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Abstract

Robots are increasingly becoming an integral part of our lives, participating and
collaborating with humans in various roles, from automating tasks in industry,
service, and home environments to assisting and augmenting humans to regain
their original quality of living or further improve their capabilities. As such, the
tasks executed by robotic systems are also constantly growing in sophistication.
Grasping and dexterous manipulation are critical capabilities that allow humans
to execute these complex everyday life tasks, enabling them to interact with their
environment (e.g., grasping an object, pushing a button, opening a door, etc.).
In robotics, for such complex tasks the devices that are typically employed are
either fully actuated, multi-fingered, and rigid robot hands that are expensive and
that require advanced sensing elements and complicated control laws or simple
robotic grippers that offer limited dexterity and rely on robotic manipulators to
accomplish the tasks. In this PhD thesis, we focus on the design, analysis, and de-
velopment of adaptive, underactuated, and soft robot grippers and hands that can
provide robust grasping and dexterous manipulation capabilities to robotic sys-
tems operating in dynamic and unstructured environments. To do so, we propose
new designs and methods of introducing compliance to the end-effector struc-
tures, new selectively lockable differential mechanisms, new multi-modal gripping
systems, reconfigurable bases that increase the dexterity of an end-effector with-
out increasing complexity, and variable stiffness actuators that increase the system
capabilities in both grasping and manipulation. All the designs and mechanisms
proposed have been analyzed and integrated in a series of robotic grippers and
hands that can be efficiently used in a wide range of applications, requiring min-
imal sensing and control in order to be operated. In order to evaluate the per-
formance of the proposed robot grippers and hands, we conducted a plethora of
experiments focusing on their grasping, manipulation, reconfiguration, stiffness
modulation, and force exertion capabilities.
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Chapter 1

Background

Humans are capable of executing a plethora of tasks and are able to interact and
engage with their surrounding environment in a meaningful manner. A key com-
ponent of these interactions is through their hands allowing them to wield tools,
grasp/ manipulate objects, or to simply push objects aside. The human hand
achieves this through a complex network of bones, ligaments, tendons, blood ves-
sels, connective tissue, and nerves all working together to produce complex grasp-
ing and manipulation motions [1]. In order for robots to do the same, researchers
have striven to emulate the human hand’s dexterity by replicating the human
hand’s kinematics, and structures matching its 24 degrees of freedom (DOF) [2,
3, 4, 5]. However, challenges related to weight, size, cost, sensing, and control
complexity arise from directly mimicking the human hand, making it difficult to
utilize these devices. Instead, many industry solutions default to simple parallel
jaw grippers with limited grasping capabilities. Although a simple pinch grasp can
be used to execute a variety of tasks, when grasping humans do not just perform
a single grasp alone, but re-orient, or re-position the grasped objects during post-
grasp. In order to improve grasp quality, or to expose certain areas of the objects.
However, most robot end-effectors are only designed to grasp once and rely on
the redundancy of the robot arms they are attached to, to position and orient
the objects correctly. Relying only on a singular grasp confines the configuration
space of the objects to the configuration space of the arm. This may not be de-
sirable as joint limits and singularities can limit the possible motions needed to
manipulate an object. Similarly, the presence of obstacles in the nearby environ-
ment can further constrain the arms workspace. Added dexterity towards the end
of the arm can be beneficial as precise and minute motions can be implemented
through a gripper [6]. In order to adjust objects instead of a robot arm, which
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can be more power intensive due to the inertia of the system. With a dexterous
end-effector re-grasping procedures required for simplistic grippers can be avoided
as this procedure may not always be possible or ideal to execute.

Traditionally robot grippers and hands have been designed to be fully actu-
ated [7, 8] and have demonstrated the capabilities to not only do grasping, but are
capable of executing complex manipulation motions. Although this is achievable,
the requirement for highly structured environments, good calibration, expensive
components, or significantly large amounts of training data for learning [9] make
pursuing such a design difficult to replicate or reproduce outside of a research
lab. As a result, there has been a shift in design paradigms of robot grippers and
hands moving from conventional rigid and fully actuated systems to designs that
incorporate underactuation and compliant materials to achieve adaptive and soft
behaviors. These systems [10, 11, 12] in the form of adaptive and soft grippers
have shown promise in being able to accomplish grasping and basic manipulation
tasks in unstructured and dynamic environments with open loop control, and af-
fordable components. The integration of soft and compliant materials not only
improves adaptability and handling of delicate objects, it also enables such sys-
tems to be inherently safer around humans as they can passively comply during
human-robot interactions [13]. By leveraging these properties not only robots,
but amputees can benefit from this design methodology making way for highly
affordable, lightweight, and functional prosthetic devices [14].

While showing favorable results in executing dexterous tasks, underactuated
and soft grippers also have their own limitations. The multiple unconstrained
degrees of freedom can lead to decreased controllability and force exertion at
the fingertips of the robotic hand, which can result in undesired reconfigurations
(e.g., ejection) during grasping as the underactuated mechanisms will continue
to move until fully constrained (e.g., phalanges experience contact with object
surface, reach physical limits, or reach and equilibrium state) [15]. Furthermore,
as the number of available actuators is constrained in developing underactuated
hands the accessible number of grasp types and control of over individual joint
trajectories for in-hand manipulation will also be reduced. Hence, accessing only a
portion of the dexterity that there fully actuated counter parts have. Soft robotic
systems suffer additional disadvantages, although the soft and compliant nature
of the design enables it to effortlessly adapt to the external environment around
it, this same property results in low control accuracy, low force exertion, and low
resistance to deformation. This constrains soft robotic designs to handling delicate
and fragile tasks [13].
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1.1 Objectives

The goal of this PhD thesis research is to create robotic grasping and manipulation
systems, which can facilitate an efficient, dexterous, robust, and intuitive execu-
tion of complex tasks in dynamic and unstructured environments. To accomplish
this, we focus on the design, analysis, and development of different mechanisms as
well as transmission and actuation systems and structures for robotic end-effectors
aimed at improving the grasping and manipulation capabilities of adaptive robotic
end-effectors in a plethora of different applications. In particular, the main objec-
tives of this PhD thesis are:

1. To investigate how structural compliance and extra, manipulation-oriented
degrees of freedom can be integrated locally into the finger units of robotic
end-effectors to facilitate the execution of complex, sophisticated tasks such
as assembly tasks and implement robotic grippers demonstrating the con-
cepts.

2. To investigate the role of reconfigurable finger base frames on increasing
the robot gripper dexterity and manipulation capabilities without sacrificing
grasping performance and how they can enable the efficient operation of the
robot gripping and hand systems in human-centric environments.

3. To explore the implementation of new selectively lockable differential sys-
tems and locking mechanisms that can increase the capabilities of underac-
tuated adaptive robot and prosthetic hands without increasing their cost,
offering affordable dexterity.

4. Explore the use of soft robotic technologies such as highly reconfigurable,
multi-stage, compliant, and inflatable systems for the development of ultra-
affordable disposable grippers for handling hazardous materials.

5. Investigate and develop variable stiffness systems, that can be used to replace
passive elastic elements commonly used in adaptive and soft underactuated
robotic systems, allowing for improved control and increased force exertion
capabilities without compromising the benefits of using structural compli-
ance (e.g., ability to conform to the object shape, grasp robustness, ability
to grasp under object pose uncertainties etc.).



6 Background

1.2 Ethics Approval

Experiments involving human participants have received the approval from the
University of Auckland Human Participants Ethics Committee (UAHPEC) with
the reference number #019043. Prior to the study, all participating subjects pro-
vided written and informed consent to the experimental procedures.

1.3 Thesis Organization

The thesis is divided into three main parts: Adaptive Grippers and Hands for
Robotic Systems (Part II), Adaptive Fingers and Hands for prosthetic Systems
(Part III), and Soft and Variable Stiffness Systems (Part IV).

The chapters of Part II are organized as follows:

• Chapter 2 presents the equipment and apparatus utilized in this work, as
well as apparatus developed for specifically conducting experiments for eval-
uating the developed robots hands 1.

• Chapter 3 presents a multi-modal gripper that combines different grasp-
ing modes that synergistically complement each other for executing flexible
robotic assembly tasks. The gripper combines four grasping modes, Struc-
tural compliance, and a local DOF to perform grasping and manipulation 2.

• Chapter 4 presents two anthropomorphic robot hands constructed with
monolithic finger structures capable of performing robust power grasps for
executing a variety of different tasks. Both robot hand designs utilize differ-
ent thumb designs for evaluating the benefits of incorporating an additional
DOF at the base of the thumb. The additional DOF facilitates hand aperture
adjustment and improved in-hand manipulation capabilities.

• Chapter 5 presents a reconfigurable adaptive robot hand that combines both
anthropomorphic and interdigitated configurations. The hand is capable of

1Section 2.6 of the chapter is based on [16], © 2020, IEEE. Reprinted, with permission, from
Geng Gao, Gal Gorjup, Ruobing Yu, Patrick jarvis, and Minas Liarokapis, Modular, accessible,
sensorized objects for evaluating the grasping and manipulation capabilities of grippers and
hands, IEEE Robotics and Automation Letters, 2020.

2Majority of the chapter is based on [17], © 2020, IEEE. Reprinted, with permission, from
Gal Gorjup, Geng Gao, Anany Dwivedi, and Minas Liarokapis, A Flexible Robotic Assembly
System Combining CAD Based Localization, Compliance Control, and a Multi-Modal Gripper,
IEEE Robotics and Automation Letters, 2021.
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switching between non-anthropomorphic and anthropomorphic configura-
tion in order to achieve a wide range of grasps and manipulation modes,
while taking advantage of the shape ergonomics of many objects that have
been designed to be used in a human centered environment. 3.

The chapters of Part III are organized as follows:

• Chapter 6 presents an affordable, and light weight partial hand prosthesis
with a high level of personalization that can accommodate different pros-
thetic fingers for a variety of partial hand amputees. Both body-powered and
motorized solutions have been developed to accommodate different users 4.

• Chapter 7 presents a novel locking mechanism that can be used with differ-
ential mechanisms for providing full hand prosthetic systems with improved
control over it fingers without compromising the weight, cost, and form-
factor of the device 5 6.

The chapters of Part IV are organized as follows:

• Chapter 8 presents a mechanically programmable jamming structure based
on articulated mesh structures for the development of variable stiffness sys-
tems. The variable stiffness actuators can be used as a pin and flexure joint
in the development of robotic grippers (e.g., adaptive and soft robot hands)
and assistive devices (e.g., wearable exoskeleton).

3Majority of the chapter is based on [18], © 2021, IEEE. Reprinted, with permission, from
Geng Gao, Jayden Chapman, Saori Matsunaga, Toshisada Mariyama, Bruce MacDonald, and
Minas Liarokapis, A Dexterous, Reconfigurable, Adaptive Robot Hand Combining Anthropo-
morphic and Interdigitated Configurations, IEEE/RSJ International Conference on Intelligent
Robots and Systems (IROS), 2021.

4Majority of the chapter is based on [19], © 2019, IEEE. Reprinted, with permission, from
Geng Gao, Lucas Gerez, and Minas Liarokapis, Adaptive, tendon-driven, affordable prostheses for
partial hand amputations: On body-powered and motor driven implementations, 41st Annual
International Conference of the IEEE Engineering in Medicine and Biology Society (EMBC),
2019.

5Majority of the chapter is based on [20], © 2021, IEEE. Reprinted, with permission, from
Geng Gao, Anany Dwivedi, and Minas Liarokapis, An Anthropomorphic Prosthetic Hand with an
Active, Selectively Lockable Differential Mechanism: Towards Affordable Dexterity, IEEE/RSJ
International Conference on Intelligent Robots and Systems (IROS), 2021.

6Majority of the chapter is based on [21], © 2021, IEEE. Reprinted, with permission, from
Geng Gao, Mojtaba Shahmohammadi, Lucas Gerez, George Kontoudis, and Minas Liarokapis,
On Differential Mechanisms for Underactuated, Lightweight, Adaptive Prosthetic Hands, Fron-
tiers in Neurorobotics, 2021.
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• Chapter 9 presents a soft telescopic, multi-stage actuator that can be perform
extension and abduction motions in soft systems. We equip a soft gripper
with these actuators for executing stable grasps in unstructured and dynamic
environments. The low material cost of the actuators allows the developed
gripper to be used in a disposable manner for handling hazardous waste 7.

7Majority of the chapter is based on [22], © 2020, IEEE. Reprinted, with permission, from
Geng Gao, Che-ming Chang, Lucas Gerez, and Minas Liarokapis, A Pneumatically Driven,
Disposable, Soft Robotic Gripper Equipped With Multi-Stage, Retractable, Telescopic Fingers,
IEEE Transactions on Medical Robotics and Bionics, 2021.



Chapter 2

Apparatus

2.1 Motion Capture Systems

This section presents the motion capture systems used in this work for tracking
object motions and robot finger trajectories.

2.1.1 Retro-Reflective Motion Tracking Systems

The retro-reflective motion tracking system employed the Vicon motion capture
system composed of 8 MX-T series cameras (Fig. 2.1), which provides optical
tracking of objects/ bodies through retro-reflective markers. The recordings are
collected through a PC connected through a Giganet system providing xyz dis-
placements and rotations in Euler angles or quaternions. The sampling rate of the
device is 100 Hz. Other sensors and devices can also trigger the system to facilitate
the synchronization of different data collection systems.

Figure 2.1: Vicon motion capture camera.

9
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Figure 2.2: Example of motion capture using fiducial markers to capture object
position and orientation during a manipulation task.

2.1.2 Fiducial Marker Base Motion Tracking

An alternative optical motion capture system is the utilization of fiducial markers.
A webcam is used to track the fiducial markers, which contain particular patterns
that allow them to be identified within the webcam’s vision. The patterns followed
the ArUco class [23] of fiducial markers. The OpenCV version [24] of the ArUco
library was used to estimate the 6-DOF pose of the markers with respect to the
camera frame. The webcam used was a Logitech C922 Pro Stream HD webcam
recording video at 1080p resolution at a rate of 30 Hz.

2.1.3 Magnetic Motion Capture Systems

In scenarios where occlusion of the markers for tracking during grasping and ma-
nipulation tasks could be an issue, the Polhemus Liberty magnetic motion capture
system (Fig. 2.3) was employed. The magnetic motion capture system uses a source
that emits an electromagnetic field for sensors within its range to detect, to deter-
mine the position and pose. The liberty system is capable of equipping up to 16
sensors that can either be standard or micro in size. The system’s sampling rate
is 240 Hz with an accuracy of 0.76 mm in position and 0.15 deg in orientation.
Interfacing with the device was done through the supplied proprietary software
provided by Polhemus or through an open source Robot Operating System (ROS)
[25] based driver.
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Figure 2.3: The magnetic motion capture system is composed of a Polhemus Lib-
erty system, a source, and sensors. Two different sensor sizes (micro and standard)
are supported.

2.2 Force Measurements

2.2.1 Pull Force Recordings

Pull force experiments were conducted to evaluate the stability of grasped ob-
jects in soft robotic grippers and hands, which can easily deform under load. The
Robotiq FT300 force torque sensor (Fig. 2.4) was used to measure the minimum
pull force required to remove a grasped object from a gripper for different shaped
objects. The sensor has a sampling rate of 100 Hz and a force and moment range
of ± 300 N and ± 30 Nm.

Figure 2.4: Robotiq FT300 force torque sensor.
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Figure 2.5: Two different dynamometers were used to collect grasping forces. Sub-
figure a) presents the Biopac MP36 data acquisition unit (Biopac Systems, Inc.,
Goleta, California) with a SS25LA dynamometer. Subfigure b) shows another dy-
namometer, which uses straight bar load cells for reading the force values.

2.2.2 Grasp Force Measurements

Precision and Power grasp forces of the developed robot grippers and hands were
collected through a Biopac MP36 data acquisition unit (Biopac Systems, Inc.,
Goleta, California) through the use of a SS25LA dynamometer (Fig. 2.5a). The
device had a sampling rate of 100 kHz and was able to evaluate grasp forces
between 0 to 490 N. Additionally, straight bar load cells capable of reading a max
force of 981 N were used to develop dynamometers (Fig. 2.5b) that could be used
to measure power grasp forces following the guidelines provided by the National
Institute of Standards and Technology (NIST) [26].
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Figure 2.6: The g.USBamp consists of a 16 channel bioamplifier that uses DIN
snap cables to connect the EMG sticker electrodes to the bioamplifier.

2.3 Bioamplifiers

2.3.1 g.USBamp

The Guger Technologies (g.tec) g.USBamp (Fig. 2.6) contains 16 monopolar EMG
channels, which can be configured to acquire 8 bipolar channel sets. The bioam-
plifier supports onboard notch and bandpass filtering, resulting in a maximum
sampling rate of 64 Hz. Collecting the bio-signals involves attaching disposable
EMG sticker electrodes, which each contain conductive gel (Ag/AgCl) to ensure
high quality signals are collected. C++ drivers with a ROS wrapper [27] was used
to interface with the bioamplifier for controlling the developed robot hands.

2.3.2 Myon 320

The Myon 320 wireless surface EMG bioamplifer was used to acquire the mus-
cle signals for tasks requiring an increased range of motion. The system supports
up to 16 transmitters, each composed of a bipolar electrode pair. Similar to the
g.USBamp and disposable EMG sticker electrodes were used. The system’s sam-
pling rate is 4000 Hz per channel with a 30 m wireless operating range.
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Figure 2.7: The Myon 320 is a wireless bioamplifier composed of a receiver and
transmitter to acquire the signals. An accompanying charging cradle facilitates
the charging of the transmitters. EMG sticker electrodes are used to attach the
transmitter to the surface of the user’s muscles.

Figure 2.8: Collaborative robot arms by Universal robots: a) UR5e and b) UR10.

2.4 Robotic Arms

2.4.1 Universal Robot Arm

The developed grippers and hands were mounted on collaborative, 6 DOF robot
arms by Universal Robots. The majority of the work is conducted with the UR5
and UR5e models (Fig. 2.8a) of the robot arms with payload capabilities of 5 kg,
reach of 850 mm, and speed of 1 m/s. The UR10 robot arm (Fig. 2.8b) was utilized
for experiments requiring a larger workspace and payload carrying capacities. The
payload of the particular arm is 10 kg with a reach of 1300 mm and a speed of
1m/s. The arms were controlled via kinesthetic teach through the teach pendant
of the arm, and for more complex tasks, ROS was employed.
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Figure 2.9: Mitsubishi Melfa RV-4FRL industrial robot arm.

2.4.2 Mitsubishi Melfa RV-4FRL Robot Arm

An alternative arm used was the Mitsubishi Melfa RV-4FRL robot arm (Fig. 2.9),
capable of holding a max payload of 4 kg and moving at a speed of 9048 mm/s.
The arm was controlled via the teach pendant or ROS to execute tasks.

Figure 2.10: The YCB object set was used to assess the grasping capabilities of the
grippers. Some of these objects can be seen on the left of the figure. Accompanying
the YCB object set, other heavy, soft, fragile, and medical related objects were
used (right side of the figure).

2.5 Object Set for Grasping

The grasping capabilities of the different robot grippers and hands developed
in this work were assessed with the YCB object set [28]. The YCB object set
is composed of 77 objects, which can be divided into objects related to Food,
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kitchen, tool, shape, and task items encompassing a variety of everyday life tasks.
Additionally, 15 objects not included in the YCB object set were also added to
evaluate the gripper’s performance in handling heavy, soft, and medical related
objects. Table 2.1 presents the dimension and the weight of the objects. Some of
the different objects selected for evaluating the gripper can be seen in Fig. 2.10.

Table 2.1: External object set properties

Objects Dimension (mm) Weight (g)
Egg 60 x 45 x 45 335

Cherry 30 x 27 x 24 66
Syringe 105 x 30 x 21 41

Petri Dish 84 x 84 x 16 40
Bandages 79 x 28 x 28 39

Used Glove 133 x 110 x 25 28
Used Tissue 80 x 85 x 67 22
Used Mask 175 x 95 x 1 13.7
Tweezers 143 x 12 x 13 147
scalpel 140 x 12 x 5 122

Chemical Jar 180 x 45 x 45 2930
1.5 L Water Bottle 305 x 88 x 88 1523

Wood Block 89 x 89 x 123 2332
Sponge 212 x 58 x 102 103
Socks 50 x 80 x 270 143

2.6 Modular, Accessible, Sensorized Objects

2.6.1 Background

With the ever-increasing presence of robotic agents in factory and home environ-
ments, significant industrial and research efforts have been put into the develop-
ment of dexterous robot hands and grippers. Such end-effectors offer robust grasp-
ing and dexterous, in-hand manipulation capabilities that increase the system’s
efficiency, precision, and adaptability to different task requirements. Even though
equivalent dexterity from an object-centric viewpoint could possibly be achieved
by a dexterous robot arm paired with a simple gripper, a dexterous end-effector
is often more appropriate [29]. Good examples are tasks that require in-hand tool
re-orientation (without re-grasping) or tasks in cluttered environments where arm
motion is heavily constrained.
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Figure 2.11: The proposed sensorized object set consists of primitive shapes in
three sizes that can be reassembled in various combinations. The surface friction
and stiffness can be selected by employing different molding materials. Object
halves contain cavities enabling the adjustment of weight and weight distribution
in objects. The object set has been designed to be compatible with a variety of
motion capture sensing options such as the magnetic motion capture micro-sensors
of the Polhemus Liberty, retroreflective markers for tracking with an optical motion
capture system (e.g., Vicon), ArUco markers that can be tracked with a camera,
or an inertial measurement unit (IMU).

Currently, many dexterous end-effector variants are available to a robot system
designer, ranging from anthropomorphic hands [2, 30, 31], to more task-oriented
grippers [32, 33]. Even though each design is generally accompanied by a range
of tests and experiments highlighting selected performance aspects, it remains
challenging to assess which hand is most appropriate for a specific application.
This is particularly relevant for tasks that require a certain degree of in-hand
manipulation capability, where a unified performance evaluation standard is yet to
be adopted. Defining meaningful benchmarking methods for in-hand manipulation
is difficult because the protocols are closely linked to the objects used in the tests.
Manipulation tasks generally involve complex physical phenomena that cannot
be appropriately evaluated in a simulated environment. Hence, challenging and
time-consuming real life experiments are required to obtain reliable results.

Thus, when defining a benchmark, it is important to choose an appropriate
object set that has the following characteristics:

1. Allow for Efficient Pose Tracking: Unlike grasping, in-hand manipu-
lation performance can rarely rely on discrete success metrics, so precise
object motion tracking is of paramount importance for the creation of useful
benchmarks. The object set should therefore be able to accommodate some
form of motion capture technology, which is absent in most existing sets.
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2. Provide a Minimal, Sufficiently Diverse Solution: The object set
needs to be diverse enough to cover the broad range of applications and
compact enough to permit fast and effortless testing and experimentation.
A minimal set will also allow for easy storage.

3. Provide Accessibility: A condition for widespread adoption of unified
benchmarking frameworks is that the object set used should be easily acces-
sible to users and research groups anywhere in the world.

This section presents a modular, sensorized object set for assessing the grasp-
ing and dexterous, in-hand manipulation capabilities of grippers and hands. To
facilitate object motion tracking, the set is equipped with modules that can ac-
commodate various motion capture markers or sensors. These removable sensor
mounts are designed to have a negligible effect on the objects’ inertia and to min-
imally obstruct their motion. The size vs diversity trade-off is solved through a
modular design, allowing the user to mix and match object parts and obtain a large
selection of different shapes from a small number of initial components (minimal
set). The objects contain cavities that can be utilized to adjust their weight and
its distribution, if required. The objects come in rigid and soft surface variants,
allowing the user to assess performance with different contact conditions. The set
solves the accessibility issue by employing common rapid prototyping methods in
its fabrication process and making use of easily accessible materials. The design
and manufacturing instructions are made available in an open source manner.

Even though the main application of the proposed object set is gripper and
hand performance assessment, it is also suitable for a wide range of alternative use
cases. Beyond providing quantitative measures for hand capability and dexterity
comparisons, the objects can be of great use in human arm or hand rehabilitation
and clinical assessment. The patient’s level of recovery can be effectively monitored
and used as a basis for designing case-specific training sessions that focus on
weakened muscle groups as the objects are compatible with several types of motion
capture systems, they allow for efficient comparison of tracking performance1.

1Majority of the section is based on [16], © 2020, IEEE. Reprinted, with permission, from
Geng Gao, Gal Gorjup, Ruobing Yu, Patrick jarvis, and Minas Liarokapis, Modular, accessible,
sensorized objects for evaluating the grasping and manipulation capabilities of grippers and
hands, IEEE Robotics and Automation Letters, 2020.
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2.6.2 Related work

For dexterous robotic hands, the majority of object set resources focuses on grasp-
ing and manipulation that largely depend on robot arm dexterity. Although some
of the previously proposed objects are equipped with motion tracking capabilities
and tactile sensors, there are no examples of easily accessible, modular, sensorized
solutions. Moreover, most of the object sets proposed are mainly used to evaluate
the grasping capabilities of both grippers and hands and not their efficiency in
executing dexterous manipulation tasks.

Even though object sets are necessary for reliable evaluation of a robot’s manip-
ulation performance in the real world, only a few are clearly defined and available
to the research community. The YCB object set [34] is a set of 75 objects and their
corresponding 2D image and 3D model data. The set is aimed at benchmarking the
capabilities of robot end-effectors for a wide range of tasks and consists of every-
day life objects, objects used in assembly tasks during medical rehabilitation, and
objects for industrial robotic applications. It is currently the most well-known and
complete object set available that focuses mainly on quantifying a robot arm-hand
system’s ability to grasp and manipulate objects. The set can also be augmented
with visual markers for in-hand manipulation [35], although this is not the col-
lection’s primary purpose. The YCB object set is readily available upon request.
Another list of physical objects was presented within the frame of the Amazon
Picking Challenge [36], where the picking task was perception oriented and object
models were not provided. Building on the former, the ACRV Picking Benchmark
[37] defines a set of 42 common objects and their labeled images for an extended
shelf picking benchmark.

Although they are not part of a standard set, some instances of individual sen-
sorized objects for assessing grasping and manipulation capabilities of human and
robot hands have been developed. In [38], two instrumented objects for investigat-
ing human grasp properties were presented. The objects were designed to assess
only three-finger grasp configurations, focusing on contact force measurements. In
[39], the authors presented an object equipped with tactile and motion tracking
sensors, which was in [40] utilized to evaluate human grasp quality. These are not
readily available to the research community and their manufacturing procedures
are not trivial, making widespread adoption difficult.

An object collection that was not explicitly defined, but is perhaps the closest
to this proposal, was employed within a standard defined by NIST [26], which was
further explored in [41]. The standard presents the foundations for robot hand
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performance benchmarking and among others includes protocols for quantifying
in-hand manipulation and object pose estimation. Although the benchmark recog-
nises the importance of object shapes and properties on dexterous manipulation
performance, it does not define a standard set to be used in the experiments. It
does, however, advise that the tests should be conducted across a range of di-
verse objects. Their examples include a cube, sphere, and cylinder that have been
retrofitted with reflective markers for tracking with a visual motion capture sys-
tem. The external marker mount is quite large compared to the objects, affecting
their inertial properties and possibly hindering the execution of certain in-hand
manipulation motions. To address those issues, the objects proposed in this work
are equipped with motion capture sensors in a way that preserves the object shape
and inertia characteristics.

