards the object.
In the first case, the optimization algorithm is solved considering that the sliding surface is
vertical, thus, in the simulation, the hand is rotated to approach the object from above.

In both approaches, depending on the desired scoop orientation, the fingers might end up
touching the constraint perpendicular to the exploited one, during their closure. To ensure a
gentle slide and avoid a collapse of the fingers over the surface, we had to properly set the
boundaries of the optimization variable d, based on the length of the fingers.

The two conditions were tested with the same 11 objects that were used in Experiment 1.
Each object was placed in a certain orientation with respect to the environmental constraints,
with one side touching the wall and one touching the table. Then it was grasped with the
two different approaches. While in Experiment 1 we performed 10 trials for each object, in
Experiment 2 we performed 3 trials for each possible object orientation with respect to the
environmental constraints. Objects with a rounded shape (apple, mug, bowl), for example, were
tested 3 times per strategy as they have only one possible orientation with respect to the wall,
without considering them upside-down since the apple is almost spherical and for the other two
objects we want to keep the hollow part up. The box, instead, as well as the pasta pack and
the spring clamp were tested in 6 different orientations. Obtained results are summarized in the
fourth and fifth columns of Table 3.4. Successful trials obtained letting the scoop sliding on the
wall and on the table are shown in Fig. 3.10 and in Fig. 3.11, respectively.

3.3.3 Experiment 3: use cases

Experiment 3 deals with use case scenarios. In particular, we analysed cases where the surface of
an object is used to carry out a scoop grasp (Fig. 3.12a) and cases where the scoop is used inside
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Figure 3.10: Experiment 2: grasps from the wall: only the wall constraint is exploited (top); the
scoop slides on the wall and the fingers slide on the table and grasp the object thanks to their
compliance (bottom).

Figure 3.11: Experiment 2. Successful grasp of the pasta pack (top) and of the funnel (bottom)
exploiting the table.

a box (Fig. 3.12b). Two additional objects were used: a candy tube (18 x 228 mm, 12 g) and a
box (74 x 153 x 125 mm, 93 g). A total of 9 experiments were performed for each use case (6 for
the box, and 3 for the candy tube), i.e., one test for each possible object orientation. In the first
scenario, the surface of the cracker box was used as a sliding plane, and we obtained 8 successes
out of 9 grasps. The second scenario involved grasping an object inside a box, exploiting also
the internal walls as additional constraints. In this case, we achieved 7 successes out of 9 trials.
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Figure 3.12: Experiment 3. (a) Scoop grasp exploiting another object (cracker box). (b) Scoop
grasp inside a box.

3.4 Discussion

Previously presented results indicate that the SSG can grasp a wide range of objects with the
same strategy, exploiting hand reconfigurability, and embedded and environmental constraints.
Considering all objects grasped with the configuration obtained with our optimization algorithm,
250 out of 326 grasps were successful, with an overall grasp success rate of about 77%. However,
the conducted experiments are different in nature and need to be evaluated in detail.

3.4.1 Experiment 1

The overall success rate of Experiment 1 is about 85%. This means that the adopted scoop
grasp strategy works fine with different objects in different positions. In the following we will
analyse in detail the relation between the success rate, the object features and the optimization
variables.

In Fig. 3.13, we report a matrix of scatter plots and histograms of the data related to
Experiment 1, which are gathered by dividing each variable into two groups: successful and
unsuccessful grasps. Success rates are reported with respect to x and the objects’ features.
The selected properties are the object’s weight and height; the second one is dependent on the
object’s pose.

As we can notice, in the first two histograms related to 8z and 6y, the workspace of the fingers
is spanned in an unbalanced manner. Indeed, 76 out of 110 trials were performed exploiting
ranges of the variables 6 and 65, belonging respectively to [—21°,0°] and [0°,21°]. This is
mainly related to the objects’ height. Indeed, we can notice a correlation between the variation
in height and the use of a certain range of 6 and ;. Shorter objects are easily wrapped by
caging the fingers towards the scoop, i.e., maintaining the two angles in a small interval near zero
degrees. On the other hand, taller objects (such as chips can and pasta pack) are successfully
grabbed by rotating the fingers in the ranges [—120°, —50°] and [50°,120°] to push the object
on the scoop towards the palm (see also Fig. 3.6).

In 56.4% of experiments, the optimization algorithm provided an object-hand distance d in
the range [0, 5] mm. These low values are mainly due to the effect of the second index introduced
in the cost function, which tends to maximize the portion of the scoop area occupied by the
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Figure 3.13: Success and failure rates related to pre-grasp pose variables ([0g,0r,d,~, a]), and
object characteristics (height i and weight w). Notice that the y-axis of the histograms reports
the values of success and failures rates, going from 0 to 0.75 (see the y-axis label in the top left
panel). All angles are expressed in degrees, the height in m and the weight in kg. The light
yellow and light cyan boxes highlight the correlation between the orientations of the fingers (0,
0r) and the object height (h). The Pearson correlation coefficients pg,n, po,n are -0.82 and
0.79, respectively: the higher is the object, the greater are the absolute values of the angles.

object. No particular trends link the value of d to a failed grasp.

The variable 7, indicating the direction of the scoop approach towards the object, most of
the times varies in the range [—60°,150°]. The reason for this trend is related to the workspace
of the robot arm. The failure trend is equally distributed across the range.

There are no remarkable trends for the variable «.

Lastly, as the weight increases, inevitably, the success rate will tend to zero once the payload
value supported by the scoop is exceeded. In fact, 37.5% (6 out of 16) of failed grasps are related
to the weight of the object (pasta pack).

3.4.2 Experiment 2

In both the conditions tested within Experiment 2, the apple, the bowl, the metal mug, the
chips can, and the toy dolphin were successfully grasped in all the orientations.

Short objects such as the banana, the gelatin box, and the screwdriver resulted difficult to
be picked from the wall. This is mostly due to the fact that the SSG fingers are rather long and
they need to be closed before reaching the object with the scoop to avoid their collapse over the
table during the closure motion. A longer scoop (or shorter fingers) would avoid this problem.
In general, a trade-off needs to be found. A longer scoop could facilitate the grasp from the wall,
but, at the same time, might complicate the one from the table. The screwdriver was the object
in the dataset picked up only once after sliding on the wall. The spring clamp was successfully
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Figure 3.14: Experiment 2: grasp failures. (top) Pasta pack reached from the wall. (bottom)
Screwdriver from the table.

grasped in almost half of the cases, and in two of these, the wall grasp succeeded, while the
grasp from the table failed. Heavy objects like the pasta pack are very difficult to be picked up
from the wall. One of the failed grasps of the pasta pack is shown in the top part of Fig. 3.14.

The grasp from the table failed only with the heavy pasta pack and with short objects
(banana, gelatin box, spring clamp, screwdriver). The bottom part of Fig. 3.14 shows the
failure obtained with the screwdriver: also here, like in the case of the grasp from the wall, the
fingers close before the scoop reaches the object. In general, the results of Experiment 2 show
that when it is possible it is better to choose to grasp objects from the table (success rate: 86%)
rather than from the wall (success rate: 56%). This is also due to the fact that while in the first
case the scoop is perpendicular to the direction of the gravity, in the second, the weight of the
object goes entirely on the fingers.

In contrast with Experiment 1, in which the hand grasps objects that are constrained only on
one side, in Experiment 2 the second constraint can help to push the object on the scoop. This
was shown to be particularly useful when the scoop slides on the table. Remarkable examples
are the funnel and pasta pack (see Fig. 3.11). The first one was grasped in the only pose the
gripper could not grasp it in Experiment 1 (Fig. 3.9). The pasta pack was grasped 12 times out
of 18, with a success rate of almost 67%, instead of 40%.

3.4.3 Experiment 3

Experiment 3 had the objective of testing two possible applications of the scoop grasp. In the
first, an object was used as a sliding surface to grab another one attached to it. This simulates
a situation in which the object to grasp is so close to another that grasping it with classical
grippers and strategies might be ineffective, unless using a very precise positioning of the gripper
or using pushing motions to divide the objects. Thanks to the SSG we can use a single motion to
achieve the grasp. Sliding between two objects, the scoop manages to separate them and grasp
the object of interest while keeping the other in almost static conditions. In the 9 trials, there
was only 1 failure, when the candy tube was put with the longest side attached to the cracker
box. As discussed above, short objects are difficult to be picked from a surface perpendicular
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to the table.

In the second scenario, the object was placed inside a box, simulating a situation in which
there are multiple environmental constraints. The task was to slide on the box bottom surface
and grab objects by exploiting the box walls. In this case, also the corners can be used (object
constrained from three sides). The exploitation of the additional surface is made possible by
the reconfigurability of the fingers (see Fig. 3.12b), which allows avoiding collisions with the box
wall. The grasp succeeded in 7 out of 9 trials. The 2 failures were recorded with the candy tube.
The first one was due to the box size that did not permit the hand to slide under the object.
The second one was related to the box inclination that did not allow the candy tube to stand
in a vertical position.

3.5 Conclusions

In this chapter, we presented an approach to grasp objects exploiting the embodied constraint
(a scoop) and the reconfigurable fingers of a soft gripper. We implemented the so-called “scoop
grasp”, where the soft fingers are exploited to cage the object on the inherent constraint while
it slides under the object itself.

Through the use of an optimization algorithm taking as input the point cloud of the object
to be grasped, we searched for the best configuration of the fingers and the best pre-grasp pose
for each object. We shaped the cost function of the optimization problem such that the grasp is
robust and the embodied constraint is efficiently used. Even though the proposed algorithm is
thought to be used with a particular gripper, the SSG, the general approach of combining two
terms, one considering the grasp quality and one taking into account the actual exploitation of
the embedded constraint, could also be applied to other similar devices.

We performed three different experiments over various objects. First, we tested the scoop
grasp strategy over objects constrained only on one side, i.e., laying on a table. Then, we
considered a different set-up, where the objects were constrained from two sides, from the table
and from the wall. The scoop grasp was performed sliding the scoop over the wall and over the
table. Lastly, we performed other experiments in real world scenarios to prove the effectiveness
of the SSG in different situations. Experimental results show that reconfigurable soft grippers
with embedded constraints represent a viable alternative to more complex soft hands if used
with grasping strategies that allow exploiting their features. Reconfigurability allows grasping
a variety of objects, whereas the use of the scoop allows exploiting the surfaces in contact with
the objects. The intrinsic and passive adaptability of the hand is key to the success of the scoop
grasp.

In future work, we will study whether a synergistic approach combining hand design and
grasp planning can lead to improved success rates. We will investigate how to adapt the hand
design (e.g., scoop length, joints stiffness, finger length, etc.) to the characteristics of the objects,
possibly introducing variables related to the hand design in the optimization problem. Future
research will also focus on the development of an algorithm able to determine on which plane
the SSG should slide on based on the detected scene.



Chapter 4

Learning grasping primitives from humans to
exploit embedded constraints

“Tell me and I forget, teach me and I may remember,
involve me and I learn.”
Benjamin Franklin

Finding effective grasp strategies constitutes one of the main challenges in robotic manipula-
tion, especially when dealing with soft, underactuated, and non-anthropomorphic hands. This
work presents a Learning from Demonstration approach to extract grasp primitives using the
reconfigurable soft hand, the Soft ScoopGripper (SSG). Starting from human demonstrations,
we derived Gaussian models through which we were able to devise different grasping strategies,
exploiting the SSG features. As the grasping strategies are tightly related to the characterist-
ics of the object to be grasped, we test two different ways of modeling objects in the training
dataset and we comparatively evaluate the resulting primitives. Experimental grasping trials on
unknown test objects confirm the effectiveness of the learned primitives and demonstrate that
assuming different levels of knowledge about the object representation in the training phase does
not significantly influence the grasp success rate.

The chapter is organized as follows. Sec. 4.1 defines the problem of pre-grasp pose compu-
tation, deriving its motivation. In Sec. 4.2, we describe the proposed methodology. In Sec. 4.3
Sec. 4.4, we report and discuss the experimental results. Lastly, Sec. 4.5 derives the conclusion
of the study, outlining its possible further developments.
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4.1 Introduction

One of the main issues in robotic manipulation consists in estimating the grasping strategies
of newly designed grippers. If the kinematic structure of the robotic hand is anthropomorphic,
it is, at least in principle, possible to analyze how humans grasp and manipulate objects [186]
and then transfer the learned skills to the robotic device. For this purpose, devices capable
of capturing the human hand kinematics have been developed, e.g., datagloves [187]. Even
though reproducing anthropomorphic grasps is not a trivial task in general, still the human
hand constitutes the fundamental example from which to take inspiration. When dealing with
non-anthropomorphic grippers, instead, the achievable grasping strategies might be completely
different from those used by humans, and other methods should be adopted to fully exploit
their capabilities. This is particularly true for soft and underactuated grippers which may reach
different configurations not only based on their design and actuation inputs, but also due to the
physical interaction with the surroundings [49, 4].

In this chapter, we propose to learn new grasping strategies for soft non anthropomorphic
grippers from human demonstrations performed through kinesthetic teaching. Instead of defin-
ing feasible grasp strategies a priori and only based on the gripper design, we propose first to
observe how humans would use the robotic device and then extract grasping primitives for it.

We opted for the kinestetic guiding approach instead of using teleoperation [107, 106], be-
cause it is more intuitive for operators [109)].

Differently from recent works where human demonstrations are processed through deep clas-
sifiers [51], the method we propose here employs the Gaussian Mixture Model (GMM) and
non-labeled data.

Figure 4.1: Example of human demonstration. A user handles the robot to grasp an object
during the training phase.

Grasp demonstrations were performed over several different objects with a robot manipulator
endowed the Soft ScoopGripper [9] (Fig. 4.1). Its peculiar design makes the SSG a good example
of versatile, but highly non-anthropomorphic robotic hand. The latter is provided with an
embedded constraint that can be used in several different ways, and we believe that studying
how humans would use it and transfer this knowledge to autonomous grasping could be an
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effective way to fully exploit the SSG capabilities. Even though we applied our method to this
specific device, we believe it could easily be generalized to other grippers as it reaches good
results with a limited number of demonstrations and no assumptions are made on the gripper
structure.

The main contribution of this work is a method that, based on human demonstrations,
evaluates the possible pre-grasp poses of a soft robotic gripper. So far, relatively few works in
literature have applied learning methods in the control of soft hands [51, 132, 52, 104].

The parameters of the pre-grasp pose are determined by a Gaussian Mixture Regression
(GMR) that takes as input the geometrical properties of the object extracted from RGB-D
images. The use of regression allows us to find pre-grasp poses of unknown objects without
needing labeled data [188, 189] or lookup tables. In addition, we do not rely on grasp candidates
as done in other works [190], as this would be ineffective with soft hands, for which it is difficult
to precisely predict the contact points on the object.

In [113], the authors propose to build a GMM for each object, to obtain fast responses during
real-time grasping. Similarly, we decided to use a model encoded with GMM, even if we have
chosen to build the models taking into account the object’s properties together with the hand-
object relative pose. In this way, our method is composed by a finite number of models and by
means of GMR we do not need new demonstrations to retrieve the pre-grasp poses of objects
which are not present in the training dataset thanks to the fact that GMR is able to interpolate
the missing data in an efficient way [112].

The proposed method also allows to compute the models and the pre-grasp poses faster
and using less training data than other approaches, for which the computation time depends
proportionally on the number of the problem variables [104]. Indeed, as Calinon et al., pointed
out in [112], the strength of GMR lies in the feature of modeling a joint probability density
function of the data and then deriving the regression function from the joint density model.
This is an advantage since the input and output components are only specified lastly. Given
that the density estimation can be learned offline, the regression process can be computed very
rapidly.

Once data are acquired they are processed in two different ways, depending on the level of
knowledge we assume to have on the object. In particular, we compare a bounding box-based
method in which each object in the training set is modeled with its bounding box (retrieved
from the object point cloud), and a shape-based method in which objects are labeled with their
shapes (sphere, cylinder, hollow, and cuboid).

The contribution of this work is thus twofold: i) we propose a full pipeline to learn grasping
strategies for non-anthropomorphic hands from human demonstrations, i) we show advantages
and disadvantages of two different approaches to the modeling of objects in the training set, one
unsupervised and one supervised.

4.2 Materials and Methods

This chapter presents a method for extracting grasping primitives for soft non-anthropomorphic
hands based on a Learning from Demonstrations approach. We compare two different approaches
to extract the primitives, one that does not imply any assumption on the object characteristics,
and one which is based on the knowledge of the object shape. Fig. 4.2 shows the block diagram
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of the two proposed procedures: i) bounding boz-based and ii) shape-based. In the following
sections, we detail the proposed methodology.

Initial training set

Billacta potbsl Bbox | u ised Dataset #1 " K-Means | .| GMM
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Figure 4.2: Block diagrams of the proposed approaches.

