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Abstract. Teleoperation is entering a new era. Despite still in use today in the
nuclear industry, simple purely mechanical or robotic 6 degrees of freedom
(DoF) master-slave systems equipped with bi-digital grippers on the slave side
and simple handles on the master side are not able to answer the challenge of
remote manipulation at scale. These historical remotely controlled robotic solu-
tions, inherited from mechanical master slave systems developed decades ago for
research activities performed in gloveboxes and hot cells, allow operators an ef-
ficient and safe access to dangerous materials at distance. They are adapted when
the variety of the to-be-manipulated objects remains limited, especially when
these objects can be adapted for remote manipulation. They are however no more
sufficient when one has to handle a much higher quantity of much more diverse
objects, as it is typically the case when processing nuclear waste accumulated in
huge quantities over time and/or produced at the occasion of nuclear power
plants’ dismantling operations. The quantity and diversity of nuclear waste re-
quire more efficient and versatile systems. To answer this challenge and increase
the operators’ productivity, we developed a complete bimanual teleoperation
setup able to perform remote dexterous manipulation tasks. This article describes
the hardware and software architecture of this platform, which is notably com-
posed of a novel dexterous master-slave system combining a tri-digital master
glove and a remotely controlled three fingers gripper. Both make use of highly
backdrivable actuators and transmissions, and the proposed coupling schemes al-
low intuitive control of various grasp types. As a result, the proposed setup ena-
bles dexterous and force-sensitive control, and it is well-suited for high fidelity
force-reflection tele-presence.

Keywords: Teleoperation, Dexterous manipulation, Multi-finger gripper, Hand
exoskeleton, Force Feedback.

1 Introduction

The rise of the nuclear industry in the middle of the twentieth century required the de-
velopment of efficient processes allowing to handle radioactive material without ex-
posing operators to danger. The solution found by researchers and engineers to grasp
and manipulate radioactive objects in laboratory settings was to use remote manipula-
tion means, among which telemanipulators are the most advanced and efficient solu-
tions, to access safely dangerous materials disposed in gloveboxes and hot cells. The



objects themselves, in limited number, were adapted for remote manipulation, allowing
their grasping and manipulation with simple 6 DoF master-slave systems equipped with
bi-digital grippers. Various systems of this kind, being either purely mechanical of ro-
botic devices, were developed and used over years in nuclear installations [1] [2]. They
prove to be very efficient, especially those benefiting from computer assisted tele-
manipulation functions, and are still in use today, for example in the recycling plant of
La Hague in France [3] [4].

Such solutions are however not able to answer the challenge of remote manipulation
at scale. They were perfectly adapted for handling few radioactive objects, but they are
no more sufficient when one has to handle a high quantity of very various objects, as it
is typically the case when processing nuclear waste accumulated in huge quantities over
the years of exploitation of nuclear power plants and/or produced at the occasion of
their dismantling. The quantity and diversity of nuclear waste materials require more
efficient and versatile systems. The objective of the RoMaNS (i.e. Robotic Manipula-
tion for Nuclear Sort and Segregation) project, financed by the European Horizon 2020
research program, was to develop novel solutions able to answer this challenge [5] [6].
To better understand the problem, it can be recalled that only highly irradiated material
must be stored in high-level storage containers and facilities which are extremely ex-
pensive and resource intensive. On the contrary, low level waste can be placed in low-
level storage containers. In practice however, waste of mixed contamination levels were
sometimes put together in storage containers, especially in the older nuclear sites (some
dates back to the 1940s). It is now time to clean up this waste stock and develop a more
sustainable solution to store each waste item in an adequate container. The vast quanti-
ties of legacy nuclear waste (in the UK for example, intermediate level waste amount
to about 1.4 million cubic meters [7]) makes it critical to advance the state of the art in
telemanipulation in order to solve the safety-critical industrial problem of sorting and
segregating irradiated material.

This sorting process requires opening thousands of legacy waste containers, extract-
ing their potentially very various contents (pieces of fuel rod casing, contaminated tools
and rubble, irradiated suits, rubber gloves, etc.), and sorting and segregating the most
highly contaminated objects. The high level of radiations of some waste material pre-
vents manual operation, and the process can only be performed using remotely con-
trolled robots. As previously explained, state-of-the-art 6 DoF master-slave systems
equipped with bi-digital grippers are not a viable solution therefore in the longterm due
to some important limitations. First, they do not allow grasping all kinds of objects
being present in the containers. Also, they must be under permanent direct control of
human operators, with poor productivity. The aim of the ROMANS project was to de-
velop more dexterous and versatile telemanipulation means and mixed autonomy solu-
tions allowing to answer these limits.

This paper, which is an extended version of the work presented in [8], addresses the
first issue. Compared to [8], which focused on the master hand device, this article in-
troduces additional information on the whole bi-manual teleoperation platform fitted
for waste processing, with details on the slave hand and dexterous master-slave cou-
pling schemes. It is organized as follows: section 2 first shortly introduces the whole
platform, then section 3 and 4 present the dexterous slave gripper and the master hand
device. Sections 5 and 6 give details on the coupling schemes used to control the system
and introduce the first validation tests, and section 7 concludes the paper.