A number of data sets that consist of object scans, images, and models have
also been proposed. These are appropriate for experiments and planning in sim-
ulation, or as training sets for various machine learning algorithms. BigBIRD
[42], for instance, features a data set providing high quality image and 3D point
cloud data for each of its 125 objects. Another example is the KIT object models
database [43], which is targeted at applications in service robotics. It consists of
3D point cloud data, aligned with 2D images for over a hundred typical household
items. A large-scale endeavor aimed mainly at grasp planning is the Columbia
Grasp Database [44], which provides 3D models of roughly 8000 objects, along
with successful grasp labels for many robot hands.

2.6.3 Modular, Sensorized Objects

In this work, a range of modular, sensorized objects is created by combining a set
of primitive object shapes. The structures of the sensorized objects consist of five
to thirteen modular, 3D printed parts. In particular, the list is as follows: a plastic
screw (which holds the object parts together), two object halves, two removable
urethane marker mounts, and eight removable object weights (these are optional
components). Such a structure is depicted in Fig. 2.12, subfigure a). The proposed
objects can be created with a variety of materials that facilitate the selection of
the desired object stiffness and friction, and they can be equipped with different
motion tracking markers and sensors.
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Figure 2.12: The proposed construction of the modular, sensorized soft cube is
depicted in subfigure a). Starting from the left of the figure, the sensorized ob-
ject consists of a urethane based retroreflective marker mount, a plastic screw,
one object half, the object weights, the other object half, and another urethane
based retroreflective marker mount. The urethane mount houses four retroreflec-
tive marker sockets that are configured asymmetrically, to allow reliable 6 DOF
(degrees of freedom) pose tracking with an optical motion capture system (e.g.,
Vicon). To minimize occlusion issues, the mounts are placed on opposing object
faces. Subfigure b) shows the exploded view of a mold for a soft cube.

2.6.3.1 Object Geometries

The object set consists of sphere, cube, and cylinder object halves (the cylinder is
split both axially and radially), which can be joined together to form a combination
of diverse objects for grasping and manipulation experiments (see Fig. 2.13). The
different shape combinations are based on a minimal number of parts that achieves
a diverse set of simple and complex geometries. Geometries with sharp bends or
corners (the objects of Fig. 2.13d) force end-effectors to perform more complex
manipulation motions like finger gaiting [45] or to maneuver around the object
geometry in order to reach certain object surfaces. Such complex motions give
to the researchers’ insight into how certain hands or grippers will behave when



22 Apparatus

Figure 2.13: Subfigures a) and b) present the primitive shapes of proposed rigid
and soft sensorized object variants, respectively. Subfigure c) demonstrates ex-
amples of irregularly shaped configurations obtained by combining the modules.
Subfigure d) shows a set of objects with varying sizes that can be used with hands
of different sizes.

handling geometrically complex objects. Additionally, three object sizes have been
developed to be used with a wide range of hand and gripper sizes. The three sizes
for cylindrical objects can be seen in Fig. 2.13e and all object dimensions can be
found in Table 2.2.

2.6.3.2 Material Selection

Each object half contains four compartments, which can be filled or left empty
to generate various controllable weights and variations of the center of mass in
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Table 2.2: The dimensions of the proposed sensorized objects for different object
sizes and geometries.

Object Geometry Dimensions [mm]

Small

Cube 50 x 50 x 50

Cylinder (Radially Split) 50 x 50

Cylinder (Axially Split) 50 x 50

Sphere 50

Medium

Cube 75 x 75 x 75

Cylinder (Radially Split) 75 x 75

Cylinder (Axially Split) 75 x 75

Sphere 75

Large

Cube 100 x 100 x 100

Cylinder (Radially Split) 100 x 100

Cylinder (Axially Split) 100 x 100

Sphere 100

an object. The introduction of an easily tunable center of mass in the proposed
objects allows for rapid adjustment of the experimental conditions while assessing
the robustness and dexterity of a hand, by altering a single object characteristic.

The achievable mass variations depend on the density of the selected material.
The maximum achievable weight deviations of the proposed sensorized objects for
different materials can be found in Table 2.3. It must be noted that when using
a magnetic motion capture system, metallic weights must be avoided. Surface
friction and hardness can be varied in different object halves by combining different
elastomer materials molded onto the rigid part. Elastomer materials with Shore
hardness of 30A (Youngs Modulus of 1.07 MPa) and above (like urethane rubbers,
e.g. Smooth-On Vytaflex 30) are all compatible materials for producing various
surface frictions and stiffnesses.
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Table 2.3: Maximum achievable weight deviations of the proposed sensorized ob-
jects. All objects are considered to be solid (non-hollow). Different materials can
be chosen for the fabrication of the object set.

Object Geometry
Max Internal Weight Deviation [g]

PLA ABS PETG Resins Aluminium

Small

Cube 42.56 35.70 47.36 39.47 - 42.90 92.66
Cylinder

(Radially Split) 27.97 23.46 31.13 25.94 - 28.20 60.91

Cylinder
(Axially Split) 29.07 24.38 32.35 26.96 - 29.30 63.29

Sphere 17.26 14.48 19.21 16.01 - 17.4 37.58

Medium

Cube 248.20 208.17 276.22 230.18 - 250.20 540.43
Cylinder

(Radially Split) 167.65 140.61 186.58 155.48 - 169.00 365.04

Cylinder
(Axially Split) 183.12 153.59 203.80 169.83 - 184.60 398.74

Sphere 148.40 124.47 165.16 137.63 - 149.60 323.14

Large

Cube 731.40 613.43 813.98 678.32 - 737.3 1592.57
Cylinder

(Radially Split) 517.72 434.22 576.18 480.15 - 521.90 1127.30

Cylinder
(Axially Split) 544.21 456.44 605.65 504.71 - 548.60 1184.98

Sphere 422.79 354.60 470.52 392.10 - 426.20 920.59

2.6.3.3 Fabrication / Assembly Process

To increase accessibility, rapid prototyping methods like hybrid deposition man-
ufacturing (HDM) [46] and 3D printing were utilized. These techniques employ a
simple fabrication process and allow for efficient integration of various materials
(e.g., polylactic acid (PLA), Acrylonitrile butadiene styrene (ABS), resin, etc.).
The object set can thus be made in a short time frame while remaining affordable.

3D Printing Components The rigid bodies and molding components of the
proposed sensorized objects are produced through 3D printing. Object halves with
rigid outer surfaces (PLA or ABS material) are printed directly and do not require
additional molding steps. Object halves with compliant, elastomer surfaces and
alternative friction properties require 3D printing of various molds and inner object
cores that facilitate molding. The inner object cores are designed as object halves
with a porous outer wall that anchors the elastomer material in place.
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Figure 2.14: Molding process for creating a soft-surface sphere half. Subfigure a)
displays the assembly of molding components for a soft sphere half. Subfigures b)
and c) present the deposition process, where elastomer material is injected into the
cavity of the mold and then sealed to achieve the required outer surface. Subfigure
d) shows the disassembly after the elastomer material has been cured.

Mold Assembly Depending on the module being fabricated, the mold assembly
steps can vary from preparation of a single mold part, to the assembly of several
mold components around a soft object core (as it can be seen in Fig. 2.14a) for
the material deposition step.

Deposition Once a mold is assembled, the elastomer material is deposited into
the mold cavity, as depicted in Fig. 2.14b. The elastomer can be used to produce
appropriate mounts for attaching retroreflective markers or ArUco markers, or to
cover the object halves, providing varying object surface properties.

Mold Disassembly After the curing process is completed, the molded compo-
nents can be removed from the molds and assembled together with the other 3D
printed parts to produce a complete object, as shown in Fig. 2.14d.
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Table 2.4: Comparison of different motion capture systems.

Motion Capture System
Accuracy Noise

Sampling Rate [Hz]

Translation [mm] Rotation [deg] Translation [mm] Rotation [deg]

Optical Motion
Capture

0.076 - 0.129 0.48 - 0.82 0.015 0.095 100

Magnetic Motion
Capture

0.76 0.15 0.017 0.05 240

ArUco Markers 1.90 - 2.17 0.59 - 1.12 0.77 - 5.57 0.076 - 0.26 30

IMU N/A 1.25 N/A 0.055 104

The CAD and STL files of the sensorized objects, as well as detailed fabrication
and assembly instructions, can be found at the following URL:

https://github.com/newdexterity/Sensorized-Objects

2.6.3.4 Sensing

The object set was made compatible with four motion capture system types that
allow accurate trajectory tracking. The first is an optical motion capture system
(e.g., Vicon), which utilizes retroreflective markers for tracking the object pose,
as seen in Fig. 2.15a. The second is a magnetic motion capture system (e.g.,
Polhemus Liberty), the micro sensor of which can be mounted inside a properly
designed plastic screw (Fig. 2.15b), reaching the center of the object. The third
is based on an inertial measurement unit (IMU), along with a microcontroller
and bluetooth module (Ardunio NANO 33 IoT), powered by a 180 mAh lithium
polymer battery. These components are fixed within the object half with dedicated
cavities, as depicted in Fig. 2.15d. The IMU system is accompanied by sample
Arduino code that performs orientation tracking using the Madgwick filter [47] and
publishes the angles through Bluetooth. Position tracking with the IMU system
was not implemented due to the high sensitivity to acceleration error in the double
integration process. In case none of the first three systems is available to the users,
a set of marker mounts compatible with Augmented Reality (AR) tags or ArUco
markers is provided (Fig. 2.15c).



Modular, Accessible, Sensorized Objects 27

Figure 2.15: Instances of an experiment conducted with a sensorized object and
a simple, two fingered gripper executing an equilibrium point manipulation task.
The object motion tracking is accomplished with: a) the Vicon optical motion
tracking system that utilizes reflective markers, b) the Polhemus Liberty magnetic
motion capture system that employs a micro sensor inserted in the object core
through the urethane pad, c) the ArUco marker attached to a urethane pad tracked
through a standard web camera, and d) the IMU attached inside an object half.

A comparison of the supported motion capture systems characteristics is pre-
sented in Table 2.4. The translation accuracy and noise (precision) for the optical
motion capture system (Vicon) were obtained from [48]. The rotation accuracy and
noise values for the Vicon system were estimated with respect to the retroreflective
marker separation on the sensor pad. The accuracy values for the magnetic motion
capture systems were obtained from the Polhemus Liberty user manual [49]. The
noise values for the magnetic motion capture system were obtained from static
sensor measurements. The accuracy and noise characteristics for AR tag-based
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motion tracking were obtained experimentally, using the ArUco class of fiducial
markers [23] and a Logitech C922 Pro Stream HD webcam with 1080p resolution
at 30 frames per second. A marker of size 25 mm was attached to a sensorized
cube and tracked with the webcam. The cube was simultaneously tracked with the
Vicon system, which was chosen as the ground truth. For this purpose, larger Vi-
con markers were placed with higher separation along the object to ensure higher
tracking accuracy. The translational accuracy was estimated by linearly offsetting
the cube and comparing the distances measured by the two systems. The rota-
tional accuracy was estimated by rotating the cube by 90 degrees along a fixed
axis and comparing the measured angles. The translational and rotational noise
was computed as the standard deviation of the position and angle offsets from
the mean estimated pose in a static configuration. The accuracy and noise ex-
periments for the ArUco markers were performed at 20 cm and 100 cm from the
camera. The rotation accuracy and noise for the IMU system were obtained in a
similar fashion, using the Vicon system as reference.

Depending on the manipulation task, the best suited motion capture system
could change. For instance, the optical motion capture system (Vicon) offers data
with the highest accuracy and a low amount of noise. However, when conducting
more complex manipulation motions such as caging manipulation, the markers
may be covered by the hand, causing occlusions and affecting the data collection
process. This effect can also be observed in the AR tags and ArUco markers,
where the tags and markers must be visible to the camera. The magnetic motion
capture system (Polhemus Liberty) mitigates the occlusion issue of the previous
two systems, but is sensitive to the presence of large metallic objects. The thin
micro-sensor cable of the magnetic motion capture system may impact the object
dynamics if there is tension on the cable, and may obstruct the hand’s motion
when performing certain manipulation tasks. The IMU system does not suffer
from occlusion issues and can operate untethered, but it cannot be accommo-
dated by all object sizes (e.g., the small rigid sphere, and the small soft objects
range) due to size limitations of the employed electronics (i.e., microcontroller
board, battery, and step-up regulator). Another disadvantage of the IMU system
is the significant drift that affects position tracking. The distinct disadvantages of
the four examined motion capture systems can be mitigated by taking advantage
of the multi-modal sensing capabilities of the proposed sensorized object set. By
combining different classes of motion capture approaches, the quality and accuracy
of the captured data can be significantly improved. For instance, a low-cost solu-
tion for full object pose tracking can rely on AR tags and the IMU, fusing the two



Modular, Accessible, Sensorized Objects 29

data streams to compensate for occlusion and drift issues of the separate systems.
The proposed object set does not incorporate force sensing modules to preserve
fabrication simplicity, object size, and overall accessibility. Furthermore, the lack
of such additional sensors allows the set to be highly reconfigurable and maintain
a low cost. Even though measuring force values and profiles is essential for many
manipulation tasks, there are several aspects of dexterous, in-hand manipulation
that can be effectively assessed purely through object pose tracking and object
kinematics. For such applications, the proposed object set is very well suited.

2.6.3.5 Object Models

The objects were designed in the SolidWorks CAD software, and the resulting
source models were made available through the accompanying sensorized objects
website and repository. Disseminating source designs allows for fast parameter
modification and extraction, facilitating community involvement in improving and
evolving the object set. The repository also contains STL models of all objects,
which can be readily used with various rapid prototyping methods. In addition,
the models can be used as collision objects in various planning frameworks, as
well as for point cloud registration in perception systems. Combined with the
provided mass and surface material data, the object models can also be effectively
utilised in simulated environments. They are very well suited for simulation-to-
reality applications, as their integrated tracking capability enables straightforward
comparison between simulated and real trajectories.

2.6.4 Functional Demonstration

The pose tracking capability of the sensorized objects can be used to give insight
into the ranges of motion, repeatability, and drift of the system. It can be employed
to assess and compare the performance of robot grippers, as well as human hands,
as depicted in Fig. 2.16. The objects can also provide pose feedback to the hand
to quickly test closed-loop control algorithms. Through the highly accessible and
customizable shapes and weights of objects that the proposed set offers, the time
needed to prepare experimental examples can be significantly reduced.

For demonstration purposes, a performance assessment of the NDX-A* hand
[50] was conducted, as presented in Fig. 2.17. The demonstration examines the
robot hand’s robustness in executing a combined rolling and translation manip-
ulation motion over 10 cycles with a chosen sensorized object. The hand’s per-
formance was assessed in terms of drift and repeatability for the executed ma-
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Figure 2.16: The functional demonstration shows various objects from the sen-
sorized object set being manipulated with different in-hand manipulation strate-
gies by different hands and grippers. Subfigure a) displays an NDX-A* robot hand
[50] performing fixed point and rolling manipulation motions. Similarly, subfigure
b) shows in-hand translation and rotation tasks executed by the human hand. The
T42 gripper [51] is used to perform manipulation, as well as grasping and releasing
experiments in subfigure c).

nipulation motion, computed from the cycle endpoints. Drift was computed by
averaging the positional and rotational differences between subsequent endpoints.
Repeatability was calculated as the average positional and rotational difference
between the initial endpoint and the drift-corrected cycle endpoints. The experi-
ments were performed with a small rigid-surface sphere and a soft-surface sphere
without additional weights, tracked with the Polhemus Liberty motion capture
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system. Although the robot hand is composed of metallic components, the noise
can be significantly minimized by ensuring the magnetic sensor is close to the
Polhemus source and by avoiding grasps that enclose the sensor in metal, such as
caging grasps. The results (Table 2.5 and Fig. 2.17) can give insight into whether
a certain end-effector is suitable for a chosen task based on the maximum accept-
able error for that task. Furthermore, they can be used for diagnosing slip in the
system through controlled variation of individual object and motion characteris-
tics, in this case the surface compliance. For instance, the obtained drift results
indicate a need for increased finger pad friction or increased contact forces that
should be exerted on the object.

Figure 2.17: Experimental data of a manipulation task executed with a soft sphere
and the NDX-A* robot hand. Ten trials of the manipulation task have been ex-
ecuted. Cycle endpoints (highlighted in red) enable a holistic assessment of the
repeatability and drift. Such data also allows the user to assess the performance
and dexterity of the employed gripper or hand.

A webpage presenting the object set and a video with experiments can be
found at the following URL:

http://newdexterity.org/sensorizedobjects

2.6.5 Conclusions and Future Directions

This work focused on a modular and accessible sensorized object set for bench-
marking the grasping and dexterous, in-hand manipulation capabilities of human
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Table 2.5: Manipulation repeatability and drift for two different object surfaces
for a spherical object.

Manipulation
Results

Rigid Surface Soft Surface

Mean Standard
Deviation

Mean Standard
Deviation
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ep
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ta
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it
y

Translation
[mm]

0.26 0.18 0.21 0.12

Rotation
[deg]

1.27 0.59 0.4 0.14

D
ri

ft

Translation
[mm]

0.33 0.14 0.22 0.11

Rotation
[deg]

2.35 0.01 0.87 0.002

and robot hands. The object models, fabrication processes, and assembly infor-
mation have been discussed and have been made publicly available. A series of
experiments involving the proposed sensorized objects have been conducted and
paradigmatic experimental data has been presented. Regarding future directions,
the object set can be extended to include additional shapes and softer surface
materials. As the set is modular, this would exponentially increase the number of
possible configurations and testing conditions. The object collection can also be
adapted to allow assessing tasks closer to real-life applications, such as screwing,
pouring, and insertion. Implementation of a set of accompanying benchmarks and
protocols can enhance the utilization of the object set and give researchers addi-
tional ways in which the objects can be used. Another possible direction would be
to add force sensing capabilities to the proposed objects.
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Chapter 3

A Multi-Modal Gripper for a
Flexible Robotic Assembly
System

3.1 Background

Recent advancements in robotics and industrial automation have laid the ground-
work for manufacturing processes that are faster, safer, and more cost-effective.
Low production costs, increased efficiency, and a reduction in faulty products are
the results of high speed and reliability associated with utilizing robotic systems.
Worker health and safety are also protected by automated production, which
reduces the danger of work-related musculoskeletal illnesses [52, 53]. Although
robotic systems have a high customization potential, robotic systems still require
a significant amount of time and effort to deploy and reconfigure [54]. As a result,
small and medium-sized businesses, which generally have low production volumes
and rapidly changing job requirements, find it difficult to access such systems.
Furthermore, such businesses generally have limited robotics expertise, meaning
systems that are not only adaptable but also simple to configure are required.

Assembly of product components is critical in modern manufacturing, and it
is one of the most difficult applications that necessitates a wide range of robotic
technologies. Even a simple assembly activity can include a variety of sub-tasks,
ranging from component insertions and fastening to cable routing and connections.
Different execution strategies are required for these sub-tasks, requiring accurate
component localization, sophisticated manipulation, and controlled force exertion.

35
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Figure 3.1: The proposed multi-modal gripper and robotic assembly system used
for the IEEE/RSJ IROS 2020 Robotic Grasping and Manipulation Competition
in the Manufacturing Track category.

Furthermore, completing a task is frequently a requirement for moving on to the
next assembly stage. Customized fixtures and jigs are generally the default solution
for these problems in order to maintain consistent repeatability during task exe-
cution under position and calibration uncertainties. As a result, many industrial
solutions utilize task specific end-effectors dedicated for the different components
and tasks, which can escalate to numerous end-effector tools and require time con-
suming tool changing routines. Because such methods are specialized to specific
components and assembly layouts, change in the task requirements causes addi-
tional development delays and make the overall manufacturing system inflexible.

Smaller batch productions are starting to become the new trend to keep up
with the rapid pace of innovation, hence, the flexibility and reconfigurability of
robotic assembly systems’ is increasingly becoming a crucial feature [55]. This
chapter presents a multi-modal gripper for a flexible robotic assembly system
that utilizes compliance and CAD localization to perform complex assembly tasks
quickly and reliably. A Graphical User Interface (GUI) accompanying the sys-
tem can be used to quickly identify the component types and categories in new
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assemblies, making task sequencing easier. The CAD based localization [56] ex-
tracted component poses and assembly information to inform the robot of the
necessary assembly tasks and routines with minimal human intervention. The pro-
posed multi-modal gripper design includes a parallel-jaw element, a three-fingered
rotating module, and an electromagnet module to reduce retooling time, while
providing the robotic assembly system with different grasping and manipulation
modalities. Lastly, the gripper’s passive compliance and the arm’s active compli-
ance guarantee that force profiles are adequate and that minor positioning errors
are compensated for 1.

The Robotic Grasping and Manipulation Competition (RGMC), manufactur-
ing track of the 2019 IEEE/RSJ International Conference on Intelligent Robots
and Systems (IROS) was used to experimentally evaluate the initial version of the
proposed system. Furthermore, magnet-based disassembly processes were tested
to assess the improvement on the efficiency of such operations.

3.2 Related Work

There has been a surge in interest in adopting robotic assembly systems to auto-
mate industrial operations, resulting in enhanced production speed and efficiency,
as well as higher product quality and lower labor costs [57]. Various contests have
been created to encourage researchers to produce unique and robust solutions
that solve a variety of difficulties in the field of industrial automation and robotic
production [58, 59]. These task boards involve handling different tools, visual/
physical obstructions, and various component of differing size and shape.

Teaching and playback has been the default and most prominent method for
controlling robots to execute autonomous tasks in industry. When performing
teaching, users can kinesthetically displace the robot along desired paths and
record its joint values through gravity compensation mode, or simply move the
robot via the control of a joystick or teach pendant. Once, recorded these trajecto-
ries can be replayed through the controller [60, 61]. Although this solution is simple
and quick to program, it lacks flexibility and reusability. This inflexibility of such
systems comes from the need to retrain and reprogram whole tasks, when small
changes are made on the automated assembly process, which is time consuming

1Majority of the chapter is based on [17], © 2021, IEEE. Reprinted, with permission, from
Gal Gorjup, Geng Gao, Anany Dwivedi, and Minas Liarokapis, A Flexible Robotic Assembly
System Combining CAD Based Localization, Compliance Control, and a Multi-Modal Gripper,
IEEE Robotics and Automation Letters, 2021.
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and tedious in rapidly changing production processes. Furthermore, depending on
the factory tasks to be programmed the user maybe exposed to dangerous envi-
ronments. Lastly, downtime and production losses will occur during retaining and
reprogramming of the robot.

The use of vision-based technologies for detecting and localizing components
can increase the flexibility of production tasks. To facilitate object detection and
tracking, vision-based approaches can be created utilizing either an image database
of the objects or a well-defined geometric model [62, 63]. Additionally, visual ser-
voing can be employed for developing self-aligning end-effectors [64]. An advantage
of this methodology over the teach and playback methods is that it can remove the
robot programmer from the system configuration phase on the factory floor. How-
ever, the need for a large image database in order to train the system to recognize
components, limits this teaching strategy and leads to longer setup times. Visual
occlusions and environmental lighting are also factors that affect the performance
of vision-based systems.

Over the years, Computer Aided Design (CAD) has become a critical compo-
nent of most product development processes for visualization and simulation. CAD
models are utilized to describe exact component geometry as well as positioning
information in assembly tasks. Despite their prevalence, many robotic systems
that perform manufacturing and assembly tasks do not utilize this information.
The collected information from these CAD files can be used in applications rang-
ing from simple component localization to automated planning of entire assembly
processes, dramatically increasing the rate of system adaption to innovative prod-
ucts [65]. The training speed and performance of various reinforcement learning
algorithms can be improved by using motion plans acquired through CAD-based
techniques. The utilization of CAD models can be used to generate stable pose
simulations for perception-based systems [66].

Part misalignment induced by positioning or pose estimation uncertainties is
one of the most common sources of error in assembly activities. Not compensat-
ing for these errors can result in contact forces, that can harm or damage the
robot or components of the assembly. Active compliance and force control-based
techniques have been proposed by researchers to help address these challenges.
Another method for lowering positioning uncertainty is to use dedicated grippers,
customized fixtures, and jigs, however, this comes at the cost of longer recon-
figuration times. Additionally, the need for frequent retooling when conducting
assembly tasks that require a variety of assembly routines can introduce addi-
tional delays. Versatile systems can be used to circumvent this problem. In [62],
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a general-purpose design with two robot arms, one with a pinching gripper and
the other with a rotating gripper was developed. In [67], a gripper combining two
different modalities (a parallel-jaw element and a suction module) was used to
compete in the Amazon Picking Challenge.

Figure 3.2: An electromagnetic module, a parallel-jaw element, and a three-
fingered rotary module are the three elements that make up the gripper. The
parallel-jaw component of the gripper has modular fingers with conformable fin-
ger pads. Through the use of a rack and pinon gear system, pinching and extension
primitives can be achieved with a single motor. When performing insertion activi-
ties, the electromagnetic module was designed with a mechanically compliant axis
to passively compensate for positioning and localization errors. The three-fingered
rotary module was also installed on the compliant translational axis. The rotary
module is capable of both rotary motions and grasping tasks enabled by the use
of a scroll wheel mechanism and clutch system. The combination of a scroll wheel
and a clutch mechanism was used to create a rotary module capable of grasping
and rotary motions.

3.3 Gripper Design

Various procedures (e.g., insertion, routing, or threading) are required in manufac-
turing and robotic assembly activities, with some needing a combination of these
skills. Hence, we proposed a novel gripper design that is composed of a parallel-
jaw element with an axially compliant, electromagnetic module, and an axially
compliant, non-backdrivable three-fingered rotating module. The gripper uses an
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Figure 3.3: The multi-modal gripper is capable of different grasping primitives to
facilitate the execution of the different competition tasks. Subfigure a) presents
the electromagnet being used to pick up the pegs. Subfigure b) shows the rotary
module being used to perform a fastening tasks. Subfigure c) depicts the parallel-
jaw module of the gripper being used to grasp and assemble a gear for the insertion
task. Subfigure d) presents the parallel-jaw element using the external surfaces of
the gripper to perform the extension primitive.

electromagnet and three smart motors for actuation: two Dynamixel XM-430-
W350-R, and one Dynamixel XL-320. The gripper’s first module is a parallel-jaw
element made up of two highly compliant finger pads on modular fingers that
allow it to conform to a variety of object geometries. To enable linear opening
and closing motions of the fingers a rack and pinion mechanism was employed. An
electromagnet is employed to supplement the parallel-jaw element and broaden
the existing object manipulation options. To offer both rotation and grasping
of objects, the rotation module uses a scroll wheel mechanism to achieve the
non-backdrivable characteristic for both grasping and rotation (e.g., for fastening,
screwing etc.). The rotary module has a built in clutch mechanism to allow for
switching between the grasping and rotary states through a single low torque mo-
tor (Dynamixel XL-320). An exploded view of the gripper is shown in Fig. 3.2.
To reduce control complexity and correct for positioning errors during assembly,
mechanical compliance has been incorporated into the translation axis of the elec-
tromagnet and rotating modules. The proposed gripper is capable of executing
four complementary grasp primitives. These primitives can be seen in Fig. 3.3 as
pinching, extension, rotation, and electromagnetic interaction.