4.2.1 Data acquisition

Six users were asked to control in kinesthetic guidance a collaborative robot arm (UR5, Universal
Robots) equipped with the SSG to grasp different objects (see Fig. 4.1). They had to physically
move the end-effector towards an object placed on a table and then grasp it with the SSG. The
SSG structure is specifically designed for exploiting the environmental constraints thanks to its
embedded constraint, i.e., the scoop, which also allows to robustly hold the objects placed over
it. On the control side, the fingers can be closed and opened with a simple command, while they
can be rotated specifying the desired angle. In this work, we used a newer version of the gripper,
in which two additional motors are used to rotate (up to 180°) the dovetail joints placed at the
bases of the fingers. The SSG is shown in Fig. 4.4, where {H} and {O} indicate the hand and
the object reference frames, respectively. Notice that, in the next sections, the SSG pose will
always be computed with respect to {O}.

A total of 360 experimental trials were executed asking users to grasp 12 different objects
(see Fig. 4.3 and Table 4.1 for their characteristics). We chose the objects to have a wide range
of sizes, and most of them belong to the YCB Dataset [185].

Users performed 5 trials per object and were instructed to test always different directions
of approach. Each demonstration started with the robot and the object in a random pose and
users had to guide the robot end-effector towards the object. When they deemed the object
appropriately graspable by the robotic hand, they pushed a button to close the fingers around
the object. Operators could also modify the configuration of the fingers by controlling the
rotation of the dovetail joints using a keyboard.

A Kinect One RGB-D camera was used to detect the object in the scene. We assigned the
object reference frame {O} such that the z-axis is always perpendicular to the table plane, the
y-axis is placed on the longest side of the object, and the z-axis is computed as the cross-product
of the other two (see Fig. 4.4). During the demonstrations, we collected the robot Cartesian
poses, the point cloud of the object, and the object pose with respect to the robot base frame.
Only the trials with successful grasps were recorded and stored.
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Figure 4.4: The Soft ScoopGripper with its reference frame represented with respect to an
object. The rotations are expressed on the object reference frame. The axes are represented in
red (x), green (y), and blue (z).

4.2.2 Gaussian modeling for pre-grasp poses extraction

After performing the demonstrations, for each trial we extracted the pre-grasp pose of the
hand, i.e., the SSG pose when the closing of the fingers took place. Then, we transformed the
extracted pre-grasp poses with respect to the object reference frame to make them independent
of the robot base frame. The resulting training dataset included the object-hand relative poses
(position h = [hy, hy, h.] and orientation o = [, 8,v], described as Euler angles), the fingers
orientations (v = [yr,vr],7z € [0,7],vr € [—m,0]), and the object properties (d).

We decided to make two different assumptions on the level of knowledge gained about the
object. This lead to the definition of different d vectors in the two cases (see the second column
of Table 4.2).

In the first approach (bounding boz-based), the objects are considered as bounding boxes
whose dimensions [, w, h along the x,y, z directions of the object frame {O}, respectively, are
retrieved from the object point-cloud. By doing this, we have neglected the real shapes of the
objects by approximating all of them to cuboid profiles. For each trial in the training set, we
computed the bounding box of the object and stored its dimensions. Then, using Gaussian
modeling, all the obtained bounding boxes were clustered into 5 classes according to their size.
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Table 4.1: Properties of training objects.

Class
ID Object Size (mm) Bboz-based  Shape-based
1 strawberry (YCB) 235 1 Sphere
2 peach (YCB) 264 5 Sphere
3 apple (YCB) Z76 5 Sphere
4 small cylinder 240 x 130 1,4 Cylinder
5 candy tube 236 x 225 2,4 Cylinder
6  chips can (YCB) 266 x 230 2,4 Cylinder
7  metal mug (YCB) 290 x 80 5 Hollow
8 plastic funnel 2120 x 130 3 Hollow
9  metal bowl (YCB) 2160 x 50 3 Hollow
10 cube 30 x 30 x 30 1 Cuboid
11 jelly box (YCB) 25 x 85 x 70 1,5 Cuboid
12 brown box 52 x 185 x 135 2,3,4 Cuboid

Table 4.2: Object properties d and number n of extracted primitives for each class of the two
different approaches.

Approach Object properties d n = # of candidate
primitives

Bounding d=[l,w,h]
box-based:
- Class #1
- Class #2
- Class #3
- Class #4
- Class #5

Shape-based:
- Sphere

- Cylinder

- Hollow

- Cuboid
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The number of classes was determined adopting the Bayesian Information Criteria (BIC). As
reported in the fourth column of Table 4.1, some of the objects belong to more classes. This is
because objects were considered in various poses (e.g., the candy tube can either stand or lay
on the table), thus resulting into different values for [, w, h.

In the second approach (shape-based), we decided to make an assumption concerning the
object characteristics by splitting the demonstrations into 4 datasets classified by the object
shapes (sphere, cylinder, hollow, and cuboid). The steps described in the following are performed
for both the adopted approaches. On each training dataset, the K-means algorithm is applied
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to cluster data based on the similarity of the gripper orientations o and heights h,. Different
numbers n of clusters were tested and those resulting in the highest silhouette score were chosen.
The silhouette analysis measures how similar a data is to its own cluster compared to other
clusters [191]. As reported in the third column of Table 4.2, the obtained n varies according to
the adopted approach. Each identified cluster corresponds to a candidate grasping primitive.
Fig. 4.5 reports the clusters obtained from the K-means analysis for the two approaches.
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Figure 4.5: Pre-grasp poses clusters obtained from the K-means analysis. Outcomes of the
bounding boz-based approach: a) Class #1; b) Class #2 ¢) Class #3 d) Class #4 e) Class #5.
Outcomes of the shape-based approach: f) Spherical objects; g) cylindrical objects; h) hollow
objects; i) cuboidal objects. All the poses are expressed with respect to the object reference
frame whose axes are: x (red), y (green), and z (blue). For a better understanding, the clustered
poses are depicted as a colored area on the surface of each related class (on the right of each
graph). The representation of the class has the purpose of identifying the spatial relationship
between each object class and the pose of the hand. The correspondence between colors of each
cluster on both graphs and classes is maintained.

Note that the K-means step was fundamental, as it allowed us to do a first differentiation in
the data, avoiding to mix information, possibly losing some valuable insights. This is particularly
important because the Gaussian Mixture Regression, which we employ to find the missing data,
fits the data as a whole; therefore, a large amount of completely different data cannot be
processed in a proper way [192].

We modeled each candidate primitive using a Gaussian Mixture Model €2 to get a probabilistic
encoding of the joint distribution P(h,0,v,d|Q). The models are characterized by K Gaussian
components.

We determined the number of Gaussians (or states) K by performing the Bayesian Inform-
ation Criteria (BIC) for each model.
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Each model can be represented as

K

P(h707’77d|Q) = Zpkp(h707’yvd|ll’k7 Ek)a (41)
k=1

where pg, py, 2p correspond to the priors, the mean, and the covariance of each Gaussian
component, respectively.

We initialized the Expectation-Maximization (EM) algorithm using the K-means algorithm.
Then, the parameters pg, py, X are iteratively updated by means of EM algorithm until
convergence. Eventually, we used the Gaussian Mixture Regression to reconstruct the missing
Gaussian components that led to the pre-grasp pose p specifying the object properties d. The
desired pre-grasp pose p is computed as the sum of all the products between each Gaussian’s
weight wy(d) and the multivariate Gaussian distribution of the predicted values h, o and ~ in
the kth Gaussian.

K
p=>Y wi(d)P(h,0,7|d, k) (42)
k=1
The weight of each Gaussian wg(d) is given by

prp(d|py, Bi)
K
Zj:l pjp(d“"jv b))
Similarly, it is important to remark that, while in the mixture of Gaussians in Eq. (5.1) the
sum of the weights p;, must be equal to 1, that is not the case for the weights wy(d) in Eq. (5.2).

(4.3)

wk(d) =

4.2.3 Model regressions

To compare the two implemented approaches, we evaluated the regressions of the obtained
models through the Gaussian Mixture Regression.

In Fig. 4.6, we reported a comparison between the pre-grasp poses of the spherical objects
obtained in the two approaches.. As it can be seen in the figures, in both methods (bounding boz-
based and shape-based), the gripper tends to approach the object from two different directions.
As the object size increases, the robotic gripper moves accordingly, always maintaining similar
relative orientations with respect to the object. Furthermore, in the bounding boz-based method,
the poses are placed along the profile of the edges of the cuboids.

In Fig. 4.7, a comparison among all the orientations of each extracted primitive for each
approach is presented. We made a regression through the GMR by varying only one dimension
per object while keeping the others constant. Then, we computed the volumes and normalized
them in the interval [0,1]. The orientations shown in the figure are expressed through Euler
angles and referred to the object reference frame {O}. As it was already evident from the data
shown in Fig. 4.5, the clusters of pre-grasp poses individuate different approach directions to the
objects. By further analyzing the orientations of the interpolated poses (Fig. 4.7), we were able
to determine three main strategies which are similar in both approaches and apply to different
classes of objects. We will refer to these strategies as Str. A, Str. B, and Str. C. Notice that,
although the obtained pre-grasp poses have similarities in their orientations, each pre-grasp
outputted by the GMR is “unique”, as it is strictly related to the object dimension d and the
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Figure 4.6: Comparison of the pre-grasp poses obtained using the two approaches. The obtained
pre-grasp poses are referred with respect to the object reference frame {O}. The regressions are

obtained using: (a) the bounding boz-based approach (Class #5); b) the shape-based approach
(spherical objects).
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Figure 4.7: Orientations comparison of the retrieved pre-grasp poses. The orientations are de-
scribed as Euler angles (¢,0,1)) expressed in the object frame {O}. The regressions are obtained
using: (a) the bounding boz-based approach; b) the shape-based approach.

object class. We decided to unify the obtained pre-grasp poses under the three aforementioned
strategies for the sake of presentation simplicity.

The three strategies can be compared considering the part of the object which is reached by
the scoop. In Str. A, the object is approached from its upper part, whereas Str. B involves the
object’s lower part. In Str. C, instead, the SSG places the scoop on the side part of the object.

The 1 angle is related to the inclination of the scoop with respect to the object. In Fig. 4.7a
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and Fig. 4.7b, we can clearly notice two approaching strategies (Str. A and Str. B) as we have
two well-defined inclinations, independently of the object classes. The 0 angle, instead, is related
to the roll angle of the hand. It is kept around zero degrees for almost all the object classes;
the only exception occurs for the cylindrical shapes and objects belonging to Class #2 (Str. C).
Lastly, the ¢ angle is related to the direction of approach: angles around zero degrees correspond
to an approach along the y-axis of the object, while 90 degrees angles are related to an approach
along its z-axis. Objects belonging to Classes #1 and #4 (bounding boz-based method) and
cuboids (shape-based method) are approached either from the z or from the y direction, from
the top or from the bottom, as shown in Fig. 4.5a, 4.5d, 4.5i. The K-means grouped four classes
of primitives, but, taking into account the results in Fig. 4.7 we can consider that two of the
primitives belong to Str. A and two to Str. B.

4.2.4 Trajectories reproduction for grasping execution

To devise an automatic grasping procedure, we employed further GMMs. From the previous
pre-grasp poses analysis discussed in Sec. 4.2.3, three grasping strategies were found: A, B, and
C. Consequently, we decided to group the temporal data of the cartesian poses ¢ demonstrated
by the operators into three clusters depending on the strategy.

As the time of each demonstration was different, we used Dynamic Time Warping [193] to
adjust the dataset with a common time interval.

For each grasping strategy, we adopted a model I'; which can be represented as:

J
P(C>t|r) = ijp(ca t|l~"’jv EJ) (44)
j=1

where J is the number of Gaussians.

Before training, we transformed the poses of each trajectory from the manipulator base frame
to the pre-grasp pose frame in order to generalize the trajectories.

Once we trained the models, we fed the GMR with the desired time interval ¢. The retrieved
trajectories were then re-transformed with respect to the manipulator base before being sent to
the robot.

An example of the obtained trajectories for the cylindrical box is shown in Fig. 4.8. In the
three graphs above, it is possible to observe the variation of the hand positions in the three
strategies. In the top right graph, it is possible to clearly distinguish the different heights z of
the SSG in the case of the three strategies. A marked distinction can also be observed in the
orientation graphs, particularly in the trajectories of 8 and ¢, which represent the roll and pitch
angles of the scoop, respectively. Both in the Str. A and B, the 6 angle is kept almost close to
zero radians throughout the trajectory; vice versa, during the Str. C, it is possible to appreciate
how the scoop rotates, reaching the maximum rotation near the pre-grasp pose. In the case of
the ¥ angle, we can see how in each strategy the scoop has different inclinations: from the least
(Str. C) to the most tilted (Str. A). Finally, the trajectories of the ¢ angle and of the position
components x and y depend on the object pose occupied within the workspace with respect to
the manipulator base frame.
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Figure 4.8: Grasping motions obtained for the cylindrical box. The end-effector poses are
referred to the manipulator base frame. The red, blue, and green trajectories are related to the
Str. A, B, and C, respectively. The dashed lines are relative to the time ¢ when the robot is at
the pre-grasp pose.

4.3 Experimental results

4.3.1 Experimental setup

A video of the experimental trials can be found at link.

The same experimental setting used to acquire the demonstrations (UR5 and Soft ScoopGrip-
per) was adopted to exploit the learned skills in the autonomous grasp of unknown objects. The
main aim of the performed experiments was to test the effectiveness of the retrieved strategies
and compare their grasp success rates for the two different approaches described in Sec. 4.2.2.
The 6-DoF manipulator was controlled in velocity and the Levenberg-Marquardt inverse kin-
ematics solver available within the Kinematics and Dynamics Library (KDL) [194] was used
to let the robot reach a certain pre-grasp pose. A Kinect One RGB-D camera was employed
to detect the objects in the workspace and to retrieve their properties, i.e., bounding boxes or
shapes.

In the bounding box-based approach, we exploited the pre-trained GMM to identify the
bounding box class of tested objects. Whereas, for the shape-based approach, we trained a
Convolutional Neural Network (CNN) to estimate the shape of the objects. For the training
of the network, we provided as input the voxels of the objects used during the demonstrations
phase (Fig. 4.3) and as output the labels of the corresponding shapes. The architecture we
adopted for the network is composed by a 3D voxel grid (32 x 32 x 32) as input layer, two
convolution layers composed of 32 filters (respectively 5 x 5 x 5 and 3 x 3 X 3), and a max
pooling layer (2 x 2 x 2) followed by two dense layers (128 and 4). In principle, we could have
used other techniques (e.g., K-nearest neighbor) to classify object shapes, however choosing the
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Figure 4.9: Test objects (details in Table 4.3).

Table 4.3: Properties of test objects.

ID  Object Size (mm) Mass (g)
1 mango 75 % 95 x 65 253
2 plum (YCB) 250 28
3 plush 140 x 70 x 140 102
4 cylindrical box 2130 x 250 124
5 spray can 250 x 170 118
6 banana 235 x 175 66
7 scotch tape 2100 x 40 75
8  plastic mug (YCB) 280 x 70 28
9 hollow box 115 x 130 x 105 21
10 mouse box 40 x 70 x 105 27
11 metal box 70 x 95 x 70 44
12 blue box 75 x 120 x 150 91

best classifier is beyond the scope of this work. The adopted CNN was derived from structures
already used in literature [195] and worked for our setup.

To perform the experiments, we chose 12 novel test objects (Fig. 4.9, Table 4.3) and for each
of them we tested all the possible applicable strategies. We performed 5 grasping trials for each
strategy. Each trial consisted of the following steps: i) given the RGB-D image of the scene, we
generated the 3D point cloud of the object, and the related voxel grid; i) we fed the GMM/CNN
to identify the object box/shape; iii) the object size d is inserted in the corresponding model
Q to retrieve the pre-grasp pose p (see Sec. 4.2.2); iv) the pre-grasp pose is inserted into the
trajectory retrieved from the model I'; v) the trajectory is sent to the robotic arm; vi) when the
robot Cartesian pose coincides with the pre-grasp pose, a controller flexes the fingers until they
touch the object and the scoop is actuated.

After the achievement of a grasp, we controlled the orientation of the gripper such that the
surface of the scoop was always perpendicular to the gravity vector. In this way, the scoop
could sustain most of the weight of the object, resulting in a more stable final configuration.
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Figure 4.10: Grasps of the cuboids. From left to right: Str. A approaching along the object
z-axis; Str. A approaching along the object y-axis; Str. B approaching along the object z-axis;
Str. B approaching along the object y-axis;

Table 4.4: Grasp success rates.

Bounding box-based Shape-based

ID  Object ‘ Predicted class Str. A Str. B Str. C ‘ Predicted class Str. A Str. B Str. C
1 mango Class #5 2/5 3/5 — Sphere 3/5 4/5 -
2 plum Class #5 1/5 3/5 — Sphere 2/5 4/5 -
3 plush Class #4 10/10  10/10 — Sphere 5/5 4/5 -
4 cylindrical box Class #2 0/5 5/5 5/5 Cylinder 4/5 5/5 4/5
5  spray can Class #2 3/5 5/5 4/5 Cylinder 3/5 5/5 4/5
6  banana Class #4 4/10 4/10 - Cylinder 2/5 1/5 4/5
7 scotch tape Class #5 4/5 4/5 — Hollow 4/5 4/5 —
8  plastic mug Class #5 4/5 3/5 — Hollow 4/5 5/5 —
9  hollow box Class #3 4/5 5/5 — Hollow 4/5 5/5 —
10 mouse box Class #1 9/10 7/10 - Cuboid 9/10 8/10 -
11 metal box Class #5 4/5 5/5 - Cuboid 9/10 7/10 -
12 blue box Class #4 10/10  10/10 — Cuboid 9/10  10/10 —

TOTAL | 55/80  64/80  9/10 | 58/75  62/75 12/15

We decided to test objects changing their orientation for each trial, but always placing the
same face in contact with the table. We did this to avoid considering different classes for the
same object (e.g., the standing cylindrical box belongs to Class #2, but lying down would be
Class #4). A grasp was considered successful only if the object was carried to the final position
without falling. Notice that since objects belonging to Classes #1 and #4 and cuboid shapes
are characterized by 4 primitives, two belonging to Str. A and two to Str. B, (Sec. 4.2.3), we
tested both approaching directions for each strategy. Examples are shown in Fig. 4.10.