2 Bi-manual teleoperation platform

Figure 1 illustrates the bi-manual teleoperation set-up. This platform is composed of
two slave robots in order to allow for a natural operation with both hands, a Staubli
RX160 equipped with a dexterous gripper and a prototype cobot developed at CEA
equipped with a classical bi-digital gripper. These robots are controlled using two input
devices mapping the slave-arm capabilities. A first Virtuose 6D TAO
(www.haption.com) equipped with our novel hand master glove is used for the control
of the first robot, allowing fine control of the dexterous gripper with force feedback on
both the palm and fingers, and a second Virtuose 6D TAO equipped with a handle is
used to control the second robot.

Fig. 1. Bi-manual dexterous teleoperation set-up (source [8]).

It is worth noting that to efficiently perform dexterous operations, the human beings
often make use of both hands. This configuration allows some level of parallelization,
and most importantly to concurrently perform complementary operations (e.g. holding
a container with one hand and opening the lid with the second hand, opening a container
and grasping an object inside it, grasping an object and making an operation on it, etc.).
This configuration was used here, with one robot carrying a simple gripper used for
rough operations, and the second one equipped with the three fingers gripper allowing
to perform more dexterous tasks.

All components of this platform share a high backdrivability obtained either by de-
sign (esp. regarding actuators and transmissions) for the master arms, dexterous master
glove and slave hand, and cobot prototype, or using a force/torque sensor for the Staubli
robot. As a result, both robots enable teleoperation with high fidelity force-reflection,
thus intuitive and efficient remote operation. Further details on the slave and master
hands are given below.


http://www.haption.com/

3 Dexterous three fingers gripper

3.1 Design rationales and principles

Human operators prove to be very efficient for waste sorting, comfort and safety issues
aside. Their large experience of handling various objects in the daily life associated
with the formidable flexibility, dexterity and sensitivity of the human hand, allows them
to quickly adapt to any situation. The human hand has thus been an important source
of inspiration for the design of dexterous multi-fingered robotic grippers like for exam-
ple the Shadow Robot hand [9] [10], the anthropomorphic CEA-LIST hand [11] or the
DLR AWIWI hand [12]. Some of these devices are natively backdrivable, allowing to
estimate the grasping forces without additional force or torque sensors, while others
make use of tendon tension sensors, force/torque sensors or tactile sensors therefore.
Such grippers are capable of reproducing grasps found in usual grasping taxonomies
[13] [14] and they allow performing dexterous tasks under direct human control in tel-
erobotics with force feedback [15]. Their design, as well as their control, are however
very complex and they remain in practice limited to laboratory experiments. None of
them reached industrial settings and teleoperation slave arms and industrial robots still
most often make use of simple bi-digital grippers or dedicated tools which in turn suffer
a poor versatility.

A compromise between these two extremes is necessary to overcome this situation.
As the most bulky and heavy components in a robot gripper are its actuators, a logical
solution is to reduce their number. This can be done in two ways that we combine here:
o First, the number of fingers can be reduced. As we focus here on grasping, a config-

uration with three fingers is sufficient (should we have also targeted manipulation, a

fourth finger as on the ROBIOSS hand [16] or additional embedded actuation means

asin [17] would have been necessary). Yet to better adapt the gripper’s configuration
to the shape of the grasped objects and improve stability, a reconfigurable palm as
present for example in the BarretHand [18] is implemented.

e Second, the gripper can be under-actuated, with coupling rods allowing to synchro-
nize several degrees of freedom and springs allowing to passively adapt to the

grasped objects’ geometry as proposed in [19] and [20].

3.2 Electro-mechanical design

The three-fingers robotic gripper is illustrated in figure 2. Following the above-men-
tioned principles, this hand is composed of three fingers, one of which is fixed and the
other two being mobile in abduction-adduction so as to allow cylindrical grasps when
the adduction is null, spherical grasps around the center of the abduction-adduction
range of motion and planar grasps when fingers are fully adducted (see figure 5 in sec-
tion 3.4 below). Delrin gears actuated by a single motor (hidden in figure 2) allow cou-
pling the abduction-adduction movements of the mobile fingers and the palm facing the
fingers is slightly curved to favor the stability of the grasps once the objects are held in
the gripper.
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Fig. 2. Overview of CEA LIST’s three fingers slave hand.

