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Endowing tele-manipulation frameworks with the capability to accommodate a variety of
robotic hands is key to achieving high performances through permitting to flexibly inter-
change the end-effector according to the task considered. This requires the development
of control policies that not only cope with asymmetric master—slave systems but also
whose high-level components are designed in a unified space in abstraction from the
devices specifics. To address this dual challenge, a novel synergy port is developed that
resolves the kinematic, sensing, and actuation asymmetries of the considered system
through generating motion and force feedback references in the hardware-independent
hand postural synergy space. It builds upon the concept of the Cartesian-based synergy
matrix, which is introduced as a tool mapping the fingertips Cartesian space to the
directions oriented along the grasp principal components. To assess the effectiveness of
the proposed approach, the synergy port has been integrated into the control system of
a highly asymmetric tele-manipulation framework, in which the 3-finger hand exoskeleton
HEXOTRAC is used as a master device to control the SoftHand, a robotic hand whose
transmission system relies on a single motor to drive all joints along a soft synergistic path.
The platform is further enriched with the vision-based motion capture system Optitrack to
monitor the 6D trajectory of the user’s wrist, which is used to control the robotic arm on
which the SoftHand is mounted. Experiments have been conducted with the humanoid
robot COMAN and the KUKA LWR robotic manipulator. Results indicate that this bilateral
interface is highly intuitive and allows users with no prior experience to reach, grasp, and
transport a variety of objects exhibiting very different shapes and impedances. In addition,
the hardware and control solutions proved capable of accommodating users with different
hand kinematics. Finally, the proposed control framework offers a universal, flexible, and
intuitive interface allowing for the performance of effective tele-manipulations.

Keywords: teleoperation, tele-manipulation, synergy, asymmetric systems, exoskeleton, underactuation

1. INTRODUCTION

Performing a task using a teleoperated robot avatar makes possible to safely handle hazardous
material as well as to take advantage of the machines’ superior sensing and actuation capabilities,
enabling the execution of tasks that require high precision and large wrenches. Furthermore, the
introduction of a digital control layer between the operator’s commands and the actuator’s reference
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output allows to resort to signal processing techniques such as
scaling or filtering in order to rectify the user’s input. Additionally,
preoperative automated task supervision features can be imple-
mented to improve safety with, for instance, the introduction of
motion constraints and safeguards to contain the risks stemming
from accidental commands or external disturbances. As such, tele-
operation not only enables to project the skills of an operator into
a remote environment but it also permits to extend and enhance
the human’s manipulation capabilities with higher power, higher
motion precision, and with greater safety. Finally, this powerful
tool allows merging the strengths of men and machines so as to
achieve enhanced performances. However, to take advantage of
the potential benefits offered by tele-manipulation, a number of
considerations need to be addressed both at the hardware and
software levels.

1.1. Coping with the Master-Slave
Asymmetry

Of paramount importance in the realization of an intuitive
tele-manipulation platform is the design of a bilateral control
module capable of efficiently coping with diversely asymmetric
master—slave systems.

To better comprehend this matter, one should bear in mind
that the inherent capabilities of a teleoperator are conditioned
by those of its master and slave devices, whose choice is guided
by distinct functional requirements. On the one hand, the slave
robot must incorporate an end-effector that is suitable for the
task, i.e., that achieves the most adequate versatility-robustness
trade-off to effectively manipulate its environment. Depending on
the manipulation scenario considered, the end-effector may be
chosen to be anything from a highly anthropomorphic dexterous
hand to a single DoF industrial gripper. On the other hand, the
master device should allow for unconstrained motions in the
entire user’s hand workspace and provide an accurate posture
tracking as well as a rich haptic guidance while maintaining the
degree of portability required by the application.

These criteria often lead to the selection of highly asymmetric
systems at the kinematics, sensing, and actuation levels. Such
asymmetry, if not carefully handled, might greatly decrease the
intuitiveness of the framework and consequently jeopardize its
effectiveness. The core strategy to make the operator unaware of
the system’s asymmetry and allow him/her to command manip-
ulation actions as if directly performing the manual task is to
capture his/her intent during natural motions and map this input
signal from the master sensing space to the slave’s actuator space
so as to generate motion references translating the desired actions.
Conversely, an adequate algorithm is needed to synthesize, from
the data sensed at the slave side, a force feedback reference for
the master’s actuators in order to display an effective haptic guid-
ance capable of enabling the operator to immerse in the task.
Those policies play a major role in isolating the user from the
complexity of the asymmetric system so as to create an efficient
human-machine interface, where the natural coupling with the
slave makes possible the execution of complex manipulation tasks
while maintaining low the cognitive load of the operator.

Finally, tele-manipulators belong to the larger class of Human-
In-the-Loop (HIL) systems. As such, their overall performance

not only depends on the capabilities of the master and slave
devices in isolation but also on how well these two entities
are interconnected. It is therefore important to develop bilat-
eral control strategies that effectively cope with the master-slave
asymmetries.

1.2. On the Need of Unified Control

Frameworks
Besides handling the master-slave asymmetry, it is desirable to
design flexible and universal control frameworks.

Indeed, in an attempt to achieve the versatility required to
accommodate the wide range of shapes and sizes of the objects
populating our workspaces, artificial hands exhibiting increas-
ingly sophisticated designs have been developed during the last
decade. However, the effective use of such highly articulated
devices has been hindered by their inherent control complex-
ity. A promising approach to tackle this difficulty lies in the
development of unified frameworks promoting the synthesis of
hardware-independent algorithms that can be indifferently used
to control a variety of end-effectors. This can be achieved through
adopting a two-layer architecture, where the low-level layer is used
to encapsulate the kinematics, sensing, and actuation specifics of
the device, while the high-level layer focuses on the resolution
of the manipulation problem. This latter entity, which may be
seen as equivalent to the concept of middleware in software engi-
neering, can be based on universal, task-oriented control policies
designed in complete abstraction from the hardware to be used.
Provided the use of a generic interlayer interface, such platform
permits to flexibly interchange not only the robotic hand used
but also the control layer, making possible to easily implement a
diversity of manipulation algorithms proposed in the literature,
from autonomous or semi-autonomous grasp planners, as the
one presented in Ciocarlie et al. (2007), to tele-manipulation
strategies designed in the object domain, as proposed in Gioioso
et al. (2013), or any other mapping that best suits the application
considered.

The implementation of interfaces as generic as possible would
benefit from the selection of a common expression space. As such,
the concept of postural synergies has been proposed as the alpha-
bet of the universal language for such unified control frameworks.
This bio-inspired approach rests on neuroscience studies that have
shown the existence of consistent spatiotemporal coordination
patterns of the human hand joints during the execution of a variety
of manipulation tasks (Santello et al., 2016). Among other possible
projection spaces, the synergistic one appears very attractive for
two main reasons. First, it seems sensible to draw inspiration from
the CNS’s' strategy to control the human hand that remains to
date and by far the most complex and versatile manipulation tool
existing. Second, considering the postural synergies as motion
primitives that can be combined to design manipulation strategies
can significantly decrease the control complexity. Indeed, analysis
has revealed that a few variables, corresponding to the coordinates
along the synergistic directions, can describe most of the variance
of the hand posture during grasping motions (Santello et al.,
1998).

lcentral nervous system.
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Hence, deriving control algorithms in the synergy space can
substantially reduce the dimensionality of the manipulation prob-
lem and therefore the associated computational cost.

To complete such architecture, low-level modules are required
to translate the references described in synergy space into equiva-
lent patterns of coordinated motion of the artificial hands’ joints.
While this mapping is quite straightforward when considering
anthropomorphic robotic hands, the derivation of optimal pos-
ture subspaces for end-effectors with kinematics considerably dif-
ferent to those of the human hand remains an open research ques-
tion. A first contribution in this direction has been proposed in
Ciocarlie and Allen (2010), where the authors empirically define
a set of basis vectors, referred to as eigengrasps, which describe a
low-dimensional posture subspace for 5 artificial hands. This very
promising work demonstrates the applicability of such approach
and paves the way to the generalization of robotic hands control
within a synergy-based unified framework.

1.3. The Approach Proposed

This present work introduces a novel bilateral tele-manipulation
control strategy that resolves the asymmetry of the master-slave
system and generates motion and force feedback references in the
hardware-independent hand postural synergy space.