4.3.2 Results

Obtained results in terms of grasp success rates are reported in Table 4.4 for the two approaches.
The bounding box-based models have an effectiveness of about 75% (128 out of 170 tests). In
particular, Str. A has an overall success rate of about 73% (55 out of 80), Str. B of 80% (64
out of 80), and Str. C of 90% (9 out of 10). However, Str. C can only be applied to Class #2.
For the shape-based models, 132 out of 165 grasps were successful, with an overall grasp success
rate of about 80%. Also in this case, Str. B (62 out of 75, 83%) is more effective than Str. A
(58 out of 75, 77%), whereas Str. C (applied to cylindrical objects only) has a success rate of
80% (12 out of 15).
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Figure 4.11: Str. A for the cylindrical box using (top) bounding boz-based approach and
(bottom) shape-based approach. Here the orientation of the fingers plays a fundamental role.

4.4 Discussion

Overall, classifying objects in basic shapes allows to obtain higher success rates than using sim-
pler models like bounding boxes. However, in both approaches, extracted strategies present
similar grasping success rates for the majority of the objects and the bounding box-based ap-
proach still presents a rather good performance. This confirms that, independently of the
adopted object representation, the proposed extraction of primitives with GMM and GMR is
effective, as long as the loss of information is minimal.

Analyzing experimental results, we derived advantages and limitations of the two approaches.

In the bounding box-based approach, the various objects classes were obtained through an
unsupervised classification where we entirely neglected the shapes of the objects. Consequently,
some objects (such as the cylindrical box and the plastic mug) have a lower success rate than
with the shape-based approach. The cylindrical box is the only object the SSG could not grasp
with the Str. A in the bounding box-based approach. The reason is mainly due to a retrieved
incorrect fingers configuration. Fig. 4.11 shows a comparison of sequences of a successful and
failed grasp in the case of the cylindrical box of shape-based and bounding boz-based approach,
respectively. Indeed, the ability to reorient the fingers represents a crucial factor for tall objects,
which can be easily grasped in both approaches using Str. B because the fingers wrap around
the object, resulting in more stable grasps (see Fig. 4.12-top). Alternatively, a solution can be
represented by Str. C (Fig. 4.12-bottom).

In the case of the plastic mug, Str. B of the shape-based approach tended to insert the
fingers in the object’s cavity, reaching rather stable grasps, whereas Str. B in the bounding
boz-based approach did not exploit this feature (see Fig. 4.13).

The banana turned out to be a relatively hard to grasp object, mainly due to its size. Overall,
the shape-based approach performed better than the bounding boz-based one (46% against 40%).
However, Str. A and Str. B of the bounding box-based approach proved to be more effective.
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Figure 4.13: Str. B for the plastic mug using (top) the bounding boz-based approach, and
(bottom) the shape-based approach.

Note that, in the shape-based approach, the banana is recognized as a lying cylinder, and the pre-
grasp poses are computed consequently. This can be considered as a strength of this approach,
as the objects are classified independently of their pose. Fig. 4.14 reports a visual comparison
of the strategies in the two methods.

Other two objects that resulted challenging to grasp in both approaches with Str. A were
the plum (3 out of 10) and the mango (5 out of 10). Both objects require high precision in
the positioning of the fingers, and when touched, they can easily incur involuntary rotations
resulting in failures. Fig. 4.15 shows two examples of failed grasps. Nonetheless, we found that
Str. B can mitigate the problem. In fact, in these specific cases, the success rates increase (7
out of 10 for both objects).

As a final consideration, notice that here we tested all the possible strategies for each object,



54 4. Learning grasping primitives from humans to exploit embedded constraints

(b)

Figure 4.14: Grasps of the banana: (a) bounding boz-based approach. From left to right: Str.
A and B approaching along x and y directions. (b) shape-based approach. From left to right:
Str. A, B, and C.

Figure 4.15: Str. A failures for plum (top) and mango (bottom).

but, in general, one could choose the most suitable strategy to adopt, based, for example, on
the arm workspace limitations or on task-oriented considerations.

4.5 Conclusions

In this chapter, we proposed a method to obtain grasping strategies for non-anthropomorphic
soft-rigid robotic grippers. First, we gathered data from human demonstrations asking to 6 users
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to grasp multiple times 12 objects using kinesthetic guidance. Obtained data were processed in
2 different ways, assuming different levels of knowledge about the objects properties. We built
and trained Gaussian Mixture Models with the aim of retrieving hand pre-grasp poses through
Gaussian Mixture Regressions.

To validate our approach, we computed the regressions of the models over 12 novel test
objects, and evaluated the grasp success rate of the learned primitives to compare the proposed
approaches. Although they obtained similar success rates, experimental results suggest that it
is preferable to search for grasp primitives taking the object shape into account. Leaving aside
the fact that the shape-based approach requires the execution of an additional network for shape
estimation, we can assert that the two approaches present a similar computational complexity.
Indeed, the reason is that GMM and GMR complexity depends on the number of Gaussians
chosen for the model representation [112], and, in our case, even if a different number of inputs
characterizes the two approaches, the number of states is comparable for each primitive.

The presented methodology can be generalized to other soft grippers provided that suitable
pre-grasp parameters are individuated. In this work, since the fingers of the chosen gripper are
reconfigurable, we considered their orientation when training the models, but simpler grippers
(e.g., with fixed fingers which only close in one direction), would not require additional para-
meters. In addition, we believe that simpler grippers could obtain satisfactory results even with
not too specific object models (e.g., using the bounding boz-based approach).

While in this work we showed the effectiveness of each primitive in terms of success rate, in
future work, we plan to develop policies, possibly still based on learning from humans, to properly
select the optimal primitive for a given object in a specific scene (e.g., in the presence of obstacles
or in a cluttered environment). Future research will also evaluate the use of objects with more
complex shapes, which could be approximated by the combination elementary shapes [196, 197].
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Chapter 5

Grasping in clutter by exploiting embedded
constraints using reinforcement learning

“Anyone who stops learning is old, whether at 20 or 80.
Anyone who keeps learning stays young. ”
Henry Ford

Learning-based approaches applied to robotic manipulation have obtained relevant results,
especially in object detection and grasp planning in unstructured environments, including cluttered
and narrow spaces.

Adopting a design perspective aiming at embedding the robot “intelligence” more in the
gripper hardware than in the software may represent another approach to tackle manipulation in
complex scenarios. Several studies demonstrated that compliant elements in the hand structure
enable advanced grasping strategies exploiting the hand-object-environment interactions.

In this chapter, we study how a deep reinforcement learning-based planner may exploit the
mechanical intelligence of a soft-rigid gripper endowed with a scoop-shaped part in a decluttering
task. Performed tests show that the proposed system can successfully empty previously unseen
cluttered scenes, improving completion and grasp success rate with respect to a classic parallel-
jaw gripper using the same planner. In addition, while rigid parallel grippers usually perform
preparatory non-prehensile actions before grasping the target object, here, the used gripper can
exploit environmental constraints and perform non-prehensile motions during the grasp action.
This allows to significantly simplify the learning phase.

The chapter is organized as follows. Sec. 5.1 defines the problem of grasping in clutter,
deriving its motivation. In Sec. 5.2, we describe the proposed methodology. In Sec. 5.3 Sec. 5.4,
we report and discuss the experimental results. Lastly, Sec. 5.5 derives the conclusion of the
study, outlining its possible further developments.
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Figure 5.1: Experimental setup for decluttering. Red: workspace where the clutter is placed,
green: RGB-D camera for object detection, blue: adopted soft-rigid gripper.

5.1 Introduction

Data-driven and learning-based approaches have lead to important results in robotic grasping
and manipulation, above all when it comes to the proficient use of rigid parallel-jaw grippers
and suction cups in unstructured environments [92, 198, 122]. At the same time, the devel-
opment of a growing number of grippers with different structures, materials, and capabilities
has shown that the robot design features can fundamentally help the grasping process [199, 10].
Compliant structures, for example, show superior capabilities in adapting to objects with differ-
ent shapes, and can safely interact with their surroundings [4]. However, the interplay between
learning algorithms and gripper design has rarely been studied since most of the works presenting
learning-based approaches rarely employ more complex, possibly soft, devices.

In this chapter, we aim at answering one main research question: Can the gripper design
“help” the learning process when dealing with complex grasping problems? In other words, can
we leverage the gripper “embedded mechanical intelligence” to simplify the learning process?

To study this problem we decided to focus on a specific task, i.e., removing all objects
from a cluttered scene (decluttering), and to use a specific gripper, i.e., the Soft ScoopGripper
(SSG) [9]. The SSG has two main features which differentiate it from a standard parallel gripper:
it has passively compliant joints and a rigid embedded scoop-like structure which allows the
proficient exploitation of environmental constraints. The decluttering plan is obtained adapting
a Reinforcement Learning (RL) framework for parallel grippers [8] to the SSG. Decluttering is
achieved by exploiting prehensile and non-prehensile actions and using environmental constraints
exploitation strategies. The scenario tackled in this chapter is shown in Fig. 5.1.

Results obtained on real cluttered test scenes show that, thanks to the gripper design, non-
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prehensile actions can be performed during grasping, and not as pre-grasp preparatory adjust-
ments as in previous works [8, 127]. This allows to use a simpler learned policy based on a single
action, instead of two (or more) actions. In addition, from a qualitative comparison between the
results obtained in [8] and those obtained with the chosen soft-rigid gripper, it emerges that the
gripper design impacts the performance of the learning process and can lead to an improvement
in terms of decluttering completion rate.

5.2 Materials and Methods

5.2.1 Problem Formulation and State Representation

The problem of decluttering a scene is formulated as a Markov decision process (MDP). At
time ¢, at any state s, the agent chooses and executes an action a; according to a policy m(s;).
Once reaching a new state s;11, the agent receives a corresponding reward Rg, (s, S¢+1). The
aim is to find an optimal policy 7* able to maximize the sum of the future rewards over an
infinite-horizon, given by R, = >, YR, (S, Si+1), where v is the future discount.

An off-policy Q-learning was adopted to train a greedy policy 7(s¢). This policy chooses the
actions by maximizing the Q-function Q(s:,a), i.e., the measurement of expected reward for
selecting an action a; in a certain state s; at time t.

Let us define the temporal difference error §; between Q (s, a;) and a fixed target value y;:

0y = |Q(3t,at) - yt‘
Yt = Ra,(5t,5¢41) + VQ(StH,arg@aX(Q(StHﬂ/)))

where a’ is the set of all available actions. The training phase is based on iteratively minimizing
0.

Similarly to what is done in [8], we modeled each state s; as a heightmap of the cluttered
scene at time ¢t. RGB-D images which come from a fixed-mount camera were firstly projected
onto a 3D point cloud, and then re-projected to give rise to two heightmap images representated
in both channels (RGB and depth). We determined the size of the heightmap taking into account
the robot reachability to execute the actions. In our case, we constrained the workspace to an
area of 0.3 x 0.3 m?2, leading to heightmaps of 100 x 100 pixels. Hence, each pixel spatially
represents a 3D space of 3 x 3 mm? in the agent’s workspace. The workspace is shown in
Fig. 5.1.

5.2.2 Action Definition

Starting from the state representation s, (i.e., the heightmap of the scene), we defined the actions
for the SSG as motion primitives u. We back-projected a given pixel p selected by the network
from the heightmap into a 3D location ¢, where the primitives are then executed. An example
of a registered heightmap is shown in Fig. 5.2.

We defined two actions, i.e., pushing and grasping (Fig. 5.3 and Fig. 5.4, respectively). In
both actions the robot positions the gripper at the 3D location ¢ with an orientation angle
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Figure 5.2: Examples of registered heightmaps. (a) Color heightmap that contains the RGB
channels and is fed to the network. The best pixel p is in yellow and the angle to rotate the
image (3 is in red. (b) Depth heightmap (as cloned depth channels DDD) together with the hand
mask (in yellow) to determine the fingers rotation (black arrows); the area behind the scoop is
delimited by a dashed-line square. The developed model-based algorithm evaluates the density
of clutter in that square to determine the hand inclination during grasping.

Figure 5.3: Push action: in the first frame we represented the scoop reference frame with x, y
and z in red, green and blue, respectively. The thick blue and green arrows represent the motion
of the gripper necessary to perform the push.

determined by the network (Fig. 5.2a). The angle 5 expresses a rotation of the heightmap and
is discretized in intervals of 22.5°, resulting in 16 different orientations.

To achieve a push, the SSG fingers are initially closed to avoid possible hindrance during the
action. Then, a hybrid force-velocity controller which mantains a constant force on the scoop
z-axis is used, while the scoop follows a straight trajectory along its y-axis, as shown in Fig. 5.3.

To perform a grasp, the gripper is first positioned above the grasping location. Hence, the
scoop starts descending following a straight trajectory. The fingers are closed when the gripper
reaches the table surface and the force sensed at the robot wrist exceeds a certain threshold.
The scoop inclination « with respect to the surface where the objects lie is controlled based
on the scene state. In particular, a model-based algorithm that analyzes the heightmap behind
the scoop to determine if it is obstacle-free or cluttered was developed. In the first case, the
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Figure 5.4: Grasp action: the yellow arrow represents the motion of the gripper towards the
table after having reached the 3D position ¢, while « (in red) represents the inclination of the
SSG if the area is obstacle-free.

scoop is tilted with a predefined angle! that improves the grasping, otherwise the scoop is kept
orthogonal to the table.

Additionally, the algorithm selects the orientation of the fingers. To do that, we defined a 2D
mask of the gripper, which is positioned at the grasp location on the heightmap (Fig. 5.2b). If a
contact between the tip of a finger and an object is detected, the finger is rotated incrementally
of a fixed angle until the collision is avoided.

5.2.3 Learning Algorithm

The learning algorithm has been implemented as in [8].

To train the policy 7(s;), we defined a fully convolutional network (FCN) for each action (¢,
for grasping and ¢, for pushing). Then, we modeled the Q-function using the two networks.

Both FCNs take as input the heightmap images representation of the state s; and generate
a pixel-dense map of Q values with the same size and image resolution of the input image. Each
Q value prediction at a pixel p represents the expected future reward of executing primitive p
at the 3D position ¢, where p € s;.

Each FCN consists of two 121-layer DenseNet [200] pre-trained on ImageNet [201], followed
by channel-wise concatenation and 2 additional 1 x 1 convolutional layers interleaved with
nonlinear activation functions (ReLU) and spatial batch normalization. The first DenseNet takes
as input the RGB heightmap, whereas the other one takes the normalized depth heightmap. For
each FCN, the input heightmaps are rotated in 16 different orientations, resulting in pixel-wise
maps Q values as output (16 for pushing and 16 for grasping). The executed action a; is the
primitive g which maximizes the Q-function at a pixel p corresponding to the highest Q value
among all pixel-wise maps. For what concerns rewards, a reward Rg(s¢, s;+1) = 1 is assigned if a
grasp is successful. To evaluate the success or failure of a grasp, we kept track of the torque value
at the fingers’ motor. If a certain threshold was overcome, the grasp was deemed successful, as
it meant that the object was firmly held until the end of the grasping action. In pushing, we
assigned a reward Ry (s, s¢41) = 0.5 if the algorithm detected significant differences between the
states at time instants ¢t and t 4+ 1, making a comparison between two consecutive heightmaps.

1In this case, we chose o = 45° based on the experience gained in the previous chapter.
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The FCNs were trained using the Huber loss function.

v 0" , 0-
ro— { %(Qel(siaai) =y, )2, for |Q% (s;,a:) —y;' | <1
1 T . 0

Q% (si,ai) — y;"

— % , otherwise

where 6; are the parameters of the neural network at iteration ¢, and the target network
parameters 0; are held fixed between individual updates. Only if the pixel p and the network
¢ are responsible for the executed action a; the gradients pass through them. Otherwise, the
pixels backpropagate with 0 loss. We adopted stochastic gradient descent with momentum to
train the FCNs, with fixed learning rates of 10~*, momentum of 0.9, and weight decay 27°.
We used stochastic rank-based prioritization, approximated with a power-law distribution, to
exploit prioritized experience replay [202]. The exploration strategy we adopted is considered
e-greedy, where € is initialized at 0.5 and annealed to 0.1, while the future discount -~y is constant
at 0.5.

The models are trained in PyTorch with an NVIDIA GeForce 3060 on an Intel CORE i7-
11800H clocked at 2.30 GHz.