All three fingers have similar kinematics above the abduction-adduction axis. They are
composed of a first link equivalent to human metacarpals, a proximal and a distal pha-
lange. The fingers are underactuated, i.e. there is only one actuator controlling the two
flexion DoFs. The actuation system is composed of a Maxon DCX26L DC motor (48V,
continuous torque 59.1mNm, peak torque 697mNm [21]) associated with a belt trans-
mission (reduction ratio equal to 1) driving a highly backdriveable ball screw (neutral
diameter 5Smm, pitch 2mm) which itself drives a nut undergoing a translation move-
ment. At the output of the system, the nut drives a rod disposed at the base of the prox-
imal phalange. The principle is the same as in Screw Cable Systems [22], except a direct
transmission without any cable is used here. This solution has the advantage of a higher
efficiency, at the price of a non constant reduction ratio as the lever arm between the
driving screw-nut system and the moving rod axis varies as the finger moves in flexion.
The finger itself is composed of two phalanges whose movements are coupled with a
four bar mechanism and a spring. As long as there is no contact on the proximal pha-
lange, the finger remains straight. The distal phalanx bends only when a contact occurs
on the proximal phalanx, with a triggering force regulated by the four bar geometry and
the spring characteristics (this force is equal to 30N here). One benefit of underactuation
is that it allows both precision grasps when the object is contacted with the distal pha-
langes and power grasps of various objects when the contact first occurs on the proxi-
mal phalanges. In the latter case, the grasping movement has two phases: a sweeping
phase, where the proximal links contact the object, and a caging phase, where the distal
links make contact to fully enclose the object. It is worth noting that if contact on any
finger is obstructed, the others continue to move, until the hand fully envelopes the
object in a power grasp. Underactuation (both within the individual fingers and between
the fingers) is thus favorable for achieving form closure as it can aid in maximizing the
grasp contact surfaces. Moreover, all fingers are provided with interchangeable pads
that can be attached on the proximal and distal phalanges so as to adapt the grasps form
factor and the friction coefficient. Owing to the specifications of the different compo-
nents, the continuous force in the nut can be estimated at about 167N with an hypothesis
of a 90% efficiency (i.e. peak force 1970N). This corresponds to a theoretical flexion



torque equal to 4.9Nm continuous and 58Nm peak and a maximum force of about 33N
continuous and 387N peak at the fingertip when the finger is fully extended and normal
to the palm as shown in figure 2 (lever arm equal to 29.5mm, distance between the
flexion rod axis and the fingertip equal to about 150mm).

The principle is the same on the abduction-adduction axis, except that an indirect
actuation similar to a SCS is used, with a belt replacing the cable however. The actua-
tors and screw and nut systems are the same as on the flexion axes, but the primary belt
differs in that it introduces a 2.33 reduction ratio, hence a force of 390N continuous and
about 4600N peak in the nut. This force is equally distributed on the two abduction-
adduction axes, whose movements are coupled using Delrin gears, through output pul-
leys whose neutral diameter equals 29mm, hence a theoretical continuous torque of
5.7Nm (peak torque 67Nm).

All four actuators are equipped with 1024ppt Maxon ENX16 magneto-optical en-
coders. Additional Megatron potentiometers are used to sense the rotation around the
distal flexion axes.

3.3  Kinematics

Fig. 3. Kinematics of the three fingers slave hand (left: complete gripper with index i used to
describe the movable finger on the right, right: focus on the left finger labelled j).

The simplified kinematic model of the three fingers gripper is illustrated in Figure 3. It
makes use of Denavit Hartenberg notations [23]. For each finger i, rotation 0, allows
abduction-adduction, 8;, proximal flexion and 6;s distal flexion. A frame Rix = (Oik, Xik,
Yik, Zik) is first associated with each link k of finger i. By denoting dix (resp. aix) the
distance from (resp. the angle between) Z; .1 to (and) Zik along axis Xi k-1 and rik and Oix
the distance from (resp. the angle between) X «.1 to (and) Xk along axis Zi, we can
write the transformation matrix from R; .1 to Rix as follows:



Tik1k = rot(Xi k-1, aik).trans(Xi k-1, di).rot(Zix, 0ix).trans(Zi, riv) (1)

Additional frames Rir = (Oir, Xit, Yir, Zit) are introduced at the tip of each finger i, so
as to allow taking into account different lengths and shapes of the fingertips. By denot-
ing dir the length of the distal phalanx, we have:

Tisr = rot(Xis, aur).trans(Xis, dir) @

Finally, an additional frame Rge = (Og, X, Y, Zg) is introduced at the base of the
gripper (i.e. at level of the interface with the robot), allowing to express the configura-
tion of the basis of all fingers in a common frame as follows:

Tico = rot(Xe, aic).trans(Ye, dic).rot(Zio, 6ic) 3
The transformation matrix of each finger can then be written:
Tict=Tico.Tiot.Ti12. Tizs. Tisr 4)

In practice 0;; is obtained from the abduction-adduction sensors and 6;; and 6i3 from the
flexion sensors and the actuation and four bar mechanisms closed loop equations.

3.4  Manufacturing and integration
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Fig. 4. CEA LIST’s three fingers slave hand.

Figure 4 illustrates the prototype reconfigurable and under-actuated three-fingers ro-
botic hand. The hand parts are made of aluminum and carbon fiber-reinforced plastics
to remain as light as possible. All transmissions are placed inside the structural parts or
covered with plastic shells in order to protect the mechanisms. Finally, the distal pha-
langes are covered with a soft polymeric envelope in order to increase grasping robust-
ness when an object is held in hand, and a sharp end is provided in order to allow for



precision grasps. The controller comes in a separate box integrating 24V (for the sen-
sors) and 48V (for the actuators) power supplies, Beckhoff analog input modules and
Ethercat couplers and Maxon EPOS3 Ethercat drives.

As can be seen in figure 5, the range of motion of the different axes allow for the
generation of planar, spherical and cylindrical grasps. In extreme configurations, the
movable fingers point towards each other, or towards the third and fixed finger.

Open

Flexion-Extension

Closed

Fully adducted Abduction-Adduction Null adduction

Fig. 5. CEA LIST’s three fingers slave hand grasp types.