In this tele-manipulation platform, the 3-finger hand exoskele-
ton HEXOTRAC (Sarakoglou et al., 2016) is used at the mas-
ter station of the proposed platform. Its sensory and actuation
systems permit to monitor the position and orientation of the
operator’s fingertips and to display kinesthetic feedback reflecting
some mechanical properties of the remote environment. This
exoskeleton is used to control the Pisa/IIT SoftHand (SH), an
anthropomorphic robotic hand, the as slave device. This device
implements the concept of soft and adaptive synergies mechani-
cally, such that its 19 joints are driven by a single motor along the
first synergy in free space, while its shape adaptation capabilities
stemming from underactuation let it conform to the shape of
objects during grasping. With a single actuator and a sensory
system limited to a position encoder and a current sensor, the
SoftHand’s minimalistic design promotes robustness but chal-
lenges traditional teleoperation strategies. Indeed, the absence of
joint encoders and individual actuators prevents the control of the

slave’s joints or fingertips trajectories as a straightforward map-
ping of the operator’s motions. Similarly, the absence of per-digit
haptic sensors calls for a novel force feedback control strategy.

To tackle this challenge and achieve an intuitive framework
capable of efficiently handling the large asymmetry between the
master and the slave devices, the concept of Cartesian-based hand
synergies is introduced as a set of independent vectors oriented
along the grasp principal components and described in the finger-
tip Cartesian space. This base is used to develop a novel bilateral
synergy port, schematized on Figure 1, which is proposed as a
mapping tool for performing bilateral tele-manipulations.

In the proposed approach, the operator’s hand posture is pro-
jected on this space to extract the corresponding coordinate along
the first synergy, which is then used as the SoftHand’s motor
position reference. This algorithm elegantly scales the human
hand’s many degrees of freedom to the slave’s single Degree Of
Actuation (DOA) by extracting from natural motions the relevant
information to be used as input for operating the slave—here the
desired degree of hand closure. Conversely, the proposed synergy
port is used to generate force feedback references for the exoskele-
ton to display perceptually meaningful haptic stimulations that
characterize the remote interaction. The 1-dimensional grasping
force applied by the SoftHand’s actuator on its environment along
the first synergy is estimated using a torque observer. It is then
re-projected on the Cartesian-based synergy space in order to
synthesize a 9-dimensional force reference in the user’s fingertip
Cartesian space. These finger-individualized forces, which reflect
the grasping effort developed by the SoftHand during its inter-
actions with the objects manipulated, are finally projected on the
exoskeleton’s joint space in order to generate the reference for its
actuated DOFs. To complete the tele-manipulation interface, the
framework is subsequently enriched with the vision-based motion
capture system Optitrack, which is used to monitor the position
and orientation of the user’s wrist. This input is used to generate
in real time the 6D position reference trajectory for the wrist of
the robot arm on which the SoftHand is mounted. This control
scheme has been implemented to control the IIT humanoid robot
COMAN as well as the KUKA LWR manipulator.

This work builds upon the proof-of-concept study presented in
Brygo et al. (2016), which demonstrated the effectiveness of the

Hand exoskeleton Synergy Port SoftHand

Fingertips Cartesian Projection on the Soft synergy

Position trajectory Xi postural synergy o1 mechanical
tracking [9x1] space [1x1] implementation
Fingertips force E Re-pro;ec.tlo_n from & Interaction torque

feedback syner'glstlc t° - estimation
[9x1] Cartesian space [1x1]
FIGURE 1 | Introduction of a synergy port as a mapping tool for bilateral tele-manipulation.
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proposed synergy-based interface in allowing a single trained user
to perform the desired tele-manipulation. This preliminary work
is developed and extended here in order to achieve a universal
platform. In particular, the theoretical and practical tools needed
to endow the framework with the capability to accommodate very
different users’ hand sizes are implemented, and the usability of
the interface by novice, untrained operators is experimentally
assessed.

The rest of this paper is organized as follows. In Section 2, a
description of the hand exoskeleton and the SoftHand is presented
along with the principal characteristics that motivated the selec-
tion of these devices. A brief review of the strategies proposed in
the literature to control robotic hands using asymmetric teleoper-
ators is then presented, and the need for a novel mapping strategy
suiting the proposed system is explained. Section 3 addresses
the generation of the SoftHand’s motor position reference as a
mapping of the user’s hand posture. In particular, the concept
of Cartesian-based hand synergy is introduced together with the
user study that has been conducted to analyze the possibility
to describe the human hand posture during grasping motions
using a low-dimension set of variables constructed as a linear
combination of the fingertip Cartesian trajectories. Subsequently,
the theoretical tools used to build the synergy-based teleoperation
port are derived. The effectiveness of this approach to synthesize
the artificial hand motion reference realizing the operator’s inten-
tions is then experimentally demonstrated. Section 4 describes
how the force feedback references are generated through inverse
projection on the synergy space, and a finger-individualized force
scaling procedure is proposed to homogenize the force feedback
amplitudes across users. The closed-loop performance of the
system is then experimentally characterized. Section 5 discusses
the possibility of relying on a simplified calibration procedure
and analyzes how the use of a user-independent Cartesian-based
synergy matrix affects the position and force feedback refer-
ences. Section 6 presents the experiments conducted with both
robotic slaves in order to evaluate the effectiveness of the pro-
posed framework. Finally, conclusions of this work are drawn in
Section 7.

2. A HIGHLY ASYMMETRIC
MASTER-SLAVE SYSTEM

2.1. A Hand Exoskeleton at the Master

Station

A fundamental aspect to consider when designing tele-
manipulation interfaces concerns the choice of the master device.
One option to monitor the user’s hand posture consists in
tracking the fingers’ joints' angular excursion. Vision-based
motion capture systems can be used to this end. While flexibly
adjusting to different hand sizes, their main drawback regards the
need to handle occlusions, an issue made particularly salient by
the large number of markers in a small workspace. Furthermore,
the installation of a large number of markers on the skin is a
time-consuming procedure. Alternatively, data gloves such as the
VPL data glove (Hong and Tan, 1989) or the CyberGlove from
Immersion Corporation (Peer et al., 2008) represent a popular
solution that does not suffer from this limitation. However,

reservations have been expressed about their tracking accuracy.
Indeed, not only it can be affected by physical factors such as
sweat and temperature but it is also largely dependent on the
fit of the glove. Accommodating diverse hand sizes is a critical
requirement when aiming at designing a universal interface,
as it is the case of this work. Calibration procedures have been
developed to account for the different hand kinematics (Griffin
etal.,, 2000), but besides consisting in tedious processes that can be
time consuming, their results are often not ideal (Dipietro et al.,
2008). Finally, additional solutions need to be added in order
to enhance the master station with force feedback capabilities,
which is desirable to enable remote haptic explorations and is
believed to assist the operator in regulating the manipulation
forces.

These considerations motivated our choice to use the hand
exoskeleton HEXOTRAC (Sarakoglou et al., 2016), pictured in
Figure 2, at the master station of our tele-manipulation frame-
work. It consists of a three 6-DOF linkages mounted on a common
base, which is attached to the dorsal side of the hand. The other
end of the linkages is fastened to the user’s thumb, index, and
middle fingertips through interchangeable 3D-printed thimbles.
This attachment system not only allows for fast donning and
removal of the device but it also permits to suit a large range
of hand sizes. The overall kinematics design is such that the
reachable workspace of the linkages endpoint completely covers
the human hand workspace. This makes possible the execution
of any type of motion and permits in particular the rotation of
the fingertips, which provides the freedom to perform natural
manipulations and is the key to accommodating a very large range
of hand sizes without any mechanical adjustment. High resolution
magnetic encoders monitor the position of all the linkages’ joints,
permitting the 6-DoF tracking of the operator’s fingertips.

The hand exoskeleton is fitted with three low-gear DC motors
whose output torques are transmitted to the first joint of each
finger linkage through a pair of anti-backlash bevel gears. Pairs
of bilaterally bonded strain gages provide measurement of the
torque applied at the proximal joints. This measurement is used
as feedback signal by a PD controller that tracks the reference
torque trajectory. Tinsdes € R is the joint torque vector corre-
sponding to the desired fingertip interaction force projected on
the actuated joint space. Since the strain gages reading 7, € R
encompasses both the interaction torque and the gravity torque,
a gravity compensator is introduced to compute 7, € R*, the
model-estimated gravity joint torque projected on the actuated
joint space. Note that n, is the exoskeleton finger-actuated joint
space dimension.

Finally, this hand exoskeleton is used as master system of the
teleoperation system. The following section describes the robotic
hand used as slave device.