3.3.0.1 Pinch

The pinch grasp primitive accommodates the execution of insertion and wire rout-
ing tasks through the two modular fingers of the parallel jaw gripper.
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3.3.0.2 Extension

The extension primitive uses the back sides of the fingers (Fig. 3.3d) to apply force
to the internal surfaces of objects for grasping (e.g. belt assembly).

3.3.0.3 Rotation

A variety of manufacturing tasks require rotary motion from drilling holes and
milling workpieces to screwing and unscrewing bolts. To supplement the parallel-
jaw element, a non-backdrivable, three-fingered rotary module is used to accom-
plish rotary motions. Drill bits, screws, and other rotary tool bits can be securely
grasped by the rotary module, which can also rotate continuously in any direction.
In the transitional axis of the rotary module structural compliance was incorpo-
rated in order to adjust for inaccuracies in the robots trajectories when completing
tasks. The max clamping force of the 3D printed rotary module was 23.97 N, which
is sufficient to assemble and dismantle the fasteners of the RGMC task boards.
By utilizing alternative material (e.g., aluminum) to fabricate the mechanism a
higher clamping force can be achieved.

3.3.0.4 Electromagnetic Interaction

Using an electromagnet (Fig. 3.3a), ferromagnetic objects such as metallic pegs can
be handled in an efficient manner. The electromagnetic module, like the rotation
primitive, is linked to a mechanically compliant translational axis. The electro-
magnetic module has a greater grasping efficiency for ferromagnetic components
(as demonstrated in Section 3.6.2.2) than the parallel and three-fingered modules.
Additionally, it can function in situations where the accessible space is limited and
could constrain the fingers and other modalities. The max lateral holding force of
the different competition pegs once grasped by the electromagnet is presented in
Table 3.1. The maximum holding force is 37.5 N when the electromagnet’s entire
surface area is used (for example, when picking up a metal sheet).

Table 3.1: Maximum lateral holding force of pegs with the electromagnets

Pegs
4 mm

Square Peg
12 mm x 8 mm
Rectangle Peg

8 mm
Round Peg

16 mm
Round Peg

Max Lateral
Force (N)

0.81 0.84 0.71 3.1
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3.4 Assembly Framework

The Assembly framework was developed by Gal Gorjup in the New Dexterity re-
search group [17]. The assembly framework architecture is shown in Fig. 3.4. The
system is composed of multiple components: the CAD interface, the GUI, the per-
ception, the arm control interface, the gripper interface, and the assembly master.
Many product development workflows utilize CAD as a core component for design,
visualization, and simulations. Hence, many products are accompanied by CAD
data, which is readily available and can provide information on the goal poses of
each component. The CAD interface serves as a method of using this CAD data
by taking the models as input and collecting the component poses and collision
models. The GUI allows the user to interface with the assembly process to assign
component type, assembly sequences, and disable/ enable different components
within the assembly to execute and alter the assembly process. The perception
module is used to locate and extract ArUco pose data. The arm control inter-
face connects to the robot arm and force-torque sensor, and uses Moveit motion
planning to create the desired motion trajectories of the arm with respect to the
collision space provided by the extracted CAD model. The incorporation of a com-
pliance controller is used to adjust the trajectory of the robot when external forces
are applied. This is important during task segments that experience contact (e.g.
insertion tasks or screwing), by adjusting the stiffness and damping coefficients the
adaptability of the robot can be tuned. This ability to actively comply during con-
tact also aids in overcoming calibration and positioning errors of the component
poses. A custom gripper interface was developed with inputs to change grasp type
and effort related to the gripper. Finally, the assembly master handles the process
state control and synchronization of the subsystems based on the component spe-
cific subroutines. The subroutines contain the strategy for executing the different
tasks within the task board based on the part type, grasp selection, alignment,
assembly, and release. The calibration of the robot, task board, kit layout, kit tray,
fastener rack, and components were completed with either vision or kinesthetic
teaching. Vision based calibration was executed with fiducial markers to estimate
the pose within the global workspace. Although vision calibration has low accu-
racy during estimations, perception-based calibration could still be used for the
kit tray and fastener rack where accuracy was not critical. For higher accuracy
pose estimation kinesthetic teaching was used where the robots end-effector was
physically displaced and used to point to locations of interest on the task board
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and kit layout. The pose of the robot was extracted with forward kinematics of
the robot. With this method the locations can be accurately located.

Figure 3.4: The flow diagram describing the control structure of the developed
flexible robotic assembly systems.

3.5 Manufacturing Track of RGMC

The National Institute of Standards and Technology (NIST) created the com-
petition standards for the Manufacturing Track of the RGMC. On a dedicated
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Figure 3.5: The task board contains four different tasks: 1) Fastener Threading, 2)
Insertions, 3) Wire Routing, and 4) Belt Threading and Tensioning. The kit tray
is used for collecting disassembled parts during disassembly tasks. The fastener
rack was only used during assembly tasks where at the beginning of assembly the
fasteners would be located in the rack. Before task execution, the kit layout and
fastener rack were utilized to arrange the components for assembly jobs.

competition task board composed with four representative assembly work classes
(Fig. 3.5), the competition required disassembly and assembly activities to be per-
formed. These classes encompass Fastener Threading, Insertions, Wire Routing,
and Belt Threading and Tensioning based tasks. In the Fastener Threading class,
six of each M8, M6, and M4 socket cap bolts were available to be used for thread-
ing the 18 different bolts into threaded holes on an aluminum plate. The Insertions
class uses a USB connector, RJ45 connector, a BNC connector, two meshing gears,
and different sized pegs to evaluate different industrial insertion tasks. Routing
of a USB cable around and through two vertical pins and two brackets, before
being plugged in was the task criteria of the Wire Routing class. An elastic belt
tensioned on one static and one moveable pulley was used in the Belt Thread-
ing and Tensioning class. To ensure the developed robotic systems could not be
preprogrammed the component and class quadrant position and orientation was
randomized. Before the start of the competition participants were given practice
boards and their accompanying CAD files, and only at the start of the competition
were the competition task board, CAD files, and kit layout revealed to the teams.

A points based system was used in the competition with assembly tasks worth
twice as many points as disassembly tasks. During disassembly routines, each
component that was successfully removed from the board and placed into the kit
tray were worth the same number of points. However, for the USB cable additional
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Table 3.2: Competition scores. N/A stands for "Not Attempted".

Class Assembly Disassembly
Placement Assembled Removed Placed in Tray

Fastener 16 / 18 13 / 18 N / A N / A
Insertion 6 / 9 4 / 9 8 / 9 8 / 9

Wire N / A N / A 4 / 4 1 / 1*
Belt 1 / 1* 0 / 1 1 / 1 1 / 1

points were given for each time it was unhooked from the brackets. At the start of
the assembly phase the fasteners were placed in a fastener rack, the USB cable was
put into the starting bracket (unrouted), and the remaining assembly components
were arranged on the kit layout. When a component made contact with the task
board, participants received partial points. The contestants were given the new,
unseen kit layout, and task board, as well as their CAD files of the task board and
kit layout at the start of the competition. Participants had 80 minutes to attempt
assembly tasks and 40 minutes to complete disassembly tasks, with extra points
awarded for accomplishing all sub-tasks early. This time constraint accounted for
adjusting the system to the new task board, assembly time, and disassembly time.
After the autonomous operation began, no manual intervention or tool alterations
were permitted. Participants were allowed to continue assembly or disassembly
whenever they wanted, but would need to give up any previously earned points
related to the task.

3.6 Results

3.6.1 IROS RGMC Competitions

3.6.1.1 2019 Competition

The component start and end poses were automatically retrieved from CAD files
for both the task board and kit layout that were provided. The global origin of the
kit layout and task board were found using kinesthetic pose calibration. The kit
tray’s pose was determined using ArUco marker-based calibration. Once correctly
setup, the system was able to execute the tasks quite well, placing first in the
competition. The highlights of the competition are depicted in Fig. 3.6.

Table 3.2 compares the total number of pieces in a task class to the results of
successfully assembled and disassembled components. The number of components
successfully grasped and placed on the task board is presented in the first column
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Placement. The second column Assembled shows the number of parts correctly
assembled. The first task attempted was the Belt fastening task. The belt assembly
was not successful, despite the fact that it was effectively gripped and positioned in
the correct position. Because the trial was cancelled and re-attempted, the points
of the partially completed belt were not included in the final score2.

Figure 3.6: The developed flexible robotic assembly system competing in the
IEEE/RSJ IROS 2019 Robotic Grasping and Manipulation Competition. The
Subfigure illustrate the system executing: a) BNC connector assembly, b) fas-
tener threading, c) cable disassembly, and d) belt disassembly.

The insertion class was attempted first for the final assembly trial with suc-
cessful insertion of the three large pegs and the BNC connector. For the gears
they were successfully grasped and moved to the board, but were not success-
fully assembled. Once, the insertion task was complete, the fastener routine was
executed, nearly all the fasteners were successfully placed, with 10 being fully
threaded and 13 being partially threaded. The fastener threading process took
more than 30 minutes, even though the rotary module was running at maximum
speed (46 rev/min). Due to the restriction on time the wire routing task was not
attempted.

2Results with asterisk are not counted in the final score in Table 3.2
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Figure 3.7: The different disassembly methods developed using magnetic interac-
tions. The electromagnetic module can be seen grasping multiple pegs in subfigure
a). Subfigure b) presents the rotary module using a magnetic tool to perform un-
screwing.

The performance of the disassembly task is shown in Table 3.2 presented in the
Removed column. The column Placed in Tray presents the results of successfully
disassembled components. The USB cable was successfully unplugged and removed
from all four brackets first, during wire routing task. Even though placing the USB
cable in the kit tray did not contribute to the competition score, this was still done
during USB cable disassembly to ensure the cable would not interfere with other
disassembly tasks. Following this, the belt was disassembled and placed into the kit
tray. Only the RJ45 connector was not successfully removed and placed into the kit
tray during the insertion class disassembly. During the fastener disassembly tasks,
the robot control hardware totally shutdown and became unresponsive for the
remaining time of the competition, possibly owing to a grid overload or power surge
at the location. The fastener disassembly tasks were not tried at the competition as
a result of the outage. However, all disassembly tasks were done without problems
during the test runs.

3.6.1.2 IROS 2020 Competition

The initial version of the GUI was used in the 2020 competition. Although there
were some initial difficulties with the task board’s global pose calibration, the
system performed better in the disassembly stage than in 2019. The system was
able to successfully remove all the insertion and belt components. Due to time
constraints the fastener disassembly was ended early with only 4/18 parts being
removed and the wire disassembly was only partially disassembled (1/4). The
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assembly phase yielded no points due to a robot hardware failure, and the system
finished third in the competition.

3.6.2 Efficiency Evaluation

3.6.2.1 GUI Efficiency

A user study was conducted to assess the efficiency of the generated GUI by
evaluating the time needed to configure the system. The average time to perform
the experiments took 5 minutes and 3 seconds to fully configure the system across
all 12 participants. When comparing this approach with manually editing the text
configuration files (12 min and 25 sec), the GUI offered a 59% increase in speed.

3.6.2.2 Magnet-Based Disassembly

After the 2019 tournament, the electromagnetic module was introduced to improve
the speed and robustness of peg disassembly. When disassembling the four pegs
with the parallel-jaw gripper with active compliance to aid with alignment, an
average time of 94 seconds was required. Because the electromagnet does not need
to align itself precisely to pick up the pegs a faster finishing time was achieved of
78 seconds. The magnetic module could also be used to grasp multiple pegs, as
seen in Fig. 3.7a where the pegs are stacked on top of each other. This significantly
reduced the time by 44.6% giving a time of 52 seconds. A magnetic tool was also
designed for the rotary module allowing the gripper to unscrew fasteners which
are organized in a cluttered manner. This is shown in Fig. 3.7b. The magnetic
tool is composed of a permanent magnet with a urethane cover to provide the
appropriate friction for loosening fasteners. The tool was picked up by the rotary
module, pressed on the fastener, and rotated to raise the fastener head above the
adjacent components, ensuring sufficient clearance for the rotary fingers to pick it
up. The rotary module grasped the magnetic tool, pressed it against the fastener,
and spun it to unscrew the fastener head above neighboring components, allowing
the rotary fingers to grasp it without collisions.

3.6.2.3 Video

A video presenting the framework and robots performance can be found at:

www.newdexterity.org/irosrgmc
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3.7 Discussion and Conclusion

Both hardware and software components of the system were developed to work
synergistically together to adapt and complete changing task requirements. De-
spite potential errors being introduced to the robots motion for fastening tasks, the
rotary module’s passively compliant translational axis, ensured that the fasteners
can be threaded with minimal friction. In conjunction with the active compliance
of the arm, the three-fingered rotary module was designed to facilitate automatic
alignment for grasping components. Additionally, the magnetic module facilitates
increased efficiency and speed in handling ferrous and magnetic components.

The system has a lot of opportunity for growth, and the problems it has faced
so far have taught us several lessons. Although using CAD data can provide estima-
tion of component poses without suffering from vision-related errors, a calibration
step is still required potentially adding inaccuracies to the estimation. Resulting in
parts missing their appropriate slots or becoming jammed due to misalignment’s,
which were the main cause of assembly and disassembly failures. Continuous cal-
ibration, in which the system starts with an initial localization estimate of the
task board that is gradually refined during task execution, could be a potential
solution to imperfect initial calibrations. For example, these calibration estimates
can be readjusted by the camera whenever the markers are in view or the gripper
passively aligns to a fixed component. The system’s inability to detect operational
breakdowns is a related issue. A partially threaded fastener next to another hole,
for example, can collide with the gripper, torque-stop the robot, and demand a
complete restart of the task. By utilizing vision to evaluate the current state of the
board for comparison with the CAD model the robot could then plan accordingly
to avoid such issues. Another issue is the unpredictability of the CAD assembly
formats. Due to the files not following a standardized format, assembly origins can
be oriented and positioned differently between files, which can cause a significant
delay. This was the case in the 2019 competition where the test and competition
files used different component origins. Hence, the calibration had to be properly
aligned before beginning task execution. This could be remedied by including a
simple alignment tool in the graphical user interface that allows the user to check
and change the calibrated assembly position.

This chapter presents a multi-modal gripper for flexible robotic assembly sys-
tem, which uses a CAD based localization, and compliance control. By collecting
component poses and geometry from accompanying CAD files, the created system
can quickly adapt to various job configurations with minimal human interaction.
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An accompanying Graphical User Interface (GUI) is used to define the compo-
nent assembly sequence and category type, as well as providing visualization of
the task board. The developed system utilizes a gripper equipped with four differ-
ent grasping primitives through the synergistic combination of parallel-jaw, rotary,
and electromagnetic elements. An arm and gripper compliance, both active and
passive, were incorporated to compensate for calibration and positioning errors
during task execution. A magnet-based disassembly method was investigated to
improve the speed and reliability of the system. While participating in and win-
ning a worldwide grasping and manipulating competition (IEEE/RSJ IROS 2019
and 2020 RGMC) proved the efficacy of the proposed system.

3.8 Future Directions

Regarding future directions, we plan to improve the grasping efficiency and time
execution of tasks by adding an additional pair of active local DOF’s to the fin-
gertips of the pinching modality. Improvements to the speed of the rotary module
will be made by employing brushless DC motors to execute the main rotary mo-
tion. An accompanying perception system for detecting assembly failures will be
explored to further improve to robustness of the CAD based assembly framework.



Chapter 4

Adaptive Humanlike Robot Hand
for Power Grasping

4.1 Background

As robotics and automation technology advance so do the roles they play in our
lives moving from highly structured industrial production lines to unstructured
and dynamic environments around humans. For robots to efficiently operate in
human-centric environments incorporating anthropomorphic attributes can be ad-
vantageous in assisting with interacting with such a complex environment. A key
attribute that enables humans to carry out numerous complex tasks is the use
of the human hand enabling humans to interact through grasping and manipula-
tion of objects and tools. Researchers have aimed to replicate such dexterity within
robots through directly modelling the human hands properties. Although possible,
this results in fully-actuated, rigid designs, which require expensive components,
complex control algorithms, and sophisticated sensing to create multi-fingered,
anthropomorphic, dexterous robot hands [68, 69, 4, 5]. This design approach also
makes it difficult to achieve a dexterous, anthropomorphic robot hand without
compromising the weight and form factor of the device because of the many actu-
ators and sensors needed for this approach [70]. To empower robots with higher
levels of dexterity in order to conduct tasks of higher complexity researchers have
explored alternative methods to control such devices such as machine learning
methods capable of enabling a robot hand to solve a Rubik’s cube one handed [9].
Although machine learning methods provide increased generalizability and re-
duced complexity of control for highly actuated anthropomorphic robot hands,
they require significantly large amounts of data and computational resources in
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Figure 4.1: The human like adaptive underactuated tendon driven robot hands
with and without an additional DOF for facilitating thumb base translation for
adjusting the aperture of the hand.

order to learn how to carry out a single task. As a result, many robots in industry
are equipped with simple parallel jaw grippers with limited dexterity.

During the last decade, the utilization of compliant elements and underactu-
ation has provided an alternative means of designing lightweight and simple to
control robot hands capable of executing robust grasping in unstructured environ-
ments with high object pose uncertainty [10, 11, 12]. By incorporating intrinsic and
extrinsic compliance through the use of intelligent material selection and mecha-
nism design, robotic end-effector can be designed to be mechanically intelligent.
This allows such robot grippers and hands to be capable of passively adapting to
its environment with intuitive and simple control strategies [71, 72]. The integra-
tion of structural compliance has not only allowed for increased adaptability and
improved handling of fragile objects, but also facilitates safer interaction between
humans and robotic devices [73, 74]. As a result, underactuated and compliant
mechanisms have been utilized to develop a wide variety of adaptive grippers
capable of grasping and manipulation. With the applications ranging from pros-
thetic hands [19] giving amputees an improved quality of life to adaptive grippers
on underwater robots [75] for improved interactions between the robot and its
surrounding environment.
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In this chapter, we present two adaptive, human-like robot hands. An under-
actuated, tendon-driven, compliant, anthropomorphic robot hand that is capable
of executing robust caging grasps under a wide range of environmental uncertain-
ties (e.g., object pose uncertainties). The second robot hand design uses a similar
structure to the first robot hand, but with an additional DOF at the thumb base
facilitating translational motion for repositioning the thumb to improve its in-hand
manipulation capabilities.

Figure 4.2: An exploded view (subfigure a)) of the robot hand with a rotating
base frame, illustrating the construction and different components in the hand.
Subfigure b) presents the maximum aperture of the hand.

4.2 Design

In this section, we described the design of two different robot hands. The structure
of the hand can be seen in Fig. 4.2 and Fig. 4.3. The robot hands are composed
of modular fingers, a thumb and a magnetic palm, which are attached to two
different palm designs that differentiate the two hand designs apart.
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Figure 4.3: An exploded view of the robot hand with a base frame capable of both
translation and rotation. The exploded view illustrated in subfigure a) presents
the construction and different components and mechanisms utilized in the hand.
Subfigure b) presents the side view of the hand when collapsed, and subfigure c)
shows the thumb is fully extended.

4.3 Palm Design

Many anthropomorphic and robotic hand designs [76, 77, 78, 79, 80] utilized palms
that provide fixed finger base frames to the five fingers of the hand. As a result
of using this design paradigm, optimizations are done to find the optimal fixed
palm design for all objects. However, for underactuated robot hands to achieve
the maximum in-hand manipulation workspace over a range of different objects
different palm sizes, which separate the finger base frames should be used [81].
More specifically, having a finger base frame separation distance, which is the same
as the object width can provide the maximum object manipulation workspace
[81, 82]. This indicates that there is no one solution that will provide the best
manipulation workspace for all object sizes, instead a hand with a changing palm
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size that can facilitate different finger base frame distances is a more generalizable
solution for achieving a highly dexterous end-effector.

Inspired by our previous work focusing on the use of reconfigurable base frames
in two-fingered grippers [83], we have designed two different palm designs to com-
pare the improvement in manipulation capabilities. The first design (Fig. 4.2)
utilizes a palm that uses a fixed finger base frame design for all the fingers, while
the thumb has a rotating thumb base frame to achieve opposition. The second
design (Fig. 4.3) is similar to the first design, but consist of an additional DOF
in the base of the palm allowing the thumb base frame to reconfigure/ translate
outwards to increase the aperture of the hand. Contained within the two different
palm designs, 6 Dynamixel XM430-W350 motors are stored for actuating each
finger and the thumb in order to execute flexion motions. The thumb also uses
an additional actuator to perform opposition. The reconfigurable design uses an
additional actuator (XC330-T228-T) with a set of linear guide rails and a rack
and pinion mechanism to accomplish the translating motion of the thumb.

Figure 4.4: An exploded view of the robot finger used in the New Dexterity robot
hand. The finger is composed of a finger base, proximal phalanx, distal/middle
phalanx, distal end cap, and a detachable fingernail. Springs within the finger
provide passive extension and bearing provide reduced friction within the joints.
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Figure 4.5: An exploded view construction of the thumb. Modular distal pad and
thumb nail allows the tip of the finger to be easily altered. Bearings are used to
reduce friction in the joint and torsional springs provide passive extension. Pulleys
within the thumb reduce friction and enable rerouting of the thumb tendon.

4.3.1 Finger design

The design of the robotic fingers are composed of pin joints at the metacarpal
phalangeal (MCP) and proximal interphalangeal (PIP) joints with the distal in-
terphalangeal (DIP) joint being a flexural joint design. The flexure joint construc-
tion not only allows the fingertips to exhibit improved flexibility but also allows
the distal and middle phalanges to be constructed as a monolithic structure in-
creasing the urethane finger pads area for improved grasp contact. The monolithic
structure is fabricated with urethane rubber (Smooth On PMC-780) using hybrid
deposition manufacturing (HDM) [46] techniques, which allows the combination
of rigid and soft materials to be molded together. This manufacturing technique is
also used to construct the proximal phalanx. The finger is composed of a modular
fingernail, distal/middle phalanx, proximal phalanx, and a set of bearings and
torsional springs at each pin joint. A depiction of the finger is shown in Fig. 4.4.
The torsional spring stiffness was selected such that the flexion profile of the fin-
gers prioritizes the bending of the MCP joint before the PIP joint. Flexion of the
PIP joint only occurs when the proximal phalanx makes contact or the MCP joint
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reaches full flexion. The fingers are actuated through low friction polymer tendons,
which were terminated at the fingertips and pulleys of each motor associated with
the fingers. The tendon routing of the fingers are designed with the tendons to
be set as far away from the joint as possible to maximize the applied torque on
the joints by the tendon facilitating strong power grasp forces. Additionally, each
finger is mounted on an interchangeable base that allows the fingers to be changed
in a modular manner.

4.3.2 Thumb Design

The thumb follows a similar design approach as the fingers of the robot hand,
but without the inclusion of the flexural joint at the DIP joint. Bearing at the pin
joints facilitate low friction bending at the joints and torsional springs at the MCP
and DIP joints of the thumb are selected such that the MCP joint flexes before
the DIP joint like the fingers of the robot hand allowing the hand to perform both
precision and power grasps. A pulley at the opposition joint of the thumb enables
the actuating tendon to be rerouted, housing the actuators in a compact manner.
The construction of the robot finger is illustrated in Fig. 4.5.

4.4 Experiments and Results

4.4.1 Force Exertion Experiment

Table 4.1: Maximum grasp forces exerted on the dynamometer.

Grasp Type Force (N)
Pinch Grasp 1.4
Tripod Grasp 1.9
Power Grasp 81.2

The first experiment focused on the grasping forces, the robot hand was capable
of exerting. Three different grasp types were selected and assessed: a pinch grasp,
a tripod grasp, and a power grasp. The force measurements were collected with a
dynamometer that was composed of 2 straight bar load cells. The data collected
followed the national institute of standards and technology (NIST) grasp strength
performance metric, where the dynamometer would be grasped in two different
orientations: a 0 degree orientation when the load cell axis is parallel with the palm
surface, and a 90 degree orientation when the load cell axis is perpendicular with
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the palm surface. Once the two readings are collected, the Euclidean norm is used
to calculate the maximum force exertion for a given grasp type. The maximum
force exertion of the hand is shown in Table. 4.1. Because the tendon routing of
the hand was designed around performing power grasps, precision grasps, which
only require the fingertips as contact exhibited low forces due to reconfiguration.
Although the precision grasp forces were low, for human-centric environments
like household environments, power grasps are used 73.6 % of the time with the
remaining time separated between precision grasps, and intermediate grasps [84]
to execute different household task.

4.4.2 Object Grasping Experiment

This experiment evaluated the grasping performance of the robot hand. The YCB
object set is composed of various everyday life objects and is designed to facilitate
the benchmarking of grasping and manipulation used to assess the robot hand.
Twelve objects from the object set ranging in weight, size, and shape were selected:
small block, marble, credit card, tuna fish can, potted meat can, pear, apple, metal
mug, mustard container, chips can, bleach cleanser, and hammer. The grasping
capabilities of the hand can be seen in Fig. 4.6.

Figure 4.6: Grasping experiments were conducted with the YCB object set [34].
Twelve objects from this set were selected to assess the hand: a hammer, a bleach
cleanser, a chips can, a potted meat can, a mustard container, a pear, a card, a
tuna can, a marble, a small block, an apple, and a metal mug.
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Figure 4.7: A grasp robustness test evaluating the hand’s ability to hold the pan
when a ball is thrown at it.

Figure 4.8: The hand performing different tasks with the task motions being exe-
cuted from left to right in sequence. Subfigure a) shows the robot hand executing
a cooking task of making toast. Subfigure b) present the hand performing a bi-
manual task of drilling a wood block. Lastly, subfigure c) shows the robot hand
executing a service task of opening and serving beer.

4.4.3 Application and In-hand Manipulation Demonstrations

To demonstrate the robot hands grasping capabilities and grasp robustness a va-
riety of different tasks were created to test the hand. The tasks included opening
a beer bottle, cooking toast, drilling, and lastly holding a pan while it experiences
object disturbances (Fig. 4.7). The different applications can be seen in Fig. 4.8.
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Figure 4.9: The manipulation demonstration of the hand manipulating a sphere
[16] in different axis. Subfigure a) present the hand translating the sphere vertically
up and down. Subfigure b) and c) shows the hand performing rolling manipulation
motions with the sphere.

To further present the hands utility, different manipulation tasks were performed.
In these demonstrations the hand executed pre-programmed manipulation mo-
tions with a sphere from the sensorized object set [16] to showcase the possible
different manipulation motions it can achieve. The object was manipulated in dif-
ferent ways to demonstrate the hand’s ability. The in-hand manipulation motions
are presented in Fig. 4.9 and Fig. 4.10.

A comparison of the two different robot hand designs were conducted with
cylindrical objects of differing diameters [16]. These manipulation motions are de-
picted in Fig. 4.10 with the object trajectories presented in Fig. 4.11. The object
trajectories were collected with the Polhemus Liberty system equipped with micro
magnetic sensors. When manipulating small objects like the small cylinder (as seen
in Fig. 4.11) the manipulation trajectory achieved by the hands are similar. How-
ever for larger objects (Fig. 4.10c and Fig. 4.10f), the addition of the translating
DOF at the thumb base allowed for aperture adjustment of the hand facilitating
an improved in-hand manipulation workspace of more than 2 times the trajectory
length with the large cylinder. By adjusting the hand aperture, the manipulation
capabilities of the device can be improved allowing it to be generalized to a wider
range of objects.