Such a three fingers design proves to be sufficient for coarse gripping and manipulating
the to-be-sorted objects, yet it remains simple and rugged when compared to five-fin-
gers hands which would be too fragile for such harsh environment. As shown in figure
6, it can generate power and precision grasp patterns [13], and it is capable of grasping
a large variety of objects similar in size and weight to those encountered in nuclear
waste containers.
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Fig. 6. Example grasps of representative objects as found in waste containers.

As can be seen in figure 7, during the course of the ROMANS project, the gripper was
successively mounted on several robots thanks to its universal mechanical interface,
among which a Yaskawa SIA10 (https://www.motoman.com/), an ABB IRB4600
(https://new.abb.com/) and a Staubli RX160 (https://www.staubli.com/), for the pur-
pose of integration, functional tests and controller tuning.

Fig. 7. Example set-ups on the slave side.

4 Tri-digital dexterous hand master

As mentioned in section 1, most teleoperated robots used to date in nuclear sites remain
master-slave systems equipped with simple handles and grippers developed decades
ago. Fortunately, huge progress has been obtained in the meantime in dexterous force
feedback robotics and VR haptics. The requirement for anthropomorphic devices able
to assist humans in force demanding applications (e.g. military, civil security, firemen,
and even industry) or to restore lost motor abilities (e.g. rehabilitation, disabled people
assistance), as well as the rise of Virtual Reality applications, led to the development
of numerous arm and hand orthoses, exoskeletons and master devices [24] [25] [26]
[27] [28]. The lessons learnt from these works were taken into account for the develop-
ment of the tri-digital hand master presented in this section.


https://new.abb.com/
https://www.staubli.com/
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4.1  Designdrivers

1/ Dexterous manipulation: the use of a tri-digital hand master appears as the most log-
ical solution to control the three fingers slave hand. Interestingly, a more general study
of manual interactions shows that three-fingers haptic devices offer a good compromise
between manipulation capabilities and complexity [29]. As illustrated in figure 8, the
percentage of our daily life activities that is possible when using two fingertips (pattern
M3) is between 17.7 and 34.4% depending on the type of activities performed (rough
manipulation, fine manipulation or manual exploration of the environment). It reaches
22.4 to 42.7% with three fingertips (pattern M4), 28.7 to 54.5% with four fingertips
(pattern M5) and 33.3 to 61.7% with five fingertips (pattern M6). In theory, the more
fingers you have the higher score you reach.

Efficiency ‘.'gl\'[zs QA; 5]
= _ _—— W . . g

50% t})\\ M3 (r;‘\»«\\ M4 CyberGrasp
= — - [22.442.7] Bl
— - [17.7;34.4]| = C

40%

30% P. b

20%

10%

PERCRO device

Rutgers
Master Il

0%

2 fingertips 3 fingertips 4 fingertips 5 fingertips

Fig. 8. Comparative study of the interaction efficiency of some existing fingertip input devices
(figure adapted from [29]).

This is however not necessarily the case in practice as increasing the number of fingers
the input device can track and apply force feedback on requires a higher number of
DoFs, more links, joints and actuators. This added complexity tends to reduce the range
of motion of the fingers, limit the force and stiffness available on each finger, increase
friction and inertia, and globally limit the real efficiency. It appears indeed that, when
taking into account all those criteria, the three fingers IHS10 glove [30] is more efficient
than both the two fingers PERCRO device [31] and the four fingers Rutgers Master |1
[32] or the five fingers Cybergrasp [33] and Hiro 3 [34]. As a consequence, we will
make use here of a three fingers device. In practice, this glove will be mounted at the
tip of a Virtuose 6D and attached to the palm in order to allow for haptic feedback on
both the palm and fingertips (this solution also allows compensating the glove’s weight
which has not to be carried on the hand).
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2/ Universal fit: as explained in [35], two types of dexterous interfaces can be found in
the literature. Exoskeletons, which are attached to every phalanges on which they can
independently apply forces thanks to links and joints similar to the hand, allow simu-
lating both precision and power grasps. They impose however hard mechanical con-
straints as their joints have to be roughly aligned with the fingers’ ones. Hence, they
must be tuned to each user, which is not convenient for a universal device that can be
used by different operators. On the contrary, fingertip interfaces are fixed only on the
palm and distal phalanges, and their geometry is less restricted, making them easily
usable by different users. Their design is also much simpler. These advantages led us
to focus on fingertip devices. To allow for natural interactions with the palm and fin-
gers, links and joints have to be positioned and dimensioned so that the robot does not
limit the fingers’ movements.

3/ High transparency and force feedback quality: haptic interfaces should be transparent
in free space, i.e. display a mechanical impedance that is sufficiently low for the user
to forget their presence. They should also be able to provide high impedances to simu-
late realistic contacts with stiff surfaces. This contradiction usually leads to a compro-
mise between a high transparency in free space (i.e. low friction and inertia) and real-
istic force feedback in contact (i.e. high forces and stiffness). Here, we will exploit the
fact that the slave hand has only one actuator per finger to control it with a glove having
also only one actuator per finger, allowing to greatly simplify the design and favor a
high transparency.