2.2. The SoftHand at the Slave Station

The choice of the slave device is of paramount importance, since
its intrinsic characteristics greatly influence the capabilities of the
tele-manipulator as well as its intuitiveness. After introducing in
Sect. 2.2.1 the efforts of the robotic community toward the devel-
opment of robotic hands equipped with the technical capability
to skillfully manipulate the many different objects populating

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

April 2017 | Volume 5 | Article 19


http://www.frontiersin.org/Bioengineering_and_Biotechnology
http://www.frontiersin.org
http://www.frontiersin.org/Bioengineering_and_Biotechnology/archive

Brygo et al.

Synergy Port for Asymmetric Tele-Manipulation Interfaces

Strain gauges

E4

A

E: position encoder DC motor

Q1 Yu \&‘{ Ao Y10
Zl‘i {/ DH parameters
// ) X11 i |agy(m)]ay(m) 6(m) |d(m)
Y 10| -m/2 | O QuotBo | O
4 11| 0 Ay [Quott/24B, O
g
12 Y 12| ©/2 0 Giott/2 | Ay
12 ""\‘ 13| B O Ai3 A
a2y 14 72| 0 | qun/2 | 0
\
Qua | 15| -1/2 0 q151/2 0

Ziis Q15
== ﬂxn =Y1a=25
Via=Xss B =Xu4=Vis

Xrip \ET

FIGURE 2 | Left: hand exoskeleton HEXOTRAGC; right: kinematics of the exoskeleton’s index finger linkage.

Zg;

' Xp1 Q1o
p— ?% Yp1=2
5 B1=&10
/ o - X10

Zupk s

our workspaces, the SoftHand’s characteristics that motivated its
selection as the slave hand of the proposed tele-manipulation
framework are presented in Sect. 2.2.2.

2.2.1. Achieving Stable Grasp with Robotic Hands, a
Long-lasting Challenge

Versatile robotic manipulation in unstructured environments is a
challenging topic for the robotics community and a very active
area of research during the last decade (Shimoga, 1996; Kemp
et al., 2007). Of particular importance is the ability to manipulate
objects with diverse geometries while precisely controlling the
contact locations and force distribution in order to achieve force
closure grasps, also referred to as stable grasps (Bicchi and Kumar,
2000; Okamura et al., 2000; Rosales et al.,, 2012; Prattichizzo
et al,, 2013). Considering the diverse shapes and sizes of the
objects populating human workspaces, a considerable effort has
been recently devoted to the development of highly dexterous
artificial hands. The Utah/MIT hand (Jacobsen et al., 1984), the
Anthrobot hand (Kyriakopoulos et al., 1997), the Shadow hand
(Shadow Robot Company Ltd, 2017), or the DLR hands (Butter-
fass et al., 2001) are a few examples of such attempts to approach
the fine manipulation capabilities of the human hands. However,
their actual use has been largely hindered by their limited power
capabilities and poor robustness, resulting from the implemen-
tation of many small and usually delicate actuators, as well as
by their increased control complexity. Aware of these limitation,
an innovative design has been proposed and implemented in the
Pisa/IIT SoftHand (Catalano et al., 2012) used as slave device of
the proposed tele-manipulation platform. The intrinsic properties
of this hand, which conditioned the development of the control
framework, are described in the following section.

2.2.2. SoftHand, a Powerful Grasping Tool

The SoftHand has been selected because it elegantly combines
versatility and robustness within a unique design that turns it into
a powerful tool to grasp and manipulate objects of diverse shapes
in unstructured environments.

FIGURE 3 | Left: picture of the Softhand; right: routing of its tendon.

Its transmission mechanism uses a system of pulleys and a
tendon routed through all fingers to transmit the torque of a single
motor to the 19 DOFs of the hand, as shown on Figure 3. Its
differential system has been designed to drive all joints along the
first synergy in free space motions, while during contact its shape-
adaptive property deriving from underactuation lets it conform
to the geometry of the object grasped. Such behavior is achieved
through combining two main theoretical tools, such that the soft
synergy concept is realized with a shape-adaptive underactuated
mechanism. Indeed, while the neuroscience-based concept of the
first postural synergy appears attractive since the manipulation
of a single coordinate allows to describe a large percentage of
the posture variance during natural grasps, a purely kinematic
implementation of this synergy leads to an inconsistent grasp force
distribution. The concept of soft synergies was proposed to tackle
this limitation and provides a model generating suitable internal
forces that permit to robustly hold an object (Bicchi et al., 2011).

In addition, an innovative design employing rolling contact
articulations assembled with rubber ligaments allows the joints
to disarticulate during impacts before passively returning to their
initial configuration. These features endow the SoftHand with an
exceptional robustness through ensuring a soft and safe behavior
during unexpected collisions, making it suitable for manipulation
tasks in unstructured environments.

Finally, this design embeds part of the control intelligence in
the physical system itself. Indeed, while the actuation space is
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reduced to a single dimension, the SoftHand’s multiple DOFs
move in a principled way and adapt to the environment manip-
ulated, achieving high versatility at a reduced control complexity
cost. However, these same characteristics challenge traditional
teleoperation techniques, as discussed in the following section.

2.3. A Design That Challenges Traditional

Teleoperation Strategies

With a single electric motor, one position encoder, and one cur-
rent sensor, the SoftHand’s overall design aims to a low cost and
robust device. However, such underactuation and minimum sens-
ing represent a major challenge when considering the SoftHand
as a slave device to teleoperate using a hand exoskeleton and
prevents from relying on traditional teleoperation strategies. For
a better understanding of the problematic, below are presented
the different strategies that have been proposed in the literature to
teleoperate robotic hand and cope with asymmetric master-slave
systems.

There are three typical control strategies for teleoperating
robotic hands: joint-to-joint, point-to-point, and pose mapping.
Alternatively, an object-centered approach has been recently pro-
posed. Following is a brief overview of these techniques.

Direct joint-to-joint mapping has been proposed as control
strategy to teleoperate robotic hands (Wright and Stanisic, 1990;
Bouzit, 1996; Yokokohji et al., 2003). This method, which appears
suitable to drive anthropomorphic hands from recording the
trajectory of the operator’s hand joints using motion tracking
systems such as data gloves, presents some limitations. Indeed,
the many DOFs of the human hand endow it with a remarkable
dexterity that most robotic hands fail to achieve, thus creating a
kinematic mismatch between the two sides. This in turn renders
this approach of directly mapping the DoF of the slave hand to
motions of the human hand joints unable to efficiently cope with
this level of kinematic master-slave asymmetry.

As an alternative, point-to-point mapping has been proposed to
control non-anthropomorphic hands or grippers. This approach
consists in designing the reference trajectory of particular points
of the robotic hand as a function of the Cartesian position tra-
jectory of associated points of the master hand. Typically, the
fingertips of the master hand are monitored and used to derive the
desired position trajectory of the slave’s fingertips. In Rohling et al.
(1993), the Utah/MIT Dextrous Hand is teleoperated using the
Utah Dextrous Hand Master. In this work, the control algorithm
aims at mapping the position and the orientation of master to the
slave device. To account for the slight kinematic dissimilarities
between the systems, a priority-based strategy is implemented
such that position is considered as the prime goal while orienta-
tion comes as second objective. Another implementation reported
in Hong and Tan (1989) proposes to teleoperated the Utah/MIT
Dextrous hand using the VPL data glove. The position trajectories
of the operator’s fingertips are computed from the measured joints
position using the forward kinematics of the human hand model
and then used to derive the reference trajectories of the slave
fingertips. However, a direct mapping of the Cartesian trajectories
of the fingertips might not be possible when considering larger
asymmetries, such that alternative mapping might be needed.

In Peer et al. (2008) is presented a method for teleoperating
the three-fingered gripper BarrettHand using the CyberGlove as
master tracking system. The control space of the slave’s hand
is quite restricted since each finger counts two coupled DOFs
actuated by a single motor; furthermore, two of the three fingers
can rotate synchronously and symmetrically around the base joint.
To generate references lying within the gripper’s reachable space,
the workspace of the human fingers is scaled and then vertically
projected.