The FCNs were trained with data gathered with a real experimental setup, not with simula-
tion. The motivation for this choice lies in the complexity of accurately reproduce in a dynamic
simulator the physical interaction between a soft underactuated gripper and its surroundings,
especially in cluttered environments. Details on the training setup and results are reported in
Sec. 5.3.1 and Sec. 5.3.2, respectively.

5.3 Experimental results

5.3.1 Setup

A video of the experimental trials can be found at link.

We executed several experimental trials first to train and then to test two policies, one using
only the grasping primitive (grasp-only) and one with both grasping and pushing actions (push-
grasp). We then analyzed the obtained results to investigate the performance of a soft-rigid
gripper i) in the training phase, and ii) in the test phase.

To collect training data and then to test the trained policies, we adopted the same exper-
imental setup including an LBR iiwa 7-DOF robot arm (KUKA AG) equipped with an ATI
Gamma 6-axis force/torque sensor (ATI Industrial Automation, Inc.) at the wrist and the Soft
ScoopGripper. A Kinect One RGB-D camera (Microsoft), statically mounted on a fixed shaft,
was used to overlook the tabletop scenario and capture images of resolution 960 x 540. The
setup is shown in Fig. 5.1.

A total of 28 objects were used for training and testing, most of them coming from the YCB
dataset [185]. Their properties are listed in Table 5.1. They were arranged in different ways to
compose training and testing scenes.
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Table 5.1: Dataset of objects.

| Object | Weight (g) Size (mm)
apple (YCB) 68 275
peach (YCB) 33 264
orange (YCB) 47 263
strawberry (YCB) 18 244 x 55
tennis ball (YCB) 58 265
baseball ball (YCB) 191 296
dolphin plush 84 80 x 200 x 90
batman plush 102 140 x 70 x 140
z small cylinder 35 240 x 130
'_% candy tube 12 236 x 225
SO scotch tape 75 2100 x 40
g spray can 118 250 x 170
2 | chips can (YCB) 205 F75 x 250
= blue cup (YCB) 31 Z90 x 74
red cup (YCB) 21 Z75 x 68
metal mug (YCB) 90 290 x 80
pudding box (YCB) 187 35 x 110 x 89
gelatin box (YCB) 97 28 % 85 x 73
spring clamp (YCB) 59 90 x 115 x 27
lego brick (YCB) 2.5 95 x 35 x 40
plastic funnel 120 2120 x 130
banana (YCB) 66 &35 x 175
, | tuna fish can (YCB) 171 285 x 33
S body spray 34 245 x 175
%’ green cup (YCB) 17 265 x 64
o mouse box 27 40 x 70 x 105
é wooden block 374 140 x 63 x 43
mouse box 146 90 x 175 x 60

5.3.2 Results from Training

In the training phase, we let the robot declutter several different scenes, each including 12 out
of the 21 training objects listed in Table 5.1. The objects in the scene were randomly chosen
and unsystematically placed in the robot workspace. Examples of training scenes are shown in
Fig. 5.1, Fig. 5.3, and Fig. 5.4. The scene was changed either when all objects were successfully
removed, or when the robot actions failed 10 times in a row.

The training curve of the two adopted strategies (grasp-only and push-grasp) is shown in
Fig. 5.5. For comparison, we also report the final success rates extracted from the learning

curves obtained in [8].
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Figure 5.5: Solid lines: learning curves obtained with the SSG in the training phase considering
only the grasping action (red) or both push and grasping actions (blue). Stars: final success rate
obtained in the learning curves reported in Fig. 5 of [8] for grasp-only (red) and for push-grasp
(blue).

5.3.3 Results from Testing

To test the trained networks we used the 4 cluttered scenes reported in Fig. 5.6. Similarly to [8],
test scenes were composed either of completely new objects (Fig. 5.6a, Fig. 5.6b) or of objects
used also in the training phase (Fig. 5.6¢, Fig. 5.6d). It should be noted that since the number
and the arrangement of the objects are completely different between training and testing, and
since the whole learning algorithm is not based on the recognition of the single object but on
the overall heightmap, this choice did not bias the results (see also Sec. 5.4).

Each test scene was tackled 10 times with the grasp-only network and 10 times with the
push-grasp network, reaching a total of 80 test trials. A trial ended either when the scene was

completely decluttered or when there were 10 failures in a row?.

Similarly to [8], the performance of the two networks was evaluated with 3 metrics: comple-
tion rate, action efficiency, and grasp success rate. The first one is computed as the ratio between
the number of objects grasped before the end of the trial and the total number of objects. The
second one is the number of grasped test objects over the number of actions performed until the
end of the trial. The third one consists of the number of successful grasps over the number of
performed grasp actions. Thus, in grasp-only policies, action efficiency and grasp success rate
are equivalent. Obtained results are shown in Table 5.2. The average values across different
trials for the same scene are reported in rows 2-5 of Table 5.2, whereas the average values among
all trials for all scenes are in the last row.

2A certain action fails according to the criteria described in Sec. 5.2.3.
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(b) Test Scene 2

(c) Test Scene 3 (d) Test Scene 4

Figure 5.6: Cluttered scenes adopted during the testing phase. Top: clusters made of new
objects, bottom: clusters made of objects used also in training scenes.

5.4 Discussion

Looking at the obtained learning curves for the two networks (Fig. 5.5), it is possible to study
whether introducing soft grippers in cluttered scenarios can influence the learning process. Al-
though the objects used in this chapter differ from those used in [8], we believe a comparison
with this previous work is anyway interesting, also considering that we used the same network
structure and objects with more complex shapes. From Fig. 5.5, several insights can be gained.
Firstly, by considering the final success rates of the two strategies proposed in this chapter, we
noticed that both networks (blue and red lines) exhibit success rates around 70-75%, similarly to
the Visual Pushing-Grasping (VPG) strategy proposed in [8] (blue star). Conversely, the grasp-
only strategy by Zeng et al. [8] (red star), reaches a final success rate of less than 60%. Even
though absolute values cannot be directly compared, there is a clear trend showing that while
with the SSG both strategies perform similarly, when using a parallel jaw gripper the addition
of the push action significantly helps changing the environment state to free the constrained
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Table 5.2: Results of the testing phase. All results are presented in percentage. Rows 2-
5 represent the results obtained for each scene of Fig. 5.6, whereas the last row reports the
average values.

Test | Strategy Completion  Action Grasp
Scene rate efficiency  success
1 Push-grasp 75.3 69.1 82.8
Grasp-only 82.0 85.1 85.1
9 Push-grasp 68.9 65.4 78.5
Grasp-only 79.0 84.6 84.6
3 Push-grasp 74.5 68.3 82.4
Grasp-only 81.4 85.4 85.4
4 Push-grasp 74.9 66.0 81.5
Grasp-only 80.4 87.3 87.3
All Push-grasp 73.4 67.2 81.3
Grasp-only 80.7 85.6 85.6

objects. The additional action can be avoided when the gripper embeds “intelligent” compon-
ents in its design. Specifically, in this chapter, a rigid, passive element, the scoop, attached to
the hand via a flexible joint allows the robot to easily move the objects and/or adapt to them
directly during the grasping action.

Another insight we get from Fig. 5.5 is related to the learning rate of the two networks.
Comparing our two strategies, we noticed that the network trained using the grasp-only action
learns faster than the one trained with push-grasp: the success rate settles in a range of 10%
with respect to the final value at around 1500 and 2300 episodes, respectively. The reason is that
the hand can grasp objects directly inside the cluttered scene, thanks to the reconfigurability
of the fingers and its capability of separating objects easily during grasping. This peculiarity
allows the network to use a single effective strategy and, consequently, to learn faster than a
two-actions network.

Concerning the results of the test trials, as it can be seen from Table 5.2, all scenes present
similar results. However, test scene #2 records the lowest values of the three metrics. We
hypothesize that in this particular scene, it was harder for the network to discriminate the edges
of the objects as they have similar heights. Also, the wooden block is rather heavy: so it was
very difficult to grasp.

Overall, the grasp-only strategy outperforms the push-grasp network in all the adopted
metrics. Especially the action efficiency disparity between the two strategies is remarkable. The
number of necessary actions in the grasp-only trials is lower with respect to the push-grasp
trials. This happens because the hand can directly grasp the objects, even in rather cluttered
scenarios, without using non-prehensile actions. Conversely, the push-grasp strategy necessitates
of more actions to declutter scenes completely. A similar reasoning holds when comparing the
completion rates, where it is possible to see that the grasp-only policy leads to the complete
clearing of the scene more frequently with respect to the push-grasp strategy, which tends to
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fail more often because of the inefficiency of the push action. We also noticed that, differently
from [8], where the grasp-only performed worse than the push-grasp in real-world experiments,
here the grasp success rate is comparable for both strategies. This is due to the embedded
intelligence of the hand, which, thanks to its reconfigurable soft fingers and its scoop, can grasp
objects even without a preparatory push action.

Lastly, it can be noticed that the results obtained by the push-grasp strategy are comparable
to the ones obtained with the VPG strategy in the real-world tests performed in [8], even if the
objects used here have more complex shapes.

5.5 Conclusions

In this chapter, we integrated a soft-rigid gripper able to safely and effectively interact with the
environment, the Soft ScoopGripper, with an active exploration algorithm to empty a cluttered
scene. We trained two reinforcement learning policies. The first was characterized by pushing
and grasping actions, while the second relied only on the grasping action. Then, we tested the
obtained policies in challenging cluttered unknown scenes.

Comparing the results obtained in [8] and those obtained using the SSG, we show that
integrating features like softness, embedded constraints, and model-based algorithms can affect
the learning process, influencing the performance of the implemented strategies. We also show
that, with the SSG, a simpler policy (i.e., grasp-only) learns faster and performs better in test
scenes than the two-actions policy (i.e., push-grasp).

Considering the work presented in Chapter 6 proposing to add scoop-like structures to com-
mercial soft grippers, we will work on developing a RL framework that can be applied to any
gripper that embeds a scoop, making the scoop the only necessary element for transfer learning.
Future research will also focus on developing policies to fully exploit environmental constraints
when non-prehensile strategies (e.g., pushing) are not applicable, as in restricted scenarios.
Thus, we will also include multimodal perception during the learning phase to understand to
which extent the gripper can interact with its surroundings.
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Chapter 6

Automated design of embedded constraints for
soft robotic hands

“A man who asks is a fool for five minutes.
A man who never asks is a fool for life”
Chinese proverb

Soft robotic hands allow to fully exploit hand-object-environment interactions to complete
grasping tasks. However, their usability can still be limited in some scenarios (e.g., restricted
or cluttered spaces). In this chapter, we propose to enhance the versatility of soft grippers by
adding special passive components to their structure, without completely altering their design,
nor their control. A method for the automated design of soft-rigid scoop-shaped add-ons acting
as “embedded constraints” is presented. Given a certain gripper and a large set of objects, the
design parameters of the optimal scoop for each object are derived by solving an optimization
problem. Also the object-environment relative pose is considered in the optimization. The
obtained “optimal scoops” are clustered to get a limited set of representative scoop designs
which can be prototyped and used in grasping tasks. In this work, we also introduce a data-
driven method allowing a grasp planner to select the most suitable scoop to be added to the used
hand, given a certain object and its configuration with respect to the surrounding environment.
Experiments with two different hands validate the proposed approach.

The chapter is organized as follows. Sec. 6.1 defines and motivates the study. Sec. 6.2
describes the implemented methodology, whereas Sec. 6.3 and Sec. 6.4 report and discuss the
experimental results. Lastly, Sec. 6.5 derives the conclusion of the study, outlining the future
works.

(© 2022 IEEE. Reprinted, with permission, from V. Bo, E. Turco, M. Pozzi, M. Malvezzi and D. Prattichizzo,
” Automated Design of Embedded Constraints for Soft Hands Enabling New Grasp Strategies,” in IEEE Robotics
and Automation Letters, vol. 7, no. 4, pp. 11346-11353, October 2022, doi: 10.1109/LRA.2022.3198797.
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6.1 Introduction

Designing robotic grasping systems capable of handling several different objects in unstructured
and possibly cluttered environments still remains an open challenge. The soft manipulation
approach has proposed to tackle it by adopting “an integrated, interdisciplinary view of manip-
ulation” [10], where the hardware design and the software to use it are co-developed to fully
unlock the potential of soft hands.

Thanks to passively compliant elements included in their structure, soft robotic grippers
can safely comply with objects and environmental constraints, allowing the implementation of
novel, human-inspired, grasping strategies which deliberately and effectively exploit the hand-
object-environment interactions [53, 50]. The hand design can be enriched by adding soft-rigid
structures which facilitate these interactions. Salvietti et al. [9], for example, proposed to
attach a sort of scoop to the hand palm to easily slide between surfaces to grasp the desired
item, whereas Gafer et al. [5] attached magnetic nails to soft fingers to better slide underneath
deformable fragile objects.

In this chapter, we propose an automated procedure for designing soft-rigid scoop-shaped
passive inclusions that can be added to commercial or custom grippers to enable new grasping
strategies and enlarge the set of graspable objects (see Fig. 6.1). The add-ons could be partic-
ularly useful in cluttered or restricted environments, where the exploitation of environmental
constraints is a crucial, but rarely considered, component [23].

Figure 6.1: Adding a scoop-shaped add-on to a soft hand: pre-grasp configuration, and final
grasp. The object cannot be grasped from the top without the scoop, as it is too large. The
positioning and geometrical features of the scoop are the result of an automated design approach.

Usually, works on grasping in cluttered and narrow spaces focus on vision problems and
present algorithms to derive feasible grasps from the image of the scene [203, 204], or to effectively
separate the target object from the clutter [205, 127]. Close to the vision and planning software,
also the robot design can play a fundamental role in achieving successful grasps in challenging
environments [206, 66]. In this work, we do not propose to fully re-design the hand, but to
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modify the structure of existing grippers to achieve a grasp strategy that uses the environment
as an help for the grasping process. In this way, not only the design, but also the planning phase
is simplified, as just by changing a part of the hand, several different objects can be grasped
using the same scoop grasp strategy.

In Chapter 3, we proposed a new strategy, called scoop grasp, to simplify the grasping
procedure when objects are constrained from one or two sides. This strategy can be effectively
applied only to hands that embed a suitably designed constraint in their structure. Here we
introduce a procedure for the automated design of interchangeable scoops that allow to perform
scoop grasps with any kind of grippers.

Given a certain robotic hand, the proposed approach follows three main steps. First, the
optimal design parameters of the scoop-like structures to be added to the chosen initial hand are
derived through an optimization algorithm. The latter is based on quasi-static grasp analysis
and computes an “optimal scoop” given the object to be grasped and its relative position with
respect to environmental constraints (e.g., wall, table). Thus, if the optimization is conducted
over several different objects, the number of obtained solutions is the same as that of objects,
and each of them would correspond to a different scoop.

As second step, to reduce the number of possible scoops for a certain gripper, we used
an approach based on Gaussian Mixture Model (GMM) [110] to cluster scoops with similar
characteristics. Lastly, the final extracted scoops were tested in several scoop grasp experiments
aimed at collecting data to train a Convolutional Neural Network (CNN) able to evaluate which
scoop should be mounted for a given object.

The obtained CNN was validated with two different soft hands, the Soft ScoopGripper [9]
and the Pisa/IIT SoftHand [43].

We demonstrated that even robotic hands which do not have embedded constraints in their
initial design (e.g., the Pisa/IIT SoftHand) can benefit from these additions, enlarging the set of
graspable objects and of possible grasping strategies. The proposed design method is applicable
to any robotic hand, since the scoop plays the role of an extension of the palm, that can be
easily removed and does not add any requirement from the control point of view. Differently
from previous work on automated design, we explicitly consider environmental constraints in the
design optimization process, as we embrace the idea that hand-object-environment interactions
should be fully exploited to achieve robust grasps [207, 23].

6.2 Materials and Methods

Fig. 6.2 shows the block diagram of the automated design process leading to the prototyping of
a set of scoop-like embedded constraints for the two adopted hands. After a brief description of
the used robotic hands, we detail each step of this process in Sections 6.2.2, 6.2.3, 6.2.4.

To apply the obtained scoops in grasping tasks, we trained a CNN for each adopted hand.
Given the RGB-D image of the object and the environmental constraint it is in contact with,
the CNN outputs the estimated grasp success-rate for each scoop associated to the chosen hand.
This process is shown in Fig. 6.3 and detailed in Sec. 6.2.5.
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Figure 6.2: Block diagram showing the automated design process for embedded constraints
(scoops). Given a certain hand, a set of objects and their relative poses with respect to an
environmental constraint, a set of optimal scoops is obtained. To reduce the number of scoops
we cluster them with a GMM-based approach.
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Figure 6.3: Block diagram showing the working flow of the CNN which estimates the grasp
success-rate of the designed scoops for a given input object/environment pair. A different CNN
has been trained for each hand.

6.2.1 The Soft ScoopGripper and the Pisa/IIT SoftHand

We chose these two hands to show the effect of adding the newly designed scoops to both, a hand
that is natively designed to incorporate an embedded constraint, and a hand that is not. While
the SSG structure is specifically designed for exploiting environmental constraints thanks to its
embedded constraint, the Pisa/IIT SoftHand is an anthropomorphic soft hand that is capable
of interacting with the environment thanks to its compliance. This hand is designed to be able
to perform robust, human-like power grasps.