A video demonstrating the new dexterity adaptive robot hand executing in-
hand manipulation and the different tasks can be found in the following URL:

www.newdexterity.org/NDXA
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Figure 4.10: A comparison of the two different hands manipulation capabilities
with and without a translational DOF at the thumb MCP joint. When manipu-
lating smaller objects (subfigure a) and d)) both hands have a similar manipulation
workspace as the second hand design uses the translational DOF in its compressed
form. However when manipulating larger object (as seen in subfigure c) and f)),
the translational DOF can be used to extend the thumb base position increasing
the manipulation workspace of the object in comparison to the first design.

4.5 Conclusions

In this chapter, we presented two adaptive human-like robot hands, which are un-
deractuated, tendon driven anthropomorphic robot hands. The hand is capable of
performing robust grasps for a variety of everyday life objects, utilizing this grasp-
ing capability and it anthropomorphic form it is able to perform human-centric
tasks. The second design utilizes a similar hand structure to the first design but
incorporates an additional DOF at the thumb base for adjusting the hand aperture
and improving the in-hand manipulation capability of the hand. The performance
of the hand was evaluated through: i) force exertion tests of different grasp types,
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Figure 4.11: A comparison of the two different hands designs developed in per-
forming in-hand manipulation of different sized cylinders. The plot presents the
different trajectories of the objects when manipulated by the two different designs.
Design 1 represents the hand design with a thumb base capable of only opposi-
tion, and design 2 represents the hand design with a thumb base that can execute
opposition and translation.

ii) grasping experiments involving a diverse set of everyday life objects, iii) in-
hand manipulation experiments, and iv) execution of different application tasks
with the robot hand.

4.6 Future Directions

Regarding future directions, we plan to improve the pinch force capabilities of the
hand through variable stiffness joints, which can be used in place of the current
passive elastic elements (torsion springs) in the hand. This will allow the hand to
execute improved pinch grasp forces in the stiffened state without compromising
the power grasp efficiency of the hand as the joint stiffness can be reduced.
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A Dexterous, Reconfigurable,
Adaptive Robot Hand Combining
Anthropomorphic and
Interdigitated Configurations

5.1 Background

The human hand is capable of interacting and executing a diverse set of tasks
within many different environments from grasping small delicate objects to ma-
nipulating tools for construction. A key aspect of the human hand is the metacar-
pophalangeal (MCP) joint, as it facilitates both flexion/ extension and abduc-
tion/ adduction of the fingers [85]. This is an imperative feature in how dexterous
manipulation tasks are executed by the human hand. Many attempts have been
made by roboticists to replicate human hand dexterity in order to interact with the
physical world. Roboticists have approached the problem through biomimicry, bio-
inspiration, or a combination of both [86, 87, 88, 89]. This produces solutions that
range from highly complex designs with numerous sensors and actuators requiring
complex control algorithms, expensive components, and sophisticated sensing [90,
91, 92] to highly simplified grippers [93] with limited capabilities.

In structured environments like traditional industrial assembly lines where ac-
cess to parameters such as object geometries or obstacles can be easily acquired,
the required end-effector can be highly customized to perform a desired task. How-
ever, in unstructured environments where the task execution parameters (e.g., ob-
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Figure 5.1: The multi-modal, reconfigurable, dexterous robot hand connected to
the Mitsubishi Electric industrial robot MELFA RV-4FRL in an interdigitated
(subfigure b) and an anthropomorphic (subfigure c) configuration.

ject and obstacle properties) are not easily obtainable, hands capable of executing
a plethora of complex grasping and manipulation tasks with objects of various
sizes, weights, and stiffness, are needed.
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Figure 5.2: The multi-modal hand is capable of accomplishing a diverse set of
grasping postures. The anthropomorphic hand configuration with an abducted and
an opposed thumb configuration can be seen in subfigures a) and b) respectively.
Subfigure c) shows the tripod configuration of the hand. Subfigure d) presents the
interdigitated grasping posture.

Alternatively, underactuated designs [94, 95, 96, 74, 97, 98] require much sim-
pler control schemes due to their inherent compliant nature allowing them to
effortlessly conform to various object geometries. In comparison to fully actuated
designs, this class of end-effectors simplifies the extraction of robust grasps under
object pose uncertainties. This is generally implemented through flexure joints,
spring loaded pin joints, and differential mechanisms, which connect the multiple
degrees of freedom of the hand to a limited set of actuators.

Although underactuated hands have many benefits, many underactuated de-
signs use fix base frames limiting the variety of grasp types that they can execute.
Reconfigurable finger base frames have been employed to increase the number of
grasping options a particular robot hand has available through changing the opti-
mal position of fingers to better utilize the limited number of actuators for a given
task. In [99, 100], the authors utilize this idea to perform a range of grasp types
ranging from pinch and tripod grasps to interdigitated power grasps with only
three fingers. However, many objects within the daily life of humans are designed
with ergonomics to facilitate optimal use with the human hand. For robots to op-
erate within a human-centered environment (e.g. service tasks) they should also
include anthropomorphic features, which allow them to optimally interact with
human ergonomic objects, and not rely on robot specific objects and tools [101].

In this chapter, we focus on the development of a multi-grasp, adaptive, recon-
figurable, dexterous robot hand (as seen in Fig. 5.1) that can allow for simplified
execution of dexterous manipulation tasks, increasing significantly the dexterity
of existing industrial manipulators. Thus, the main goal is to design and develop a
general purpose end-effector that will facilitate the execution of complex, dexterous
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service robotics and industrial automation operations by appropriately employing
underactuation and design simplicity without compromising dexterity. Increasing
the dexterous capabilities of an end-effector without sacrificing control intuitive-
ness is not easy, but it can be accomplished by capturing the essential ideas behind
the human hand anatomy without trying to replicate them. Due to the anthropo-
morphic design, the device has the advantage of being able to replace the human
hand in interfacing with devices targeted at the consumer market (e.g., testing of
industrial electronics). Also, the multi-modal nature of the hand allows it to be
configured as a five-fingered gripper that can facilitate the execution of heavy-duty
industrial automation tasks 1.

The rest of the chapter is organized as follows. Section 5.2 presents the design
of the multi-grasp robot hand and its respective modules, Section 5.3 focuses
on experimental validation of the concept through a wide range of experiments
assessing the grasping and dexterous manipulation capabilities, as well as the force
exertion capabilities of the device and compares it with other robot hands. Lastly,
Section 5.4 concludes the chapter, discussing the contributions.

5.2 Designs and Methods

In this section, we describe the designs of the robot hand and finger structures
developed. As seen in Fig. 5.1, the developed robot hand is capable of achiev-
ing multiple grasp configurations. An interdigitated finger configuration (shown
in Fig. 5.1d) exists where a pair of fingers oppose three other fingers, with spaces
between fingers allowing for uninhibited closure of each of the digits. Fig. 5.1a
presents a conventional anthropomorphic configuration with the thumb abducted.
A single thumb opposes four parallel fingers in a human-like configuration to better
adapt to objects ergonomically designed for the human hand. A compliant tele-
scopic mechanism exists on which the index, middle, and ring fingers are mounted,
further extending the possible grasp types achievable by the robotic hand. Addi-
tional configurations can be achieved, such as a tripod grasp, as well as many
intermediary grasps that occur between the transition from anthropomorphic to
interdigitated and vice versa. Four of the possible configurations of the hand can
be seen in Fig. 5.2.

1Majority of the chapter is based on [18], © 2021, IEEE. Reprinted, with permission, from
Geng Gao, Jayden Chapman, Saori Matsunaga, Toshisada Mariyama, Bruce MacDonald, and
Minas Liarokapis, A Dexterous, Reconfigurable, Adaptive Robot Hand Combining Anthropo-
morphic and Interdigitated Configurations, IEEE/RSJ International Conference on Intelligent
Robots and Systems (IROS), 2021.
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Figure 5.3: An exploded view of the multi-grasp anthropomorphic hand detailing
the mechanism that allows for transitions between the anthropomorphic and inter-
digitated configurations, as well as the layout of the 8 actuators.

The gripper uses a total of eight Dynamixel XM430-W350-R motors, each
consisting of the motor unit along with integrated control and current sensing
circuitry. Each finger is driven by a single Dynamixel motor, with the remaining
three motors used to 1) control extension/ contraction of the telescopic mechanism
and 2) and 3) to provide control for opposition for the thumb and pinky (the second
thumb).

5.2.1 Telescopic Mechanism

As seen in Fig. 5.3, a telescopic mechanism has been utilized in order to increase
the workspace and grasping capabilities of the gripper. The mechanism enables
prismatic motion of the index, middle, and ring finger base frames to extend and
contract to different positions. Compression springs allow for passive extension of
the finger base frames, while an actuator is used to accomplish active contraction.
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In the completely contracted state, the index, middle, ring, and pinky fingers
are positioned as close together as possible so as to achieve an anthropomorphic
configuration.

At the other extreme, when the passively extending mechanism achieves its
maximum extension, the middle and ring fingers will extend away from the sta-
tionary index finger. Once the fingers are spaced out, an interdigitated grasp
posture can be achieved allowing for full grasps where the fingers do not ob-
struct each other. In order for the mechanism to be robust to high loads when
extended, two pairs of linear bearings were used. This allowed for the smooth ex-
tension/contraction of the fingers in addition to creating a sturdy frame for the
fingers to rest on.

Figure 5.4: An exploded view of one instance of the tendon driven, passive exten-
sion, modular finger unit. The design consists of a proximal, middle, and distal
phalanx. Integrated miniature bearings and replaceable silicone finger pads are
used to reduce friction and provide increased grip.
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5.2.2 Finger Design

Fig. 5.4 shows an exploded view of the finger module of the design. Each finger
consists of a proximal, middle, and distal phalanx, along with an appropriate base
for connecting the fingers to the chassis of the gripper. Each of the five pin-joint,
passively extended, underactuated fingers are identical, therefore keeping the de-
sign intuitive and easy to manufacture. Each finger is actively closed by a single
tendon terminated at both the distal and the pulley of the actuator used to drive
the finger. Tendon routing follows a highly structured trajectory where the separa-
tion between the tendon and the center of rotation of each joint remains constant
as the relative angles between adjacent phalanges are changed. This ensures that
any reconfiguration of the robotic finger will occur in a similar fashion irrespec-
tively of the current degree of closure (except when the maximum limit positions
of the fingers joints have been reached).

In underactuated designs, where many components can move relative to each
other when exposed to external loads, friction contributes greatly to the interaction
of the components. Two MF63-ZZ miniature bearings were installed in each joint
of the finger to reduce friction, thus enabling a much smoother trajectory during
the opening/ closing of each finger. These bearings were incorporated through
a press fit on the inner link of each phalanx, to ensure that when assembled,
there was no possible way the bearing could come loose. Each phalanx of the
fingers also incorporates a silicone molded finger pad to provide adequate friction
and compliance between the hand and an object in order to establish contact
points and forces required for the successful grasping of said object. These finger
pads are easily replaceable when worn and can be manufactured through standard
molding practices. A single extension spring is utilized between proximal and distal
phalanges in each finger to ensure it returns to the fully opened state when the
tension in the tendon is relaxed. Each end of the spring is secured by a screw at a
set point to ensure robust attachment, and to minimize the difference in behavior
between any two manufactured fingers. Additionally, a torsion spring is utilized
between the proximal phalanx and the finger base to allow for a greater range of
motion of each finger, allowing the gripper to achieve a larger aperture as a whole.

5.2.3 Reconfigurable Finger Base Frame

Many objects of daily living, such as tools or handles, have been designed with
special consideration of the functionality of the human hand, with the goal of im-
proving our interactions with such objects during grasping and manipulation. The
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Figure 5.5: The workspace of the anthropomorphic configuration is represented by
the red shaded region. The shaded blue region represents the increased workspace
when the gripper is utilized in the interdigitated state. Subfigure a) shows the 3D
representation of the full workspace of the hand when in an anthropomorphic only
configuration and a changing interdigitated configuration. Subfigure b) presents
the fingertip contact workspace where at least two fingertips are able to make
contact with one another.

complex surfacing of products such as the use of grooves and swells are adopted
in order to increase the contact area between hand and object, allowing the user
to carry out successful grasping and manipulation of objects in a comfortable
manner with minimal effort, and maximum effectiveness. These techniques are
based on the anthropometry of the human hand, and as such, designing a robot
hand to have similar characteristics is an important factor in achieving an optimal
grasp. However, fully anthropomorphic hands are either highly actuated, becoming
heavy, large, and requiring sophisticated control laws [68, 69], or are lightweight
with limited dexterity [102, 103].

By arranging the actuators such that the hand is capable of transforming
between an anthropomorphic and non-anthropomorphic structure, an increased
dexterity in a compact form factor can be established with fewer actuators. The
use of an opposable pinky and a coupled telescoping index, middle, and ring fin-
ger facilitates the reconfigurability of the finger base frames of the hand, allow-
ing for anthropomorphic and non-anthropomorphic grasping states. A fingertip
workspace representing the full range in which the fingertips of the hand can
reach is depicted in Fig. 5.5a, with the red shaded region representing the anthro-
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pomorphic workspace, and the blue space representing the reconfigurable finger
base workspace. This involved taking the union of individual fingertip workspaces
(WH), creating the hand workspace as

WH = WI ∪ WM ∪ WR ∪ WP ∪ WT (5.1)

where WH is the workspace of the hand and WI , WM , WR, and WP denote the
fingertip workspaces of the index, middle, ring, and pinky fingers of the hand. The
individual fingertip workspaces were created by actuating the finger through the
full range of motion (ROM) of all of its degrees of freedom (DOF) to generate
a collection of points in space using the forward kinematics of the finger. This
point cloud is then used to construct an alphashape that represents the fingertip
workspace of one finger [83]. To ensure that the calculated workspace doesn’t
increase simply because the finger base frames are spread apart (reducing the
finger to finger overlap), a fingertip to fingertip manipulation workspace of the
hand is also generated (to analyze the effect of the reconfigurable finger base
frame mechanism). For the anthropomorphic configuration the thumb is the only
finger that is able to oppose the other fingers to establish fingertip to fingertip
contact, while for the interdigitated configuration both the thumb and the pinky
can achieve this. Thus, we get

WHA = WM
T (5.2)

WHI = WM
T ∪ WM

P (5.3)

WM
T = WIM

TI ∪ WIM
TM ∪ WIM

TR ∪ WIM
TP (5.4)

WM
P = WIM

PI ∪ WIM
PM ∪ WIM

PR ∪ WIM
PT (5.5)

where WHA and WHI are the total fingertip to fingertip manipulation workspaces
of the hand when using an anthropomorphic configuration (Hand Anthropomor-
phic, HA) and an interdigitated configuration (Hand Interdigitated, HI), respec-
tively. Hence, only the thumb’s fingertip to fingertip manipulation workspace
(WM

T ) with the other fingers is needed when the configuration is anthropomorphic,
while the union of WM

T and WM
P (the pinky’s fingertip to fingertip manipulation

workspace with all other fingers), is needed when the configuration is interdigi-
tated. The WM

T workspace is found by taking the union of the intersections of all
possible fingertip to fingertip manipulation workspaces (Intersection of Manipula-
tion workspaces, IM) between the thumb finger and each of the other four fingers.
Similarly, the WM

P workspace is found by taking the union of the intersections
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Figure 5.6: Grasping experiments were executed with the multi-grasp anthropo-
morphic robot hand with the YCB object set [104]. Eight objects from the set were
used to evaluate the hand: a chip can, a hammer, a screwdriver, a red stacking
block, a ball, a credit card, a dice and a mustard container.

of all possible fingertip to fingertip manipulation workspaces between the pinky
finger and each of the other four fingers.

The total workspace is shown in Fig. 5.5b. The anthropomorphic configuration
of the hand was able to achieve a full workspace volume of 2575.4 cm3. However,
by utilizing the reconfigurable finger base frames of the hand the workspace can be
increased to 4034.9 cm3, more than one and a half times the original workspace. In
addition to using the reconfigurable base frames, the hand’s fingertip to fingertip
workspace can be increased from 313.3 cm3 to 20598.8 cm3.

5.3 Experimental Validation

The effect of changing finger base frames can greatly alter the force exertion ca-
pabilities. This can be observed by comparing the differing grasping strategies
of the hand. For instance, between the interdigitated power grasp and the an-
thropomorphic power grasp, a force exertion difference of more than 24 N can be
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observed. This highlights the importance of a reconfigurable base to improve the
force applied on a given object to optimize the grasp quality. To successfully grasp
a majority of everyday-life objects that humans encounter approximate contact
forces between 10 N to 15 N [105] are required. As a result, the developed gripper
is capable of grasping many daily life objects.

5.3.1 Grasping Experiments

This experiment focused on evaluating the grasping capabilities of the hand. As
depicted in Fig. 5.6, eight different everyday-life objects from the YCB object set
[104] have been successfully grasped by the hand in different configurations. This
object set facilitates grasping and manipulation benchmarking with everyday-life
objects. The objects selected were a chip can, a hammer, a screwdriver, a red
stacking block, a ball, a credit card, a dice, and a mustard container. A current
feedback control measuring the tendon tension experienced by the fingers was used
to grasp the objects during the experiments. It can be seen that regularly shaped
objects such as the chip can, the shaft of the hammer and the screwdriver have
been grasped using the interdigitated finger configuration. This ensures that the
maximum contact area of the hand is utilized, generating a highly stable grasp.
This is especially important for objects that require non-optimal grasps and con-
tact points that do not encompass the center of mass, in order to be successfully
used. An example is a hammer that requires to be grasped from the handle to
be successfully used as a tool. The proposed hand is also capable of reconfiguring
the finger base frames to achieve a tripod configuration, which enables the un-
deractuated fingers of the hand to apply contact forces more effectively towards
the centroid of the objects. The anthropomorphic configuration of the hand was
used to execute a variety of alternative grasps that the hand is capable of, for
example, key grasps, pinch grasps, and power grasps. Also, the hand utilizes the
anthropomorphic configuration to better conform to irregular object geometries
like the mustard bottle (see Fig. 5.6h).

5.3.2 In-Hand Manipulation Demonstrations

Many tasks require dexterous, in-hand manipulation of an object to reposition
and/or reorient it to a new configuration that is useful for the chosen task. Pre-
programmed demonstrations of the in-hand manipulation motion capabilities of
the hand were performed with objects using a modular, sensorized object set [106]
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Figure 5.7: The demonstration shows the hand manipulating a bolt, and small
sized soft sphere and a medium size rigid cylinder contained in the modular,
sensorized object set. Subfigure a) and b) show the hand performing equilibrium
point manipulation tasks, while subfigure c) presents the hand executing a finger
gaiting motion. Subfigures d) displays the hand utilizing its reconfigurable base
to perform finger gaiting to unscrew a bolt.

and a dexterity test board [107]. The multi-grasp hand was used to perform a
bolt unscrewing task of the dexterity test board, utilizing its reconfigurable finger
base frames to execute finger gaiting, as seen in Fig. 5.7d. The finger gaiting
capabilities of the hand can also be extended to allow repositioning of an object
from the left side of a finger to the right side. In Fig. 5.7c, a medium sized, rigid
surface cylinder is being repositioned to different sides of the ring finger on the
hand. In the right image of Fig. 5.7c, the ring finger is hidden behind the object.
Other than finger gaiting, the reconfigurable base also allows the hand to perform
equilibrium point manipulation (see Fig. 5.7a-b). A series of equilibrium point
manipulation tasks are executed with: i) a small 3D printed sphere with a soft
surface, as shown in Fig. 5.7a, and ii) a plastic bolt that is used to perform a
twirling trajectory, as depicted in Fig. 5.7b. A demonstration video of the hand
grasping and manipulating a wide range of everyday life objects can be found
below at the following URL:

www.newdexterity.org/hybridhand

5.3.3 Force Exertion Capabilities

This experiment evaluated the force exertion capabilities of the proposed robot
hand. Four different grasp configurations (as shown in Fig. 5.2) were assessed: in-
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Table 5.1: The maximum grasp forces exerted on the dynamometer.

Configuration Grasp Forces (N)
Interdigitated power grasp 150.6

Anthropomorphic power grasp 126.2
Anthropomorphic pinch grasp 14.3

Tripod grasp 19.2

terdigitated power grasp, anthropomorphic power grasp, anthropomorphic pinch
grasp, and tripod grasp. The force measurements of each configuration were col-
lected using a Biopac MP36 data acquisition unit (Biopac Systems, Inc., Go-
leta, California) equipped with the SS25LA dynamometer. The dynamometer was
placed flat on the palm pad of the hand to measure the forces of power grasps.
Recordings for the precision grasp forces involved placing the dynamometer on a
table surface and grasping the two sides so as to capture the applied forces by the
fingertips. The grasps were executed 5 times to acquire the mean of the maximum
grasp forces that the hand can achieve, as seen in Table 5.1.

5.3.4 Gripper Comparison

The following table (Table 5.2) analyzes and compares the developed hand to other
existing robotic grippers. A comparison of weight, number of actuators and fingers,
anthropomorphism, reconfigurability, and in-hand manipulation capabilities of the
different end-effectors are evaluated. When assessing the dexterity of the different
robot hand, the high degrees of freedom and actuation of the Shadow hand allows
it to execute complex manipulation tasks. The opposable thumb and separable
fingers from the active MCP joints emulating a real human hand facilitate a variety
of grasping strategies that can be chosen. However, the high degree of actuation
makes the hand difficult to control and imparts a high weight and large form
factor to the design. Alternatively, systems like the Robtiq (2-fingered) gripper,
which utilizes core grasping strategies are capable of grasping an array of everyday
life objects but are unable to perform in-hand manipulation due to the limited
actuation.
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Table 5.2: Robot gripper and hand comparison

Hand Fingers Actuators Anthropomorphism
In-hand

Manipulation
Reconfigurable Weight (g) Grip Force (N)

Robotiq

(2-Fingered) [108]
2 1 Non-anthropomorphic No None 890 30-100

Yale Model T42 [109] 2 2 Non-anthropomorphic 2D manipulation None 400 9.6

Barrett Hand [110] 3 4 Non-anthropomorphic Yes1 Yes2 1200 15

BLT Gripper [99] 3 5 Non-anthropomorphic Yes1 Yes2 1200 30-120

Robotiq

(3-Fingered) [111]
3 3 Non-anthropomorphic No Yes2 2300 15-60

iHY Robot Hand [100] 3 4 Non-anthropomorphic Yes1 Yes2 1350 15

DLR HIT

Hand II [112]
4 5 Anthropomorphic Yes1 None 1500 50

Shadow Hand [68] 5 20 Anthropomorphic Yes3 Yes4 4200 Unreported

Proposed Design 5 8 Hybrid5 Yes6 Yes7 1280 14.3-150.6
2Some in-hand manipulation capabilities are assumed but not specifically demonstrated. 3Two finger bases rotate in-sync.

4Highly dexterous in-hand manipulation capabilities. 5Opposable thumb and abduction capable MCP joints.
6Anthropomorphic and non-anthropomorphic. 7Planar and spatial manipulation. 8Opposable thumb and pinky with

extendable index, middle, and ring finger spacing.
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The use of reconfigurable finger base frames like in the Barrett hand, BLT
gripper, and iHY hand allow them to optimally utilize the limited number of ac-
tuators to perform a range of precision and power grasping strategies (e.g. pinch to
interlacing fingers). While reconfiguring the hands can place themselves in config-
urations to perform different in-hand manipulation tasks. We utilize this reconfig-
uration concept, but apply this with an anthropomorphic starting configuration
to facilitate optimal grasping and operation of human tools, which have finger
grooves and holes that are designed to maximize the contact area and grip with
the human hand. The reconfigurability allows the proposed robot hand to per-
form a wide range of grasping and in-hand manipulation tasks while avoiding the
high weight and control complexity cost commonly seen with highly functional
anthropomorphic robot hands.

5.4 Conclusions

In this chapter, we proposed a multi-grasp, anthropomorphic robot hand that is
capable of switching between non-anthropomorphic and human-like grasp con-
figurations. This feature allows the underactuated hand to achieve a wide range
of grasps and manipulation modes, while also taking advantage of the shape er-
gonomics of many objects. This design feature enables the hand to successfully
grasp many objects used in everyday-life. By implementing reconfigurable finger
base frames, we were able to increase the workspace of the hand by 150% when
compared to the workspace of the anthropomorphic configuration base frames
alone. The performance of the robot hand was assessed through: i) force exertion
capacity tests, ii) grasping experiments that involved everyday-life objects, and
iii) demonstrations that included four different manipulation tasks (2D and 3D
equilibrium point manipulation and two different finger gating tasks). In the in-
terdigitated configuration, a maximum grasp force of 150.6 N was obtained from
the developed hand, while a 19.2 N tripod grasp was generated. In the anthropo-
morphic configuration, the hand was able to exert 126.2 N of force with a power
grasp, and 14.3 N with a pinch grasp.
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5.5 Future Directions

Regarding future directions, the addition of sensing elements to the distal pha-
langes of the fingers will aid in improving the manipulation performance and
can indicate when disturbances during manipulation are occurring. Exploration of
different control methods that will facilitate optimal grasp mode selection when
executing various everyday life tasks with the hand.
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Chapter 6

Adaptive, Tendon-Driven,
Affordable Prostheses for Partial
Hand Amputations: On
Body-Powered and Motor Driven
Implementations

6.1 Background

The dexterity of the hand allows humans to execute a wide range of dexterous tasks
that no other being is capable of. Loss of one or more fingers compromises some of
the capabilities of the human hand and this has a tremendous impact on the lives of
amputees. According to [113], more than 60 % of the upper limb amputations are
transcarpal. In many cases of partial finger amputation (e.g., thumb amputation,
multi-finger amputation), the amputation impedes the execution of important
grasps needed to perform activities of daily living (ADLs). Most of these grasps
are executed using the thumb, index and middle fingers, while the ring and pinky
fingers have a subsidiary role [114].

In this chapter, we propose two compact, lightweight, and affordable prostheses
for partial hand amputations (see Fig. 6.1). The first device uses a body-powered
mechanism while the second device is an underactuated, externally powered solu-
tion. The devices are experimentally tested, and their efficiency is validated using
two different types of tests: i) grasping tests that involve different everyday ob-
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Figure 6.1: The proposed prosthesis has been designed to support both a body-
powered actuation scheme (subfigure a)) and an externally powered, motor driven
actuation scheme (subfigure b)).

jects, ii) force exertion capability tests that focus on the finger forces that can be
exerted while using the prosthetic devices 1.

The rest of the chapter is organized as follows: Section 6.2 presents the related
work, Section 6.3 focuses on the designs of the devices, Section 6.4 details the
experimental setup used for the tests and presents the experimental results, Section
6.5 concludes the chapter, and Section 6.6 discusses some future directions.