The third approach, referred to as pose mapping, is based on
the functional analysis of the human hand during natural actions.
A collection of human poses or grasps are defined, and to each
of them is associated an equivalent posture of the robotic hand.
A transformation matrix is proposed in Pao and Speeter (1989)
that maps human hand positions to corresponding positions in
the slave space, and an interpolation algorithm is employed to
shift from one pose to another. In Wojtara and Nonami (2004),
a grasp recognition method relying on neural network is devel-
oped together with a custom mapping algorithm. The use of
neural networks for grasp identification is also studied in Gorce
and Rezzoug (2004). Alternatively, Ekvall and Kragic (2006) use
Hidden Markov Models for the recognition of the human grasp,
while a neural network is used to define the mapping between the
operator’s and the slave’s hand configuration spaces. A grasp tax-
onomy is introduced in Liu and Zhang (2004), where a Gaussian
Mixture Model based classifier is designed to recognize the type of
grasp. Another strategy is used in Kang and Ikeuchi (1997) where
a virtual finger mapping method is used after recognizing the
human grasp in order to generate the slave’s reference. The main
limitation of those strategies regards the poor robustness of the
identification algorithms. As such, small changes in the operator’s
hand posture can lead to switches between the reference pose in
the target space, resulting in somewhat unpredictable motions that
are especially undesirable during tele-manipulations.

A more recent approach has been proposed that focuses on
manipulation tasks. The core concept consists in introducing a vir-
tual object at the master station. The operator’s finger motions are
translated into the rigid-body motion and deformation imparted
on the virtual object. The slave hand is then controlled such that
the object—either virtual or real—tracks the transformations of
the virtual object. This paradigm aims at integrating the oper-
ator’s manipulation intent in the object domain. A 2D instance
of such method is implemented in Griffin et al. (2000) and used
to control a symmetric two-fingered planar robot. A non-linear
mapping is developed to map the motion of the master virtual
object to the motion of the slave virtual object in order to better
utilize both station’s workspaces. This method is extended to 3D
cases in Wang et al. (2005), where a 3-fingered robotic hand is
teleoperated. A virtual circle is defined by the three considered
fingertips of the operator. The master virtual circle is parameter-
ized, and the parameter’s transformations are mapped to similar
transformations of the virtual circle defined at the slave side.
Finally, the robot’s finger motions are computed according to the
desired fingertip position. An analogous approach is undertaken
in Gioioso et al. (2013) where the smallest sphere enclosing the
fingertips of the operator is used as virtual object. The user’s input
is described by modeling the effects of the fingers” displacement
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on this virtual sphere’s linear and angular velocities as well as it
deformation. These transformations are scaled and tracked by a
virtual sphere defined as the slave’s side. In Salvietti et al. (2013),
the virtual object is used to both capture the user’s hand motion
and to compute the force feedback reference, such that the wrench
displayed to the user corresponds to the wrench applied by the
robotic hand on the virtual object. Those object-based methods
provide a universal interface that abstracts from the kinematics
of the master and slave systems and therefore allows to cope with
highly asymmetric systems.

However, none of these approaches can be used in the present
work. Indeed, the extreme underactuation of the SoftHand and
the absence of joint encoders in its fingers prohibit the design
of the motion control reference in joint or Cartesian space as a
traditional mapping of the operator’s motions. Furthermore, the
absence of haptic sensors on the slave’s digits calls for a novel force
feedback strategy in order to generate appropriate references for
the hand exoskeleton’s actuators. Hence, the need to develop a
novel bilateral teleoperation algorithm suitable for the system is
considered in this work. This aspect is addressed in the following
section.

3. POSITION CONTROL: A
SYNERGISTIC-BASED TELEOPERATION
STRATEGY

While the large number of DoFs affords the human hand with
remarkable dexterity, the SoftHand’s underactuated kinematics,
with its single actuator, limit control over the postures it can
achieve. The purpose of the work presented in this section is
to resolve this asymmetry through synthesizing a suitable algo-
rithm that maps the native hand’s unconstrained motions into
motions achievable by the robotic hand that best translate the
user’s manipulation intent. To this end, we propose to capitalize on
the insights recently gained with regard to the concept of postural
synergies, which was revealed to be a key mechanism underlying
the human hand motor control and which inspired the design of
the SoftHand’s transmission system. The main idea of the pro-
posed algorithm is to extract the user’s hand first motor synergy’s
activation level and use this trajectory as position reference to
drive the slave’s actuator. Indeed, this component not only reflects
the high-level intent of the operator but it also corresponds to a
coordinate along the synergistic path described by the SoftHand’s
joints.

To begin with, Sect. 3.1 outlines the neuroscience-based notion
of hand synergies, which inspired the robotic community with a
radically new control approach that aims at emulating the strat-
egy employed by the CNS to tame the motor control complex-
ity of the hand’s many DOFs. While a large body of research
has built upon this idea, the totality of these studies—to the
best of our knowledge—has considered the synergies as derived
from the hand joint trajectories. The present work investigates
the possibility of extending this concept toward extracting the
synergistic patterns of motion of the hand from its postural
descriptions in the Cartesian space of the fingertips instead of
the joint space. Section 3.2 elaborates on a user study that has
been conducted to investigate this possibility. On the basis of the

experimental results that validated this approach, the notion of
Cartesian-based synergy space is introduced. Section 3.3 describes
how this paradigm is implemented into the control scheme of
the proposed teleoperation framework. A characterization of the
asymmetric teleoperator in then presented, where the behav-
ior of the slave is analyzed under different inputs issued by
the operator. Specifically, the response of the system to finger
adduction-abduction and flexion motions is reported. The results
clearly indicate the effectiveness of the approach, which enables
to intuitively control the slave robotic hand from natural hand
motions.

This Cartesian-based synergy port is proposed as an analogous
and simpler alternative over the classical postural synergy that
may suit better hand tracking systems, which do not provide direct
measurement of the joint angles but are able of high resolution
6-DOF tracking of the fingertips. In such cases, the Cartesian-
based synergy analog could be used for extracting from Cartesian
tracking data the activation level along a synergy coordinate,
alleviating the need of resorting to complex joint tracking systems
or computationally expensive and potentially inaccurate inverse
kinematic solutions of the hand. In addition, given a different end-
effector or robotic hand with different kinematics, actuation, and
posture control capabilities, this method could be tuned to extract
the user’s intent along additional synergistic actions that could be
then related to the commanded actions of the slave.

3.1. Hand Synergies, a Path toward
Simplicity

The human hand is a fascinating and remarkably complex bio-
logical system in which a multitude of muscles and tendons con-
trolling the joints’ angular excursions are simultaneously engaged
to generate purposeful movements. Understanding how the brain
harnesses the motor control complexity of this organ has been
extensively studied, and evidences have been put forward to
substantiate the idea that the Central Nervous System does not
consider it as a collection of independent joints. Instead, various
neuroscience analyses postulate the existence of motor primitives
defining the coordinated motion of multiple joints along trajec-
tories that are referred to as synergies (Latash, 2008). Interested
readers are referred to the thorough reviews presented in Tresch
etal. (2006) and Santello et al. (2013). Although the term synergy
has been employed to conceptualize coordination at various levels
including kinematics, i.e., joints motion coordination (Santello
et al., 1998), kinetics, i.e., digit force coordination (Zatsiorsky
etal., 2000), neuromuscular, i.e., multi-muscle activation patterns
(Bizzi et al., 2008), or neurosensorial, as the perceptual coun-
terpart of the motor synergies (Bicchi et al., 2011), we will use
here the definition proposed in Turvey (2007), according to which
a synergy is “a collection of relatively independent DOFs that
behave as a single functional unit”

This synergistic behavior is believed to result from a combina-
tion of biomechanical constraints, related in particular to the mus-
cles and tendons spanning several joints, with neural constraints,
stemming from a specific circuitry that distributes high-level com-
mands into multiple inputs traveling along descending pathways
to various muscles (Schieber and Santello, 2004). The complex
interplay between these hard-wired and soft-wired constraints
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results in multi-DOFs coordination patterns, such that each syn-
ergy can be seen as a vector specifying the relative motion of
a collection of joints, while their absolute position is controlled
through modulating a single signal. Therefore, they constitute
basic building modules that can be combined using a set of time-
synchronized activation level trajectories that translate in princi-
pled patterns of motion and ultimately allow to produce a large
repertoire of movements.

Gaining a deeper insight into the synergistic mechanism under-
lying the hand motor control is crucial to apprehend the high-level
intentions of the user from motion analysis. Indeed, synergies are
believed to be closely linked to the functional outputs of a motor
behavior (d’Avella and Bizzi, 2005) and “may therefore represent
the bottom of a hierarchical neural control structure in which
higher neural centers operate on increasingly conceptual variables
related to task-level motor performance” (Ting and McKay, 2007).