4.2 Electro-mechanical design

The tri-digital master glove is illustrated in figure 9. It is composed of a base plate
fixed on the palm and 3 robots allowing to track and apply forces on the distal phalanx
of the thumb, index and middle finger to which they are attached. The base is
dimensioned so that the index and middle robots’ abduction-adduction axes best align
with the fingers’ ones (they are theoretically aligned for an adult man corresponding to
the 50™ percentile of the population).

Thumb actuator’s sensor ~ Thumb actuation unit

indexactuntor’s sensor. N | (Hidden) Thumb tit sensor

[ Link 0 (thumb only)
~Llink 1

humb abduction
adduction sensor

(Hidden) Middle —~
actuator and sensor

_Link 2

Proximal flexion
N semsors

ssssss

Thumb robot

Link 5 (end —effector)

Fig. 9. Overview and main components of the tri-digital master glove (figure adapted from [8]).
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Each robot is composed of 6 links (7 for the thumb, owing the requirement to make
thumb opposition), allowing to move the fingers freely in their entire workspace. Joint
sensors are integrated in the abduction-adduction, proximal flexion and intermediate
flexion axes, as well as on the tilt axis of the thumb, allowing to compute the end-
effectors’ positions in space. Each robot is provided with a single actuation unit ena-
bling force feedback at the fingertips roughly normal to the finger pulp (see figure 10).
These actuators are equipped with high resolution incremental encoders, ensuring high
quality position control. The design of the base plate, links dimensions and joints’ range
of motion were optimized in order to allow free movements of the fingers over their
entire workspace. It is worth mentioning that, unlike gloves and exoskeletons whose
dimensions fit specific users, fingertip devices can accommodate different hand sizes.
Our device, whose design was inspired by the dexterous interface with hybrid haptic
feedback for Virtual Reality applications presented in [35], can therefore easily be used
by various users.

D —— Firstreduction - Abduction-adduction axs (joint 1)

: J—— o
Second reduction stage \ Actuator Proximal flexion axis (joint 2)

(cable capstan: R,=11,26)

— 7 ik

— Link 2

Force
feedback

Second reduction stage
(cable capstan: R,=11,26)

Fig. 10. Force feedback generated on fingertips and actuation units (figure adapted from [8]).

As shown in figure 10, force feedback is obtained with a Maxon REmax21 221028 DC
motor (12V, continuous torque 6.07mNm, peak torque 17.3mNm [21]) associated with
a two stages reducer combining:

o A gear reducer with Delrin gears of 0.5 modulus allowing to obtain a reduction ratio
of 5 (10 teeth primary gear HPC ZG0.5-10 glued on the motor axis, 50 teeth second-
ary gear HPC ZG0.5-50 as output).

¢ A miniature cable capstan reducer making use of a Berkley Whiplash Pro 0.42mm
Dyneema cable attached to pulleys of diameter 2.3mm and 25.9mm, hence a ratio of
11.26.

Such combination is highly transparent and backdriveable, yet compact and light. It
ensures that, even if backlash occurs in the gear reducer, its amplitude is downscaled at
the output of the cable capstan reducer, making if almost negligible in practice. It allows
generating a continuous joint torque equal to 0.342Nm and a peak joint torque of
0.974Nm on the proximal flexion joint. This torque generates a force on the distal phal-
anx whose amplitude and direction depend on the finger configuration. Force is almost
normal to the pulp when the finger is straight. The distance between the actuated axis
and the fingertip being about 78.8mm in this configuration for an adult man of medium
size, continuous force is equal to 4.3N and peak force to 12.4N.
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The motors are equipped with 512ppt (2048ppt after interpolation) magneto-optical en-
coders (ref. Maxon MR 201940). 1024ppt Hall effect sensors are added at the joint level
on the abduction-adduction axis and on the proximal and intermediate flexion axes (ref.
sensors RLS RM08 VB 00 10 B02 L2 GO0, ref. magnets RMM44 A3 A00). One can
notice that the measurement of the proximal flexion is redundant. It is worth noting that
both sensors are however not used for the same purposes.

e Owing the reduction ratio, the motor encoders give a very precise information, and
they are co-located with the actuators. They are used for the position and force con-
trol (master and slave hands are linked using a bilateral position coupling scheme).
However, these sensors do not allow to know the system configuration at start-up
(these sensors are incremental).

¢ The role of the joint sensors is precisely to give an absolute joint angle value, avoid-
ing the need for initialization when the glove is turned on.

4.3 Kinematics
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Fig. 11. Kinematic model of the master glove. A frame Rik = (Oik, Xi, Yik, Zik) is associated with
each link k of finger i, with i=1 for the thumb, i=2 for the index and i=3 for the middle finger,
with its origin positioned on the joint axis. i is the rotation around joint k of finger i, and I«
(resp. lk1, lkz, Ik3) designates the length of link k (resp. of different parts of link k). An additional

frame Rib = (O, X1, Yab, Z1b) is introduced for the thumb which has an extra joint (figure
adapted from [8]).

The simplified kinematic model of the master glove is illustrated in figure 11. Link 1
allows abduction-adduction while the other links allow finger flexion-extension. The
links 2, 3a, 3b and 4 form an inverted parallelogram which allows the robot to remain
close to the finger in its entire workspace. A pivot joint is added at the end of this
structure to allow for the fingertip to rotate freely when the operator closes the hand.