1Majority of the chapter is based on [19], © 2019, IEEE. Reprinted, with permission, from
Geng Gao, Lucas Gerez, and Minas Liarokapis, Adaptive, tendon-driven, affordable prostheses for
partial hand amputations: On body-powered and motor driven implementations, 41st Annual
International Conference of the IEEE Engineering in Medicine and Biology Society (EMBC),
2019.
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6.2 Related Work

Despite the significant percentage of finger amputations compared to other upper
limb amputations, active prosthetic fingers have not received the required atten-
tion from researchers due to the high level of customization needed to fit the design
to the patient’s hand [115], as well as due to difficulties to embed sensors and ac-
tuators to the device as compared to active, full hand prosthetic devices. On the
other hand, numerous passive prosthetic fingers have been proposed to replace
lost fingers. In [116] and [117], the authors propose prosthetic fingers made out
of silicone rubber that mimic the human fingers. These solutions are aesthetically
pleasing, however, the finger is rigid and not capable of bending. In [118], the au-
thors present an osseointegrated implant for finger prosthesis, a direct attachment
to the bony stump. In [119], the authors describe a method to optimize the fitting
of prosthetic fingers for distal amputations. Although the aforementioned solutions
certainly provide user satisfaction, the improvement on the grasping capabilities
is limited.

Active prosthetic fingers are more functional, enabling the user to execute most
of their daily activities [115], and they can be either body-powered or externally
powered. In [120], the authors present an overview of the existing surgical and
technological solutions for treating partial hand amputations. Regarding body-
powered prosthetic fingers, in [121] and [122], the authors propose a linkage-based,
wrist-driven prosthesis for amputees with disarticulation of the thumb and index
finger. In [123], the authors demonstrate a wrist-powered partial hand prosthesis
using a continuum whiffletree mechanism. Other body-powered solutions are the
X-Finger (Didrick Medical, Naples, FL) [124], which is a custom fit prosthetic
finger that allows flexion and extension of the finger in order to restore dexterous
manipulation and the M-finger (Partial Hand Solutions LLC), which is a tendon-
driven prosthetic finger. Body-powered devices are usually simple, affordable, and
easy to operate, however, the rejection rate of these devices is higher and the
harnesses might be uncomfortable if compared to externally powered devices [125].
Regarding externally powered prosthetic fingers, in [126], the authors propose an
electromyography (EMG) controlled prosthetic robot finger that can be attached
to the end of the finger root bone. The force is transmitted through a linkage
system and is controlled using a linear actuator. In [127], the authors present an
EMG prosthetic hand for amputees with remaining fingers. In [128], the authors
describe a partial hand prosthesis that is actuated by a DC motor combined with
a gearhead. A commercially available, externally powered prosthesis for partial
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Figure 6.2: The body-powered prosthesis consists of a harness, a differential box,
and a prosthetic glove. The harness houses a tensioner located on the left shoulder
and a differential box on the right shoulder. The differential contains a linear
ratchet for locking the tendon, a whiffle tree for distributing the forces across the
prosthetic fingers, and an individual tendon tensioners for each prosthetic finger.
The prosthetic glove houses a fake amputee hand and three prosthetic fingers
(index, middle, and ring). The fingers are connected to the differential box through
tendons guided through tendon routing tubes. The device can be customized to
different types of amputations (housing less or more fingers).

hand amputations are the I-digits Quantum (Touch Bionics, Hilliard, OH) [129],
a multi-articulating device that can be controlled with simple gestures. Although
powerful and attractive, externally powered prosthetic devices are still expensive,
heavy, bulky, and have limited autonomy.

6.3 Designs

In this section, the designs of the body-powered and the externally powered, motor
driven prostheses are presented and their functionalities are discussed.
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6.3.1 Body-powered Partial Hand Prosthesis

The body-powered device was designed to improve the grasping capabilities of the
amputee by providing an intuitive, robust, and lightweight solution. The design is
based on the well-known, body-powered mechanism that transmits the forces of
the upper body (e.g., shoulders) to the prosthetic fingers [130, 125]. The proposed
body-powered device is composed of three main parts: the harness, the differential
box [131], and the prosthetic glove (which includes the prosthetic fingers), as shown
in Fig. 6.2. The final body-powered prototype weighs only 553 g.

In order to operate the device, the amputee must execute simple movements
that increase the tension of the cable connecting the harness to the differen-
tial. When the cable is tensioned, the differential box distributes the tendon
force to the prosthetic fingers through artificial tendons made out of a low fric-
tion braided fiber of high-performance Ultra-High Molecular Weight Polyethylene
(UHMWPE). Polyurethane tubes that connect the differential mechanism to the
glove are used for tendon routing. The routing tubes are attached to the glove
through aluminum connections. The glove is used to keep the fingers in place (the
prosthetic fingers are stitched to the glove to avoid undesired motions). The de-
vice can be adjusted to different body types and sizes. The device personalization
occurs only for the prosthetic fingers and the harness, as these components de-
pend on the user’s body dimensions. Appropriate anthropometry studies can be
employed to derive the finger link lengths from the overall hand length [132, 133].
Alternatively, the dimensions can be measured on the intact hand (if available).

The differential box allows tendon tensioning, force distribution, and position
locking of the fingers. The input force for actuating the fingers originates from the
shoulders. When the main cable is tensioned the finger tendons are pulled and the
whiffletree differential distributes the force among the three fingers. Differential
mechanisms are widely used in prosthetic devices to evenly distribute the forces
[97, 123]. The linear ratchet on the differential box guarantees that the fingers
can be locked at any desired position due to a lever that locks the motion of the
system when moved into one of the channels of the linear ratchet. The circular
ratchet clutch mechanisms on the whiffletree provide tendon tensioning and length
adjustment [134]. When the main tendon is pulled for a second time the lever is
disengaged, the system goes to its starting point, and the fingers return to their
initial positions. The harness is not only used to connect the main tendon and the
differential, but also to maintain the shoulders are aligned in a comfortable and
anatomically correct manner.
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6.3.2 Externally Powered Partial Hand Prosthesis

The externally powered, motor driven prosthesis was designed to provide the am-
putee with a solution that offers precise object grasping, requiring minimal user
effort. The prosthesis was designed to operate up to two fingers independently and
is composed of a motor box with two motors, a control module and a prosthetic
glove (which includes the two prosthetic fingers). The electronics and actuators
are attached to the wrist strap of the glove. The final prototype weighs only 260 g.

Figure 6.3: The externally powered, motor driven prosthesis contains a motor box
with 2 motors as seen in the front view of the hand (subfigure a). The back view
of the hand (subfigure b) shows the location of the control module and the EMG
sensor of the device. The flex sensor of the externally powered partial prosthesis
is located inside the glove at the pinky finger.

The control module accommodates a motor controller, a microcontroller (Ar-
duino Nano) and two 500 mAh Li-Po batteries, while the motor box accommodates
two DC motors with encoders and two gearboxes. Two different sensors were con-
nected to the microcontroller in order to control the prosthetic device: a flex sensor



Designs 87

and an EMG sensor. Only one of these sensors is needed to operate the prosthe-
ses, however, two sensors were added in order to improve the user experience and
robustify the operation of the device. The flex sensor is positioned in the inner
side of the glove on one of the remaining fingers (for the experiments performed,
the flex sensor was mounted on the pinky finger). When the intact finger bends,
the flex sensor detects the angle variations of the finger joints, and the prosthetic
fingers are controlled to follow a similar trajectory (using a synergistic approach)
employing a PID controller. If the amputee does not have any remaining fingers
that can be used to control the prosthetic fingers, the EMG sensor is used. The
EMG sensor is located on the skin of the amputee’s forearm in order to capture
the myoelectric activations of the muscles (Flexor Digitorum Superficialis area).
The muscle activities that are related to grasping are detected by the EMG sensor
board (MyoWare muscle sensor) and the signals are sent to the microcontroller
where they are processed, and the motor is controlled through simple thresholding.
The whole device is depicted in Fig. 6.3.

6.3.3 Prosthetic Fingers

The prosthetic fingers were designed to replace the amputee’s missing phalanges
and to assist the remaining phalanges in the grasping process. The fingers were
designed to be slim and compact while maintaining an anthropomorphic appear-
ance in order to be accommodated by a glove. Alongside this, the fingers were
designed to be modular to allow amputees to easily replace key components of
the prosthetic fingers being the phalanges, the interfacing base, and the passive
extension elastic bands. Two joints are used per finger instead of the three joints
of human index, middle, ring and pinky fingers, with one joint being the metacar-
pophalangeal (MCP) joint and the other one being the proximal interphalangeal
(PIP) joint. The absence of the distal interphalangeal (DIP) joint allows the fin-
gers to have an increased finger pad area for grasping, while also maintaining a
compact and slim form factor. The actuation of the fingers is based on a tendon
driven system as seen in [135], allowing the fingers to be underactuated and to
exhibit an adaptive grasping behavior. The finger structure is manufactured from
3D printed PLA plastic and polyurethane elastomers (Smooth On Vytaflex 30 and
Smooth on PMC-780). The softer polyurethane elastomer (Smooth On Vytflex 30)
was incorporated into the finger pads to improve conformability of the fingers on
the grasped objects while the stiffer polyurethane elastomer (Smooth on PMC-
780) was implemented into the passive extension elastic bands and the interfacing
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Figure 6.4: The tendon driven prosthetic fingers are attached to a paradigmatic,
3D printed amputee hand, which is missing the index finger’s distal and middle
phalanges with the middle, and ring fingers being fully amputated (subfigure a)).
Subfigure b), shows the compatibility and fit of the prosthetic fingers with the
paradigmatic hand inside the glove. Subfigure c), presents the structure of each
prosthetic finger and the passive extension elastic bands. The fingers are built
using the concept of Hybrid Deposition Manufacturing [46] and they combine
3D printed parts with elastomer materials (SmoothOn Vytaflex 30 and PMC 780
polyurethane rubbers).

bases of the prosthetic fingers. Two types of prosthetic fingers were designed and
developed as shown in Fig. 6.4 (subfigure c).

In Fig. 6.4, the first example is a full prosthetic finger, while the second one is
a partial prosthetic finger for amputees that are missing the first two phalanges of
their finger (middle, and distal). The prosthetic finger link lengths were modelled
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after the human hand employing hand anthropometry studies [132] with a hand
length of 190 mm, as reported in Table 6.1.

Table 6.1: The prosthetic finger characteristics of the index, middle, and ring
fingers for hand length of 190 mm. The proximal link length of the prosthetic
fingers is measured from the base of the interfacing part to the PIP joint.

Fingers Weight (g) Length of Phalanges (mm)
Proximal Middle Distal

Index 23.90 - 27.10 18.43
Middle 39.46 50.54 32.30 20.52
Ring 37.24 46.36 31.35 20.33

6.4 Experiments and Results

The experiments that were conducted to assess the performance of the body-
powered and the externally powered, motor driven prosthetic device, were divided
into two parts. The first part focused on evaluating the grasping forces and the
hand configurations, while grasping different objects. The second experiment fo-
cused on measuring the grasping forces (in different configurations) that the de-
vices can exert. To execute the experiments, an adapted 3D printed paradigmatic
amputee hand was positioned inside the glove to act as a simulated amputee’s
hand. This anthropomorphic model hand has a fully articulated thumb and pinky
finger, a partially amputated index finger that has only a metacarpophalangeal
(MCP) joint, and two fully amputated fingers (middle and ring fingers). This hand
configuration was chosen in order to be able to test both types of prosthetic fingers
designed. Three prosthetic fingers are enough to test both devices, since the body-
powered device can actuate up to three fingers and the externally powered, motor
driven device up to two. A fully articulated finger on the model hand was chosen
to simulate the remaining finger of the amputee’s hand, so as for the flex sensor to
operate appropriately (in this case, the sensor was connected to the pinky finger).

6.4.1 Object Grasping Performance

The first experiment was executed to evaluate the grasping performance of the
proposed prosthetic devices. All eight everyday objects used in this experiment
were selected from the YCB object set [104], an object set designed for facilitating
benchmarking in robotic grasping and manipulation. The experiments conducted
can be seen in Fig. 6.5.
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Figure 6.5: The grasping experiments involved eight objects of the YCB object set
[104] and they were used to evaluate the grasping capabilities of both the body-
powered device (subfigure a)) and the externally powered, motor driven device
(subfigure b)). The objects used are a drill, a banana, a marble, a die, an apple,
a box, a mustard bottle, and a chip can.

Table 6.2: The maximum grasp forces exerted on the dynamometer. Forces were
measured for both pinch and power grasps.

Device Grasp Forces (N)
Pinch Grasp Power Grasp

Body-Powered Prosthesis 3.8 10.4
Externally Powered Prosthesis 8.2 18

6.4.2 Finger Force Exertion Experiment

The second experiment focused on measuring the amount of grasping force that
can be exerted by the devices. The grasp force results can be seen in Table 6.2.
Two different grasping types were tested: pinch grasp and power grasp (see Fig.
6.6). The force measurements in each scenario were collected using a Biopac MP36
data acquisition unit (Biopac Systems, Inc., Goleta, California) equipped with the
SS25LA dynamometer. For the body-powered device, the power grasp involved the
three prosthetic fingers (index, middle, and ring). For the motor driven device,
since the motor box is connected to the middle and ring fingers, the pinch grasp
was executed using the thumb and middle fingers, while the power grasp was
executed using the middle, ring, and thumb.
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Figure 6.6: The force experiments were conducted with the partial prosthesis exe-
cuting a pinch grasp (subfigure a)) and a power grasp (subfigure b)) on a SS25LA
dynamometer (by Biopac Systems, Inc., Goleta, California).

6.4.3 Devices Demonstration Video

A video containing the description of the devices and some experiments can be
found at the following URL:

http://www.newdexterity.org/prosthetichands

6.5 Discussion and Conclusions

In this chapter, we presented two adaptive, tendon-driven, glove-based, affordable
prostheses for partial hand amputations, a body-powered and an externally pow-
ered, motor driven version. Two different experiments were executed to assess the
efficiency and the grasping performance of the devices and the results demonstrate
that the proposed solutions can be used to aid amputees in a range of activities
of daily living. Although the body-powered device is heavier and larger than the
externally powered device (due to the harness), it is still lightweight, simpler than
the motorized device, more affordable and it does not rely on a battery or other
electronics, having unlimited operation time. The underactuated, lightweight, ex-
ternally powered, motor driven prosthesis relies on various sensors and electronic
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components, and it offers precise grasping requiring minimal user effort. Both par-
tial hand prostheses are designed in an amputee specific manner offering increased
personalization.

6.6 Future Directions

Regarding future directions, we plan to test both devices in clinical trials involving
amputees and to redesign them according to the trials feedback. For the motor
driven device, we plan to increase the number of motors, to develop multiple
versions for different types of partial hand amputations, and to increase the battery
life of the prosthetic device by performing an optimal motor selection and energy
consumption optimization.



Chapter 7

On Differential Mechanisms for
Underactuated, Lightweight,
Adaptive Prosthetic Hands

7.1 Background

The human hand is a powerful tool enabling humans to perform a wide range
of tasks from interacting with objects used in daily living to executing gestures
in social activities. According to [136], approximately 540,000 amputees suffered
from upper limb loss in the US with the expected projections to be doubled by
2050. In Italy and the UK, approximately 3,500 and 5,200 upper limb amputations
occur every year [113]. Loss of such a limb can have a detrimental effect on an
amputee’s quality of life, preventing them from executing critical grasps needed
in activities of daily living (ADL).

The latest technological advancements have helped to improve the develop-
ment of prosthetic hands towards becoming increasingly dexterous devices for
amputees. Despite this, design tradeoffs between the dexterity of the prosthesis,
weight, form factor, and cost of the device still exist [137]. Although there are
highly dexterous robot hands [68, 138, 139] capable of emulating the dexterity of
the human hand, the number of independent degrees of freedom (DOF) and the
actuators utilized make it difficult to control such devices, without compromis-
ing the weight, form factor, and affordability needed by amputees to adopt these
hands for ADL. Over the past decade, a shift towards adaptive, underactuated,
and tendon driven systems have made it possible for robot hands to be lightweight,
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Figure 7.1: The proposed highly underactuated prosthesis capable of performing
a variety of controllable grasp poses with only two actuators.

compact, and affordable while remaining highly functional. These systems can per-
form robust grasping under high object pose uncertainties, by utilizing differential
mechanisms and structural compliance to compensate for the reduced indepen-
dent DOFs. This underactuated property also allows the hand to be intuitively
controlled with simple control laws in comparison to previous design approaches.
Adaptive hands have been commonly applied to applications related to robotic
grasping and manipulation for full robotic arm-hand systems. However, they can
also be applied to a variety of alternative applications that range from the devel-
opment of prosthetic devices for improving the quality of living for amputees [19,
140] to enabling robots and Unmanned Aerial Vehicles (UAVs) / drones to better
interact with their environment [141, 142].

In this chapter, we focus on the design, development, and evaluation of a
lightweight, affordable, highly underactuated, anthropomorphic prosthetic hands,
which use both manual and active selectively lockable differential mechanisms.
The locking mechanisms allow for the selection of different fingers to be actuated
in underactuated hands, which utilize differentials to perform adaptive grasping.
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The mechanism has been implemented so as to block the outputs of three different
differentials allowing for increased control of individual fingers 1 2.

The rest of the chapter is organized as follows: Section 7.2 presents the re-
lated work, Section 7.3 presents the design of the locking mechanisms used in the
prosthetic hand, Section 7.4 focuses on the experimental setup used to assess the
functionality of the prosthetic hand and presents the experimental results, and
Section 7.6 concludes the chapter, and Section 7.7 discusses the future directions.

7.2 Related Work

Several prosthetic hands are commercially available ranging from cosmetic devices
[143], which are highly anthropomorphic but are non-functional to body powered
[144] and externally powered [145] prosthetic hands that provide amputees with a
means to interact and grasp objects in ADL. However, most prosthetic devices are
expensive costing anywhere between $4,000 to $75,000 depending on the required
level of functionality needed [146]. In [147], the authors present the difficulties
amputees face in the large costs required for purchasing and maintaining a pros-
thesis, leading to amputees avoiding the use of the prosthesis in fear of damaging
the device. In [148], the authors conduct a study analyzing multiple commercially
available prosthetic hands. The results of the comparison showed that the ideal
prosthetic hand should weigh <500 g, while remaining highly functional with a
low number of actuators.

Similarly, in [137], the authors make the observation that minimalistic ap-
proaches (e.g. reducing the number of sensors and actuators used) towards the
design of robot hands are a more favorable way of achieving dexterity. Adaptive
underactuated devices have adopted a variety of different and intuitive methods to
implement dexterity in a minimalistic way. In [149], a compact geared differential
capable of actuating four fingers via a single motor was developed. The usage of
this differential mechanism enabled the fingers of the device to conform to the
shape of various objects maximizing grasp contact to create stable and robust

1Majority of the chapter is based on [20], © 2021, IEEE. Reprinted, with permission, from
Geng Gao, Anany Dwivedi, and Minas Liarokapis, An Anthropomorphic Prosthetic Hand with an
Active, Selectively Lockable Differential Mechanism: Towards Affordable Dexterity, IEEE/RSJ
International Conference on Intelligent Robots and Systems (IROS), 2021.

2Majority of the chapter is based on [21], © 2021, Frontiers. Reprinted, with permission, from
Geng Gao, Mojtaba Shahmohammadi, Lucas Gerez, George Kontoudis, and Minas Liarokapis,
On Differential Mechanisms for Underactuated, Lightweight, Adaptive Prosthetic Hands, Fron-
tiers in Neurorobotics, 2021.
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grasps. In [150], the authors demonstrate the use of structural compliance in the
form of tendon driven flexure joint fingers to perform adaptive power grasps. In
[151], the authors present an anthropomorphic prosthetic hand using a whiffletree
differential enabling a singular actuator input to power the entire hand to grasp
and conform to a variety of object shapes. However, the hand is only able to follow
a single grasping trajectory, relying on the object or the environment to obstruct
the finger motion and alternate between three grasp types. In [152], the authors
propose the use of a bistable ratchet locking mechanism to enable control over
the opposition of the thumb allowing for four independent grasping postures to be
achieved with a single actuator. In [153], the authors design mechanical selectors,
which are capable of obstructing the motion of a whiffletree differential allowing
for three grasping modes to be executed with a single actuator by adjusting a
slider-selector with the opposite hand. However, this design is limited to a max-
imum of three grasping postures requiring the user to switch between different
slider-selectors to achieve alternative grasping postures. Similarly in [97], the au-
thors utilize manual lockable buttons and latches, which interact with a whiffletree
differential to create a highly underactuated prosthetic hand capable of executing
144 different grasping postures. Although the device significantly increased the
number of selectable grasping postures for amputees at an affordable cost, the
need for another hand to operate the buttons can make it difficult to perform bi-
manual tasks, or to be used by bilateral amputees. However, by integrating locking
mechanisms into prosthetic hands, improved control of individual fingers can be
achieved with a minimal set of actuators, reducing their weight, cost, and size.

7.3 Designs

7.3.1 Selectively Lockable Differentials

The design of the selectively lockable differentials is motivated by the multiple
grasping strategies that the human hand can choose from for a given task. For
that reason, we have proposed a mechanism based on the well-known whiffletree
differential, and two other differentials (a four-output geared differential [149], and
a series elastic differential [154]). The use of a locking mechanism allows the user
to select a grasp strategy from a wide range of possible combinations [97].
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Figure 7.2: The manual selectively lockable mechanism has been integrated into
three differentials: the whiffletree differential (subfigure (a) and (b)), the four out-
put geared differential (subfigure (c) and (d)), and the series elastic differential
(subfigure (e) and (f)). Subfigure (a) illustrates how the locking mechanism blocks
a selected output on the whiffletree differential. Button locking is executed through
a pushing and twisting action, which engages the button for locking (this is shown
with the blue arrows). When the whiffletree is actuated (represented by the yellow
arrow), the button provides a blocking force (orange arrow) holding the selected
output in place. Subfigure (b) presents how the manual locking mechanism, and
the whiffletree differential are integrated into the prosthetic hand. Similarly, sub-
figure (c) presents the structure of the prosthetic hand when the lockable four
output geared differential is used. The locking mechanism utilizes a similar button
mechanism to block the motion of a pulley in the four output geared differential,
as depicted in subfigure (d). The exploded view of the series elastic differential is
presented in subfigure (e), showcasing the assembly of the locking system when
integrated in the series elastic differential. Locking the series elastic differential
involves pushing the locking pins down to block the output attachments from ro-
tating. This is illustrated in subfigure (f).

7.3.1.1 Manual Selectively Lockable Differentials

The manual selectively lockable differential mechanisms can block the motion of
each finger, using a simple locking mechanism that works like a button, allowing
the user to select in an intuitive manner the desired finger combinations and
implement different grasping postures or gestures. When the buttons are pressed,
they elongate and obstruct the motion of the differentials.

The whiffletree used with the locking mechanism consists of three bars: one
bar connects the index and middle fingers (bar 1), one bar connects the ring and
pinky fingers (bar 2), and the main bar (bar 3) connects bar 1 and bar 2, as
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Figure 7.3: The selectively lockable whiffletree differential consists of two main
mechanisms: a selector mechanism that rotates to select the differential output
behavior, and a whiffletree differential for distributing the input load equally across
four outputs. The selector is composed of four pulley/cams, two roller bearings,
two potentiometers, a belt, an input pulley, a micro-servo, and a selector frame.

depicted in Figure 7.2a. In this mechanism, the adapted whiffletree upon contact
of one finger with the environment or the object surface, the whiffletree facilitates
the motion of the rest unconstrained fingers. The whiffletree allows one motor to
control multiple fingers in a coordinated fashion, so a small linear displacement
of the tendon causes appropriate proportional angular displacements at all robot
joints. The whiffletree has been appropriately designed with protruding pins on
the top two bars of the whiffletree that interact with the elongated buttons. When
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pressed, the button restricts the motion of the whiffletree by blocking the pins from
moving. Similar to the whiffletree locking mechanism, buttons and locking pins
were employed to block the rotational motion at the outputs of the four-output
gear differential and the series elastic differential. Utilizing a similar principle to
the whiffletree, the four-output gear differential and the series elastic differential
can both be fitted with protruding pins. The pins can be seen in Figure 7.2 and
they allow the button locking mechanism to obstruct the differential outputs,
facilitating the execution of multiple grasping postures and gestures. This locking
mechanism was expanded and integrated into the four output gear differential
and the series elastic differential, providing an improved means of controlling the
differentials outputs.

7.3.1.2 Automated Selectively Lockable Differential

Similarly to the manually selectively lockable differential, the automated selec-
tively lockable differential utilizes an alternative mechanism capable of facilitating
the execution of multiple selectable grasping strategies. Unlike the manually se-
lectively lockable differential, the automated lockable differential uses a small, low
torque micro-servo (DFRobot DF 9 g micro-servo) to select the desired differen-
tial outputs, rather than manually locking and unlocking buttons/ locking pins
in place. The active locking allows the implementation of controllable whiffletrees
to be fully automatic in prosthetic hands. This enables amputees to perform bi-
manual tasks with increased efficiency, as the opposite hand is not required to
adjust the grasp pose of the prosthetic hand before the task, since the pose can
be selected autonomously during the task. Additionally, the increased autonomy
facilitates the used of the device even by bilateral amputees unlike the manually
lockable prosthesis. To showcase automated locking, the selectively lockable whif-
fletree differential was used to select various finger combinations that can facilitate
the execution of efficient grasps with underactuated prosthetic hands.

The locking mechanism is composed of four pulleys, a belt, a single actua-
tor, two potentiometers, and a whiffletree differential as seen in Figure 7.3. The
whiffletree differential output is connected to four fingers (index, middle, ring,
and pinky), while the input of the differential is connected to a single Dynamixel
XM430-W350-R smart motor. Each pulley contains a different cam profile, which
rotates in sync while interacting with the whiffletree differential’s protrusions,
providing obstructed and unobstructed tendon motion at the whiffletree outputs.
This can be seen in Figure 7.4.
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Figure 7.4: The selectively lockable whiffletree differential performs controllable
locking by blocking and unblocking the motion of the whiffletree. Subfigure a)
shows only the first output being unblocked allowing only this output of the whif-
fletree to actuate a finger. In subfigure b) the cams are rotated in sync with the
micro-servo to facilitate the execution of another differential output, where only
the second output is unblocked.

The cam pattern was generated by listing out all the possible finger flexion
combinations that can be achieved by blocking the whiffletree outputs (24 = 16),
producing 16 possible combinations. From the 16 combinations the fully blocked
combination (where all outputs of the whiffletree are blocked) can be omitted as
this pattern can be executed by not actuating the motor to flex the fingers. In
order to organize these combinations effectively, during output selections a grey
code format was used, over a binary code format. The grey code format orga-
nized the blocking (1) and non-blocking (0) states of the cam together to reduce
the number of transition zones between blocking and non-blocking, to increase
the strength of the cam, and to reduce pattern selection errors during pattern
transitions. Attached to two of the cams two potentiometers are connected out of
phase from each other in order to detect what the current combination the lock-
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Figure 7.5: The selectively lockable thumb provides an amputee with 6 lockable
thumb positions. The mechanism is composed of: a thumb finger, a thumb oppo-
sition link, a spring, a latch, a pulley, four shafts, and a thumb base.

able mechanism is in over a full revolution. A total of 16 finger combinations can
be achieved with the four fingers (index, middle, ring, and pinky). Although this
system is implemented for a whiffletree, the locking mechanism can be adapted to
accommodate other differentials.