When applied to the SSG, the newly designed scoops allow to extend the range of graspable
objects. Even if the scoop can be closed towards the fingers through a tendon-driven mechanism
actuated by another motor [9], in this case, we did not use this actuation because our purpose
is to add a passive extension of the palm.

When applied to the Pisa/IIT SoftHand, the scoops not only enlarge the space of graspable
objects, but also allow to use a simple top-grasp approach even in the presence of obstacles or
when objects cannot be reoriented to exploit other strategies (e.g., slide-to-edge grasps).

6.2.2 Optimization phase

The first step of our method consisted in finding the optimal parameters to design the scoops
and position them into the structure of the chosen hands. To this aim we developed a simulation
framework using the SynGrasp MATLAB Toolbox [48]. We modelled the kinematics of the two
adopted hands and we implemented the simulation of quasi-static grasps of 50 different objects
from the YCB Dataset [185]. A top-grasp was iteratively generated by closing the simulated
hands over the object model until the optimal combination of decision variables was selected
by the solver. The object model was obtained from the object point cloud using the Crust
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Figure 6.4: Pisa/IIT SoftHand (yellow), scoop (red), object (green), and constraint (cyan)
models in SynGrasp. Optimization parameters: (a) planar displacement between the hand
reference frame {H} and the scoop, (b) length I, width w, and orientation s of the scoop,
(¢) hand rotation 7, and constraint rotation 7. around the z-axis of the object. The axes are
represented in red (z), green (y), and blue (2).

algorithm [184].

Scoop-like embedded constraints are particularly useful to slide over surfaces which constraint
objects and to design them to achieve this grasp strategy, we decided to include a model of
the envisioned environment into the optimization process. In particular, we added a planar
surface representing a wall-like environmental constraint to each object model. The surface
was positioned in 6 different random orientations with respect to the object, obtaining 300
object-environment pairs per hand.

In the proposed approach, the vector x of decision variables of the optimization problem
contains the planar displacements d, and J, between the origin of the hand reference frame
{H} and the center of the scoop, the length [ and width w of the scoop, and the angles 7, and
Vhi X = [0g,0y,1,w,7s,vn]. The angle v, expresses the orientation of the scoop with respect
to its z-axis (zs), whereas 7y is the rotation of the hand frame {H} around the z-axis of the
object. Note that we consider only the rotation around the z-axis because we are assuming to
implement top-grasps. The decision variables are depicted in Fig. 6.4.

The optimization problem is formulated as follows:

1

(6.1)

The two components of the cost function are a grasp quality index (GQI) and a term which
considers the scoop, object and constraint orientations.

In the simulations, we chose the Grasp Isotropy Index (GII) as GQI [72]. In principle,
however, it is possible to choose any other grasp quality index that can be computed based on
the knowledge of the quasi-static model of the grasp [177].

In the second term of the cost function, A, (x) is defined as: A (x) = |y4 + ¥s — Vel , where
v, is a constant angle expressing the orientation of the environmental constraint with respect
to the z-axis of the object reference frame. To ensure that a variety of conditions is considered
in the optimization phase, . is randomly set to a value belonging to the interval [0, 27| at the
beginning of each optimization.



74 6. Automated design of embedded constraints for soft robotic hands

The second term of the cost function is meant to give more importance to the solutions that
allow to align the scoop to the constraint, and it approaches 1 when the scoop is parallel to the
constraining surface.

To solve the optimization, we adopted a genetic algorithm [178]. We set an initial population
of 100 individuals, a non-linear feasible creation function, and a selection tournament function,
obtaining a mean number of generations of 6.7 and an average execution time of 170.49 s per
object.

In the optimization problem formulation, we accounted for a control parameter (v;,) together
with the design variables of the scoop (d,,0dy,!, w, and ). The first is fundamental to ensure
that we can evaluate several different grasps over the object, without constraining a-priori the
hand-object relative pose. This allows to really optimize the grasp quality index, suitably
aligning the hand to the object, while enforcing the scoop to slide between the object and the
environmental constraint thanks to the second term of the cost function. The obtained scoops
are thus optimized to perform scoop grasps from the top exploiting wall-like constraints and their
design features are fed into the second step of the automated design procedure (see Fig. 6.2).

Note that in this work, we only consider vertical wall-like constraints, but the optimiza-
tion approach could be extended to differently inclined surfaces, which could also pertain to
surrounding objects and not necessarily to fixed environmental constraints.

6.2.3 Gaussian modelling for scoop clustering

Female Male
Hinge ~ Hinge  picy iy
Adapter

Figure 6.5: Scoops printed after the design phase. (a) The three scoops obtained for the SSG
(blue labels from 1A to 1C) and the scoop proposed in [9] (OS red label) whose design variables
are 0; = 50 mm, §, = 0 mm, ! = 101 mm, w = 70 mm, and 75 = 0°; (b) the four scoops
(blue labels from 2A to 2D) printed for the Pisa/IIT SoftHand and the scoop adapter (PA green
label); (c) CAD model of the attaching mechanism of the scoops for the Pisa/IIT SoftHand.
From the left, the scoop is represented in blue, the female part of the hinge in orange, the male
part in yellow and the adapter for the soft hand in green. As it can be noticed, the inclination
of the scoop is achieved thanks to the pocket on the back of the scoop.

After running the simulations, we obtained an optimal scoop for each object-constraint pair.
As it would be unfeasible to prototype as many different scoops, we decided to reduce the
number of scoops using a clustering algorithm.

The training set is indicated with X = [dz,dy,1,w,vs]). On this set, we modelled each can-
didate scoop using a Gaussian Mixture Model €2 to get a probabilistic encoding of the joint
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Table 6.1: Embedded constraints obtained from the Gaussian Mixture Model. We assigned a
label to each scoop, from 1A to 1C for the SSG and from 2A to 2D for the Pisa/IIT SoftHand.

Design Variables
Hand Scoop Og Oy l w Vs
[mm] [mm] [mm] [mm] [deg]
Soft 1A 50 5 65 55 —6
ScoopGripper 1B 55 —10 110 80 15
1C 70 —-15 110 60 —25
Pisa/IIT 2A 35 15 45 60 0
SoftHand 2B 40 0 60 80 15
2C 35 —10 75 65 15
2D 50 -5 65 75 25

distribution P(%X|€2). The models are characterized by K Gaussian components. We determined
the number of Gaussians (or states) K by performing the Bayesian Information Criteria (BIC).

The model is represented as
K

P(R[Q) = prp(Xlpy, Bi), (6.2)
k=1
where pg, i, % correspond to the priors, the mean, and the covariance of each Gaussian
component, respectively.

We initialized the Expectation-Maximization (EM) algorithm using the K-means algorithm.
Then, the parameters pg, p;, X are iteratively updated by means of EM algorithm until
convergence. We obtained three and four scoops for the SSG and the Pisa/IIT SoftHand,
respectively. Table 6.1 reports their features.

6.2.4 Design of the embedded constraints

We developed the scoops using the same procedure followed in [9]. However, we used ABS-
M30 to print the scoops and the flexible hinge. We preferred this choice because a less flexible
material makes the hinge more robust and hard to be deformed. In the first version of the SSG,
the flexible hinge was needed to be more compliant because of the presence of a motor to actuate
the scoop. On the other side, the scoops we design should be attached to the hand robustly to
be capable to help the grasping.

The printed scoops are shown in Fig. 6.5 with blue labels. In Fig. 6.5a, the red label indicates
the original scoop (OS) of the SSG [9], while in Fig. 6.5b the green label indicates the adapter
for the Pisa/IIT SoftHand (PA).

The mechanism to attach the scoops to the hands has to be designed according to the
optimization results and the adopted hand. We decided to follow this procedure: i) we extracted
the coordinates of where the adapter should be placed from the outcomes of the GMM; i) we
checked the profile of the hand in the neighborhood of these coordinates and we designed an
“enveloping” support able to adapt and be adherent to the hand in the given point; i) after
having designed the support, we printed the scoops with an inclined pocket on their back made
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to attach the female adapter of the hinge reproducing the optimization parameters. The model
of these parts can be seen in Fig. 6.5c.

6.2.5 CNN for scoop choice

To make it possible to use the prototyped scoops in grasping tasks, we developed a 3D Convolu-
tional Neural Network capable of selecting the most suitable scoop for grasping a certain object
with a certain hand (see Fig. 6.3).

Similarly to what has been proposed in [195], the architecture of our network is composed by
a 3D voxel grid (32 x 32 x 32) as input layer, derived from the voxelization of the 3D point cloud,
two convolution layers where the first and second layers have 32 filters (respectively 5 x 5 x 5
and 3 x 3 x 3), and a max pooling layer (2 x 2 x 2) followed by two dense layers, 128 and N each.
In our work, N represents the number of scoops obtained from the GMM clustering. Given that
we wanted to predict the grasping success rate of each scoop for novel objects, we modelled the
activation of the output layer as a sigmoid function, and consequently our loss function as a
binary cross-entropy.

To build the dataset, we chose 10 training objects (Fig. 6.6). The dataset was composed
by a voxel grid converted from a partial point cloud, labelled by the grasping success rate of
each scoop. The voxel grid included voxels belonging to the constraint itself to discern the same
object in different poses with respect to the constraint. Fig. 6.7 shows the voxelization process.

Figure 6.6: Training objects for the CNN. We chose two objects per paradigmatic shape (sphere,
cylinder, cuboid, hollow) and a more complex object (the plush toy). The blue cylinder was
used in two different poses: lying and standing.

We collected 50 labelled data entries for each scoop (150 for the three scoops of the SSG and
200 for the four scoops of the Pisa/IIT) for the training objects. We also augmented the training
dataset by rotating and translating the initial point clouds. The network was trained with the
Adam optimizer. All the experimental trials were conducted employing a KUKA LBR iiwa
and a Kinect One RGB-D camera. We performed these grasps with the scoop grasp strategy
(presented in Chapter 3), sliding on a box that constrains the object. The scoop was always
placed parallel to the constraining surface of the box.
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Figure 6.7: RGB image of an object and the environment, corresponding point cloud and voxel-
ized version.

6.3 Experimental results

A video of the experimental trials can be found at link.

The experimental phase consisted in grasping 13 different objects (Fig. 6.8) placed close
to an environmental constraint (a large box), exploiting the scoop grasp strategy presented in
Chapter 3. Most of the objects we tested belong to the YCB Dataset [185]. We conducted
all the experiments employing a KUKA LBR iiwa 7, a Gamma 6-axis force-torque sensor (ATI
Industrial Automation, Inc.), and a Kinect One RGB-D camera to detect the objects. In all
the trials, the object was kept in the same pose with respect to the constraint since otherwise
it would have appeared as a different object-environment pair to the CNN. We executed three
batches of experimental trials to demonstrate different hypotheses.

First, we tested each scoop of the SSG on three objects with prototypical shapes (spherical,
cylindrical, and cuboidal) to prove that the scoop having the highest success probability accord-
ing to the CNN actually performs better than the others on previously unseen objects. The
second experiment aimed at testing the optimal scoops of the SSG suggested by the CNN and
at comparing their effectiveness with respect to the scoop originally designed in [9]. In the third
experiment, we tested the scoops designed for the Pisa/IIT SoftHand. We compared obtained
results by repeating the same experimental trials removing the designed add-ons. The aim was
to study whether embedded constraints can represent an aid in case of restrained scenarios,
where the hand alone cannot proficiently use the environment.

In all the experimental trials involving the use of a scoop, we carried out the following steps.
The object to be grasped was placed close to a vertical surface. The vision algorithm recognized
the planes in the scene (captured through an RGB-D camera) and identified a cluster of 3D
points belonging to the object and the constraint. The 3D point cloud was then converted into
a 3D voxel grid which was fed to the CNN. Lastly, the outcome of the network provided us
with the optimal scoop to be mounted on the hand. Hence, the robot was moved towards the
vertical surface placing the scoop plate parallel to it. A hybrid force-velocity controller was used
to ensure that the robot arm stopped its motion as soon as the scoop touched the surface. Once
this condition was met, the scoop started sliding on the surface towards the object at a constant
speed parallel to the surface while maintaining a constant force in the direction normal to the
scoop plate. Once the hand reached the object, the fingers started their closure motion. A grasp
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Figure 6.8: Tested objects. Yellow labels indicate the objects used in Experiment 1 (Table 6.2).
Blue labels indicate the objects used in Experiments 2 and 3 (Table 6.3).

Table 6.2: Objects size, output of the CNN and grasp success rates obtained from Experiment 1.
We reported in bold the CNN highest predictions and the highest success rate for each object.

Output CNN Success Rate
ID Object | Size [mm] Mass [g] | Scoop 1A Scoop 1B Scoop 1C | Scoop 1A Scoop 1B Scoop 1C
1 tennis ball 265 59.4 0.56 0.14 0.16 6/10 2/10 2/10
2 body spray | @45 x 175 34 0.34 0.67 0.17 4/10 6/10 0/10
3 white box 90 x 175 x 60 146 0.29 0.32 0.47 2/10 4/10 6/10

was considered successful if the object was picked up and moved to the final position without
falling. Otherwise, it was deemed to be unsuccessful.

6.3.1 Experiment 1: validation of the algorithm with the SSG

Experiment 1 aimed at validating the output of the network. Note that the reported results
concern the CNN trained for the SSG. We decided to focus on just one hand since the neural
networks have been trained with the same method for both hands, but with different data.
Three objects (see the yellow labels in Fig. 6.8) whose characteristics are reported in the first
three columns of Table 6.2 were picked up with the SSG, 10 times per scoop, collecting a total
amount of 90 trials. The network outputs and the experimental results are reported in the last
two columns of Table 6.2.

6.3.2 Experiment 2: optimal vs original scoop for the SSG

The goal of the second batch of experimental trials was to test if the optimal scoops provided by
our architecture could outperform the standard one originally mounted on the SSG. Ten novel
objects (shown with the blue labels in Fig. 6.8 and described in Table 6.3) were grasped in two
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Table 6.3: Objects tested in Experiment 2 and Experiment 3.

ID  Object | Size [mm] Mass [g]
1 clamp 85 x 110 x 30 59
2 banana #35 x 160 66
3 bowl Z155 x 55 147
4 brown box 100 x 145 x 65 76
5 screwdriver 235 x 210 98.4
6 metal mug 290 x 80 118
7 dark box 115 x 155 x 4.5 28
8 orange 270 50
9 spray can 250 x 160 118
10  plush 100 x 140 x 130 102
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Figure 6.9: Success rates for (a) Experiment 2 and (b) Experiment 3. The blue line represents
the success rate obtained with the optimal scoops in both cases, while the orange one shows the
success rate obtained using (a) the SSG original scoop, and (b) the Pisa/IIT SoftHand without
any scoop. Next to each object name, we reported the name of the used optimal scoop in blue
(¢f. Fig. 6.5).

different conditions by using the original scoop and the one provided by the CNN. A total of 200
experimental trials was collected by performing 10 trials per object in each condition. Fig. 6.9a
reports the comparison between the success rates obtained in the two cases.

6.3.3 Experiment 3: Pisa/IIT SoftHand with and without scoop

Experiment 3 was meant to demonstrate that a generic commercial hand equipped with optimal
embedded constraints outperforms the same hand without any additional part. We adopted the
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Pisa/IIT SoftHand to carry out the grasping procedure by testing 10 objects (the same used in
Experiment 2) in two conditions: with and without the scoop. We executed 10 trials per object
per condition, collecting a total of 200 trials. To retrieve the optimal hand pose for grasping
a certain object without the scoop, we decided to solve an optimization problem similar to the
one presented in Chapter 3. The used optimal vector x* = [z*,y*, z*,v*], consisted of the
relative position between the hand and the object, and the optimal angle v* which represents
the hand rotation around the z-axis of the object reference frame. The solutions resulting in
compenetration between the hand and the environmental constraint were discarded. Obtained
success rates are reported in Fig. 6.9b.

6.4 Discussion

Experiment 1 is fundamental to evaluate the validity of the proposed method.

The results shown in the Table 6.2 provide us with two main insights: 4) the scoop suggested
by the network coincides with the one providing the highest success rate in the experiments, and
i) overall, the values of the CNN predicted success rates are comparable with the experimentally
obtained ones. In Experiment 2, the overall success rate of the trials carried out with the optimal
scoop is 80% against 45% of those performed considering the original scoop. This means that
the newly designed scoops outperform the original ones in restricted scenarios. Experiment 2
also gives us interesting insights regarding the application of the scoops designed for the SSG.
As pointed out in Sec. 3.4.2, small objects were challenging to be picked up performing the
scoop grasp sliding on a vertical surface. However, designing a proper scoop for a given object-
constraint pair compensates for this problem. Remarkable examples are the clamp (Fig. 6.10b),
the banana, the screwdriver, and the spray can which, although having a relatively low overall
success rate of 62% (25 out of 40 trials) with the optimal scoop, were never picked up using the
original scoop (Fig. 6.10a). The remaining objects, instead, present similar or better success
rates (55 out of 60 trials, 92%) when grasped with respect to the original scoop (45 out of 60
trials, 75%).