It is worth noting that, contrary to the slave hand which comes from the field of
robotics and for which we use Denavit Hartenberg (DH) conventions, the master hand
device’s design is inspired from the haptic glove presented in [35] which is used in
Virtual Reality applications in which DH parameters are rarely used. In practice, we
use the more simple notations given in figure 11, with which the kinematic model of



14

the thumb, index and middle robots can be written as follows (with i=1 for the thumb,
i=2 for the index and i=3 for the middle finger):

Tior = trans(Xo, dix).trans(Yo, diy).rot(Zo, giz) (5)
Ti1 = trans(Xiy, 11).rot(Yis, Qi) (6)

Ti2s = trans(Xiz, l21).rot(Yiz, gis) (7

Tiza = trans(Xis, lza).rot(Yis, gis) (8)

Ti s = trans(Zia, -lar-laz).trans(Xia, ls2).rot(Yia, qis) 9)

For the thumb, equation (1) is replaced with the following equations:
T1po = trans(Xo, dix).trans(Yo, diy).trans(Zo, d1z).rot(Zo, 1z0).rot(Xup, gixo) (10)
T1o01 = trans(Zao, lo).rot(Z1o, g11) (11)

In these equations, g1, giz and Qis are given by the motors’ and joints’ sensors, while
gis can be computed from qiz by solving the equations of the inverted parallelogram as
explained in [35] and [36]. The distal rotation gis is not measured nor computed as the
position of the fingertip, which is the information of interest, does not depend on it.

4.4 Manufacturing and integration

1 Joint 2
(proximal . Joint 3a
= flexion) (intermediate
Joint 1 /

-

flexion)
B
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Fig. 12. Main components and cabling of the manufactured dexterous hand master prototype.
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The manufactured prototype made of aluminum parts and its main components are
shown in figure 12. A specific attention was given to the routing of the actuators and
sensors cables which are guided along the robots’ structure so that they pass the closest
possible to the joints’ axes in order to resist as less as possible to the links’ movements.
A custom designed PCB, integrated in the base plate, is used to connect the glove to its
controller. This PCB is in charge of both powering the sensors and actuators and of
conditioning and filtering the sensors’ signals. In order to favor modularity, each finger
is connected to this PCB through a specific connector on the robots’ side, and three
connectors are used on the controller side, respectively in charge of the actuators power
supply, motors’ encoders and joint sensors. As shown in figure 13, this PCB is protected
by a thin plastic part, and the base is attached to a mitten through a 3D printed part.
This way, the glove can be easily put on or taken off.

Fig. 13. Fully integrated dexterous master glove (source [8]).

Ethernet socket Beckhoff EK 1828 Beckhoff EL 3068 8 channel
(=> robot network) EtherCAT Coupler analog input module (x2)

EPOS4
Compact
24/1.5 (x3)

SUBDS0
connector
(=> glove)

Fig. 14. Dexterous hand master controller (source [8]).
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The haptic master glove is controlled using an Ethercat controller illustrated in Figure
14. Three Maxon EPOS4 Compact 24/1.5 modules are used for controlling the actua-
tors, while a Beckhoff EK1828 Ethercat Coupler connected to two Beckhoff EL 3068
analog input modules with 8 channels each (0-10V, 12 bits) is used to connect the joint
sensors. The controller also integrates 12V (for the EPOS4 modules) and 24V (for the
Beckhoff modules and the glove PCB) power supplies. It is connected to the glove
through a SUBD 50 connector and to the robot through an Ethernet socket.

5 Bi-manual teleoperation controller

5.1 Detailed presentation of the bi-manual teleoperation set-up

As previously stated, our bi-manual teleoperation platform is composed of two robots
on the slave side, a Staubli RX160 equipped with the three fingers gripper and a proto-
type Isybot cobot (https://www.isybot.com/) provided with a bi-digital gripper with
parallel jaws both developed at CEA LIST (see figure 15). This configuration allows
efficiently performing dexterous operations with both hand, as human naturally do in
everyday life, either to move an object with both hands or to hold it with one hand while
making an operation on it with the other hand.

Fig. 15. Slave side of the bi-manual dexterous teleoperation platform.
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All CEA devices (i.e. all but the RX160) make use of ball screw reducers. They come
with direct transmissions on the three digital gripper as presented above and on the
second robot pair of pliers with parallel jaws whose design will not be detailed here,
and with a secondary cable transmission as presented in [22] on the prototype cobot
whose design will neither be presented here. This particular type of reducers and trans-
missions are key innovative elements enabling these robot and grippers to have a very
high level of mechanical transparency (i.e. very low friction and inertia) and back-driv-
ability. This solution provides accurate joint torque estimates from simple current sens-
ing, without the need for delicate electronic sensors which would fail in high beta and
gamma radiation environments as encountered on nuclear sites. Note that current sens-
ing is also used in conventional robot arms to provide torque estimates, but these meas-
urements are significantly erroneous due to the higher inertia and friction of conven-
tional actuators. As a consequence, the RX160 is equipped with an ATl 6 DoF
force/torque sensor placed between its end-effector and the gripper, allowing a direct
measure of the efforts applied on the robot. When moving to a real environment, this
sensor will have to be replaced with a radiation hardened sensor with a remote elec-
tronics as in [3].