A video demonstrating the automated locking mechanism implemented in a
prosthetic hand performing grasping tasks can be found at the following URL:

www.newdexterity.org/lockableprosthesis

7.3.2 Selectively Lockable Thumb

The selectively lockable thumb is composed of a gear module with a tapered
tooth profile and a spring loaded latch which locks the thumb to the gear module,
allowing the user to select between six thumb opposition poses. This can be seen
in Fig. 7.5. The manual lockable thumb enables amputees to lock the thumb in
a range of 0◦ to 120◦ (with 0◦ being the thumb fully abducted to the side of the
hand). This increases the combinations of achievable grasp poses/gestures to 96
(16x6) different grasping postures/ gestures that an amputee can select from when
using the prosthesis.
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Although the thumb locking mechanism created reduces the maximum achiev-
able grasp poses/gestures combinations in comparison to [97] due to the use of a
tapered gear tooth profile, this profile ensures better contact between the thumb
base and the latch removing backlash.

7.3.3 Finger Design

The prosthetic fingers were designed to be easily fabricated using the hybrid depo-
sition manufacturing technique [46], a process where multi-material components
can be created by 3D printing and molding elastomer materials. The fingers are
composed of three phalanges each with soft polyurethane elastomer (Smooth On
Vytaflex 30) pads for increased conformability during grasping tasks.

The finger structure utilises a passive antagonistic extension element made out
of polyurethane rubber (Smooth On PMC-780), while an active flexion is achieved
through a tendon-driven actuation system [155]. This allows the finger to exhibit
adaptive properties while remaining underactuated.

7.4 Experiments and Results

Different experiments were conducted to assess the performance of the proposed
differential mechanisms. The first experiment evaluated how much the fingertip
force exertion capabilities were affected when the fingers where selectively locked.
The second experiment focused on assessing the selectively lockable differential
mechanisms capability in providing various hand gesture combinations with the
different differentials. The third experiment assessed the grasping capabilities of
the differentials and their corresponding locking mechanisms when they are inte-
grated into prosthetic hands. The fourth and fifth experiments focused on evalu-
ating the maximum tendon tension and maximum tendon displacement that can
be achieved at the outputs of the differentials.

7.4.1 Fingertip Force Exertion Experiments

The force exertion experiments were conducted on the selectively lockable differ-
ential to investigate the effect on force exertion when the differential mechanism
experiences locking/blocking. The relationship between displacement at the input
and force exertion at the outputs, is presented in Figure 7.6 with different finger
combinations being compared. When blocking the fingers, we are able to maximize
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the force applied by the free fingers at their fingertips (e.g., precision grasps). If
needed the user can utilize this behavior to maximize the force transmitted from
the servo motor to the fewer active fingertips.

Figure 7.6: These plots present the relationship between the input displacement
and the output force exerted by the fingertips when all other fingers of the hand
are locked and compares them to the equivalent relationships when not using the
locking mechanism. Subfigure a) presents the fingertip force at the index finger.
Subfigure b) shows the fingertip forces at the index and middle fingers when locking
and no locking is used. Similarly, subfigure c) presents the fingertip forces for the
index, middle, and ring fingers. Finally, subfigure d) shows the forces when none
of the fingers are locked.

7.4.2 Gesture Execution Experiments

The second experiment assessed the proposed selectively lockable differentials ca-
pabilities in executing various grasp poses and hand gestures. To evaluate the
abilities of the selectively lockable mechanisms to enhance the performance of all
the proposed differentials, the mechanisms were incorporated into a prosthetic
hand with a single actuator so as to demonstrate the different achievable hand
poses. To showcase the different grasp postures, the buttons of the selectively
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lockable differentials were locked into different combinations. The three differen-
tials were capable of achieving the full 16 different combinations. This is depicted
in Figure 7.7. The importance of controlling the differential’s outputs is critical for
selecting grasping strategies and allows: i) different hand gestures to be signed, ii)
reaching an object in a narrow space, or iii) executing non-prehensile manipulation
tasks (e.g., pressing buttons or moving sliders).

7.4.3 Grasping Performance Experiments

The third experiment was conducted to evaluate the ability of the differentials to
improve the grasping performance of prosthetic hands in executing activities of
daily living. To do so, the YCB object set designed by [104], was used to evaluate
the grasping efficiency of the prosthetic hands with the proposed differentials inte-
grated. Twelve objects from the object set were selected: a credit card, a washer,
a die, a marble, a tuna fish can, a golf ball, a pear, a Lego Dublo block, a mustard
bottle, a box of sugar, a drill, and a baseball. All hands were capable of grasping all
twelve objects. This can be seen in Fig. 7.8, where the selectively lockable differen-
tial mechanism allows the hand to execute different grasping postures, achieving
optimal grasping performance for the encountered objects.

7.4.4 Tendon Tension Experiments

The fourth experiment focused on testing the mechanical limits of the designed
differentials. The experiment consisted of measuring the tendon’s tension until ei-
ther the tendon, the differential, or the motor failed. Hanging weights of increasing
masses were attached to the output ends of the differentials until it was unable to
lift the weight. To perform the experiment, equal weights of 100 g were incremen-
tally added at the end of the tendon in all four outputs while the differential was
running until the system could not withstand the load. The whiffletree differential
used in the developed prosthetic hand, was capable of holding up to 42.8 N of ten-
don tension per output before failure. The four-output geared differential obtained
a maximum tendon tension of 39 N per output during the experiments. Although
the maximum theoretical tendon tension calculated [149] can be more than 100 N
per output, the calculation does not consider efficiency loss due to friction between
components, the operating conditions of the motor, or the mechanical resistance
of the components used in the differential. When using the series elastic differ-
ential, it is capable of switching between a rigid and a compliant mode allowing
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the differential to select when the elastic elements should be used. The maximum
tendon tension force of 53.8 N per output was achieved when in the rigid mode,
while a maximum force of 45.8 N per output was obtained for the compliant mode.

7.4.5 Tendon Displacement Experiment

The last experiment focused on measuring the amount of achievable displacement
in each output of the three differential mechanisms. This displacement is important
as it offers the required adaptability needed for grasping a wide range of objects,
conforming to the object shape, and maximizing the contact patches between the
fingers and the object surface, increasing also grasping quality. The three differ-
entials were actuated in an unblocked state to achieve the maximum obtainable
displacement at the differential’s outputs. Additionally, the three differentials were
also tested with three of the four outputs being blocked, allowing for the minimum
achievable tendon displacement to be measured. When unblocked the whiffletree
was capable of 21 mm of tendon displacement, but was only limited by the avail-
able translation length, which is limited by the length of the palm of the prosthetic
hand. In the second test scenario where three of the four outputs are blocked, the
whiffletree differential was able to obtain a displacement of 10 mm, which was
limited by the length of the upper whiffletree bars. The four-output geared dif-
ferential was able to perform continuous rotations at the outputs in both locked
and unlocked scenarios providing continuous displacement. The maximum tendon
displacement of this design is only limited by the amount of tendon the pulleys
at the output shafts can hold. The series elastic differential when unblocked is
capable of continuous rotation similarly to the four-output geared differential, but
this continuous rotation only applies to cases when all four outputs are allowed
to move continuously. When one or more outputs is blocked, the series elastic
differential can only provide displacements up to 43 mm.

7.5 Discussion

Four differentials with locking mechanisms have been proposed, each capable of
improving the grasping capabilities of prosthetic hands in different circumstances.
The selectively lockable differentials offer increased controllability of the differ-
ential outputs facilitating the execution of all 16 finger flexion/extension combi-
nations (e.g., controlled flexion across the index, middle, ring, and pinky fingers
on a prosthetic hand). For grasps, which do not need the involvement of all four
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fingers (index, middle, ring, and pinky) to oppose the thumb to complete the
grasp, the subsidiary fingers can be blocked to maximize the force transmitted
to the active fingers by the motor. The developed selectively lockable differentials
have been designed to accommodate different user requirements. The selectively
lockable whiffletree differential utilizes manually lockable buttons meaning the de-
sign does not require additional electronics and actuators to use the mechanism.
Hence, utilizing a body-powered approach enables the mechanism to significantly
reduce the cost of implementation in a prosthetic device where the price is an
essential requirement. Although the automated selectively lockable whiffletree dif-
ferential requires an additional actuator to operate, unlike the manually lockable
whiffletree differential, this actuator does not need a high torque rating as the
high loads exerted by the differential are parallel to the axis of the actuator. This
allows the chosen actuator to be small and compact, reducing the size, and cost
of the total system significantly. The increased autonomy offered by the system’s
active approach allows the use of selectively lockable differential mechanisms to
increase efficiency in bi-manual tasks for amputees and reduce intervention and
effort needed to switch the gesture or grasp pose of the hand. The automated
selectively lockable differential can also be adopted in robotic systems, where full
autonomy is required.

Other than the whiffletree differentials, which have a limited range of motion,
rotary mechanisms like the four-output gear differential grant continuous rota-
tion at the outputs. The benefit of using a rotary mechanism is its ability to
operate within a fixed volume size. In contrast, traditional pulley and whiffletree
differential mechanisms require additional space to accommodate the mechanism’s
translational motion. This is generally not an issue in anthropomorphic prosthetic
hand designs [15, 156], where a large plane usually is available to accommodate
the movements of the pulley and whiffletree differentials. However, for prosthetic
devices that require large displacements at the differential outputs to reach their
maximum range of motion, pulley and whiffletree differentials are not sufficiently
compact.

Finally, the series elastic differential offers a simpler and smaller solution than
the four-output differential via the implementation and utilization of passive elas-
tic elements. This results in a mechanism with fewer components and reduced
weight. However, passive elastic elements in series with the actuator output can
produce a parasitic force reducing the maximum achievable force output. This is
because the actuator must use some energy to compress the elastic element before
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achieving the desired differential displacement. To overcome this, the series elastic
differential has been developed such that the differential is capable of switching
between a compliant and adaptive mode and a rigid mode based on the rotating
direction of the connected actuator. The ability to switch between compliant and
rigid modes led to a force output difference of up to 17.4%. Similar to the whif-
fletree differential, where the maximum displacement between outputs is limited
by the bar length, for the series elastic differential, this is constrained by the cir-
cumference of the main body and the maximum compressible length of the elastic
elements. Thus, this design choice limits the differential’s maximum adaptability.
However, the total displacement of the series elastic differential is continuous if all
outputs wind together. In contrast the whiffletree differential also has a limited
total displacement, which is constrained by the operating volume allocated for the
differential to translate in. The four-output gear differential, is capable of inde-
pendently rotating each output continuously until all four outputs experience an
equal load, where it will then wind the outputs together providing a continuous
total displacement. A comparison of the proposed differential systems is presented
in Table 7.1.

Table 7.1: Comparison of the proposed differentials

Differentials
Whiffletree
Differential

Four-Output
Differential

Series Elastic
Differential

Inputs 1 1 1
Outputs 4 4 4
Total

Displacement
Limited1 Continuous2 Continuous2

Displacement
Between Outputs

Limited3 Continuous2 Limited4

Size5 (mm) 23 x (54 + T) x 81 41 x 100 x 41 57 x 23 x 23
Weight (g) 46 169.8 22.5
Max Force

Output6 (N)
171 156 215 (rigid mode)

3 The displacement of the whiffletree is limited by the translation length available
4 The rotary motion of the mechanism allows continuous winding at the outputs

5 The adaptability is limited by the length of the whiffletree bars
6 The adaptability is limited by the max compression of the elastic elements

7 T is the travel distance needed for the mechanism to adapt
8 The max force output is the total force of all outputs
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Figure 7.7: Hand gesture combinations executed by a prosthetic hand equipped
with a selectively lockable differential mechanism. The Locking mechanism was
implemented on the four output geared differential (subfigure (a)), the series elastic
differential (subfigure (b)), and the whiffletree (subfigure (c)) on similar prosthetic
hands, altering the index, middle, ring, and pinky fingers flexion combination
patterns.
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Figure 7.8: Grasping experiments conducted with the three prosthetic hands
equipped with the proposed differential mechanisms (whiffletree (subfigure (a)),
four output gear differential (subfigure (b)), and series elastic (subfigure (c))). The
three differentials can be seen allowing a prosthetic hand to execute a variety of
grasping strategies (pinch, tripod, and power grasps).
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Table 7.2: Prosthetic hand comparison

Prosthesis DOF DOA
Locking

Mechanism
Actuators

Locking
Mechanism

# Combinations

Individual
Finger
Control

Size
(mm)

Weight
(g)

Grasp
Force
(N)

ILimb pulse [157] 11 5 0 N/A Y 182 x 80 x 45 465 11.55

Bebionic [158] 11 5 0 N/A Y 200 x 92 x 50 539 16.15

UT hand I [159] 15 3 4 16 Y 185 x 82 x 26 N/A N/A
Softhand Pro-D [160] 19 1 0 N/A N 200 x 91 x 40 285 20

KIT Hand [156] 10 2 0 0 N 232 x 87 x 35 768 8.2-24.2
Open Bionics Hand [97] 15 1 01 16*9 Y 190 x 90 x 62.5 300 95

Belter et al [152] 11 1 12 44 N N/A 350 5.1
Proposed Design 15 1 1 - 03 16*6 Y 211 x 96 x 48 445 4.5-27.37

1 The hand contain a locking mechanism actuated by body powered means
2 The main actuator is shared between actuating the locking mechanism and the fingers

3 The proposed design can be altered to be both body powered or motorized
4 The locking mechanism is used to control the thumb position only

5 Force per finger
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The developed prosthetic hands utilized the proposed locking mechanisms were
also analyzed and compared with existing prosthetic hand designs (as shown in
Table 7.2). A comparison of DOF’s, DOA’s, locking mechanisms, finger control,
size, weight, and grasping force are evaluated. Commercial prosthetic hands like
the ILimb pulse [157] and the Bebionic [158] use the lowest number of DOF’s
and the highest number of actuators to achieve individual control of each finger.
Although both hands can exert high grasping forces, the design approach taken
results in prosthetic hands that are highly expensive. Underactuated designs like
the Softhand Pro-D make prosthetic hands affordable through reducing the num-
ber of actuators needed to execute grasping with the hand. However, making the
hand highly underactuated limits the control the user has over grasp and ges-
ture selection of the prosthesis. Locking mechanisms can be employed to improve
the controllability of highly underactuated hands allowing them to access a wider
range of grasping modes and gestures without compromising the cost, weight, and
size of the hand. This can be seen with the Open Bionics hand [97], UT hand I
[159], the hand developed by Belter et al [152], and the proposed prostheses de-
signs in this chapter. When comparing the different locking based prosthetic hands
the proposed designs can be made to be body powered or actuated depending on
the users preferences. The automated locking design accomplishes a significantly
larger range of grasping combinations with an additional actuator, when compared
the other actuated locking systems.

7.6 Conclusions

In this chapter, we proposed locking mechanisms for improving the controllabil-
ity of the three examined differentials (a four-output geared differential, a series
elastic differential, and a whiffletree differential) developed. Two different locking
approaches were implemented with one being manual and the other using a small
low torque actuator to allow for active control. The locking mechanisms facilitated
all 16 different finger flexion and extension combinations (across the index, mid-
dle, ring, and pinky fingers). The mechanism allows amputees to perform ADL
with increased efficiency. The proposed manual and active mechanism enables the
full 16 finger flexion combinations to be selected for the index, middle, ring, and
pinky fingers by employing body power or the addition of a small and low-cost
actuator. The addition of a manual lockable thumb facilitates the execution of
6 unique thumb configurations, allowing the execution of a total of 96 different
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grasping poses to be achieved. By implementing locking mechanisms in prosthetic
devices to replace individual actuators for controlling each finger the weight and
the cost of the device can be significantly reduced while maintaining its dexterity.

7.7 Future Directions

Regarding future directions, we plan to extend the automated selectively lockable
differential mechanism to include the control of the thumb further increasing the
dexterity of adaptive prosthetic hands. Additionally, we plan to create derivative
versions of the automated selectively lockable mechanism in order to be incorpo-
rated into other commonly used differentials like pulley and geared differentials.
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Chapter 8

Mechanically Programmable
Jamming Based on Articulated
Mesh Structures for Variable
Stiffness Robots

8.1 Background

As robotics and automation begin to shift towards the execution of complex tasks
in unstructured and dynamic environments, the use of soft robotic mechanisms
and structural compliance in rigid robots becomes highly necessary. But for rigid
robots to efficiently operate in such environments, complex control algorithms and
sophisticated proprioception systems are needed to position the robot accurately
to perform the given task [13]. Sophisticated sensing is also needed for enabling
such robots to operate safely around humans and/or to handle fragile or delicate
objects. As a result, there has been a paradigm shift in the materials and meth-
ods used to develop robots. Soft robots are the product of this shift, where the
integration of flexible materials imparts compliance to the structure of the sys-
tem facilitating high environmental adaptability with minimal control and sensing
complexity. The intrinsic compliance of soft robots allows it to easily adapt to en-
vironmental conditions and task specifications, providing safe interactions with
humans, their surroundings, and/or fragile artifacts [161]. Elastomeric materials
enable soft robots to withstand crushing loads, providing increased durability and
robustness [162]. Hence, the selection of materials is an important part of determin-
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Figure 8.1: The mechanically programmable articulated mesh structure can be
used in a diverse set of application. We present the variable stiffness articulated
mesh structure being incorporated into the joints of an adaptive underactuated
tendon driven robot hand (subfigure (A)) and used to develop a soft robot gripper
(subfigure (B)). The articulated mesh structures consist of links connected to-
gether through the use of either a pin (subfigure (C)) or a flexure (subfigure (D))
joint allowing for the execution of bending and twisting motions. Additionally,
the variable stiffness mesh structure has been integrated into a wearable elbow
exo-skeleton (subfigure (E)) to assist in lifting heavy loads.

ing the desired behavior and capabilities of soft robotic mechanisms. Although the
utilization of soft materials provides high adaptability and conformation to com-
plex and irregular geometries with simple controls, the use of soft materials also
imposes several drawbacks to soft robotic designs, such as low control accuracy,
low force exertion capability, and low resistance to deformations [163].

To take advantage of the benefits of soft robots without compromising the force
exertion capabilities and control accuracy, several designs of variable stiffness ac-
tuators have been proposed to provide an on-demand rigidity to soft systems.
Variable stiffness actuators can alter their stiffness in a number of different ways
from applying an electrical current to applying pressure depending on the selected
materials. Shape memory alloys (SMA) [164, 165, 166] and shape memory poly-
mers (SMP) [167, 168, 169] facilitate stiffness variation through changes in the
materials temperature and are capable of providing up to an 18 fold stiffness in-
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crease in robotics fingers [170]. However, time required to change the temperature
of the material results in a slow response time achieved by such actuators [171,
172, 173]. Another approach is via voltage actuated dielectric elastomer actuators
(DEA) where electrostatic chunking [174], active cross section changing [175], or
integrating low melting point alloys [176] can be used to vary the stiffness of the
system. The deformation and stiffness change accomplished by DEA’s are, how-
ever, insufficient to bear more than a few grams of weight. Magnetorheological
(MR) fluids are composed of magnetizable particles within the carrier fluid and
when in the presence of a magnetic field the viscosity and shear modulus of the
fluid can be changed allowing for the modulation of stiffness [177, 178, 179]. How-
ever, the presence of a strong magnetic field can result in limited interactions with
magnetically sensitive materials / objects, potentially damaging them. Finally,
jamming based methods utilize soft structures encapsulated in a closed system
(e.g., a silicone pouch) where the air within the closed system can be evacuated.
By regulating the vacuum pressure within the closed system, the compression force
on the enclosed soft structure can be stiffened and softened on command. The soft
structures that use jamming based actuators are diverse [180, 181, 182, 183, 184]
ranging from granular materials that are highly deformable when unjammed to
conform around objects [181], chain mail meshes that can be stiffened to provide
additional bracing support [182], fiber materials arranged to provide variable stiff-
ness in an endoscope [185], and laminar sheets which can be organized to act as
flexural beams for bending [183, 186].

In this chapter, we propose a variable stiffness actuator based on an articu-
lated mesh structure that serves as the backbone of a multi-layer jamming archi-
tecture, which is housed in a vacuum controlled silicone pouch. When jammed the
variable stiffness actuator is able to undergo elastic bending without permanent
deformation in the jammed state. Alterations to the mesh link geometries within
the articulated mesh allows the variable stiffness actuator to be mechanically pro-
grammed to take on different shapes when jammed. The controllable variable
stiffness structure can be used to develop grippers with improved dexterity and
can be integrated into soft exosuits that provide assistance to humans carrying
loads. This chapter investigates the behavior of this novel variable stiffness actu-
ator paradigm, the mechanics that allow the compression forces to resist the free
motion of the articulated mesh structure, and the various devices and applications
in which such an actuator can be employed.
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Figure 8.2: The construction of the mesh structure is composed of a pattern of
pins and links for the pin jointed mesh (A) while the flexure joint mesh (B) is
fabricated as a singular 3D printed body of links printed on a flexure base (the
blue patches highlight the attachment points between the links and the flexure
base).

8.2 Designs

8.2.1 Mesh Structure

The mesh structures that were composed of pin joints (Fig. 8.2A) to connect
the different links together were fabricated using laser cut acrylic sheets. Mesh
structures that followed a flexural joint design (Fig. 8.2B) were fabricated with
3D printed polylactic acid (PLA) plastic in order to create a continuum body
mesh that was capable of both bending and twisting motions. The envelopes that
contained the mesh structures were manufactured using 3D printed molds made
from silicone (Smooth-on, Dragon Skin 20). This material not only allowed the
confining pressure to be freely applied onto the mesh structure, but the elasticity
of the envelop facilitated elastic bending of the variable stiffness actuator when
under pressure. PET sheets were added to sandwich the mesh structure to pro-
vided additional support to the envelope preventing it from conforming to the
mesh structure in a non-optimal manner where the pressure forces applied on the
mesh would result in a net zero force for resisting bending. Additionally, the PET
sheets allow for reduced friction between the mesh and the envelope facilitating
the mechanism to return back to its preprogrammed state.

The yield point (F yield) of the mesh structures for determining the transition
between preprogrammed and bent geometries can be altered by controlling the
applied pressure that can be calculated as follows,

F yield =
n∑

i=1

2
fB
i lBi +mfT

i l
T
i

L
(8.1)
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Figure 8.3: The free body diagram of the 3-point bending test (subfigure (A))
for determining the yielding force (F yeild) of the mesh structure. The load was
applied to the center of the structure, which is a distance L from the side of the
support span. A top view of the mesh structure shown in subfigure (B), presents
the contact area (AT and AB) for the top and bottom of the links under a bending
load. The number of links (n) per column and the width (b) of the assembled mesh
structure is also presented. Subfigure (C) illustrates the forces on one side of the
mesh structure. fT and fB are the top and bottom forces applied on the mesh by
the pouch to resist bending.

such that

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

m = 1 , When symmetric

m = 0 , When asymmetric

f = PA
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where n is the total number of links in a row in the mesh structure, and fB,
and fT , are the distributed pressure forces acting on the bottom and top of the
mesh links with lB, and lT being the distance from the pivot point at which the
distributed pressure forces act. The force on the bottom and top of the mesh links
fB and fT are calculated from the applied pressure (P ) on the envelope and the
contact area (A) on the links, which press against the interior of the pouch when
trying to bend. The distance L is taken from the distance from the support span
to the applied load F yield. The free body diagram of the mesh structure in a three-
point bending test can be seen in Fig. 8.3. Depending on the mesh patterns, m
will be either 1 for symmetric patterns or 0 for asymmetric patterns because fT

is absent for asymmetric patterns due to the mesh links only pressing against the
bottom of the envelope from one side of each pivot point.

Figure 8.4: The exploded view deconstruction of the variable stiffness flexure joint
(A) and pin joint (B) fingers used for improving the grasping capabilities of un-
deractuated adaptive grippers.

8.2.2 Adaptive Gripper with Variable Stiffness

The variable stiffness actuators presented here are capable of rapidly stiffening
and elastically returning to their mechanically programmed state when bent. This
combination of properties enables such systems to be used as variable stiffness
joints capable of adjusting the grasping force and the feasible trajectories of un-
deractuated, adaptive and soft robotic grippers and hands. Depending on the mesh
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link shape and attachment point method selected, variable stiffness pin and flexure
joints can be developed to be used in improving existing adaptive robotic grippers
[109], or allow for the creation of self-actuating soft fingers (Fig. 8.5D).

The adaptive, underactuated robot hand was developed using the model T42
gripper [109] as a base to demonstrate how the variable stiffness actuator can be
integrated into existing systems and presents the benefits it provides to adaptive,
underactuated grippers and hands. To encompass the most common joint systems
used in designing robot grippers and hands [187, 109] two types finger designs
were developed comprising of variable stiffness actuators with mesh structures that
were either of a flexural joint design (Fig. 8.4A) or a pin joint design (Fig. 8.4B)
for the robot gripper. The phalanges of the fingers were fabricated using hybrid
deposition manufacturing (HDM) [46] techniques allowing 3D printed polylactic
acid (PLA) parts to be combined with soft urethane/ silicone materials. Smooth-
On Vytaflex 40 was used to construct the finger pads of the gripper. The silicone
pouches enclosing the mesh structures were made from Smooth-On Dragon Skin
20. The actuation scheme of the gripper employs 2 Dynamixel XM430-W350-R
smart motors each actuating one finger using a low friction of UHMWPE (Ultra-
High Molecular Weight Polyethylene) fiber tendon.

Figure 8.5: The soft gripper is composed of a curved mesh link structure sand-
wiched between PET sheets and encased in pouches and a pouch connector facil-
itating active flexion under pressure and passive extension when not pressurized.
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8.2.3 Soft Gripper

The flexion action of the soft robot gripper fingers is achieved through a me-
chanically programmed mesh structure that is comprised of a set of curved links
(Fig. 8.5D). When exposed to a vacuum pressure the silicone pouch will compress
the mesh structure to its lowest volume state where it will remain in a curved pose
until the pressure is released. Two PET sheets of 0.5 mm are used to sandwich the
mesh structure facilitating low friction sliding when transitioning between open
and closed states. The PET sheets also assist in providing passive extension to
the fingers allowing them to fully extend when no pressure in applied within the
pouches. The soft components of the gripper (the pouch, pouch connector, and
palm) were molded from Smooth-On Dragon Skin 20 while the mesh structure
was fabricated with 3D printed PLA and laser cut acrylic. The use of variable
stiffness mesh link structures enables the construction of the grippers to be light
weight and affordable weighing 128 g and costing 4.84 USD in materials.

Figure 8.6: The component composition and construction of the wearable exoskele-
ton uses curved mesh link structures as to provide active bending when pressurized.