Among the many implications deriving from the synergistic
organization of the hand motor apparatus, a very interesting
aspect regards the dimensionality reduction of the control space
it implies. Diverse techniques have been proposed to individuate
the patterns of joints’ covariation that occurs when modulating
the hand posture to grasp objects of diverse shapes, including
Singular Value Decomposition (Mason et al., 2001) and Principal
Components Analysis (PCA) (Santello et al.,, 1998). The latter
study reveals that only two independent variables, corresponding
to the levels of activation of the first two postural synergies,
account for more than 80% of the variance of a dataset containing
the static postures at the end of the grasp motions of a large
number of imagined objects. This indicates that the hand molding
motions involve principally two synergies. It is worth specifying
that these observations do not imply that additional synergies
represent random, task-unrelated variability. Instead, they repre-
sent effective degrees of freedom that come into play when finer
posture adjustments are required, especially in order to conform
to the actual geometry of the objects manipulated (Todorov and
Ghahramani, 2004).

While a large amount of studies have been dedicated to the
analysis of the hand postural synergies, all of them—to the best of
our knowledge—have considered the synergies as extracted from
the hand’s joint space description. In the present work, we propose
to investigate the possibility to perform an analogous PCA-based
dimension reduction analysis from the hand posture described
in the fingertip Cartesian space. Note that the objective is not
to discuss whether motor control strategies are encoded at the
joint or task-space level by the CNS but rather to explore how
they can be adequately monitored. Considering that joints and
end-effector Cartesian trajectories are correlated, it is reasonable
to hypothesize that the synergistic organization that has been
evidentiated in the joint space would be reflected in the Cartesian
space.

This approach stems from the hand exoskeleton device used
at the master station, which provides a direct tracking of the
fingertips 6D position trajectories. These could be used to infer the
joints trajectories through implementing an inverse kinematics
module. However, not only this would require the introduction
of a calibration procedure that can be long and tedious to iden-
tify the user’s relevant kinematic parameters but it would also

and more importantly entail a reduction of the hand posture
estimation accuracy. Indeed, the intrinsic complexity of the hand
anatomical organization makes accurate modeling challenging.
This complexity compels to the development of simplified kine-
matic models so as to achieve manageable solutions and meet
the computational speed requirements associated with real-time
applications (Bullock et al., 2012). However, it is important to
keep in mind that such simplifying assumptions (e.g., joints axis
alignment, number, nature of the joints, etc.) introduce an error
in the hand posture estimation. Instead, the extraction of the
synergies coordinates directly from the motion data captured
permits to avoid this pitfall.

In the following is presented the study that has been conducted
to investigate the feasibility of identifying the hand postural syn-
ergistic paths and their respective levels of activation from the
tracking of the fingertips motion in the Cartesian space.

3.2. Experimental Analysis of Human

Grasps in Cartesian Space

An experimental study has been carried out in order to deter-
mine whether the postures adopted by the hand during grasping
motions could be adequately described by a low-dimensional set
of coordinates traveling along motion primitives expressed in
the fingertips’ Cartesian position space. The aim was to inves-
tigate whether the preliminary results presented in Brygo et al.
(2016), which considered a single subject, could be generalized to
different hands kinematics.

Eight right-handed subjects—3 females and 5 males aged
between 25 and 36—took part to this experiment. Ethical approval
was not required for this study as per the national and institutional
requirements, and written informed consent was obtained from all
participants. They were instructed to wear the hand exoskeleton
HEXOTRAC and to sit at a table with the upper arm resting along
the body, the elbow joint right-angled, the forearm horizontal with
the palm-down hand opened. They were then asked to imagine
an object placed 40 cm away on the table and enjoined to shape
their hand while executing a natural reach-to-grasp motion as if
to pick it up, before returning to their initial configuration. They
repeated this operation 5 times per object with 57 different objects,
for a total number of 5 x 57 items per subject. In order to allow for
comparisons, the objects used were the same as listed in Santello
et al. (1998). These everyday objects require both precision and
power grips and exhibit a large range of shapes in order to account
for the modulation of the hand posture during natural grasping.
Note that subjects were asked to imagine the objects in order to
allow for the study of the motor control strategies employed by
the CNS while avoiding the mechanical interference and con-
straints that would result from physical interactions with real
objects.

The exoskeleton’s fingers’ joints position trajectories were
recorded at a 1 kHz sample rate and used to compute the Cartesian
position trajectory of the users’ fingertips using the equation (1)
as detailed in Sect. 3.3. Finally, the data were stored in a n. X 3m
matrix, with n. € R the data collection’s number of samples and
m = 3 the dimension of the space used to describe the position of
each fingertip.
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FIGURE 4 | Percentage of the variance explained by the 5 dominant
PCs averaged over all subjects. The error bars indicate the SD from the
mean.

A PCA analysis has been performed to examine the inter-
nal structure of the datasets, and the percentage of the variance
explained by each principal component (PC) has been computed
for each subject. The averaged values over all subjects of the five
largest PCs are presented in Figure 4. Additionally, the dispersion
of the data from the mean is quantified for each PC by computing
the associated SD, which is graphically represented on the same
figure by the mean of error bars.

The first PC accounts in average for 71.8% of the variance of the
data, while the first two PCs account in average for more than 85%
of the variance. Furthermore, it is worth noting the low SD values,
which indicate that the percentage of the variance explained by
the each PC is fairly consistent among subjects. These results
reveal that the 9 variables expressed in the initial base are strongly
correlated. Therefore, the hand motion can be more adequately
described using a new set of independent variables varying along
orthogonal axis oriented in the directions maximizing the vari-
ance explained in the dataset. Through discarding the variables
corresponding to the large PCs, which contribute very little to the
variability of the data, it is possible to describe the hand posture
during grasp motions using a low-dimensional set of variables
with a minimum information loss.

This change of base can be performed using a projection matrix
whose columns are the eigenvectors of the covariance matrix of
the mean-centered data. In analogy to the joint space terminology,
this matrix will be referred to as the Cartesian-based synergy
matrix Sy. Its column vectors, which are the orthogonal axes of
the new base and represent the motor primitives whose linear
combination describe the hand postures, will be referred to as the
Cartesian-based synergies. In the rest of this work, if not stated
explicitly, the term synergies will be used to refer to the Cartesian-
based synergies, although the reader is invited to keep in mind that
they are distinct from the joint space-based synergies as defined
in the literature.

The obtained synergy matrix Sy, computed once from the data
collection, is then used to project in real time the user’s hand
posture on the synergy space so as to extract each posture’s
coordinate along the first synergy, as detailed in the following
section.

3.3. First Synergy Position Reference
Extraction

This section explains how the raw fingertips’ Cartesian position
trajectories monitored by the hand exoskeleton can be mapped
onto a new set of scalar variables representing the hand’s posture
coordinates in the Cartesian-based synergy space. Subsequently,
an experimental study is presented that analyzes the effectiveness
of the proposed approach in capturing the user’s grasping intent
during unconstrained motions and in translating it into adequate
references to control the amount of closure of the slave hand.

The exoskeleton links’ configuration is monitored using the
position encoders mounted on all joints. The 6-DOFs Carte-
sian trajectory of the operator’s fingertip x(t) can be computed
straightforwardly using the forward kinematics of the exoskeleton
fingers as shown in equation (1).

x(t) = f(q(1)) 1)
with x(t) € RS the fingertip Cartesian trajectory, q(f) € R”
the exoskeleton finger position trajectory in joint space, n=6
the number of joints per finger, and fx the exoskeleton forward
kinematics function. The hand posture tracked by the exoskeleton
can then be mapped from the Cartesian space to the synergy space
using equation (2).

o(t) = S X(1) ()

with m =3 the number of fingers, X(t) € R’ the fingertips
position described in Cartesian space stacked in a single vector,
o(t) € R¥ the projection of X(t) on the synergy space, and
Sy € R the hand synergy matrix. The first component o1,
which corresponds to the projection of the user’s hand posture
along the first synergy, is extracted and scaled to the robotic hand’s
motor range. This position reference is then tracked within inner
PI controller.

An experimental study has been conducted to characterize the
system’s behavior. Two types of motion were considered. During
the first phase, the operator performed a fingers abduction motion
in the palm plane. During the second phase, the operator was
instructed to close the hand as if to grasp a sugar lump. Note that
this object does not belong to the list of items used to build the syn-
ergy matrix so as to attest that this procedure extracts the grasping
intent of the user independently from the exact object that is being
grasped. Seven snapshots of the hand during the different phases
of motion are presented on Figure 5. The extracted coordinate
along the first synergy is presented on Figure 6.