Experiment 3 aimed at demonstrating that the presented methodology can be applied to
hands designed without foreseeing any additional parts to enhance their performance. Overall,
the experimental trials performed with the hand equipped with the optimal scoop present higher
success rates (79%) than without it (40%). In particular, each object grasped with the custom-
ised hand presents equal or higher success rates than the default hand. The only exception is
the bowl (9 out of 10 trials). In this case, the main reason is that the object is wide enough
that the hand can reach an optimal pre-grasp pose without interfering with the environmental
constraint. However, this kind of behavior strongly depends on the characteristics of the object.
Indeed, hollow (e.g., bowl) or deformable (e.g., plush toy) objects are more prone to be easily
grasped even without the add-on.

On the contrary, large and rigid objects (such as the box in Fig. 6.10d) turned out to be
impossible to grasp without the scoop (Fig. 6.10c). The presented experimental results show
that the exploitation of optimal embedded constraints is generally the best choice.
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(d)

Figure 6.10: Examples of grasps from Experiment 2 and 3. On the top, (a) the SSG fails to
grasp the clamp because of the distance between the fingers and the scoop, while (b) the SSG
equipped with the suggested scoop is achieving the grasp. On the bottom, (c) the Pisa/IIT
SoftHand is not equipped with the scoop and it fails to grasp wide undeformable objects (e.g.,
brown box), while (d) the hand achieves more successful grasps with the help of the scoop.
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6.5 Conclusions

In this chapter, we proposed a method to design optimal scoop-like embedded add-ons to fully
exploit the presence of constraints and obstacles in unstructured environments. We applied
our methodology to two different soft robotic hands, the Soft ScoopGripper and the Pisa/IIT
SoftHand. Running 300 grasp simulations per hand, we collected optimal design variables by
solving an optimization problem. To obtain a reasonable number of add-ons, we clustered the
outcomes of the optimization by means of Gaussian modeling, obtaining a total amount of
seven scoops. Hence, we used a data-driven approach to correctly select the optimal scoop with
respect to a given object in a restricted scenario. We tested the designed scoops in three different
experiments to validate our method. Experimental results show that the developed architecture
always provides the optimal scoop. Additionally, properly designed add-ons allow augmenting
the range of graspable objects and the exploitation of new grasping strategies even with hands
that are not initially designed to embed a scoop. Still, the scoop can be easily detached when
considered a hindrance for the execution of other grasping strategies. In future work, we plan to
exploit this technology in highly cluttered environments where the scoop can also be exploited
for non-prehensile actions.

Future research will also focus on improving the presented scoops, considering different con-
cavities, which can easily comply with the object surface. In addition, we will devise methods to
optimize the overall structure of the scoop taking into account its structural mechanics proper-
ties and we will explore the design of soft scoops in which the compliance is a functional element
for task accomplishment.



Chapter 7

Data-driven topology optimization framework
for robotic grippers

“You can have data without information,
but you cannot have information without data..”
Daniel Keys Moran

A widespread methodology to enhance the design of robotic devices is represented by to-
pology optimization. Typically, the optimization aims at designing a certain part of the robot
to satisfy a priori, user-defined mechanical properties while minimizing the used material for
building the structure. In this chapter, we apply topology optimization to robotic grippers,
and we propose to define the requirements for the optimization in a data-driven way based on
simulated experiments of grasping tasks. Specifically, the architecture we propose is composed
of three sequential phases. The input of the architecture includes the initial model of the grip-
per, the specific gripper component to be optimized, and a set of parameters. The first part
of the architecture acquires force signals from the gripper component that are sensed during
the grasping simulations. Hence, these signals are fed into the second phase, which analyzes
the forces through pixel connectivity and Dynamic Time Warping algorithms and provides the
instructions for the topology optimization. Ultimately, the third block performs the optimiza-
tion. The method is tested by optimizing a specific part of a soft-rigid gripper. Results from
simulation confirm that the proposed architecture provides an improved version of the original
gripper, not only in terms of optimized use of materials but also in terms of grasp success rate.

The rest of the chapter is organized as follows. Sec. 7.1 defines and motivates the study. In
Sec. 7.2, we describe the different blocks composing the architecture of our toolbox. In Sec. 7.3
we report the analysis of the tests, while Sec. 7.4 contains a discussion of the results. Finally,
Sec. 7.5 derives the conclusion of the study, outlining the future works.

(© 2023 IEEE. Reprinted, with permission, from V. Bo, E. Turco, M. Pozzi, M. Malvezzi and D.
Prattichizzo, ”A Data-Driven Topology Optimization Framework for Designing Robotic Grippers,” in 2023
IEEE International Conference on Soft Robotics (RoboSoft), Singapore, Singapore, 2023, pp. 1-6, doi:
10.1109/RoboSoft55895.2023.10122000.
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7.1 Introduction

Over the last decade, optimal design methods have been exploited in robotic manipulation to
build grippers capable of grasping different objects or performing specific in-hand manipulation
motions [208, 209, 210]. One of the adopted techniques is Topology Optimization, which aims
to maximize a system’s performance while reducing the material layout [159]. Thanks to their
versatility, topology optimization algorithms allow developing grippers capable of complying
with specific requirements [160] or actuation technologies [161, 162, 163]. The contacts between
the gripper and the objects are typically modeled in the form of pressure loading and friction
tractions [165] or as constraints [167]. The positioning of contacts is defined a priori based
on the designer’s intuition of where the gripper will most probably grasp the objects (e.g.,
fingertips [211]. While this is a reasonable choice for relatively simple grippers (e.g., 2-fingered
devices [163]), it might not be realistic with more complex, possibly soft, robots.

In this work, we propose to topologically optimize the design of soft-rigid robotic grippers
based on contact force data retrieved from preliminary dynamic grasp simulations. The newly
proposed framework consists of the pipeline sketched in Fig. 7.1. Our approach bases the gripper
design on data-driven considerations, similarly to what is done in co-design methods in which
the structure and the control strategy of the gripper are simultaneously optimized verifying the
feasibility of the solutions in simulation [171]. As shown also in other previous works, simulation
data can provide useful information for the design of robotic grippers [172].
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Figure 7.1: Schematic of the proposed framework. In the first block several grasps are simulated
and force signals from sensor plates located in the part(s) of the gripper to be optimized are
recorded. The data are then converted by the second block into heightmaps, processed and then
clustered. Lastly, the obtained information is translated into loadings, tractions, and constraints
for the topology optimization analysis.

In [172], the authors proposed to exploit simulation data with a previously developed gripper
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finger design and optimization methods for generating a finger cut-out for an asymmetrical object
used in industrial assembly tasks. Moreover, as shown in Chapter 6, we used simulations for
the initial steps of a data-driven automated design procedure, as they can be used to generate
several data, without performing real experiments, which would be time-consuming and possibly
unsafe.

The framework proposed in this chapter consists of different steps. We assume to have an
initial gripper design that we want to optimize topologically. In the first phase, the simulated
model of the initial gripper is loaded in CoppeliaSim [212], and several grasps are simulated with
it. During the simulations, force signals from sensor plates located in the part(s) of the gripper to
be optimized are recorded. The retrieved data are then converted into heightmaps and processed
using the pixel-connectivity algorithm and Dynamic Time Warping clustering [193]. Lastly, the
obtained information is translated into loadings, tractions, and constraints for the topology
optimization analysis conducted in COMSOL Multiphysics [213]. The proposed methodology
was tested with the Soft ScoopGripper, a tendon-driven soft gripper embedding a rigid flat
part [9].

7.2 Materials and Methods

The framework proposed in this work allows to topologically optimize grippers based on accurate
a priori information on their grasping capabilities. As shown in Fig. 7.1, the framework is
composed of three main phases. The first one is devoted to the dynamic simulation of several
grasps with the selected gripper and accepts inputs from the user, including the model of the
gripper, the component of the gripper to optimize, and a set of parameters. The data gathered
from the 600 simulated grasps are stored and those related to the forces applied onto the gripper
are used as inputs for the second phase. Here they are processed to obtain a set of instructions
for the topology optimization that is carried out in the last phase. The final output consists of
the STereoLithography (STL) file of the optimized component.

In our implementation of the framework, the gripper simulations are conducted in Cop-
peliaSim, the force data are analyzed in MATLAB (MathWorks, Inc., USA), and the Topology
Optimization is carried out in COMSOL Multiphysics (Comsol Inc., USA) through the LiveLink
for MATLAB. However, in principle, other software with similar features could be exploited as
well.

In the following, we detail the steps of the proposed framework applied to a specific gripper,
i.e., the Soft ScoopGripper [9], and a specific part of it, i.e., its embedded scoop-like flat structure.
Nonetheless, the proposed procedure is general enough to be applicable to different hands and
different parts of them (e.g., phalanges, nails, palm).

7.2.1 Data Collection from Grasp Simulations

To conduct dynamic simulations in CoppeliaSim, the first step to perform is to import the
URDF file of the gripper. We built the URDF of the Soft ScoopGripper considering that it
is an underactuated soft-rigid hand that embeds a flat, scoop-like surface that can be used to
proficiently exploit environmental constraints during grasping tasks, as discussed in Chapter 3.
The scoop is actuated by two tendons, and it is attached to the gripper palm through a flexible
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hinge to better adapt to the features of the environment. In addition, the gripper has two
fingers composed of rigid phalanges and soft joints and driven through tendons by a differential
mechanism. To have a more efficient simulation, in CoppeliaSim, we modeled the gripper fingers
as lumped parameters kinematic chains, where each flexible joint is described by a rotational
active joint. We empirically determined in [9] the closing motion, controlling in velocity each
joint and making the fingers independent, similarly to the effect generated by the differential
mechanism present on the real gripper. In this way, we obtained a realistic “soft” behavior of
the fingers, without explicitly modeling the dynamics of the tendons.

The part of the gripper that we chose to optimize was the scoop, as it plays a fundamental
role in the grasps performed by the gripper, and can even be adapted to different hands, as
demonstrated in Chapter 6. In the simulator, the surface of the selected part is divided into
a grid whose size is a parameter that can be defined by the user. In each element of the grid
we placed a simulated force/torque sensor to characterize the hand-object interactions arising
during grasping tasks. In our setup, we recorded only the forces normal to the sensors surface
and the grid was made of 7 x 9 elements to cover the entire surface of the component and
considering that there should be a minimal distance between the sensors.

(a) | (b) (c)

Figure 7.2: Example of a grasping sequence in simulation on CoppeliaSim. (a) the robotic arm
approaches the object, (b) the record of the forces is started after a contact is detected, (c¢) the
gripper brings the object to a final position.

To conduct the simulations, the gripper has to be attached to the model of a robot arm.
We chose an UR5 collaborative robot (Universal Robots) and we performed a total of 600
top-grasps, i.e., 12 trials for each of the 50 different objects that we selected from the YCB
dataset [185].! The objects were placed within the robot workspace to make the planned grasps
feasible. The initial object orientation was set to a value equal to k7/6 radians, with k=1, .., 12.
To understand if a grasp was successful, we placed a force sensor on the surface where the
objects lay: if no force was read after 3 seconds from the end of the grasp execution, a grasp
was considered successful. We adopted the Newton physical engine to perform the simulations.
Fig. 7.2 shows an example of a simulated grasp.

During each simulation, we acquired the force signals from the sensors placed on the surface

INote that the number of trials and objects, as well as the type of objects, can be adapted to the required
accuracy and to the envisaged application.
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Table 7.1: Parameters to be provided to the framework and the values adopted for our case-
study.

Parameters ‘ Values
Gripper model (URDF) Soft ScoopGripper
Component model (STL) scoop

Grid size 7x9

# of trials 600

# of objects 50

# of object orientations 12
Sampling frequency 10 Hz

of the scoop. The sensors started recording when the first non-zero force was detected, whereas
the opening command of the gripper after the grasp triggered the stop. The sampling rate of
the signals we chose was 10 Hz.

The parameters we chose in this first phase of the framework are summarized in Table 7.1.

7.2.2 Data processing

The force signals sensed on the gripper component were analyzed in MATLAB to translate them
into helpful information to perform a topology optimization. First, we separated the successful
grasps from the failed ones, creating two different datasets. Then, we applied the following four
steps to them.

Step 1. For each time instant of each grasping trial, we created a 2D image in which each
color indicates a different magnitude of the force. To get a higher resolution, we up-sampled the
data using Gridded Interpolation. The up-sampling is useful to increase the resolution because
sensors have limited dimensions even if they are simulated (neglectable mass and inertia). An
example of final 2D image grid is shown in Fig. 7.3a.

Step 2. Starting from the obtained grids we created a binary image using a threshold value
for the force magnitude and coloring only the pixels corresponding to force values above the
threshold. We determined the threshold to distinguish an object contact from a finger one.
Thus, we considered the maximum force applied by the fingers directly touching the sensors as
threshold. To make the information more homogeneous we used a pixel-connectivity algorithm
to create uniform blobs of pixels (see Fig. 7.3b), similarly to what was done in [214] for a different
application. Each blob is described through a limited set of parameters, including its center, its
area, etc. [214].

Step 3. For each image we kept the largest blob and deleted the other ones, thus selecting
only the area in which most of the hand-object interactions arise, as shown in Fig. 7.3c.

Step 4. After having obtained a blob for each time instant of each grasping trial, we used the
Dynamic Time Warping (DTW) algorithm [193] to measure the similarity between the different
grasping trials in terms of evolution of the parameters of the blobs. This information was then
used to cluster grasping trials in which the blobs evolved in similar ways. We adopted the
K-medoid as clustering algorithm, and not the more widely adopted K-means, as its results are
reliable since they effectively belong to the original signals.
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(a) (b) (c)

Figure 7.3: Analysis of a single time instant of a single grasping trial: (a) 2D grid of the recorded
forces, (b) image of the blobs obtained from the pixel-connectivity algorithm, and (c) image of
the blob with the largest area. As it can be noticed, the blobs in (b) correspond to the yellow
areas in (a), i.e., areas of the studied surface where the forces were higher.

To determine the optimal number of clusters k, we employed the Calinski-Harabasz Criterion
or Variance Ratio Criterion (VRC). The Calinski-Harabasz index is defined as:

N —k

— (7.1)

2

VRCy, = 2B

w

where 0% is the overall between-cluster variance, o3, is the overall within-cluster variance, k is

the number of clusters?, and NN is the number of observations. Through this analysis, for each

cluster, we were able to extract the centroid parameters describing a resulting blob evolving

in time, as shown in Fig. 7.4. To translate this evolution into instructions for the topology
optimization, we considered the bounding box of the blob and its center at each time instant.

7.2.3 Topology Optimization

Once we obtained the results from the data processing phase, we translated the force signal
distributions into the information necessary to perform a classic topology optimization of the
examined piece. We conducted the topology study with the density method on COMSOL Mul-
tiphysics because it can be easily integrated with MATLAB thanks to LiveLink for MATLAB.

First, we inserted the scoop model establishing as material the ABS with Young’s modulus
equal to 3.2E+9 Pa and Poisson Ratio of 0.35. Then, we specified the loads necessary to actuate
it through the cable-driven system and the fixed boundary of the hinge joint linking the scoop
to the rest of the gripper. Therefore, we applied the results evaluated in the data processing.
From the data of the successful grasps, we obtained two force distributions that, at steady state,

2In our case, k = 2 for both datasets containing the successful and the failed grasps.
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Figure 7.4: Final distributions of the successful (a) and failed (b) grasps. From the left: the
position assumed by the clusters on the x-axis of the grid, the position assumed by the clusters
on the y-axis of the grid, five time instants of the positioning of cluster 1 (in blue), and five time
instants of the positioning of cluster 2 (in red).

are located in the center of the scoop along the z-axis (r=4.27 £ 0.95 cm) and mainly in two
regions on the y-axis (y1=6.75 £ 0.27 cm and yo = 1.14 4+ 0.19 cm, respectively). Thus, we set
two boundary loads in these areas.
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Figure 7.5: Steps of the design of the scoop. (a) initial design, (b) Von Mises stress distribution
during the topology study, and (c) final optimized design .

On the other side, we extracted two other force distributions from the analysis of the failed
grasps close to the boundaries of the scoop along the z-axis (with y=1.23 + 0.42 cm). We
interpreted this information as the objects tended to slip from the center of the scoop towards
its boundaries. For this reason, we set the areas of these distributions as fixed parts, so they do
not undergo any deformations during the grasping execution, keeping the object in the middle
of the mechanical piece.

To solve our topology optimization problem, we adopted the widely used modified SIMP
method [159], where the design domain is discretized into N finite elements, each characterized
by its density p € [0,1]. Given that the resulting design can depend on the used mesh, we
adopted a minimum length scale via a filter radius in a Helmholtz filter. We used the moving
asymptotes algorithm (MMA) [215] to solve the optimization problem. We assumed a volume
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fraction V* of 0.5, a maximum number of iterations of 150, and a relative tolerance stopping
criterion of 0.001. Finally, we performed a shape optimization to make the structure more
robust, plotted the optimal structure and exported it as a STL format file for testing. The
original and the optimized scoops are shown in Fig. 7.5.

7.3 Experimental results

After obtaining the STL of the optimized scoop, we carried out an analysis to prove its efficacy
and usefulness.
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Figure 7.6: Tested objects. We colored in blue the 7 tested objects used also during the analysis,
whereas we colored in red the 3 novel objects. The unit of measurement is in cm.