8.2.4 Wearable Elbow Exo-Skeleton

Similar to the structure of the soft gripper, by combining straight PET sheets with
a curved mesh link structure inside a silicone (Smooth-On Dragon skin 20) pouch
a wearable elbow exoskeleton (Fig. 8.6) device can be developed which can be
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Figure 8.7: A comparison of measured force-displacement curves for a mesh struc-
ture composed of a symmetric pin design with 30 mm pin spacing evaluating the
effect of different confining pressures, varying pin spacing’s at a fixed pressure
(60 kPa), and differing thicknesses at a fixed pin spacing (30 mm) and pressure
(60 kPa). This is shown in subfigure ((A, B, and C) ). Subfigure (D, E, and F)
present the force-displacement plot of a two-way asymmetric flexural design with
30 mm bar lengths at various confining pressures, bar lengths (at a fixed confining
pressure of 60 kPa), and thicknesses (at a fixed 30 mm bar length and confining
pressure of 60 kPa). The fabricated pin joint and flexural joint mesh structures
that were evaluated are shown in subfigure (G). Highlighted in blue is the repeat-
ing mesh link pattern with the black dotted line indicating the pin joint axis and
grey rectangles representing the flexure attachment points. Subfigure (I) shows A
force versus displacement comparison of all the patterns when a confining pressure
of 30 kPa is applied on designs utilizing either a 30 mm pin spacing or bar lengths
at a thickness of 8 mm.

mechanically programmed to do active flexion and passive extension when pres-
surizing and depressurizing the silicone pouch. Velcro straps attached along the
forearm brace and upper arm brace allow the wearable exoskeleton to provide flex-
ion assistance to the elbow joint of the user and facilitate intuitive attachment and
removal of the device. Additionally, a linear slide mechanism composed of 2 linear
bearings and 2 steel rods attached between the forearm brace and the variable
stiffness actuator enables the shortening and lengthening of the variable stiffness
actuator when transitioning between extended and flexed poses. The wearable
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exo-skeleton demonstrates the scalability of the actuator between smaller sizes re-
quired for the development of grippers and end-effectors to larger form factors for
the incorporation into assistive devices, such as wearable exoskeletons. When im-
plemented into the wearable exoskeleton: the unjammed state (low stiffness state
when no pressure is applied) is highly compliant and allows the user to move freely
with the elbow exoskeleton, and the jammed state (high stiffness state when pres-
sure is applied) provides the user with the required assistance to aid them in lifting
heavy loads. The assistance can be adjusted by altering the applied pressure on
the articulated mesh structure. The weight of the wearable exoskeleton is 1.33 kg.

8.3 Experiments and Results

8.3.1 Bending Test

The three-point flexural bend tests were conducted using an Instron 5567, Instron
Limited, UK to characterize the materials mechanical properties. The testing pro-
cedures used a 100 mm support span. The load from the instron machine was
applied in the center of the sample with a displacement motion of 10 mm at a
speed of 0.5 mm/s. The experiment was repeated five separate times at each con-
fining pressure. The mesh structures were sandwiched between two PET sheets of
0.5 mm thickness before being placed inside a silicone envelope connected through
a soft tube to a manual vacuum pump with a pressure gauge.

The mesh structures were exposed to different confining pressures (0 kPa, 30
kPa, 60 kPa, and 90 kPa). Different mesh thicknesses, patterns, attachment points,
and mesh link lengths were evaluated to determine the effects of the different
properties on the actuator performance (Fig. 8.7A to Fig. 8.7F). The articulated
mesh structure is composed of links connected together via pins or a flexural base
supporting bending. Each specimen was subjected to a displacement of 10 mm and
then returned to the initial position. The variable stiffness actuator is shown to
be at a low stiffness when no pressure is applied, but once, a confining pressure is
applied on the mesh structure the actuator will stiffen allowing it to resist against
the displacing loads applied on the structure. The variable stiffness actuator is
capable of increasing its stiffness from 2.25 N/mm to 62.9 N/mm for the symmetric
pin joint design with 30 mm pin spacing, and from 2.36 N/mm to 52.5 N/mm for
the two-way asymmetric flexural design with 30 mm link lengths, giving a 27.96
times and a 22.25 times stiffness increase respectively. When the applied load
causes the links of the mesh to be unaligned in the axial direction, a decrease in
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stiffness of the actuator occurs causing the confining pressure to apply its load both
tangentially and normally on the unaligned mesh links resulting in a reduction in
the resisting load. As the links are increasingly rotated out of alignment the normal
force will be increased such that the mesh links do not apply sufficient tangential
force to allow the mesh structure to overcome the frictional force generated by the
normal force preventing the system from returning to its initial state, resulting
in conventional jamming behavior. Figure 8.7B and E illustrates this with the
designs using the smaller link sizes (10 mm) experiencing permanent deformation
that prevents them from fully returning to their initial pose unlike the larger mesh
links (20 mm and 30 mm).

Although the yield point estimation works for thicker mesh structures (as
shown in Fig. 8.7A and D with 8 mm thick meshes), it was observed that lower
thickness mesh structures (Fig. 8.7C and F) would exhibit bending of the mesh
links first before misalignment of the mesh links occurring, resulting in a lower
stiffness and yield point. A comparison of the different mesh patterns (Fig. 8.7G)
with 30 mm pin spacing for pin joint designs and 30 mm long mesh links for flexure
patterns was performed and it was found that the asymmetric pin joint design
exhibited the best performance. Although the estimated yield point was lower
than the symmetric pin design, the asymmetric unfolding of the links allowed the
envelope to better conform to the mesh structure during bending, facilitating a
higher stiffness and the exertion of higher force post yield.

8.3.2 Object Grasping

The grasping and manipulation performance evaluation used the Yale-CMU-
Berkeley (YCB) Object set [104] which is composed of a plethora of everyday
life objects selected to facilitate the benchmarking of robotic grasping and manip-
ulation capabilities. The following eleven objects from this object set were selected:
a mini soccer ball, golf ball, marble, power drill, hammer, plastic apple, plastic
pear, mustard container, chips can, box of sugar, and a small block. Additionally,
four objects (1.5 litre bottle, wood block, sponge, and socks) not included in the
YCB object set were also used to evaluate the grippers performance when han-
dling heavy or soft objects. These objects were a 1.5 litre bottle (dimensions - 305
mm x 88 mm x 88 mm, and weight - 1523 g), wood block (dimensions - 89 mm x
89 mm x 123 mm, and weight - 2332 g), sponge (dimensions - 212 mm x 58 mm
x 102 mm, and weight - 103 g), and socks (dimensions - 50 mm x 80 mm x 270
mm, and weight - 143 g).
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Figure 8.8: Grasping experiments of the developed grippers integrated with the
variable stiffness actuators grasping different objects of varying size shape and
weights. Subfigure (A) shows the soft gripper grasping a sponge at two different
pressures (25 kPa and 90 kPa) demonstrating the capability to vary the grasp
force for delicate and forceful grasping. The soft gripper is also presented grasping
a small cube, wood block, and drill. Subfigure (B and C) presents the flexure and
pin joint variations of the variable stiffness actuators used in the underactuated
adaptive, tendon-driven gripper in order to grasp a variety of everyday life objects.
Controlling the confining pressures of the variable stiffness joints the gripper is
capable of accessing different regions of its workspace allowing the gripper to
unstack the small cubes without toppling them (subfigure (D)).

Grasping experiments (Fig. 8.8) were conducted with the grippers, grasping the
everyday life objects and moving the UR5e robot arm side to side to introduce per-
turbation forces on the objects to assess grasping stability and robustness. Figure
8.8A shows the soft gripper grasping a subset of the objects used in the experi-
ments. Upon grasping the sponge, the gripper’s actuating pressure was changed
from 25 kPa to 90 kPa to demonstrate that the soft gripper can delicately grasp
an object without damaging or deforming the object’s surface or apply higher
grip forces in order to pick up heavier objects. By regulating the input pressure,
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the gripper can be intuitively controlled to exert a set amount of force without
the need for sophisticated sensing elements or complex control algorithms. When
performing a hook grasp with the soft gripper the fingers were able to lift a kettle
bell weighing 5 kg, which was more than 39 times the weight of the gripper which
weighs 128 g. For the adaptive underactuated gripper, Fig. 8.8B and C present
the flexure and pin joint variations of the variable stiffness joints grasping. The
video demonstrating the grippers can be seen in Section 8.3.7.

8.3.3 Joint Tracking

The magnetic motion capture system (Polhemus Liberty) was used to track the
motions of the phalanges of the robotic gripper when its variable stiffness actuators
are exposed to varying pressures. The micro sensors were placed on the proximal
and distal phalanges of the adaptive underactuated robot hand in order to measure
the joint angles of the MCP and proximal PIP joints.

The control over finger trajectories plays an important role in executing com-
plex grasping and dexterous manipulation tasks with robot grippers and hands.
Adaptive, tendon driven grippers typically have fingers that are designed with two
or more passive degrees of freedom and are actuated by a single motor [109, 188].
Thus, controlling the fingers is quite simplistic due to the mechanical coupling that
constrains the finger motion to follow specific submanifolds in free space (uncon-
strained bending). The finger trajectories can only be changed post-contact when
the gripper starts interacting with the grasped object, preventing optimal selection
of finger contact points or the execution of complex in-hand manipulation motions.
To improve the controllability of individual joints while maintaining the simplicity
and robustness of using passive elastic joints, the variable stiffness actuators were
used as variable stiffness PIP pin and flexural joints within the adaptive gripper.
Fig. 8.9 illustrates the change in joint trajectories between the MCP joint (θ1) and
PIP joint (θ2) when actuated through a fixed actuator displacement with varying
pressures from 0 kPa to 40 kPa. When no pressure is applied the stiffness of the
PIP joint remains lower than the MCP joint allowing θ2 to increase first enabling
the distal phalanx to orient itself before the proximal phalanx. However, as the
stiffness of the PIP joint increases with pressure the sequence in which the joint
closes shifts from θ2 closing first to θ1 closing first, facilitating the selection of a
variety of finger trajectories. Although the variable stiffness flexure joint does not
achieve full flexion of the PIP joint before the MCP joint at 0kpa (Fig. 8.9B) like
the variable stiffness pin joint (Fig. 8.9A), the flexure joint design is capable of
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achieving a 61 % larger range of motion in comparison to the pin joint design. The
execution of varying joint trajectories is demonstrated in Fig. 8.8D, presenting the
hand accessing different regions of its workspace from a fixed end-effector frame.

Figure 8.9: The joint trajectory experiments were conducted at varying pressures
from 0 kPa to 40 kPa with adaptive underactuated robot fingers composed of two
links. θ1 and θ2 are the MCP and PIP joint angles. Subfigure (A) presents the
motion behavior of a finger using the variable stiffness actuator as a pin joint, and
Subfigure (B) shows the results when the variable stiffness actuator is implemented
as a flexural joint.

8.3.4 Force Exertion

The force exertion capabilities of a robotic gripper determine its success in grasp-
ing a variety of everyday life objects, hence, the maximum pinch and power grasp
forces were collected during experiments executed with the developed soft and
adaptive, tendon-driven robotic grippers. The maximum force the soft gripper
was capable of exerting at 90 kPa was 10.4 N in pinch grasps and 17.9 N of force
when performing power grasps. Post contact reconfiguration is a feature that en-
ables underactuated adaptive robot hands to comply and envelope objects during
grasping, facilitating robust extractions of grasps under object pose uncertainties
in unstructured environments [189]. However, reconfiguration can inhibit the max-
imum achievable pinch force in such systems [190] and can result in object ejection
[15] failing to grasp an object firmly. Although solutions have been proposed in
improving the grasp stability in pinch precision grasps with underactuated grip-
pers [191], they reduce the maximum power grasp force of the gripper [192]. By
integrating the variable stiffness actuators into the joints of the adaptive, tendon-
driven gripper the joint stiffness can be changed to favor a particular grasp type.
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For example, applying low pressures to the PIP joint improves power grasp forces,
while applying high pressures increases the stiffness of the PIP joint enabling
higher pinch forces. When collecting the power grasp forces no pressure was ap-
plied to the variable stiffness pin and flexure joints allowing the motors actuating
the tendons of the gripper to execute the grasp with minimal resistance. The power
grasp force when using the variable stiffness pin joint fingers was 89.3 N, while the
variable stiffness flexure joints achieved a grasping force of 72.8 N. The pinch grasp
forces were collected under two different pressures 30 kPa and 90 kPa to ensure
that the forces were comparable, and the motors of each finger were displaced
by the same amount. The variable stiffness pin joint exerted 2.88 N at 30 kPa
and 5.26 N at 90 kPa giving a 1.82 times improvement in pinch force exertion,
while the variable stiffness flexure joint exerted 1.56 N at 30 kPa and 5.17 N at
90 kPa, providing a 3.31 times improvement in pinch force exertion. The variable
stiffness joints can be used to provide adaptive, tendon-driven robot grippers with
improved precision and power grasping efficiency during operation.

Figure 8.10: The wearable exoskeleton being worn to assist in holding a 5 kg
weight. Subfigure (A) presents the bipolar electrode placement for measuring the
EMG signals of the bicep muscle when executing an isometric hold of the 5 kg
weight at 90 degree elbow flexion with and without the wearable exoskeleton.
Subfigure (B) presents the recorded EMG signals of the bicep when holding the 5
kg weight in a fixed pose while using and not using the exoskeleton.

8.3.5 Wearable Elbow Exoskeletons Fatigue Test

An evaluation of the performance enhancement when using the wearable exoskele-
ton was tested on one participant measuring their surface Electromyography sig-
nals from the biceps brachii area when holding a 5 kg weight at a fixed height
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for several minutes. This can be seen in Fig. 8.10A. It is evident from Fig. 8.10B
the myoelectric activity of the biceps brachii muscle is significantly lower when
the wearable elbow exoskeleton system is used, and the user of the device is able
to hold the weight for a longer period of time. The EMG data were collected on
a Myon 320 wireless sEMG bioamplifier at a frequency of 1000 Hz using surface
bipolar active EMG electrodes and they were band-pass filtered (20-450 Hz), full-
wave rectified, and low-pass filtered with a fourth-order 8 Hz Butterworth filter.

Figure 8.11: Different joint stiffness mechanisms were investigated for improv-
ing the grasp force efficiency between precision and power grasps. Subfigure (A)
presents the use of magnets to control the bending behavior of the PIP joint.
Subfigure (B) shows the integration of a laminar jamming actuator being used
to control the stiffness of the PIP joint. Subfigure (C and D) depict the pin and
flexure joint articulated mesh structures for use in a robotic finger.

8.3.6 Variable Stiffness comparison

Alternative variable stiffness mechanisms were also investigated alongside the jam-
ming based articulated mesh structures to evaluate the feasibility and improve-
ment provide by magnetic joints (Fig. 8.11A) and laminar jamming joints (Fig.
8.11B) in comparison to the use of articulated mesh structures (Fig. 8.11C and
D). The magnetic joint design [190] utilized two magnets attached to the back
of the PIP joints of a robot finger composed of two phalanges to aid in improv-
ing grasping forces in underactuated hands. When the fingers are fully extended
the magnets are engaged with one another facilitating high pinch grasping forces
at the fingertips, when the magnets disengage from post contact reconfiguration
the holding force at the PIP joint decreases exponentially as the PIP joint bends
allowing for minimal resistance during power grasps enabling high power grasp
forces. The Laminar jamming joint [186] is composed of paper sheets stacked on
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top of each other and placed in a silicone pouch, where a pressure can be ap-
plied to vary the stiffness of the actuator. Similar to the magnetic joint and the
articulated mesh structure variable stiffness joint, the laminar jamming joint was
incorporated into the PIP joint of a finger composed of two phalanges. When no
pressure is applied the joint is relaxed and free to flex favoring high power grasp
forces. However, when pressure is applied the laminar jamming joint will stiffen
facilitating improved fingertip forces for pinch grasp configurations.

The use of magnets can provide high pinch grasp forces increasing the exerted
force by up to 6 times without compromising the power grasping capabilities. How-
ever, rapid decrease in the PIP joints resistance force when transitioning between
straight and bent configurations occurs very fast causing the hand to potentially
lose the object it has grasped. The use of magnets also limits such a design from
interacting with magnetically sensitive objects and equipment. Laminar jamming
addressed this problem, however, to achieve higher joint stiffness rigid materials
like paper should be used to gain a higher rigidity. The laminar jamming joint com-
posed of paper layers was capable of facilitating a pinch force increase of 3 time
when comparing jammed and unjammed states. To achieve higher joint stiffness
to provide a further increase in achievable fingertip forces stiffer laminar materials
with high surface friction coefficients should be used. Alternatively stiffer laminar
layer can be used, but by using stiffer materials, the bending curvature is limited
and bending past theses limits can permanently deform the material and damage
/ weaken the joint. Hence, such a variable stiffness joint has limited range of mo-
tion and low robustness, which is not suitable for real world tasks, which requires
a numerous number of grasps to be executed daily [193]. The use of articulated
mesh structures addresses this problem of robustness and the mesh is able to freely
bend past it yield point without being damaged. Articulated mesh structures are
capable of providing a 3.31 times force improvement. Unlike the previous 2 so-
lutions the articulated mesh can be incorporated into both pin and flexure joint
designs making it more versatile.

8.3.7 Video Demonstrations

A video demonstrating the developed adaptive underactuated tendon driven hand,
soft gripper, and wearable elbow exo-skeleton can be found in the following URL:

www.newdexterity.org/meshjamming
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8.4 Discussion and Conclusions

This chapter introduces the use of articulated pin and flexure joint mesh struc-
tures in a jamming style configuration that can be controlled to implement variable
stiffness actuators. When the envelope (silicone pouch) is pressurized, it will com-
press the mesh into its lowest volume state facilitating a stiffness change. Unlike
conventional jamming structures where the actuators can experience irreversible
deformations in their stiffened state, jamming structures based on articulated
mesh structures can elastically deform in both jammed and unjammed states.
This enables the structure to be used in place of passive elastic elements in robotic
mechanisms [194] as the variable stiffness actuator will return to a defined shape.

Although the use of articulated mesh structures prevents the jamming struc-
ture from holding different shapes when jammed, the structure can be mechani-
cally programmed by modifying the mesh links such that when the system is pres-
surized it will actuate itself into the preprogrammed shape of the links. Hence,
jamming structures based on articulated mesh structures are not restricted to only
straight beam shapes, but can be made to hold curved geometries (Fig. 8.5). Addi-
tionally, by combining non-straight links with straight PET sheets an active flexion
and passive extension behavior - which switches between straight and curved ge-
ometries - can be achieved when pressurizing and depressurizing the pouch encas-
ing them, facilitating not only varied stiffness, but also a self-actuating behavior.
This self-actuating and adaptive property can be utilized to develop robotic (Fig.
8.8A) and assistive (Fig. 8.10A) devices that require the synergistic implementa-
tion of both compliant and rigid actuation modes.

The yield force required to bend the articulated mesh structure can be con-
trolled by the variation in applied pressure on the mesh enabling the structure to
hold increasingly higher loads. The stiffness and yield force can be further tuned by
selecting the required mesh link lengths and patterns. Although increasing mesh
link lengths provides higher stiffness and load bearing capabilities, a trade-off is
made for the conformability of the mesh as the joints are spaced further apart.
This is particularly the case for the articulated pin meshes. However, for the flex-
ural mesh designs which consist of a flexure base to hold the links. The spacing
of the joints can be condensed regardless of bar length, allowing for higher con-
formability in flexural meshes. The control of yield force by regulating the applied
pressure provides an intuitive way to control the force the mesh structures can
exert. For the case of robot grippers and hands, this allows for the selection of
grasp strategies that use low forces for the execution of delicate and fragile tasks,
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and strategies that use high forces for the execution of heavy-duty tasks. When
integrated into exoskeletons this can be used to choose the amount of assistance
that is provided to the wearer.

A consideration when developing jamming actuators based on articulated mesh
structures needs to be how the envelope encasing the mesh will conform to the
mesh structure when bending is occurring. This is important as the pouch can
over conform to the mesh structure generating net zero moments on the mesh pre-
venting the structure from elastically returning to its original shape. The addition
of laminar materials (e.g., PET sheets) sandwiching the mesh structure can help
support and prevent the envelope from over conforming, maintaining the elastic
behavior and bending efficacy of the actuator. An alternative approach is to use
fanning structures that can collapse into a compact form when folded and fan out
to block the pouch from conforming into locations that would compromise the
elasticity of the actuator when unfolded. Both implementation examples can be
seen in Fig. 8.2 with Fig. 8.4A and Fig. 8.6 utilizing PET sheets for support and
Fig. 8.4B using fins that can be collapsed and expanded to provide bracing.

The materials presented here facilitate the variable stiffening, elastic deforma-
tion, self-actuating, and incorporation of the developed variable stiffness actuators
into different devices and application classes to demonstrate the possible use cases
and performance enhancements.

8.5 Future Directions

Regarding future directions, we plan to extend the jamming structures by explore
more complex beam geometries to facilitate the design and construction of robots
that require specific joint shapes or motion trajectories when self-actuated through
jamming. Investigate and implement a more compact vacuum pump solution to
enable the system to be more portable, extending its use to a wider range of
applications. Integration of flexible sensors into the PET layer of the jamming
structure can provide force and pose data of the jamming structure for feedback.





Chapter 9

A Pneumatically Driven,
Disposable, Soft Robotic Gripper
Equipped with Multi-Stage,
Retractable, Telescopic Fingers

9.1 Background

During the last decade, the robotics field has seen an increased interest in creating
soft and compliant structures. Robotic hardware is changing, moving from tradi-
tional rigid, fully actuated robots to soft robotic devices that take advantage of
structural compliance. Such soft robots allow for safer interactions with humans,
fragile objects, and have the ability to better operate in unstructured and dynamic
environments. Although traditional, rigid robot grippers and hands are capable
of performing highly dexterous tasks, simple parallel jaw grippers are still being
extensively used. This is due to the fact that they do not require complicated
control laws or sophisticated sensing to perform versatile object manipulation and
grasping [194, 100]. However, soft robots can further reduce control complexity,
providing affordable solutions for the execution of complex grasping tasks.

Robotic grippers employing compliant structures and underactuation have
been used to achieve efficient and stable grasping with simple and intuitive con-
trol. By adding compliant elements into traditional rigid robot hands, grippers
can successfully grasp various objects [195] and execute various tasks under ob-
ject pose uncertainties [196]. This design strategy enables the system to conform

135
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Figure 9.1: The disposable soft multi-stage gripper maintains a compact form
factor when deflated (subfigure a)), and is equipped with a set of soft pneumatic
actuators capable of abduction motion (subfigure b)) and telescopic extension
(subfigure c)).

and adapt around grasped objects and their environment with minimal sensing
and control, thus allowing for safer interaction with various soft, compliant objects
[197][187]. With soft robotics, elasticity and structural compliance is achieved by
manufacturing the entire robot from soft materials, increasing the inherent safety
and adaptability of interactions with delicate or fragile objects.

In addition to structural compliance, soft robotic grippers can also be man-
ufactured in a disposable manner [198]. For pneumatic continuum body designs,
the pumps and actuator units are commonly separated from the elastic chambers
(the body of the robot). Hence, it is possible to quickly replace the used elastic
chambers. Such a concept can be applied in the medical field where a simple,
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disposable soft robotic gripper can provide an excellent solution for handling con-
taminated items or for interaction with hazardous objects, such as used syringes
or potentially infectious articles. This is especially important when interacting
with high volumes of potentially contaminated objects where disinfection or ster-
ilization procedures maybe infeasible due to time constraints or other factors. A
disposable design also allows for quick replacement of the damaged components
during the gripper lifetime 1.

In this chapter, we focus on the design, development, and evaluation of an
affordable, compact, pneumatically driven, soft robotic gripper that employs tele-
scopic fingers. Such a gripper can be used in environments that require disposable
devices (e.g., a gripper for handling medical waste that can be easily stored and
replaced). The proposed device is composed of two multi-stage, retractable, tele-
scopic fingers. The two stages of the fingers are: i) an abduction / adduction stage
that allows re-orientation of the second stage to better encompass the grasped ob-
jects, and ii) a telescopic stage that can act as a finger, inflating and maximizing
the area of the contact patches between the gripper and the grasped object.

The remainder of the chapter is organized as follows: Section 9.2 presents the
related work, Section 9.3 shows the design of the soft robotic gripper, Section
9.4 focuses on the experimental setup and presents the experimental results, and
finally Section 9.5 concludes the chapter.

9.2 Related Work

Traditional, rigid robot end-effectors are typically designed for heavy-duty indus-
trial applications. When interacting with fragile or elastic objects, these grippers
can easily damage them and thus they require complex and computationally ex-
pensive control schemes [46]. With the increased interest in human-robot interac-
tion and service robotics applications, robots are moving from operating in highly
structured environments to human-centered environments, where safety, adapt-
ability, task-worthiness, and affordability are of paramount importance [199]. De-
signs exploring the addition of structural compliance in anthropomorphic robot
hands [200, 50], simple underactuated robot grippers [194], and unconventional,
hyper-adaptive grippers [201] have been presented in the literature. Structural

1Majority of the chapter is based on [22], © 2020, IEEE. Reprinted, with permission, from
Geng Gao, Che-ming Chang, Lucas Gerez, and Minas Liarokapis, A Pneumatically Driven,
Disposable, Soft Robotic Gripper Equipped With Multi-Stage, Retractable, Telescopic Fingers,
IEEE Transactions on Medical Robotics and Bionics, 2021.
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compliance can be used to increase grasping robustness by increasing the contact
patches between the gripper and the object surface. It also facilitates grasping
under significant object pose uncertainties [195] and decreases the grasping force
required to extract stable grasps [202]. All these characteristics are highly desirable
properties when interacting with fragile and delicate objects.

Soft manipulators trade precision, repeatability, and high force exertion capa-
bilities for significant adaptability that allows them to conform to different object
geometries [203]. Among the broad field of soft robotics, continuum body manipu-
lators are perhaps the most common approach that employs a pneumatic network
or bellow structures. Designs such as Festo’s tentacle gripper [204] and the mGrip
from Soft Robotics Inc. [205] are commercial examples of this class of robotic
grippers. Other examples include designs where a series of inflatable pouches are
connected on a strip of elastic backbone material [206]. Such types of expandable
segment approaches require a large initial or deflated profile and rely upon pouch
inflation to cause bending or twisting of the structure [207]. Alternatively, the
initial size can be reduced by using inflatable elastomeric origami structures [208].

Other than positive pressure systems, soft grippers can also use negative pres-
sure for actuation [181]. Versaball [209] and vacuum suction grippers [210] are
examples that take advantage of this type of actuation. Positive pressure soft grip-
pers can operate between 30 kPa and 120 kPa [211] [206]. Some can operate at
pressures that range from 0 kPa to 310 kPa[212], while negative pressure systems
can operate at approximately -85 kPa [181, 210]. As soft grippers excel at handling
fragile and irregular shaped objects, they have been used to handle food [213] or
biological samples [212]. For applications with strict hygienic and sterile require-
ments, disposable personal protection equipment and single-use end-effectors are
often used to prevent contamination. In healthcare and medicine, robots must be
free of microbes to prevent the spreading of contagious diseases to other patients
[214]. With most surgical end-effectors designed for single use [215], service robots
operating in these environments must also be sterilized periodically as they can be-
come infectious carriers [216] or sources of contaminations. Disposable devices are
a good alternative to sophisticated gripper designs that require materials that can
endure the extreme environmental conditions of the sterilization processes [217].

9.3 Designs

In this section, we describe the design of the soft robotic gripper’s structure. The
developed soft robotic gripper comprises of four main components: two detachable,
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Figure 9.2: The FEA model of the soft telescopic actuator is used to understand
the deformation behavior. The analysis shows the total deformation of the actuator
in meters when it is inflated from 0 kPa to 10 kPa (left to right).