Results (see also Extension 1) clearly indicate that motions
outside of the first synergy do not affect the slave reference,
which remains almost constant during the first phase. During the
second phase, the grasping motion of the operator is properly
mapped to the synergistic coordinate 0. Therefore, the proposed
teleoperation strategy allows for the intuitive control of the SH
through handling natural, unconstrained motions of the operator;
from the hand posture is extracted in real time the first eigengrasp
coordinate that can be used to drive the SH.

While this section addressed the extraction of the grasping
intent of the operator to control the closure of the SH, the
following section analyzes the generation of the force feedback
reference in order to render to the operator the impedance of the
environment manipulated by the slave hand.
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FIGURE 5 | Snapshots corresponding from left to right to the a, b, c, d, e, f, and g points in Figure 6.
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FIGURE 6 | First synergy coordinate during I: fingers abduction with
opened hand, lI: hand closing, lll: max closure, IV: hand opening, and
V: opened hand.

4. FORCE FEEDBACK: MAPPING A 1-DOF
GRASPING TORQUE TO A 3-FINGER
FORCE REFERENCE

In order to increase the sense of telepresence of the user, a
kinesthetic feedback reflecting the interaction forces between the
robotic hand and the manipulated environment is displayed by the
exoskeleton.

As the SoftHand’s motor current sensing is the only available
information about the amount of forces generated by the robotic
hand during the manipulation, an interaction torque observer is
implemented. This estimated interaction torque represents the
grasping effort applied along the SH’s actuated dimension, which
coincides with the hand’s first synergy. This one-dimensional
reference is then mapped into a 9-D reference in the fingertips
Cartesian space of the user through an inverse projection of the
Cartesian-based synergy space introduced in the previous section.
As the corresponding Cartesian-based synergy matrix depends
on the kinematics of the hand, a novel force scaling procedure is
introduced that permits to homogenize the amplitude of the force
reference across users in consistency with the aim of designing a
universal platform. Finally, the resulting force reference in the fin-
gertips Cartesian space is projected on the exoskeleton’s actuated
joint space in order to derive the motors torque references.

Note that another possible approach to generate force feed-
back references consists in mounting force/torque sensors on the
fingertips of the SoftHand so as to get a direct measurement of
the interaction forces. However, the choice to rely on the Soft-
Hand’s current measurement to estimate the interaction forces
stems from the overall objective of minimizing the complexity
of the setup so as to achieve a highly robust and cost-effective
interface. Complementarily with this goal, the present study aims
at investigating the possibility to compensate for such minimal
sensing system by the mean of a control layer capable of resolving

the large master—slave asymmetry through mapping a scalar force
reference described in the slave’s sensing space to a force reference
of larger dimension described in the master’s actuated space.

After deriving the mathematical foundations underlying the
mapping from the synergistic force reference to the finger-
individualized force feedback in Sect. 4.1, the closed-loop perfor-
mance of the bilateral system is analyzed, and a force feedback
characterization is presented in Sect. 4.2.

4.1. Mapping a 1-DOF Grasping Torque to a

3-Finger Force Reference

Considering that the synergy matrix Sy introduced in Sect. 3.2 is
a linear, time-constant operator, the equation (2) can be differen-
tiated with respect to time such that

X(t) = S«o(t) 3)

Provided that X represents a velocity, then the power in initial
base can be expressed as

F(t)"X(t) = P(t) (4)

with F(t) € R representing the Cartesian space force vectors
applied at the fingertips stacked in a single column vector.

Introducing z(t) € R*™ the force vector in the synergy space,
the power in this base can be defined through

2()75(t) = P(t) (5)

Therefore, applying the power balance equation between the
initial and projected bases, the following force space mapping
holds:

2(t) = S¢F(t) (6)

Considering that S is an orthogonal matrix, the Cartesian force
vector can be computed from the synergy force vector through

F(t) = S; "2(1) 7)
with z(t) the force reference in synergy space defined as
z(t) = [z1(t) 0...0] (8)

such that
z1(t) = Tint(t) 9)

with 73, € R the interaction torque applied by the slave hand
on the remote environment. It is estimated from the current
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and position measurement at the DC motor of the SoftHand
using the interaction torque observer presented in Ajoudani et al.
(2014). In this module, the total torque generated by the motor is
computed, and its external component is isolated from its internal
component, which corresponds to the elastic torque generated
by the tendons and the frictional torque arising at the joints and
pulleys. The resulting interaction torque observed corresponds to
the grasping effort applied by the SoftHand on its environment
along the first synergy.

The Cartesian force reference is then mapped to the exoskeleton
joint space using

Texo(t) = J(9) "F(1)

where 7ex, € R denotes the exoskeleton torque vector, J(q) €
R3¥%3 the exoskeleton Jacobian, and # =6 the dimension of
each finger joint space.

The force feedback reference F(t) corresponding to a given
interaction torque varies across users depending on their
individual synergy matrix as described by equation (7). To get
comparable force feedback amplitudes across all users for the
same interaction torque and to use the full torque range of the
exoskeleton, user-dependent, finger-individualized force scaling
gains k; € R are introduced such that

(10)

Texoi(t) = Ji(q) "Fi(t)ki (11)
with i € {0, 1, 2} the exoskeleton’s finger linkage considered. These
gains are computed such that the maximum interaction torque
Tintmax € R that the system is expected to render is mapped to
the maximum torque that the exoskeleton can deliver Texo max € R
when the hand of the user is closed:

Texo max
ki

=—7F (12)
]ci(q)TFi max

with J¢i(q) € R™*" the Jacobian of the i-th linkage in closed hand
configuration and Fi max € R™ computed from

Finax = Sx_TZmux (13)

with

Zmax = [Tint max 0. .. 0} (14)

The integration of this synergy port within its overall bilateral
teleoperation control scheme as illustrated on Figure 7.

4.2. Closed-Loop Performances: Force

Feedback Characterization
A force feedback characterization has been performed in order
to analyze two main aspects. The first objective was to examine

whether the direction of the forces, as computed through the
proposed method and after projection on the exoskeleton’s
actuated joint space, was meaningful. The second objective was
to check that the amplitude of the force feedback adequately
reflects the level of forces applied by the slave hand on its
environment.

To this end, an experiment has been conducted during which a
user was instructed to control the closure of the SoftHand so as to
grasp and squeeze three foam balls (1), (2), and (3) of increasing
stiffnesses. The fingertips position trajectories were monitored by
the exoskeleton and projected on the synergy space so as to derive
the coordinate along the first synergy o1(t) used to control the SH.
Results are presented in Figure 8. The interaction torque 7u(t)
developed during each ball squeezing was estimated by the torque
observer. Both o1(t) and Tin(¢) are shown on the top left plot.
The direction of the forces actually applied at the fingertips by
the exoskeleton is shown on the top right plot. To facilitate the
comparison of the force amplitudes in the three conditions, the
bottom plot presents a projection in the finger’s plane of motion
of the forces applied on the middle finger during the squeezing of
the each ball.

These plots indicate that forces are applied along directions that
oppose the user’s hand closure along the first synergy, making
coherent the synergy-based haptic closed-loop approach. Further-
more, the amplitude of the force applied at each fingertip increases
with the grasping force, properly reflecting the interaction at the
slave side. This behavior is also shown on Extension 1. After
experimentally validating the effectiveness of the force feedback
policy proposed, the possibility of introducing a simplified cali-
bration procedure has been analyzed as discussed in the following
section.

5. A SIMPLIFIED CALIBRATION
PROCEDURE

In the approach presented previously, the Cartesian-based syn-
ergy matrix needs to be computed for each user since it depends on
the hand’s kinematics and in particular on the phalanges’ length.
However, the associated procedure described in Sect. 3.2 can
appear a bit long and wearing. As such, it might hinder the quick
and easy use of the system by any new user. Hence, the idea to
evaluate the possibility to project the fingertip position trajectory
on a unique, user-independent synergy matrix (which will be
referred to as the Simplified Calibration Procedure or SCP) rather
than on the user’s own synergy matrix (which will be referred to
as the Full Calibration Procedure or FCP). In order to analyze
the feasibility of this approach, the difference stemming from the
use of the full versus simplified calibration procedure is examined
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FIGURE 7 | Synergy-based bilateral teleoperation controller block diagram.
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(2), and (3) between t; (initial time) and t; (final time).
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FIGURE 8 | Top left: normalized coordinate along the first synergy and interaction torque during the 3-ball grasping experiment. /=1, 2, 3: index ball
grasped, ¢: closure hand, o: opening hand, a: object’s enveloping phase, b: object’s squeezing phase. Top right: tracking of the fingertips and forces applied during
the first ball grasping between ¢; (initial time) and ¢ (final time). Bottom: position trajectory of the middle fingertip and forces applied during the grasping of the balls (1),

both in terms of position control of the slave’s hand in Sect. 5.1
and in terms of force feedback in Sect. 5.2.