The test was meant to verify the newly designed scoop’s success rate and force distributions
compared with the original one. Thus, we executed 300 grasps per scoop in simulation, as
previously done in Sec. 7.2.1. We included in the test dataset 7 objects belonging to the ones on
which the analysis has been performed and 3 new ones to prove that our method is generalizable.
The dataset is shown in Fig. 7.6.

We evaluated the experiments in terms of grasp success rate and of the intensity of the forces
applied on the scoop.

Regarding the first aspect, we obtained a total number of successful grasps of 189/300 and
232/300 for the original and the optimal scoop, respectively. The grasp success rates for each
object are reported in Table 7.2. With respect to the second aspect, we evaluated the force
signals recorded on the surface of the original and optimal scoops with the analysis proposed in
Sec. 7.2.2. Here we compared the values assumed by the clusters over time resulting from the
DTW analysis and the difference in their standard deviations. The signals obtained from the
optimal scoop are shown in Fig. 7.7.

7.4 Discussion

Evaluating the testing phase results, we can affirm that the proposed framework can improve the
gripper performance. Indeed, overall, the grasping success rate increases when using the optim-
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Figure 7.7: Test analysis of the successful (a) and failed (b) grasps with the optimal scoop. From
the left: the position assumed by the clusters on the z-axis of the grid, the position assumed by
the clusters on the y-axis of the grid, five time instants of the positioning of cluster 1 (in blue),
and five time instants of the positioning of cluster 2 (in red).

Table 7.2: Success rates of the testing phase for both the original and optimal designed scoops.

Objects | Obj. ID | Original Scoop | Optimal Scoop
Triangular Toy 1 24/30 25/30
Bridge Toy 2 19/30 18/30
Metal Mug 3 14/30 27/30
Sugar Box 4 23/30 23/30
Cracker Box 5 23/30 25/30
Tuna Can 6 18/30 20/30
Apple 7 26/30 30/30
Banana 8 10/30 20/30
Mustard 9 20/30 25/30
Screwdriver 10 12/30 21/30
| Total |  189/300 |  232/300

ized component (77.33% against 63.67%). Specifically, the newly designed component is more
effective with objects that were difficult to be picked up with the original scoop. Remarkable
examples are the metal mug, the banana, and the screwdriver (a total of 68/90 against 36/90
successful grasps). The explanation lies in the fact that being the original scoop flat, the objects
tended to roll outside boundaries along its z-axis. Constraining the scoop sections during the
design phase (see Sec. 7.2.3), we achieved a concavity in the center of the scoop that opposes
the rolling. The analysis of the sensed forces fully confirms the previous statement. Indeed, as it
can be noticed from the forces recorded during the successful grasps (see Fig. 7.7a), the optimal
scoop helps the gripper to restrain the objects within the same region, preventing involuntary
movements of the objects.

Not only are the forces on the z-axis more concentrated in the scoop center (z=3.9185 +
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0.0715 cm), but also on the y-axis we noticed a desired trend, considering that the signals are
closer to the origin of the component (y;=3.7440.7278 and y2=1.02+0.2159 cm). This behavior
means that the objects are moved towards the palm of the gripper during the grasping execution,
making the grasp more robust.

Nonetheless, when using the optimal component, the gripper lost some capabilities in grasp-
ing box-shaped objects, e.g., the bridge toy and the cracker box were equally or less caught.
Moreover, evaluating the force analysis, we can affirm that the failing trials are mainly related
to a slipping motion along the y-axis (Fig. 7.7b). This slippery behavior is probably due to
unpredictable interactions between the fingers and the objects. Thus, the objects are not prop-
erly grasped because the fingers fail to keep them on the scoop during the grasping motion. To
corroborate this assumption, it can also be noticed from Fig. 7.7b that the red blob present
oscillating trends on the y direction, where it assumes a value of almost 10 cm at time instant
t = 30 starting from around 5 cm.

7.5 Conclusions

In this chapter, we propose a framework to enhance the topology optimization of grippers,
considering a data analysis on previously conducted simulations of grasps. We conceived our
framework as three distinct sequential blocks. Given different parameters from the user, the first
block is responsible for recording the force signal acting on a gripper component during grasping
execution performed in simulations on CoppeliaSim. The architecture’s second part consists
of a MATLAB algorithm that analyzes the forces through pixel connectivity and Dynamic
Time Warping algorithms. Lastly, the framework translates these distributions into information
necessary to perform the topology optimization on COMSOL, resulting in an optimized STL
of the given component. We tested our method by optimizing a link of the Soft ScoopGripper,
a soft-rigid gripper. From the results, we noticed that the proposed framework produces an
analysis that effectively improves the given component and prevents unwanted behaviors of the
gripper.

In future works, we plan to improve the framework with other mechanical analyses further
and consider composite optimizations of different components. As the framework is now, it can
be considered an open loop, given that no feedback is provided during the optimization. Thus,
another possible development consists of developing the closed-loop version of the architecture,
where the components are optimized and updated after a certain number of iterations.

Another possible development of the proposed framework will consist in the evaluation and
design of compliant yielding structures, possibly considering an analysis for hyperelastic mater-
ials.

Future research will also focus on the transfer of this method from simulated to real robotic
grippers, evaluating the possibility of acquiring the training data through experiments using
ad-hoc sensors.
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Chapter 8

Design and Control of a Soft-Rigid End-Effector
for Food Handling

“Aimless extension of knowledge is merely inefficiency.
I am designed to avoid inefficiency. ”
Isaac Asimov

Food handling is a very challenging task for robotic grippers. It deals with the manipulation
of highly deformable and fragile items that can be easily damaged and consequently no longer
be attractive. Moreover, ingredients for the preparation of the different dishes are usually stored
in small containers that are often not easily accessible from the top in real scenarios.

This chapter introduces an innovative soft-rigid, tendon-driven gripper: the Double-Scoop
Gripper (DSG). Its two-fingered design exploits a specialized structure to cope with constrained
spaces (e.g., containers in narrow shelves). The DSG can delicately grasp objects of various
shapes by employing two scoop-shaped fingertips that can form a single plate when fingers are
flexed. Data obtained from an on-board camera are used to detect the food item features and
plan the grasping strategy that better exploits the possible environmental constraints regulating
the opening of the two fingers and the approaching direction of the gripper.

Experiments were conducted using real food ingredients within a pick-and-place setup to
evaluate both the grasping and the realising capability of the gripper. Obtained results are
promising and suggest that this approach could be particularly advantageous in the context of
automated food serving.

The chapter is organized as follows. Sec. 8.1 defines the problem of grasping in clutter,
deriving its motivation. In Sec. 8.2, we describe the proposed methodology. In Sec. 8.3 Sec. 8.4,
we report and discuss the experimental results. Lastly, Sec. 8.5 derives the conclusion of the
study, outlining its possible further developments.
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8.1 Introduction

Food manufacturing has witnessed significant advancements in automation and robotics, revo-
lutionizing food handling processes. In this context, industrial food service robots play a pivotal
role in enhancing efficiency, conserving space, and elevating cleanliness and safety standards
[216]. Over the past few decades, robotics found widespread usage in tasks like dispensing in-
gredients, executing precise cuts, packaging or casing food items, as well as skillfully picking and
placing products into containers while also facilitating the sorting process [15, 217]. Food hand-
ling is an important task also in assistive applications in which robot manipulators can be used
to help people in the kitchen or feed and serve patients with upper limb impairments [218, 219].
When dealing with pick-and-place tasks, robotics must face three main challenges [220, 221].
To begin with, the robot’s end-effector must delicately handle the fragile nature of food items
susceptible to damage. Secondly, the robot’s capability to adjust to environmental changes is
crucial, ideally without necessitating a reconfiguration of the entire robotic setup. Lastly, vision
algorithms are vital in detecting and recognizing the targeted food items for picking. However,
complexities like obstacles within the scene often obstruct a clear view of the workspace.

Figure 8.1: Experimental setup for food handling. Pick area: 3 containers at different heights
(table, within and above the shelves). Place area: 3 containers of varying sizes (plate, bowl,
glass). The proposed Double-Scoop Gripper, embedding an on-board camera, is indicated with
an orange circle.

In this chapter, we propose the development and application of a novel soft-rigid gripper, the
Double-Scoop Gripper, specifically designed for pick-and-place scenarios (as shown in Fig. 8.1).
The gripper was devised to tackle the food tray assembly scenario of the 2023 IEEE Robosoft



8.2. Materials and Methods 97

Competition (“food handling for trays preparation)! ”, where food was stored in containers placed
in restricted spaces (i.e., containers in narrow shelves) and needed to be released into small
containers like bowls and plates. The gripper structure comprises two opposing tendon-driven
soft fingers. Exploiting the idea of “side and bottom grasp” defined in [220] and introduced in
[5], we positioned at the tips of these fingers a flat, rigid component able to slide below the food
items with additional flexible borders that create a scoop (Fig. 4.9). This unique configuration
offers a threefold advantage: firstly, it allows the gripper to cage objects rather than applying
conventional pinching; secondly, it improves the releasing of the food items with respect to other
soft grippers; lastly, it enables the gripper to grasp the food exploiting the constraints present in
the environment (e.g., other food items or container walls). To cope with narrow environments,
the gripper’s palm is attached to the robot arm end-effector through a rigid support element.
This feature allows us to manoeuvre the gripper into constrained spaces where it is not possible
to perform top grasps. The two actuators of the fingers and the electronics for low-level control
are positioned at the robotic arm end-effector making completely washable the gripper part that
may be in contact with the food. The repositioning of the motors, also decreases the bulkiness
of the gripper which represents an important feature when grasping in narrow spaces.

An RGB camera is embedded in the palm of the gripper. This placement ensures the
identification of objects within containers, even when obstructive elements like shelves or other
containers occlude the visual field of an external camera. To determine the objects’ features, we
employed a vision algorithm that first acquired the camera images and consequently planned the
grasping strategy that better exploits the possible environmental constraints.Thus, depending on
the position and the size of the food items, the opening of the fingers and the gripper orientation
were regulated to adapt to the exploitable environmental constraint.

We tested our device evaluating the grasping and releasing success rate in a scenario with
real ingredients in multiple containers and a tray, considering single and multiple objects pick-
and-place.

8.2 DMaterials and Methods

8.2.1 Gripper Design

The design of our gripper complies with the two following guidelines: %) prevent damage to
delicate food and i) grasp items placed in narrow places. We developed this gripper accounting
for the food tray assembly scenario considered in the 2023 IEEE Robosoft Competition. One
of the core components of the DSG consists of the two scoops placed at the fingertips. When
closed, these parts form a flat base that can be slid under food items, becoming extremely useful
to avoid any damage. The two scoops have a total surface area of 120cm? (60 cm? each). We
also added soft protection walls to the three sides of the scoop to force the food to stay on the
gripper base.

Another important aspect of our design is the use of two motors (one per finger) for the
tendon driven actuation. This solution helped in connecting the two scoops to the motor housing
using a rigid plastic pipe characterized by a length of 20 cm. To actuate the soft-rigid structures

Thttps:/ /robosoft2023.0org/2023-competitions/, Accessed 15/09/2023
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Figure 8.2: Structure of the Double-Scoop Gripper.

that drive the scoops’ motion and to redirect the tendon’s path, we design a unique structure,
highlighted in Fig. 8.2. This part of the gripper was designed to minimize the friction on the
tendon by having a smooth curved channel with a large curvature radius, thus avoiding the
addition of two pulleys. All these design features allowed us to significantly reduce the gripper’s
bulkiness, making it possible to grasp objects in narrow spaces. The position of the two actuators
and the electronics at the robotic arm end-effector makes the gripper’s parts washable.

All the rigid parts, consisting of the motor housing, the motor pulleys, the tendon router
part, the rigid modules of the scoops and the scoop base, are made with Elegoo’s ABS-like resin,
except for the tube, which is a commercial PVC tube. All the flexible parts, the flexible hinges
and the food protector around the base are made of 85A shore TPU. We used two Dynamixel
MX-28AT motors controlled by an ESP32 microcontroller connected to a custom transistor-
transistor logic adapter board. To measure the payload of the gripper, we closed it in such a
way to form a flat surface with the two scoops and progressively added weight over them. We
stopped as soon as a gap between the scoops started to appear. The resulting gripper payload
is 650 g.

8.2.2 Object Detection with ESP32-Camera

Another key feature of the DSG lies in the RGB small camera placed above the fingers. This
camera allows to detect objects inside food containers even if the hand or other obstacles are
occluding the field of view of an external camera. We employed the camera mainly for the
following reasons: i) to detect how many objects are present and ii) where are they with respect
to the food container’s center. Once we obtained these pieces of information, we were able to
adopt different grasping strategies depending on the objects position and quantity.
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Figure 8.3: Detection of food items in containers: a) RGB streaming, b) HSV conversion,
c¢) background removal, d) extracted contours, e) detected blobs, and f) final image with the
bounding boxes and their respective reference frames.

We employed a ESP32-Camera with a resolution of 1280 x 1024, connected through WiFi to
our network. To acquire the images from the ESP32 we used a Real Time Streaming Protocol
(RTSP) and we integrated it in ROS with the OpenCV VideoCapture Module [222]. After
having obtained the camera image topic (Fig. 8.3a), we calibrated the camera evaluating the
camera intrinsic parameters, fundamental in our case to determine the objects position. Then,
we applied the following steps to detect and evaluate the position of the objects in the scene:
Step 1. We removed the image background converting the RGB image into the HSV colorspace
(Fig. 8.3b) and thresholding with a filter (Fig. 8.3c). Step 2. Objects contours were found
applying a Canny Edge Detection algorithm to find the pixels belonging to the objects edges
and an algorithm to retrieve the contours from them (Fig. 8.3d). To improve the algorithm
performance we first removed the noise in the image with a 7 x 7 Gaussian filter. Step 3. We
extracted the image blobs by labeling the different contours, we evaluated their convex hull and
we kept the ones which area was higher than an empirical threshold, meaning that they were
effectively objects and not noise, as shown in Fig. 8.3e. Step 4. We determined the objects
minimum bounding box (Fig. 8.3f) using the principal component analysis (PCA). Step 5.
Lastly, we converted the objects position from pixels to meters given the intrinsic parameters
and the height of the camera.
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After having performed all the steps, we based our grasping strategy considering the number
of detected objects, their dimensions (through the bounding boxes) and their pose with respect
to center of the image.

8.2.3 Grasp and release strategies implementation

Different grasping strategies have been developed depending on where the food is placed inside
a container.

(a) Single and free

(b) Single and wall-constrained

(c) Single between multiple

(d) Multiple

Figure 8.4: Picking strategies depending on the placement and amount of food items. Grey:
container walls, blue: gripper, red: areas where the gripper exploits the environment.

The approaches have been determined also considering the part of the container exploited by
the scoops. We identified 4 strategies: i) unconstrained (i.e., not in contact with the container’s
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walls) single quantity of food; i) single food item close to the walls of the container; i) single
target food among multiple food items; iv) multiple target food items close to each other.
Fig. 8.4 shows a sketch of the strategies.

Strategies i) and #) aim to demonstrate the gripper’s effectiveness in exploiting the envir-
onment around the single item.
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Figure 8.5: Placing strategies depending on the size of the target container. Grey: container
walls, blue: gripper, red: areas where the gripper exploits the environment.

To differentiate them, we evaluated whether the position of the object with respect to the
center of the container was within an empirically predetermined threshold. The threshold was
calculated considering the longest side of the container and the maximum opening of the gripper.
If the distance between the object and the center of the container is less than the threshold, the
gripper performs a top grasp taking advantage of the bottom surface of the environment (e.g.,
as shown in Fig. 8.4a); otherwise, the grasp is made, exploiting the container’s wall closer to the
scoops (Fig. 8.4b). Strategy i) aims to demonstrate the ability of the DSG to pick a target food
when placed among multiple objects by exploiting the scoops to separate them and, at the same
time, preventing damage(Fig. 8.4c). Conversely, strategy v) is executed similarly to strategy
i), but it deals with multiple objects simultaneously (Fig. 8.4d), suitable for tasks where speed
is fundamental). In all the strategies, the opening of the scoops is adjusted according to the
size of the food item. Besides, when exploiting the walls, the gripper is tilted to place the scoop
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closer to the lateral surface to adapt to it, as shown in the first sketch of Fig. 8.4b.

Three placing strategies were implemented, considering containers of different sizes (as shown
in Fig. 8.5). The identified strategies highlight the gripper’s ability to adapt to the containers by
exploiting their different characteristics. If the release occurs in a large short-walled container,
we exploit the environment on the bottom surface of the container to ensure a precise place by
the two scoops (Fig. 8.5a). Otherwise, if the container walls are tight enough not to allow the
gripper to move on the bottom surface of the container, the scoops are laid on the container’s
lateral walls to gently release the food item. We considered two possible scenarios: one where
the container is large enough to exploit both the scoops (Fig. 8.5b) and another where using
both walls is not feasible because the opening of the hand would not be enough to release the
food items (Fig. 8.5¢).

8.3 Experimental results

8.3.1 Experimental setup

A video of the experimental trials can be found at link.

During the experimental phase, the Double-Scoop Gripper was mounted on a UR5 robotic
arm (Fig. 8.1).