Fig. 16. Master side of the bi-manual dexterous teleoperation platform.

As shown in figure 16, these robots are controlled using two input devices mapping the
slave-arm capabilities. A Virtuose 6D TAO master arm from Haption is used to control
the Isybot prototype with 6DoF force feedback. This input device is further equipped
with an instrumented handle which enables a fine control of the gripper’s closing and
opening movement. A second Virtuose 6D TAO is used to control the Staubli RX160.



18

It is worth noting that the Virtuose is provided with a universal handle adapter, allowing
to easily shift from one handle to another. The original handle is replaced here with our
novel tri-digital master glove, allowing fine control of the dexterous gripper with force
feedback on both the palm and fingers. This set-up is intended to enable high fidelity
dexterous force-reflection tele-presence.

5.2  Master-slave coupling

Our bi-manual teleoperation platform is controlled using the TAO framework. TAO is
a teleoperation middleware allowing a high-speed synchronization and control of sev-
eral real or virtual mechanisms (e.g. master arms, slave arms, dynamic simulators) [4].
Among the different TAO teleoperation modes, we make use here of master-slave bi-
lateral position coupling schemes as they provide a compelling force feedback yet prove
to be passive (i.e. stable whatever the actions of the human operator and the efforts
applied on the slave robots) when the control gains are properly tuned.

A12, 922, 932

Fig. 17. Master-slave coupling schemes of the bi-manual dexterous teleoperation platform.

As shown in figure 17, different implementations of this bilateral position couplings

are used in practice:

e The Isybot prototype and the associated Virtuose 6D master arm, as well as the
Staubli RX160 and the second Virtuose 6D, are coupled in the Cartesian space as
they have different kinematics. Denoting Xs; and Xs2, respectively Xm1 and Xmz, the
configuration of their end-effector, respectively of their handle, computed from their
joint measurements using their direct geometric model, and Vsi, Vsz, Vi and Vi
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their kinematic twists evaluated with their Jacobian matrix Jsi(6i) (respectively
Jmi(gi)) expressed in the base frame and reduced to the center of the end-effector, we
can write these coupling schemes as follows:

Fsi = 'Hf.Fmi = K(Xm| = Hst|) + B(Vm| - Hst|) (12)

With : K the position control gain expressed in N/m and Nm/rad (K is usually rep-
resented as a spring, as shown in figure 17).
B the speed gain expressed in N/m/s and Nm/rad/s (B is usually represented
as a damper).
Hp an optional position scaling factor ensuring a multiplied movement on the
slave side compared to the master side (the master movements are H, times
larger than the slave ones).
H¢ an optional force and torque scaling factor allowing the slave arms to
produce efforts Hs times larger than the forces applied on the master arm.
The torques applied on the different joints of the master and slave arms to ensure
these coupling are then computed as follows:

Tmi = Jmi ' (Q3)-Fmi (13)
Tsi = Jsi' (05).Fi (14)

It is worth noting that the scaling factors are very convenient when the master and
slave arms have different workspaces and/or force and torque capacities. They
should however be used with care as they introduce several changes in the stimuli
perceived by the human operator.

First, a large position scaling factor allows large slave displacements with limited
hand movements, hence reducing fatigue, but small and precise slave movements
become very difficult as every single small hand displacement is amplified and pro-
duces a large slave movement. Fortunately, the TAO framework also implements a
software clutch function, i.e. the master and slave arm are coupled only if the clutch
is engaged, and they can move independently when it is disengaged. In practice, it
is possible to control the slave robots by moving the master arms as long as the
handle remain in an ergonomic and comfortable volume, and to disengage the clutch
as soon as their configuration is no more convenient, then to move back the master
arms in more comfortable configurations and re-engage the clutch to continue work-
ing. This way, the slave robots can span a much larger volume than the master arms
without the need for large position scaling factors. In practice, the position scaling
factor were kept equal to 1 here.

The same is true for the force scaling factors. Large scaling reduces fatigue but di-
minishes the user sensitivity. Also, if the position and force scaling factors differ,
the perceived environment dynamics will be modified (e.g. with a position factor of
1, i.e. the master and slave move the same amplitude, and a force factor of 2, i.e. the
slave applies two times more force than the master, the user will perceive the con-
tacted objects as two times softer as half the same force will produce the same move-
ment). In practice, force scaling factors were kept low, i.e. equal to 1.
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o As the three fingers slave hand and the tri-digital hand master are underactuated, it
is not possible to couple them in Cartesian space. They are coupled in joint space
instead and their behavior is the governed by the following equation:

Tsi2 = -hr. Tmiz = K.(Qiz - hp.0i2) + b.(qiz - hp. Bi2) (15)