5.1. Position Control: A Comparative
Analysis
To analyze the effect of relying on the simplified rather than full
calibration procedure, the fingertips position trajectory Xusr(t) €
R*™ of 7 users were recorded using the exoskeleton during a hand
closing-opening motion.*

These trajectories have then been projected on each user’s own
synergy matrix [see equation (15)] and on another unique synergy
matrix S, ,ef3 [see equation (16)].

o1 (t) = Sx_ulser Xuser(t)
o1(0) = 22 X )

(15)
(16)

Results indicate that the coordinate along the first synergy
obtained through the SCP o{(¢) differs from the one obtained
through the FCP o1(t), as shown for two of the subjects on
Figure 9 (left hand side).

To reduce the intersubject variability as well as to scale the
position reference to the slave’s range of motion, the raw coor-
dinate along the first synergy is subsequently normalized. This

These subjects belong to a panel of 5 men and 2 women aged from 25 to 36 years.
38, ref is the synergy matrix of an 8™ user (female, 9-cm index finger).

procedure simply requires to record the fingertips’ position of
each user with the hand fully opened and fully closed so as
to compute the associated coordinates {oi min, 01 max}. These
values are used to scale in real time the coordinate along the
first synergy, reflecting the user’s current degree of hand clo-
sure, to a value between 0 and 1. The normalized coordinates
obtained from the two calibration procedures are then com-
pared. They present a high degree of similarity, as shown for
two of the subjects on Figure 9 (right hand side). To quan-
tify the error introduced by the simplified calibration proce-
dure with respect to the full one, the average Normalized Root-
Mean-Square Error (NRMSE) between o1(¢) and of(t) after
normalization is computed for each subject and presented in
Table 1.

With an averaged NRMSE across all subjects of 2.32%, o1 (t)
and o (t) are deemed to be similar enough, after normalization, to
consider that the SCP does not affect the user’s ability to intuitively
and precisely control the position of the slave’s hand.

In the following sections, the effect of using the simplified
rather than the full calibration procedure are examined from the
point of view of the force feedback generated.

5.2. Force Feedback: A Comparative

Analysis
This section addresses the comparison of the force feedback ref-
erence generated through the FCP [F(t); see equation (17)] in the
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FIGURE 9 | Comparison of o1 and o before (left) and after (right) normalization. The first row corresponds to a typical case (NRMSE = 1.85%), while the
second row represents the subject with the largest NRMSE, or worst case (NRMSE = 4.25%).
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TABLE 1 | NRMSE between o4(t) and o(t) after normalization for each
subject.

Subject id S1 S2 S3 S4 S5 S6 S7

NRMSE (%) 1.06 4.25 1.9 1.81 3.88 1.52 1.85

one hand, and through the SCP [F'(t); see equation (18)] in the
other hand.

F(t) = Sy yeer k 2(1)
F(t) =S, ka(t)

(17)
(18)

X re

To this end, an operator wearing the hand exoskeleton remotely
controlled the squeezing of a ball by the slave hand. The interac-
tion torque was recorded, and the corresponding force feedback
references were computed from equation (17) using the 7 subjects’
synergy matrices, as determined in Sect. 3.2, and are presented in
Figure 10 (left hand side).

Results are clearly different across subjects, indicating that
the user’s synergy matrix does affect the desired force feedback.
Therefore, if a master device capable to apply such forces is to
be used, relying on the simplified calibration procedure would
alter the kinesthetic feedback in a non-negligible way. It would be
interesting to analyze whether users feel more comfortable when
the force feedback reference is generated using their own synergy
matrix rather than a user-independent synergy matrix, i.e., if it
does alter the teleoperation performances.

That being said, it is worth noting that the differences across
subjects’ mainly regard the force direction. However, the feedback
device used in the proposed implementation is highly underac-
tuated, such that the direction of the force that can be applied is
posture-dependent. Consequently, in order to analyze the influ-
ence of the calibration procedure on the force feedback that is
actually displayed to the user, the desired forces F(t) and F(t)
need to be compared after projection on the exoskeleton’s actuated

joint space using equation (10). These forces are computed for
all subjects and presented for one of them on Figure 10 (right
hand side).

After projection on the exoskeleton’s actuated joint space, the
desired forces synthesized from the two calibration procedures are
parallel, such that they can be compared through quantifying their
norm difference using equation (19).

IFll — |7

19
[l (19)

error norm force =

This error has been computed for the 7 subjects, and the
averaged values for all data points and all fingers are presented
in Table 2.

With an average value of the force norm error across all sub-
jects of 4.73%, the influence of the calibration procedure on
the force feedback applied by the hand exoskeleton is deemed
marginal.

Finally, the analysis presented in this section indicates that the
bilateral synergy-based approach proposed is robust enough to
handle an approximation on the synergy matrix used. As such, a
unique, user-independent synergy matrix can be used for users
with different hand kinematics. Such simplified calibration pro-
cedure is considered to be adequate to generate both the position
reference for the slave hand and the force feedback references for
the hand exoskeleton device. In order to validate the hypothesis
that users are able to effectively use the resulting interface, an
experimental study has been conduced and is presented in the
following section.

6. EXPERIMENTAL ASSESSMENT OF THE
FRAMEWORK PERFORMANCES

In order to convert the tele-grasping interface into a tele-
manipulation one, the proposed framework is further enriched
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TABLE 2 | Force norm error for each subject.

Subject id S1 S2 S3 S4 S5 S6 S7

Error norm force (%)  2.02  3.28  5.71 379 413 288 11.31

with a robotic arm at the slave side, a tracking system at the
master side as well as an associated control system, as described
in Sect. 6.1. The effectiveness of the overall framework in enabling
an operator to reach, grasp, and transport remote objects is then
experimentally evaluated during two experiments presented in
Sect. 6.2 and 6.3.

6.1. Robotic Arm Teleoperation

The synergy port developed permits the bilateral teleoperation
of the SoftHand from monitoring the user’s finger posture using
a hand exoskeleton. However, a grasp is completely defined by
the combination of the hand’s intrinsic and extrinsic DOFs, as
underlined in Ciocarlie and Allen (2009). Indeed, the stable grasp
of an object located in its environment requires the control of the
wrist position and orientation during the reaching phase so as to
place the robotic hand in an adequate configuration with respect
to the object such that the further closure of the hand during the
pre-shaping and grasping stages leads to a force closure grasp.

To address this requirement and enable the operator to manip-
ulate remote objects, the teleoperation framework is further
enriched with a robotic arm on which the SoftHand is mounted.
Additionally, the vision-based motion capture system Optitrack
is integrated at the master station, and a visual tracker is
attached to the base of the exoskeleton. This augmented interface
enables to monitor the position and orientation of the oper-
ator’s wrist in the world frame. This signal is processed (fil-
tering, frame transformations) and used as position reference
trajectory in Cartesian space for the robotic arm’s wrist. The
control principle of the overall framework is schematized on
Figure 11. Two robotic arms have been integrated to the
framework: the humanoid robot COMAN in the one hand,
and on the other, the KUKA LWR manipulator. While the
Cartesian controller of KUKA could be used straightforwardly,

*[Right hand side figure] This worst-case plot shows the forces computed for the
subject with the largest error as defined in equation (19) for the index finger (error
norm force =6.92%).

Teleoperation of the slave’s arm
Wrist 6D pos |_| Slave’s arm Slave’s arm

tracking Cartesian trajectory joint trajectory
Teleoperation of the slave’s hand
SoftHand 1st synergy Exoskeleton: hand

Motor control H extraction [ posture tracking
r Master station Slave station 1

Force feedback to the operator’s fingertips
Interaction Inv projection \ Projection Exo
torque estimation synergy space joint space

FIGURE 11 | Control principle of the tele-manipulation framework
implemented.

with COMAN a second controller layer has been implemented,
as described in Brygo et al. (2014), to derive through inverse
kinematics the arm’s joints position trajectory from the robot’s
wrist 6D position trajectory reference.