To test the performance of the DSG, we conducted a pick-and-place procedure, evaluating
separately the results of the two tasks. The aim is to demonstrate that the proposed gripper can
grasp and release single and multiple objects by applying the strategies described in Sec. 8.2.3.
The picking scenario shown in Fig. 8.1 consists of grabbing food from 3 containers placed at
different heights (on a table, between 2 shelves, and above the highest shelf). In the placing
scenario, instead, the task is to release the food in containers of different sizes, such as a plate,
a bowl, and a glass. For both tasks, we employed 5 real food items of different sizes, shapes,
and softness (see Fig. 8.6). We tested each scenario with all the objects 5 times each, collecting
100 and 150 trials for pick and place, respectively?.

To perform the pick-and-place procedure, we implemented a Finite State Machine (FSM),
which counsists of the following phases: 4) the robot is moved to a home pose; ) the gripper
is placed above a food container; i) the RGB camera performs a scan searching for the food
location and, once detected, estimates its size (see Sec. 8.2.2); iv) the gripper moves accordingly
above the food item(s), regulating also the opening of the scoops; v) the gripper starts descending
towards the food item and closes the scoops once it reaches the pre-grasp pose; vi) the gripper
goes up and then is moved towards the release container; vii) the scoops open, delivering the
food and accomplishing the task. The positions of the pick and place containers were assumed
to be known a priori, although an external camera could be used to detect them.

8.3.2 Results for pick and place

Regarding the picking phase, we evaluated four conditions for each object. A grasp was con-
sidered successful if the target food was held inside the gripper until it arrived above the releas-

2Note that, although the number of trials differs, we applied the whole procedure described in Sec. 5.3.1 for
each pick and place attempt. Thus, to execute a place, a successful grasp is needed.
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Figure 8.6: Food items adopted in the experimental trials: sausages, meatballs, carrots, cookies,
and zucchini.

Table 8.1: Pick-and-place results. Columns 2-6 contain the results from the picking strategies,
while columns 7-13 show the results from the placements. n indicates the number of target food
items. The overall results of the two experimental phases are represented in bold.

| Pick | Place

Food Free Constrained Target Free All Plate Bowl Glass All
items n=1 n=1 n=1 n=3 (item) n=1 n=3 n=1 n=3 n=1 n=3 (item)
Meatballs 5/5 5/5 5/5 15/15  30/30 5/5 15/15 5/5 15/15  5/5 13/15  58/60
Cookies 4/5 3/5 3/5  13/15  23/30 | 5/5 15/15 5/5 15/15 5/5 13/15  58/60
Carrots 5/5 4/5 5/5  15/15  28/30 | 5/5 15/15 5/5 15/15 5/5  15/15  60/60
Sausages 5/5 2/5 5/5  14/15  26/30 | 5/5 15/15 5/5 15/15 5/5  15/15  60/60
Zucchinis 5/5 3/5 4/5  14/15  26/30 | 5/5 15/15 5/5 15/15 3/5 12/15  55/60
All (strategy) | 24/25 17/25 22/25 T1/75 133/150 | 25/25 75/75 25/25 75/75 23/25 68/75 291/300

ing container. Table 8.1 reports the results of the picking phase (from the second to the sixth
column). Overall, the DSG successfully grasped 133 out of 150 objects, obtaining a success rate
of about 88.6%. In particular, a single quantity of food placed away from the container’s walls
was picked-up in 24 out of 25 trials, whereas, in constrained cases (i.e., in the proximity of the
walls), it was caught in 68% of trials (17 out of 25). Instead, when the target food was placed
among others, 22 out of 25 grasps were successful. Lastly, multiple quantity of the same object
(n = 3) placed away from the walls were grasped in the 94.6% (71 out of 75) of cases.

The placing phase was characterized by more experimental trials with respect to the picking
phase because we tested single (n = 1) and multiple (n = 3) objects in all three placing scenarios.
Overall, 291/300 (97%) objects were successfully placed, as shown in the last column of Table 3.4.
In more detail, the DSG released all the food items in the plate with a success rate of 100% in
both single and multiple cases. The same result was obtained when the bowl was the release
container (see ninth and tenth column of Table 3.4). On the other hand, releasing foods into the
glass was the most challenging. The gripper successfully placed 23 out of 25 (92%) and 68 out
of 75 (90.6%) food items into the glass, in single and multiple quantities of objects, respectively.
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Figure 8.7: Sequence of picks. a) Picking of multiple zuchini; b) target picking of a meatball; a)
successful wall-pick of a meatball; b) failed wall-pick of a carrot.

8.4 Discussion

Previously presented results indicate that the DSG can successfully grasp and release single
and multiple food items of different sizes and shapes. Thanks to the softness of the fingers,
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(b)

(c)

Figure 8.8: Sequence of multiple placement. a) Sausages in the plate; b) cookies in the bowl; ¢)
meatballs in the glass.

it can effectively manipulate irregular, delicate and deformable objects like the ones used in
the experimental setup. Besides, the developed strategies fully exploit the gripper features in
combination with the environment around the manipulandum (e.g., exploiting the containers
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surfaces to help the grasp/release). The delocalization of the gripper from the robotic end-
effector was demonstrated to be functional for reaching narrow environments (i.e., the container
between the two shelves).

The devised picking strategies work effectively with various objects under different conditions.
Exploiting the embedded constraints (i.e., the two scoops), the DSG can delicately handle food
items sliding underneath them (Fig. 8.7a) to pick them up without causing any damage. Almost
all objects were easily grasped when placed away from the constraints of the container. The
only exception is cookies, which were grabbed 4 times out of 5 (80%) and 13 times out of 15
(86.6%) in the single and multiple cases, respectively. The reason of the failures is due to the
fact that the scoops were not always able to slide under the object because of the stiffness of
the cookie.

On the other hand, grasping becomes quite challenging when the container’s wall constrains
an object. Meatballs are the only items the DSG was able to grab in all the trials (see Fig. 8.7c)),
proving the efficacy of the developed strategy and the ability of the gripper to exploit the
constraint, coping with narrow environments. Conversely, the failures are mostly due to the fact
that the scoop sometimes tends to lose contact with the wall while sliding, causing involuntary
deflection (see Fig. 8.7d). This led to failure, especially with short objects (cookies, zucchini,
and sausages). Note that, currently, the sliding of the scoop is controlled in open loop. Thus,
a more accurate control of the scoop descent along the wall (e.g., implementing a force control
strategy) could increase the effectiveness of the strategy.

Another ability of the DSG is to exploit the scoops to perform precision grasps, as shown in
Fig. 8.7b. In this strategy, the role of visual feedback is crucial in detecting the targeted food
item. Once located, the gripper adjusts the closing of the scoops to easily separate and catch
the target food among multiple objects.

Overall, the experimental trials validated the developed strategies for placing. As it can be
noticed from columns 7-13 of Table 3.4, most of the releases were successful for all the objects.
We achieved a perfect score for the sausages and carrots, releasing the objects correctly every
time. Indeed, their thin shape was helpful, but even with round items like the meatballs and
the cookies, we still obtained 96.6% of success rate. Fig. 8.8 reports a successful placement in
the three containers.

The most challenging food item was the zucchini, which presented 55 out of 60 successful
placements. Moreover, the zucchini was the only item that showed a failure in the single place-
ment. This failure was mainly due to the sticking property of the zucchini’s surface, which
inhibited the sliding on the scoops when tilting the gripper. Unable to slide, these objects tend
to stay in the middle of the scoops, falling outside of the glass during the opening of the fingers.
This behavior does not happen when dealing with the other selected food items, resulting in
successful placements.

The glass was also the only container where multiple objects failed. Indeed, the issue in
this case was caused by the tightness of the container itself, which hindered the placement of
more than two items when their size was notable. As can be seen from Table 8.1, carrots and
sausages were easily put into the glass three at a time, whereas dealing with meatballs, cookies,
and zucchinis, the gripper lost one of the three picked items during the opening of the fingers.
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8.5 Conclusions

In this chapter, we proposed the design and application of a novel soft-rigid gripper, the Double-
Scoop Gripper. This gripper is specifically tailored to tackle food tray assembly scenarios, where
food is placed in restricted spaces. The gripper structure comprises two opposing tendon-driven
soft-rigid structures with a rigid component at their tips. To deal with narrow environments,
the gripper is situated at the end of a pipe and is equipped with an RGB camera.

We developed four picking and three placing strategies to fully exploit the gripper’s charac-
teristics, based on vision inputs. We tested the DSG in a pick-and-place experiment to validate
our design. The experimental trials showed that the gripper is able to comply with the fragil-
ity of the food items without damaging them and to reach containers in narrow environments.
The results demonstrated that the gripper achieves high success rate in both grasp and release
exploiting the environment in different conditions.

In some cases, we noticed some limitations of the proposed design, but these can be overcome
by modifying the fingers’ structure to obtain an improved control over the opening motion to
better adapt the scoops to the environment. Future research will also focus on implementing a
prismatic joint to substitute the actual fixed pipe to increase the range of motion of the robotic
arm. This solution should also improve the reachability of the robot, allowing the planning
algorithm to chose configurations that previously were not possible.
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Chapter 9

Conclusions

“The ending is nearer than you think, and it is already written.
All that we have left to choose is the correct moment to begin.”

Alan Moore

Soft manipulation empowers robotic systems to engage with delicate objects and their sur-
roundings, particularly in unstructured and dynamic scenarios. This capability extends the
application of robotic manipulators beyond industrial contexts, where interaction with the en-
vironment is essential and must avoid causing damage. Consequently, various grasping strategies
have been developed to fully leverage the constraints presented by the environment. Nonethe-
less, these strategies face the challenge of identifying an exploitable environment, and there is a
possibility that this may not be feasible during grasp planning. Hence, the control methods and
design of embedded constraints outlined in this Thesis offer a solution by eliminating the need
to identify the environment separately, as it is inherently integrated into the end-effector itself.

Chapter 3 presents an innovative grasping strategy called scoop grasp, allowing for the grasp-
ing of diverse objects using the embedded constraint. The proposed approach is rather versatile
as it can determine a suitable pre-grasp pose based solely on the point cloud of the object and
the normals to the planes in contact with it. The scoop’s capacity to adapt to unstructured
environments allows it to slide on surfaces with different inclinations. Thanks to its adaptab-
ility and embedded intelligence, the Soft ScoopGripper proves effective in grasping objects in
unstructured scenarios. It can successfully employ traditional grasping strategies, such as top
grasps or side grasps, without relying on environmental constraints, as its scoop can function as
an additional embedded constraint supporting the grasp. Our goal was to demonstrate how this
gripper surpasses existing devices by utilizing its unique features to execute innovative grasping
strategies where others fall short. For instance, when objects are confined by other objects or
environmental features, traditional strategies may struggle, but the scoop makes the task con-
siderably easier. Experimental results support the claim that the Soft ScoopGripper can grasp
objects in complex scenarios. The devised grasping strategy proves effective, yet it demands
significant computational power and time due to the numerous potential hand configurations.
Conversely, a more straightforward and efficient method involves generating grasps based on
human demonstrations.

Chapter 4 introduces an approach to extract grasping strategies for soft, non-anthropomorphic
hands. This method enables the learning of primitives from human demonstrations without re-
lying on labeled data or lookup tables. The applied methodology is particularly advantageous
for soft underactuated hands as it replaces the conventional process of pinpointing and replic-
ating exact contact points between fingers and objects. Human demonstrations are analyzed
across various levels of object knowledge, yielding similar grasping strategies in terms of success
rates. Considering the object’s shape is preferable, and it would be interesting to explore the
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generalization of these strategies to more complex objects by decomposing them into simpler
shapes, ensuring the applicability of our method. A potential solution involves testing complex-
shaped objects by approximating them to the closest shape within the training dataset and then
assessing the system’s performance — determining if the extracted primitives can be effectively
applied to such objects. Further enhancements to the current system could include developing
an algorithm for selecting primitives while considering various constraints, such as the presence
of obstacles or manipulator reachability. Future developments may also explore the integration
of force data into grasping motion, allowing for the full exploitation of the compliance of soft
hands and mitigating unpredictable effects of hand interaction with the environment. Altern-
atively, an effective solution for understanding how to leverage embedded constraints could be
the implementation of a fully automated algorithm employing a trial-and-error approach.

Chapter 5 incorporates the Soft ScoopGripper (SSG) with an active exploration Reinforce-
ment Learning algorithm to clear a cluttered scene. Two reinforcement learning policies are
trained, the first involving pushing and grasping actions, and the second relying solely on grasp-
ing actions. Subsequently, these policies are tested in challenging, cluttered, and unknown
scenes. By comparing the outcomes achieved with simpler rigid grippers to those obtained
with the SSG, it is demonstrated that the integration of features such as softness, embedded
constraints, and model-based algorithms can impact the learning process, influencing the per-
formance of implemented strategies. Additionally, it can be noticed that, with the SSG, a
simpler policy learns more quickly and performs better in test scenes than the two-action policy.
This outcome results from the inherent exploitation of the environment by the SSG, allowing
the hand to insert between two objects to execute a grasp without the need for rearrangement.
Future research will delve into developing policies to fully exploit environmental constraints in
scenarios where non-prehensile strategies (e.g., pushing) are impractical, such as in restricted
scenarios. Multimodal perception during the learning phase will also be incorporated to ascer-
tain the extent to which the gripper can interact with its surroundings. Considering the potential
incorporation of embedded constraints into other hands, future work will aim to develop a Re-
inforcement Learning framework applicable to any gripper featuring a scoop, making the scoop
the sole necessary element for transfer learning. Hence, the incorporation of these passive com-
ponents into the structure of soft grippers is investigated to introduce the specific characteristic
of embedded constraints into other hands, without necessitating a complete overhaul of their
design or control systems.

In Chapter 6, a methodology to optimize the design parameters of scoop-shaped add-ons is
proposed through the utilization of an automated design approach. In contrast to previous efforts
in automated design, this approach explicitly considers environmental constraints in the design
optimization process. This belief is grounded in the idea that fully leveraging interactions among
the hand, object, and environment is crucial for achieving robust grasps, thereby expanding the
capacity to execute scoop grasps with diverse gripper types. In testing this approach, it can be
observed that optimally designed scoops enhanced the success rate on the original hand, i.e., the
SSG. Additionally, they enabled the Pisa/IIT SoftHand to grasp objects that were previously
challenging or impossible to grasp. Still, the scoop can be easily detached from the hand when
considered a hindrance for the execution of other grasping strategies. In upcoming research
endeavors, the aim will be to implement the optimal design to assess and test various hands in
cluttered environments using the methodology developed in Chapter 5. Additionally, methods
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for designing soft scoops where compliance serves as a functional element will be explored for
accomplishing specific tasks. While all the scoops presented feature a flat design, well-suited
for insertion between two surfaces, considering different concavities would enhance the scoop’s
ability to conform to the object’s surface. Furthermore, the methods presented focused on
improving the grasp success rate and versatility of the scoops, but did not address their structural
robustness. Hence, there is a need for a method to optimize the overall structure of the scoop,
taking into account its structural mechanics properties.

Chapter 7 introduces a framework designed to enhance the topology optimization of grippers
by leveraging data analysis from previously conducted simulations of grasps. The framework
comprises three sequential blocks. In the first block, given user-defined parameters, the force
signals acting on a gripper component during simulated grasping executions in CoppeliaSim
are recorded. The second part of the architecture involves a MATLAB algorithm that analyzes
these forces using pixel connectivity and Dynamic Time Warping algorithms. Subsequently, the
framework translates these distributions into information required for topology optimization
on COMSOL, resulting in an optimized STL of the specified component. The approach is
validated by applying it to optimize the embedded constraint. The results demonstrate that
the proposed framework effectively enhances the specified component and mitigates undesired
behaviors of the gripper. As the current framework operates as an open loop without feedback
during optimization, a potential development is the creation of a closed-loop version, where
components are optimized and updated after a specific number of iterations. Future research
will also center on transitioning this method from simulated to real robotic grippers, exploring
the feasibility of acquiring training data through experiments utilizing ad-hoc sensors.

Finally, Chapter 8 presents the design and application of a novel soft-rigid gripper called
Double-Scoop Gripper, built upon the control and design methods outlined in this Thesis. This
gripper is specifically crafted for food tray assembly scenarios, where the placement of food in
confined spaces is a challenge. The gripper structure features two opposing tendon-driven soft-
rigid components with rigid tips. To navigate narrow environments, the gripper is affixed to the
end of a pipe and incorporates an RGB camera. Four picking and three placing strategies are
devised, all leveraging vision inputs to fully exploit the gripper’s characteristics. The Double-
Scoop Gripper (DSG) undergoes testing in a pick-and-place experiment to validate its design.
Experimental trials demonstrate that the gripper adeptly accommodates the fragility of food
items without causing damage and effectively reaches containers in restricted spaces. The results
showcase a high success rate in both grasping and releasing, demonstrating the gripper’s ability
to adapt to various environmental conditions.

Based on the obtained results, it can be concluded that the paradigm of embedded con-
straints introduced in this Thesis holds significant potential in the field of robotic manipulation,
particularly as research progresses towards maximizing environmental constraint exploitation
with minimal reliance on sensors.
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