With : 12 (respectively tmi2) the joint torques applied on the second axis of the fin-
ger i of the slave hand (respectively the master hand device).
k the joint position control gain expressed in Nm/rad.
b the joint speed gain expressed in Nm/rad/s.
hp an optional joint position scaling factor.
ht an optional joint torque scaling factor.
iz (respectively giz) the joint position (respectively the joint speed) of the
second joint (i.e. the actuated joint) of the i finger of the tri-digital master
hand device (see figure 11).
02 (respectively 6;,) the joint position (respectively the joint speed) of the
second joint (i.e. the actuated joint) of the i" finger of the three fingers slave
hand (see figure 3).
In practice, the position scaling factors were tuned so that the slave hand closes com-
pletely when moving the master hand. The force required to grasp the large and
heavy objects encountered in our use-case being much higher than the human hand
grasping forces, themselves higher than the master hand torques, a 1/10 force scaling
factor (i.e. the maximum value allowed by TAO) was used to couple the master and
slave hands.

e As the instrumented handle of the Virtuose 6D is not actuated, it is not possible to
provide force feedback on the left hand grasping movement and the bi-digital grip-
per’s opening movement s is controlled in position in open loop so as to follow the
handle movement qmn.

5.3  Tri-digital master-three fingers slave hand mapping

As previously stated, the master hand-slave hand coupling is performed using a bilateral
position coupling scheme implemented in the joint space. This solution was chosen to
keep the coupling as intuitive as possible for the user, so as to limit his or her cognitive
load.

In practice however, it is difficult to control the slave hand intuitively if the master
fingers are always coupled with the same slave fingers as the slave hand can have con-
figurations that largely differ from the human hand. If for example we couple the thumb
with the fixed slave finger and the index and middle with the moving fingers, the slave
hand behavior will be natural for cylindrical grasps as the slave ‘thumb’ will face the
other two fingers. The spherical grasps will also be quite natural as the slave fingers
will encompass the object just as the user fingers would do in direct manipulation. The
planar grasps will however not be natural at all, as the fingers controlling the slave
hand’s closing and opening movement will be the index and middle fingers while one
would expect planar grasps to occur between the thumb and the index or middle. And
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the same limitations appear whatever the choice of fixed master-slave fingers associa-

tion. To cope with this issue, we developed an adaptive mapping strategy allowing to

keep natural master hand glove configurations whatever the type of grasp performed
by the slave hand. With respect to figure 18, the principle is the following:

¢ In planar grasps, only the moving fingers of the slave hand (i.e. fingers A and C) are
active and involved in the coupling (finger B is blocked in open position). The thumb
and index are coupled with fingers A and C (the middle is not used).

o In spherical grasps, the thumb is coupled with finger A, the index with finger B and
the middle finger with finger C.

e Finally, in cylindrical grasps, finger A and C have to move in the same manner in
order to ensure a correct closure. To meet this requirement, the thumb is coupled
with finger A and the index with finger B. Then finger C is coupled with finger A,
and the middle is coupled to finger C. This way, fingers A and C move similarly, as
well as the thumb and the middle fingers.

Rear view Front view

Index Middle

Middle — R.\
4

Planal
grasps

Thumb

Fig. 18. Master and slave fingers mapping.

In practice, the change from one grasp to another is managed by a state machine. It was
first tested to use the master thumb abduction-adduction imposed by the operator’s hand
to choose the grasp type and then to maintain it until the object is fully grasped. It
appeared however that using a simple external selector is more comfortable to switch
the abduction configuration between three main positions.

First tests consisted in verifying that the slave hand can be controlled by moving the
master glove, and reversely that the master hand reproduces the slave hand’s motions
(see figure 19). Then the master glove was used to remotely grasp various object with
force feedback (see figure 20).
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Fig. 19. Functional validation of the bilateral joint position coupling scheme. Top: direct sense
(from the master middle to the slave). Bottom: inverse sense (from the slave to the master thumb).

@mﬂm 3 Spherical'grasp;

Fig. 20. Functional validation of teleoperated cylindrical, spherical and planar grasps (adapted
from [8]).

6 Bi-manual teleoperation tests and validation

Once validated, the master hand glove was mounted on a Virtuose 6D master arm, and
it was further associated with a second master slave system. The resulting bi-manual
teleoperation setup was used to test the ability of an operator to grasp and manipulate
several types of objects similar to the waste found in nuclear containers (e.g. piece of
cloth, rigid objects, cables, etc.). As shown in figure 21, these operations were success-
ful. 1t was even possible to pass objects from one robot to the other.
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Foam bl

Fig. 21. Grasping various objects in bi-manual teleoperation (adapted from [8]).

7 Conclusions and perspectives

This paper presents a novel bi-manual dexterous teleoperation setup for nuclear waste
remote manipulation. This platform is composed of an underactuated three fingers slave
gripper mounted on a large capacity slave robot and a simple bi-digital gripper with
parallel jaws fixed on a cobot prototype. These slave robots are controlled using two
Virtuose 6D TAO master arms, one of which is equipped with a novel tri-digital master
hand device. Master and slave robots are coupled using a bilateral position coupling
scheme implemented in the Cartesian space for the robots and in the joint space for the
hands, with a mapping strategy allowing to intuitively control cylindrical, spherical and
planar grasps. This system proves to be able to grasp various objects similar in size and
shape as those encountered in waste containers. The operator is able to extract the ob-
jects, pass them from one robot to the other and sort them in various deposit boxes. This
functional tests validate the ability of this system to perform nuclear sort and segrega-
tion tasks. Future work should be dedicated to a more precise experimental characteri-
zation of the platform performances.
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