Figure 9.3: The FEA model of the soft abduction actuator is used to understand
the inflation behavior. The analysis shows the total deformation of the actuator
in meters when it is inflated from 0 kPa to 10 kPa (left to right).

soft, pneumatically driven, multi-stage fingers, a soft palm pad, and a base plate.
The soft, pneumatic, multi-stage fingers are designed to be affordable, costing only
$2 USD in raw materials to fabricate, while the soft palm pad costs $1.6 USD. The
high affordability and modularity of the fingers and palm pad allows the gripper to
be used in a disposable manner. This enables the gripper to be used in scenarios
where the tools have a single time use or can be easily contaminated and then
disposed (e.g. medical environment). The soft pneumatic multi-stage fingers are
composed of two stages: a telescoping stage and an abduction / adduction stage
that facilitates prepositioning of the telescopic actuator. To execute the movements
of the two stages, two types of soft actuators were developed: a soft telescopic
actuator that inflates into a soft finger from a low and compact profile, and a
soft abduction/adduction actuator, which provides the telescopic actuator with
the required mobility to preposition the telescopic mechanisms and encompass
objects during grasping. The gripper is powered by two low-pressure mini air
pumps, each connected to the two separate modules of the fingers (one pump
powering the two soft abduction actuators and one pump for inflating the two
telescopic actuators). By connecting the telescopic actuator module pair and the
abduction actuator module pair to individual air pumps, a fluidic t-pipe differential
[218] is formed. The air in the soft actuators can redistribute between each other
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producing differential outputs. This allows the fingers of the soft gripper to better
adapt and grasp objects in an unstructured environment. A solenoid valve is used
to release the internal pressure of the actuators, allowing them to deflate to their
original compact state passively.

9.3.1 Soft Abduction/Adduction Actuator Design

The soft abduction/ adduction actuator is made out of silicone rubber (Smooth-On
Dragon skin 30) with 1 mm thick walls. The soft abduction/ adduction actuator
uses a pre-folded structure to create a compact actuator [219]. The folded structure
has multiple folds, which occupy one side of the actuator. By employing this
structure, the pre-folded side can extend when it is inflated causing a bending
motion towards the unfolded side, which is unable to extend on the actuator. The
range of motion of the soft abduction/ adduction actuator is 0◦ to 105◦.

A Finite Element Analysis (FEA) model of the soft actuator deformation was
developed to understand the structure’s inflation behavior. A Yeoh second-order
hyperelastic model [220] was used to model the material properties of the soft
actuator. Assuming incompressibility of the silicone rubber, the Yeoh second-order
hyperelastic parameters of the simulation used, are: C1 = 100 kPa and C2 = 119
kPa. The FEA model was created using ANSYS Workbench 2020 R1 computer-
aided engineering (CAE) software. The simulation utilized a fixed base for the
actuator and a normal pressure force applied to the internal walls of the actuator.
The simulated behavior during inflation can be seen in Fig. 9.3. The angular
displacement of the structure was evaluated with different actuator heights (h),
ranging from 5 mm to 10 mm. The actuator inflation trajectory with different
heights (h) can be seen in Fig. 9.4. The actuator height utilized in the proposed
gripper was 10 mm because of the 105◦ range of motion provided, giving the soft
telescopic actuators full range of motion to perform encompassing grasps while
inflated and deflated.

A validation experiment was conducted to evaluate the similarity of the results
of the simulated model with the actual actuator results. The angular displacement
was captured using an optical motion capture system composed of eight cameras
(Vicon Motion System Ltd., UK) with retroreflective markers attached to the top
surface of the actuator. The internal actuator pressure was measured using the
Honeywell 40PC150G2A pressure sensor attached to the pressure supply line. The
results are depicted in Fig. 9.5, which shows the simulated model and five different
experimental trials.
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Figure 9.4: FEA simulations of different pre-fold heights were conducted to analyze
the maximum achievable angular displacement and trajectory of the soft abduction
actuator when pressurized from 0 kPa to 10 kPa.

However, the experimental results show some differences between the actual
actuator behavior and the FEA model results. This discrepancy could have been
due to errors in the manufacturing process, which can change the mechanical prop-
erties of the material (e.g variations in mix ratio, or sub-optimal curing can alter
the stiffness of the material). This is probable due to the fact that the variation of
displacement around 10 kPa for rings further outside deviates more than rings near
the center of the mechanism. The spikes and vibration in measured displacements
also come from the unfolding and elastic deformation of the rings as they expand.
Although there is a variation in the results, the FEA model and the experimental
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Figure 9.5: A comparison of the simulated FEA based angular displacements of
the actuator and five experimentally measured angular displacements.

trials still follow similar trajectories. Hence, the model can be used to optimize
the design allowing for various materials and configurations to be easily compared
and tested in simulations.

9.3.2 Soft Telescopic Actuator Design

Similar to the soft abduction/adduction actuator, the soft telescopic actuator also
adopts a silicone rubber (Smooth-On Dragon Skin 30) pre-folded structure with
1 mm thick walls. Unlike the abduction/adduction actuator, the pre-folded struc-
ture of the telescopic actuator forms concentric rings that provide a low form
factor actuator with an ability to be significantly elongated. When inflated the
actuator is capable of expanding up to 4.71 times its initial height (expanding
from 17 mm when deflated to 80 mm when fully inflated), the pre-folded structure
and the intrinsic elasticity of the actuator provides a passive retraction behavior
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Figure 9.6: The vertical Z-axis displacement of the FEA simulated telescopic ac-
tuator during inflation was compared with experimentally measured vertical dis-
placements of five different inflation trials. Four points were selected, one on each
ring starting from the center of the actuator.

for the actuator that allows it to return to its original state when deflated. Each
ring has different heights at the front side and back side in the folded structure
of the ring causing an asymmetric inflation profile when the actuator is viewed
from the side. This is illustrated in Fig. 9.2, where the tip of the actuator bends
to the right as it is gradually inflated. The actuator operates at 10 kPa allowing
for affordable, compact, and low-pressure air pumps to be used. This enables the
soft telescopic actuator to be highly portable in comparison to other soft actuator
designs, which require large high-pressure pumps.

To understand the behavior of the telescopic actuator and the maximum
achievable expansion height, a series of simulation and motion capture experi-
ments were conducted. An FEA model of the telescopic actuator was developed
using the same hyperelastic model, constants, and constraints used in the defor-
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mation analysis of the soft abduction/adduction actuator. The simulated behavior
during inflation can be seen in Fig. 9.2. A comparison between the simulated and
the experimental measurements was performed in Fig. 9.6 for the different lay-
ers of the actuator. The comparison evaluated rings one to four with the fifth
ring being excluded as it is the outermost edge of the actuator, which experiences
negligible vertical displacement. The displacement motion of each ring of the ac-
tuator was measured using a similar method to the angular displacement of the
abduction/adduction actuator. An optical motion capture system was used with
retroreflective markers attached to each ring of the soft telescopic actuator.

Sharp changes that are evident in the experimental trials demonstrate a rapid
unfolding of the deflated structures unlike the simulation. This is due to frictionless
contact in the model that enables the ring folds in the simulation to slide past
each other smoothly. Although the experimental trials do not fully match the
trajectories of the simulated model (like the inflation trajectory at the tip of the
actuator represented by ring 1, shown by Fig. 9.6a), the maximum displacement
at the tip of the actuator when it reaches full inflation matches that of the FEA
model. This allows the model to be used in determining the max inflation height
of a particular telescopic designs if different elongation heights are considered.

9.3.3 Manufacturing Process

The manufacturing process of a soft, pneumatic, multi-stage finger involves six
molding steps. This process is depicted in Fig. 9.7.i to Fig. 9.7.vi. The first steps
involve molding the abduction and telescopic structures of the multi-stage actua-
tors. This is illustrated in Fig. 9.7.i and Fig. 9.7.iv where a mold composed of four
parts is used to fabricate the upper sections of the corresponding structures. Once
these components are cured, the next two steps involve combining these sections
with their respective bases and to merge them at the edges with additional silicone
(this is indicated with the blue line shown in Fig. 9.7.ii and Fig. 9.7.v). The abduc-
tion actuator has an additional step where the Hybrid Deposition Manufacturing
(HDM) technique [46] is used to add a rigid base material into the actuator so as to
provide a secure and detachable mounting point for the modular base to connect
to. Finally, the last step involves bonding the base of the soft telescopic actuator
to the top flat section of the soft abduction/adduction actuator, producing a soft,
multi-stage, pneumatic finger (see Fig. 9.7.vi). The soft palm pad of the gripper
is constructed using an HDM mold, a rigid plastic plate, and silicone rubber for
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Figure 9.7: The soft telescopic and abduction actuators are made out of silicone
rubber (Smooth On Dragon Skin 30) and involve a 6 step molding process: i)
the pre-folded structure of the abduction actuator is fabricated using a four-part
mold, ii) once the top section of the actuator is molded, a base mold is used to
attach the top section of the actuator to the base section of the actuator, iii)
a rigid base is molded into the soft abduction actuator by employing the Hybrid
Deposition Manufacturing (HDM) technique, iv) Similarly, to step i) the pre-folded
structure of the telescopic actuator is created using a similar mold structure, v)
following the same approach as in step ii) the base of the telescopic actuator is
merged with the actuator, vi) once the two separate actuators are made they are
combined through the use of additional silicone as adhesive at the blue contact
surface. All blue sections illustrate connection points. Subfigure vii) shows the
HDM fabrication process that is used to embed the rigid palm pad skeleton into
the soft silicone material and finally, subfigure viii) presents the exploded view of
a complete pneumatically driven soft robotic gripper.

the pad. This is presented in Fig. 9.7.vii. The exploded view of the soft robotic
gripper can be seen in Fig. 9.7.viii.
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Figure 9.8: Grasping experiments were conducted with the soft robot gripper
grasping a variety of objects. The objects consisted of everyday life objects from
the YCB object set an object set designed to facilitate benchmarking. Addition-
ally, fragile (subfigures n) to o)) and medical (subfigures r) to y)) related objects
were selected to further assess the grippers capabilities.

9.4 Experiments and Results

9.4.1 Grasping Experiments

The first experiment focused on the grasping capabilities of the soft robotic grip-
per, and it involved a wide variety of different everyday life objects. A total of 28
everyday life objects were selected, while 16 of the 28 objects were selected from
the YCB object set [34]. The YCB object set is designed to facilitate the assess-
ment of the grasping and manipulation capabilities of robot grippers and hands.
The remaining 12 objects are: an egg, a cherry, a syringe, a petri dish, a sponge, a
bandage roll, a used glove, used tissues, a used mask, a pair of tweezers, a scalpel,
and a chemical jar. This additional assortment of objects that are external to
the YCB object range provided insight into the capabilities of the gripper when
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Table 9.1: Object grasping and grasp stability results

Objects
Properties

Grasp Stability
Weight (g) Dimensions (mm)

Bleach Bottle 292.5 250 x 54 x 95 Y Y
Mustard Bottle 230.2 193 x 55 x 95 Y Y

Jello Box 410.6 109 x 89 x 34 Y Y
Chips Can 212.2 232 x 67 x 67 Y Y
Wine Cup 670.0 138 x 84 x 84 Y Y

Plastic Pear 261.0 105 x 66 x 66 Y Y
Plastic Lemon 156.7 66 x 53 x 53 Y Y
Plastic Banana 337.2 192 x 35 x 71 Y Y

Tennis Ball 297.3 65 x 65 x 65 Y Y
Marble 24.7 16 x 16 x 16 Y Y
Dice 25.9 16 x 16 x 16 Y Y

Hammer 3254 330 x 135 x 25 N N
Card 24.0 1 x 85 x 54 N N
Fork 157.7 200 x 25 x 12 Y Y
Drill 641 185 x 50 x 175 Y N

Wood Block 2332 89 x 89 x 123 Y N
Egg 334.5 60 x 45 x 45 Y Y

Cherry 65.7 30 x 27 x 24 Y Y
Syringe 41.2 105 x 30 x 21 Y Y

Petri dish 39.7 84 x 84 x 16 Y Y
Sponge 103.0 212 x 58 x 102 Y Y
Bandage 39.3 79 x 28 x 28 Y Y

Used Glove 27.5 133 x 110 x 25 Y Y
Used Tissue 22.4 80 x 85 x 67 Y Y
Used Mask 13.7 175 x 95 x 1 Y Y
Tweezers 147.0 143 x 12 x 13 Y Y
Scalpel 122.2 140 x 12 x 5 Y Y

Chemical Jar 2930 180 x 45 x 45 Y N

handling fragile objects, medical tools, and medical waste, which are not present
in the YCB object set. The full list of objects can be found in Table 9.1. The
grasping procedure started with each object being placed on a flat surface before
being grasped. Once grasped, the UR5 robot arm was used to move the gripper
and the grasped object in 3D space so as to assess the stability of the grasp. The
gripper and the grasped objects are depicted in Fig. 9.8.
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Figure 9.9: The force exertion capability experiments of the gripper were conducted
with a dynamometer being placed and grasped in-between the two fingers of the
soft robotic gripper. Two configurations were evaluated: i) when the forces are
applied on the sensor with the telescopic actuators fully inflated, and ii) when the
forces are applied on the sensor with the telescopic actuators deflated.

While conducting the experiments, a total of 24 out of the 28 objects were
grasped successfully (85.7%). The soft telescopic gripper failed to grasp the credit
card, the hammer, and the wood block. The highly flat geometries like the credit
card make it difficult for the gripper to establish contact points on the sides of
the object, which are needed in order to grasp it off the table surface. In such
cases, many gripper designs employ the use of fingernails to scope underneath the
object or utilize a suction cup to pick them up. For heavy objects with irregular
geometries and a center of mass far away from the geometric centroid (e.g., like
the hammer) a sub-optimal grasp is needed (grasping at the handle). For such
cases, the gripper lacks the required grasping force needed to hold onto the object.
However, for heavy objects like the regularly shaped wood block the object can be
easily grasped. Although some heavy objects can be easily grasped, the grasps lack
stability and can only transpose the objects at slow speeds (e.g., drill grasps and
chemical jar grasps). In order to mitigate this, the use of either stiffer materials, or
higher wall thicknesses is required so as for the soft telescopic actuators to operate
at higher pressures. This can enable the gripper to apply higher forces and resist
larger disturbance forces, increasing also the energy required to operate the soft
robotic gripper.
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Figure 9.10: The pull-out force experiments were conducted with three different
object geometries: a sphere, a cylinder, and a cube. Once the objects were grasped,
a force in the z-direction of the force/torque sensor (FT300, Robotiq, Canada) was
applied so as to pull them out of the gripper’s full grasp.

9.4.2 Grasp Force Experiment

The second experiment conducted assessed the maximum achievable grasp force
that the gripper is capable of exerting through the soft actuators during grasping.
The grasp forces were collected with a Biopac MP36 data acquisition unit (Biopac
Systems, Inc., Goleta, California) through the use of a SS25LA dynamometer
placed in the center of the grasp. Two grasp configurations of the soft gripper
were assessed. The first configuration required the abduction modules of the soft
robotic gripper to be inflated at 0◦ so as for the force to be transmitted through
the inflated retractable, telescopic structures. The second configuration inflated
the abduction modules to 90◦ before inflating the telescopic fingers. The two con-
figurations of the soft gripper can be seen in Fig. 9.9. The maximum force exerted
in the 0◦ configuration was 13.57 N and the maximum grasp force applied in the
90◦ configuration was 14.53 N.
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9.4.3 Pull Out Force Experiment

When grasping objects, a gripper must also handle disturbances post grasp to
prevent dropping a grasped object. To assess this, three objects of varying ge-
ometries (a sphere, a cube, and a cylinder) were selected from a set of sensorized
objects [16]. Once the object was grasped, it was then pulled-out of the soft grip-
pers grasp with a force normal to the base plate of the gripper. This was repeated
10 times. The maximum pull out force was measured with a force/torque sensor
(FT300, Robotiq, Canada) mounted at the base of the robot gripper. The max-
imum achievable pull-out force that was needed to remove the objects examined
from the gripper grasp can be seen in Table 9.2.

Table 9.2: Maximum pull out force to eject objects from grasp

Object Type Dimension (mm) Pull Foce (N)
Sphere �50 17.68

Cylinder �50 x 50 17.58
Cube 50 x 50 x 50 20.90

9.4.4 Soft Gripper Comparison

A comparison between the developed pneumatically actuated multistage soft tele-
scopic gripper and the articulated mesh soft gripper presented in Section 8.2.3
was conducted to evaluate the difference in using the developed variable stiffness
structure in-comparison to traditional inflatable structures. Soft robots that rely
on negative pressure like the developed variable stiffness structure to operate, are
safer for use around humans in comparison to inflatable structures because they
are not prone to the possibility of exploding if the inflation pressure is higher than
the vessels maximum allowable operating pressure. Additionally, this property also
allows negatively pressure soft robots to take small punctures [221], although the
efficiency of the device decreases, the ability to still operate enables such soft sys-
tems to be more robust at executing tasks. Although the use of articulated mesh
structures adds some rigidity to the soft structure preventing the articulated mesh
soft gripper from being fully soft like the telescopic soft gripper, the articulated
mesh provides rigidity to out of plane motions aiding in grasping heavy loads.
Depending on the actuation motion required employing an inflatable structure
can be more advantageous in developing extending/ expanding type actuating
motions, as the use of vacuum pressure compresses the structure preventing it
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from enlarging. Both grippers were capable of executing grasp forces adequate for
activities of daily living (ADL) where the grasping forces are around 10 N to 15 N
with pinching forces being lower than 10.5 N for daily life tasks [105, 222]. The
articulated mesh soft gripper was capable of a max pull force of 31.76 N with
the sphere, 31.29 N with the cylinder, and 56.28 N with the cube, whereas the
telescopic soft gripper was capable of a max pull force of 17.68 N with the sphere,
17.58 N with the cylinder, and 20.90 N with the cube. The hybrid design of rigid
articulated links and soft materials in the articulated mesh soft gripper facilitates
a higher resistance to deformation forces, which can be beneficial when handling
heavier loads. Although the articulated mesh is capable of bending and flexing
freely the links are still rigid, meaning the design is not able to take crushing
loads to the same degree as a fully soft system that can freely deform like the
inflatable multi-stage, telescopic gripper.

9.4.5 Video Demonstration

The demonstration video of the proposed soft robotic gripper and its performance
can be found at the following URL:

www.newdexterity.org/softdisposablegripper

9.5 Conclusion

In this chapter, we presented a soft, pneumatic, multi-stage, soft robotic gripper
equipped with telescopic, retractable fingers attached to soft abduction/adduction
actuators. The combination of the two actuators allows the gripper to expand from
a compact form factor to grasp a variety of everyday life objects (from the YCB
object set) and medical supplies, in a stable manner using low pressures of approx-
imately 10 kPa. The actuator’s pre-folded structures and the intrinsic elasticity of
the material that were used to construct the gripper facilitate passive retraction.
The fluidic t-pipe differential allowed asymmetric grasps to be performed if a finger
is obstructed. The telescopic gripper can perform pinching and caged grasping by
actuating the upper and lower actuators separately. The gripper was able to exert
14.53 N of force during grasping, and a max pull out force on the sensorized cube
of 20.90 N. The low-cost of the material used ($2 USD) to fabricate the actuators
and the highly modular components enable the gripper to be used in a disposable
manner, as the full cost of the robotic gripper is $6.6 USD.
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9.6 Future Directions

Regarding future improvements, we plan to integrate force sensors into the soft
structure and to improve the modularity of the disposable components with better
interfacing. The base and air supply modules can be further integrated towards a
standalone unit. A series of telescopic pad designs with variant network layouts
can be investigated so as to improve the operating modes and the inflation profiles,
facilitating the execution of new, complex tasks (e.g., reaching into narrow spaces).
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Chapter 10

Conclusions and Major
Contributions

10.1 Conclusions

In this PhD thesis, we focus on the design, analysis, and development of differ-
ent design methodologies and mechanisms for addressing different problems with
adaptive and soft underactuated systems, in turn enhancing their grasping and
manipulation capabilities. The proposed solutions focus on different levels of struc-
tural compliance, reconfigurable base frames, locking mechanisms, and variable
stiffness systems.

For robotic systems executing assembly based tasks in manufacturing environ-
ments, a multi-modal gripper combining different grasping modes which synergize
with each other to enable the execution of tasks in a fast and efficient manner. Ac-
companying the gripper a compliance control and CAD based localization system
form a flexible manufacturing system. The gripper incorporates both a parallel
jaw gripper, rotary module, and magnetic element to minimize retooling delays
and enable the execution of a variety of tasks. The integration of a local degree
of freedom through a rotary module imparts increased dexterity in an efficient
manner. Additionally, a localized complaint axis at both the rotary and magnetic
modules allows the gripper to passively compensate for localization and calibra-
tion errors within the control system facilitating robust execution of assembly
tasks. The developed system placed first at the Robotic Grasping and Manipu-
lation Competitions manufacturing track hosted at the IEEE/RSJ International
Conference on Intelligent Robots and Systems (IROS) 2019 and place third in the
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IROS 2020 version of the competition. Additionally, the work was nominated for
best paper award under the robot mechanism and design category in IROS 2020.

In the context of robotic systems in human-centric environments anthropomor-
phic robot hands were designed to better interact with tools and objects designed
with ergonomics for the use of humans. In order to efficiently utilize the limited
degrees of actuation within underacted hands, reconfigurable finger base frames
were proposed. This allows the hand to not only leverage the human hand form,
but to reconfigure into non-anthropomorphic configurations allowing the fingers
to re-arrange for increased workspace, different grasp types, and different in-hand
manipulation modes. By employing reconfigurable finger base frames to alter the
robot hand structure, the in-hand manipulation capabilities of the hand can be
improved to accommodate a wider range of object sizes.

Adaptive and soft underactuated hands are capable of providing affordable
dexterity to robotic and prosthetic systems. For robots, soft multistage inflatable
structures were proposed, which can effortlessly adapt and grasp a diverse range
of objects, while being low cost for disposable use scenarios (e.g., handling med-
ical waste). In the case of impaired individuals, we proposed prosthetic systems
for a variety of different hand amputation types. Wearable gloves, which can be
personalized to house different kinds of adaptive fingers with different actuating
modes (body-powered and motorized) were developed to accommodate partial
hand amputations. For full hand amputees, lockable mechanisms of both body-
powered and motorized implementation for different differential mechanism were
developed facilitating increased control over underactuated hands while neither
compromising the weight, size, cost, and control of the devices.

To improve the force exertion efficiency and control of different joints in adap-
tive and soft underactuated systems. We proposed variable stiffness actuators in
the form of articulated mesh structures capable of stiffening when exposed to vac-
uum pressure. The actuator is capable of switching between compliant and rigid
states facilitating different fingertip trajectories and grasping modes. The pro-
posed variable stiffness actuator can also be designed to not only stiffen, but also
self-actuate facilitating the development of soft self-actuating fingers, and assistive
wearable devices (e.g., wearable elbow exo-skeleton).
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10.2 Major Contributions

The major contributions of this PhD thesis are summarized as follows:

Adaptive Robotic Grippers and Hands for Robotic Systems

We focus on the design, analysis, and development of a series of adaptive robot
grippers and hands for executing robust grasping and dexterous manipulation
tasks. In particular, the contribution of this part are on the design, analysis, and
development of:

• Multi-modal gripping systems equipped with structural compliance and lo-
cal manipulation oriented degrees of freedom to execute efficiently complex
assembly tasks in manufacturing scenarios.

• Monolithic finger structures that combine flexible and rigid materials to cre-
ate fingertips with localized compliance at the DIP joint for the development
of adaptive robot hands capable of robust caging grasping.

• Reconfigurable finger base frame structures for increasing the workspace, and
improving the available grasp/manipulation strategies without sacrificing
the anthropomorphic appearance and structure of humanlike adaptive robot
hands.

Adaptive Fingers and Hands for Prosthetic Systems

We focus on the design, analysis, and development of a variety of prosthetic hands
for enhancing the dexterity of amputees. In particular, the contribution of this
section focuses on the design, analysis, and development of:

• Partial hand prostheses based on soft wearable gloves that enclose modular
finger structures to accommodate different partial hand amputations.

• Body powered and selectively lockable differential mechanisms for increasing
the controllability of underactuated adaptive hands in performing individual
finger motions for grasping and gesture execution.

Soft and Variable Stiffness Systems

We focus on the design, analysis, and development of soft and variable stiffness sys-
tems to improve the grasping and manipulation capability of grippers and hands.
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In particular, the contribution of this section are on the design, analysis, and
development of:

• Multi-stage, soft, ultra-affordable actuators that have been designed to cre-
ate affordable end-effectors for handling dangerous materials (e.g., medical
waste).

• Variable stiffness jamming structures, which can elastically bend past their
yield point, acting as variable stiffening passive elastic elements.

• Mechanically programmable variable stiffness structures that can be de-
signed to self-actuate, transitioning between straight and mechanically pro-
grammable (e.g., curved) profiles to offer increased dexterity in adaptive/soft
robotic grippers, and wearable exo-skeletons.

Modular, Accessible, and Sensorized objects

We developed a highly modular, diverse, and accessible object set for evaluating
in-hand manipulation of robot gripper and hands:

• The modularity of the object set allows the weight, shape, surface friction
and size of the objects to be changed providing a diverse object set with a
minimal number of objects.

• The object set has been made open source and can be 3D printed and man-
ufactured with HDM processes allowing it to be highly affordable and ac-
cessible to the robotics community.

10.3 Future Directions

This PhD thesis focuses on the design, analysis, and development of different
actuation systems, design methodologies, and mechanisms, which can be used
to develop adaptive, underactuated, and soft hands for robotic and prosthetic
systems to perform robust grasping and dexterous manipulation in unstructured
and dynamic environments. Regarding the future work for this thesis:

• Perform clinical trials with the prosthetic and assistive devices to quantify
the level of usability and assistance the devices provide to patients.
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• Expand the design of the automated locking mechanism to include au-
tonomous control of the thumb and develop alternative versions to include
other differential mechanisms.

• The current mechanically programmable jamming based on articulated mesh
structures use a manual vacuum pump which is not portable. Investigation
and implementation of a compact pumping unit for portability can further
extend the applicable scenarios such a structure can be used in.

• Perform fatigue and life cycle analysis of the different mechanisms and de-
vices developed to determine their robustness, failure points, and life span
during general long-term operation.

• Integration of force sensors into soft structures to facilitate the incorporation
of sensing to be incorporated into the soft finger pads and palm pads of
adaptive grippers, or into the body of soft robots.
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3. Lucas Gerez, Geng Gao, and Minas Liarokapis,“Employing Magnets to Im-
prove the Force Exertion Capabilities of Adaptive Robot Hands in Precision
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tems (IROS), Macau, China, 2019.

2. Geng Gao, L. Gerez, and M. Liarokapis,“Adaptive, Tendon-Driven, Af-
fordable Prostheses for Partial Hand Amputations: On Body-powered and
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A.3 Nominations and Awards

7. 3rd place, IEEE International Conference on Robotics and Automation
(ICRA), 2022 - Robotic Grasping and Manipulation Competition, Manu-
facturing Track, Philadelphia, USA.

6. Silver award, IEEE Region 10 Conference (TENCON), 2021 - Robot Design
Competition, Auckland, New Zealand.
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2. Best Paper Nomination, IEEE International Conference on Intelligent
Robots and Systems (IROS), 2020, Las Vegas, USA.

1. 1st Prize, IEEE International Conference on Intelligent Robots and Systems
(IROS), 2019 - Robotic Grasping and Manipulation Competition, Manufac-
turing Track, Macau, China.

A.4 Patent

A New Zealand provisional patent application (application number NZ 793415)
has been submitted for the work on the mechanically programmable jamming
based on articulated mesh structures.
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