So finally, the setup consists of a visual tracker (a) attached to
the hand exoskeleton (b), a robotic arm (c) on which is mounted
the SoftHand (d) as illustrated on Figures 12 and 13.

The effectiveness of the overall tele-manipulation framework is
then experimentally evaluated, as presented in the following two
sections as well as in Extension 1.

6.2. Tele-Manipulation with the Humanoid
Robot COMAN

A first experiment has been conducted that focused on evaluating
the versatility of the platform through assessing the possibility to
execute the stable grasp of a large range of different objects. To this
effect, the user was instructed to drive the arm of the humanoid
robot COMAN fitted with the SoftHand so as to reach for one of
the items placed on a table, securely grasp it, lift it, and drop it
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FIGURE 12 | An augmented framework for performing remote
tele-manipulations using the humanoid robot COMAN.

FIGURE 13 | An augmented framework for performing remote
tele-manipulations using the KUKA LRW robot.

off on a case, as shown in Figure 12.” The operator was invited to
repeat this reach-grasp-transport-release cycle with a collection
of 11 objects counting a remote control, a screwdriver, a water
bottle, a phone charger, a pair of pliers, an emergency button, a
chewing-gum box, a noise-canceling headset, as well as a dinosaur,
a whale, and a leopard cuddly toys. These articles have been
selected upon the diversity of their volumes, their geometries, and
the mechanical properties of their materials that reflect the het-
erogeneity of the objects typically populating human workspaces.

After a short trial period to get used to the setup and the
geometry of the objects, the operator successfully completed the
task, grasping in a stable way and transporting all the items
without dropping them. Besides illustrating the effectiveness of
the proposed human-machine interface, this experiment demon-
strates that the proposed platform achieves the level of versatility
required to manipulate objects exhibiting very different shapes

>Note that the right SH is mounted on the left arm because COMAN’s right arm
was under maintenance at the time of this experiment.

"s3 "s4a "s5 ' s6  S7 ' S8

FIGURE 14 | Rating of the tele-manipulation platform by each subject
S;j—from the darker to the paler: level of intuitiveness, level of overall
appreciation, level of confidence.

and impedances. Such endowment confers to the framework a
large flexibility, which makes it suitable for a variety of manipu-
lation scenarios in unconstrained environments.

Additional characteristics of interests are examined in a second
experiment, as presented in the following section.

6.3. Tele-Manipulation with the KUKA LWR

Manipulator

To further evaluate the effectiveness of the proposed bilateral tele-
manipulation interface, a second experiment has been carried out.
With the twofold purpose of increasing the reachable workspace
of the slave and of showcasing how the modularity of the frame-
work permits the straightforward interchange of manipulators, the
KUKA LWR manipulator has been used as robotic arm.

This experiment focused on assessing the universality of the
proposed interface. The term universality refers here to a dual
concept, such that the first objective was to analyze the capacity of
the framework to accommodate for different users with different
hand sizes and to rely on the simplified calibration procedure
described in Sect. 5. The second aim was to evaluate the level of
intuitiveness of the overall platform.

To this end, 10 subjects aged from 24 to 34 years took part to
the experiment. Ethical approval was not required for this study
as per the national and institutional requirements, and written
informed consent was obtained from all participants. Their index
and middle fingers’ lengths, respectively, ranged between 8.3-9.9
and 9.3-11 cm. None of them ever used the platform before, and 5
of them never teleoperated a robot before. They were given 5 min
to get used to the setup before starting the task, which consisted
in picking up one by one the 6 items (a whale and a dinosaur
soft toys, a phone charger, a noise-canceling headset, a remote
control, and an emergency button) lying on the table and place
them in a 21 ¢cm X 18 cm X 15 cm box, labeled with the letter (e)
on Figure 13. At the end of the experiment, subjects were invited
to fill a form rating their experience on a 1-5 scale.

Results indicate that all the subjects successfully completed the
task and managed to place all the objects in the target box in an
average time of 3.4 min. To quantify the perceived intuitiveness of
the overall platform, subjects were asked to answer to the question
“How easy was it to control the slave robot (KUKA + SoftHand)?”
on a scale from 0 (very difficult, non-intuitive) to 5 (very easy,
very intuitive), which was rated as 4.3/5 in average. The average
rating to the question “In order to understand how confident
you are in using this platform, rate how stable/predictable you
perceived it,” was 4.2/5. Finally, subjects were asked to indicate
whether they liked using the interface in overall terms, from 1
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(“No, I got frustrated. The slave was not doing what I wanted, or it
was too difficult to achieve”) to 5 (“Yes, it is very nice to use”),
which received a 4.7 rating in average. The distribution of the
ratings for all three questions is shown on Figure 14.

Finally, this experiment clearly indicates that (i) the simplified
calibration procedure is suitable and provides the bilateral control
framework with the robustness and flexibility required to accom-
modate for different users with different hand sizes, relying on
a simple 30's calibration step; (ii) the platform is highly intuitive
and allows naive users with no prior training to perform remote
manipulation of objects of diverse shapes and impedances; (iii) the
interface is perceived as likable and reliable, enabling to execute
the desired operations.

7. CONCLUSION

This work presents a novel bilateral control framework allowing
for intuitive tele-manipulations of objects of various shapes and
impedances using highly asymmetric master—slave systems. The
keystone of the proposed control architecture consists of a bilateral
Cartesian-based synergy port, which is introduced as a tool map-
ping the user’s fingertips Cartesian space to the directions oriented
along the grasp principal components. This module builds upon
the results of an experimental study that revealed the possibility to
describe the postures adopted by the human hand during grasping
motions using a low-dimensional set of coordinates traveling
along motion primitives expressed in the fingertips’ Cartesian
position space. A 1-min calibration procedure has been developed
that enables the platform to accommodate different operators’
hand kinematics. Using this module, both the slave’s motion and
the master’s force feedback reference trajectories are designed in
the Cartesian synergy space.

As such, the proposed control framework addresses two main
challenges associated with the design of tele-manipulation inter-
faces. First, it effectively handles master-slave systems exhibiting
large asymmetries at the kinematic, sensing, and actuation levels.
This permits, through accepting natural manipulative motions as
input, to abstract the operator from the setup’s complexity so as to
achieve a highly intuitive interface. Second, the bilateral control
policies are synthesized in the hardware-independent hand syn-
ergy space. This makes possible the implementation of a 2-layer
architecture where the high-level manipulation strategies can be
designed in abstraction from the devices’ specifics that are encap-
sulated in the low-level layer. Such modularity not only enables
to flexibly interchange end-effectors according to each task but it
also promotes the synthesis of universal manipulation algorithms.
As such, the present work aims at fostering the development of
unified tele-manipulation control frameworks and proposes the
synergies as the alphabet of a common language for robotic hands
control.

In order to evaluate the effectiveness of the proposed approach,
the synergy port has been implemented into the control system of
a highly asymmetric tele-manipulation platform. The underactu-
ated 3-finger hand exoskeleton HEXOTRAC permits to monitor
the user’s hand posture and to display a kinesthetic feedback
of the interaction forces, while the synergy-driven robotic hand
SoftHand is used as slave end-effector to manipulate the remote

environment. In addition, the position and orientation of the
user’s wrist is tracked by the vision-based motion capture system
Optitrack and used as reference trajectory to drive the robotic arm
on which the SoftHand is mounted.

Experiments have been performed with the humanoid robot
COMAN as well as with the KUKA LWR manipulator. Results
indicate that (i) the control framework adequately extracts the
grasping intent of the user during natural motions, maps this
input into references for the slave hand to perform the desired
manipulative task, and reflects the impedance of the manipulated
environment to the user; (ii) the platform is highly intuitive and
allows users with no prior experience to securely grasp and trans-
port objects exhibiting a large range of shapes and impedances
after only a few minutes of familiarization with the system; (iii)
not only do the hardware and the control solutions permit to
accommodate users with different hand kinematics but they also
allow for a fast donning and a short calibration procedure, turning
the platform into a universal and fully practical interface.

Finally, this work investigated the possibility to use largely
underactuated master and slave devices fitted with minimal sens-
ing systems so as to achieve a simple and highly robust tele-
manipulation interface and analyzed the possibility to compensate
for the associated hardware limitations by the mean of an ade-
quate control strategy. Results indicate that the proposed control
framework elegantly resolves the master-slave asymmetries and
provides a universal and flexible interface for performing intuitive
and effective tele-manipulations.
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