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Abstract: Bimanual telemanipulation is vital for facilitating robots to complete complex and dexterous
tasks that involve two handheld objects under teleoperation scenarios. However, the bimanual
configuration introduces higher complexity, dynamics, and uncertainty, especially in those
uncontrolled and unstructured environments, which require more advanced system integration.
This paper presents a bimanual robotic teleoperation architecture with modular anthropomorphic
hybrid grippers for the purpose of improving the telemanipulation capability under unstructured
environments. Generally, there are two teleoperated subsystems within this architecture. The first
one is the Leap Motion Controller and the anthropomorphic hybrid robotic grippers. Two 3D printed
anthropomorphic hybrid robotic grippers with modular joints and soft layer augmentations are
designed, fabricated, and equipped for telemanipulation tasks. A Leap Motion Controller is used
to track the motion of two human hands, while each hand is utilized to teleoperate one robotic
gripper. The second one is the haptic devices and the robotic arms. Two haptic devices are adopted
as the master devices while each of them takes responsibility for one arm control. Based on such
a framework, an average RMSE (root-mean-square-error) value of 0.0204 rad is obtained in joint
tracking. Nine sign-language demonstrations and twelve object grasping tasks were conducted
with the robotic gripper teleoperation. A challenging bimanual manipulation task for an object with
5.2 kg was well addressed using the integrated teleoperation system. Experimental results show
that the proposed bimanual teleoperation system can effectively handle typical manipulation tasks,
with excellent adaptabilities for a wide range of shapes, sizes, and weights, as well as grasping modes.
Keywords: robotic teleoperation; bimanual manipulation; anthropomorphic hybrid gripper;
modular design

1. Introduction
With significant advances in the last decades, robotic teleoperation has gained widespread
acceptance and has become one of the most attractive topics due to its potential in dealing with
those human-unfriendly, harmful, and unreachable scenarios [1]. Many promising results have
been achieved in many challenging telemanipulation tasks, such as robot-assisted surgery [2], space
Appl. Sci. 2020, 10, 2086; doi:10.3390/app10062086

www.mdpi.com/journal/applsci

Appl. Sci. 2020, 10, 2086

2 of 18

exploration [3], disaster response [4,5], underwater occasions [6], and micromanipulation [7]. Generally,
a robotic teleoperation system is composed of the human operator, master devices, communication
channels, slave robots, and the environment [8]. During the teleoperation, the human operator directly
controls the movement of the master device, which is physically connected with the human operator.
The control command is generated from the master device and then sent to the slave robot to perform
specific tasks. The interaction force between the slave robot and the environment is sent back to the
master device while the position and orientation of the slave robot would be acquired via visual
perception or directly observed by human eyes. Thus, the bimanual telemanipulation can be seen
as such a framework where each human system interface is controlled by one human hand under
teleoperation environments [9].
Corresponding to the robotic manipulation system, the robotic teleoperation is divided into two
categories: the teleoperation of the robotic arm and the teleoperation of the robotic gripper. Various
haptic devices and sensors have been introduced for the robotic teleoperation. Based on a Leap
Motion Controller and a sensorized glove, Ponraj and Ren proposed a sensor fusion technique for
human finger tracking and applied it in the teleoperation of a three-fingered soft robotic gripper [10].
Low et al. developed a hybrid telemanipulation system via a 3D printed soft robotic gripper and
a soft fabric-based haptic glove [11]. Four sensors were used to match with the four-fingered soft
robotic gripper in the telemanipulation system. Sun et al. presented a multilateral teleoperation
system with two haptic devices on the master side and a four-fingered robotic gripper on the slave
side [12]. The type-2 fuzzy model was used to investigate the system dynamics. Furthermore,
Zubrycki and Granosik suggested an integrated vision system by using a Three Gears and a Leap
Motion Controller [13]. Hand gestures were used to control a three-fingered dexterous gripper. Besides
the robotic gripper, Rebelo et al. put forward a wearable arm exoskeleton-based bilateral robot
teleoperation system [14]. A modified sensoric arm exoskeleton was used as a haptic master device to
control a 7 DoFs (degrees of freedom) Kuka robot. Xu et al. studied the human–robot interaction in
robot teleoperation [15]. Human body motion and hand state were captured by a Kinect v2 to control
two robotic arms. Yang et al. proposed a neural network enhanced robotic teleoperation system with
guaranteed performance [16]. A Kinect sensor was used to detect the obstacles around the robotic arm
while a Geomagic Touch was adopted as the master device to control the Baxter arm.
Rather than the single teleoperation of the robotic arm or robotic gripper, some efforts have
been made into the hybrid teleoperation with both the arm and gripper. Razjigaev et al. developed
the teleoperation of a concentric tube robot via hand gesture visual tracking [17]. Milstein et al.
investigated the grasping of rigid objects with a unilateral robot-assisted minimally invasive surgery
system [18]. A haptic device of Novint Falcon was used in the teleoperation of the surgical robots.
Bimbo et al. proposed a wearable haptic enhanced robotic teleoperation system for telemanipulation
tasks in cluttered environments [19]. A Pisa/IIT SoftHand and a robotic arm were equipped as the
slave system. Two wearable vibrotactile armbands were worn on the upper arm and forearm to
perceive feedback about collisions on the robotic arm and hand. A Leap Motion Controller was used to
capture the user’s hand pose to control the position of the robotic arm and the grasping configuration
of the robotic hand.
Although the hybrid teleoperation with the robotic arm and gripper provides the potential to
perform multiple manipulation tasks, it is limited to the fields of one handheld objects. However,
one hand manipulation only occupies a very small proportion in real applications, whereas most
of the occasions involve collaboration between two hands. With the increase of the complexity of
robotic manipulation tasks, bimanual manipulation becomes increasingly popular [20,21]. Some
bimanual teleoperation systems with dual arms and dual grippers have been developed for bimanual
tasks. Du and Zhang developed a Kinect-based noncontact human–robot interface for potential
bimanual tasks [22]. Human gestures were recorded as the command in the bimanual teleoperation.
Burgner et al. presented a bimanual teleoperated system for endonasal skull base surgery [23]. Two
haptic devices were used to teleoperate the two cannulas in the bimanual active cannula robot.
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Moreover, Du et al. proposed a markerless human–robot interface for bimanual tasks by using a
Leap Motion Controller with interval Kalman filter and improved particle filter [24]. Hand gestures
were used in the teleoperation of the dual arms and dual grippers. Meli et al. suggested a sensory
subtraction technique to force feedback in robot-assisted surgery [25]. Two Omega 7 and four fingertip
skin deformation devices were adopted as the haptic interfaces in a challenging 7 DoFs bimanual
teleoperation task. Makris et al. investigated the cooperation of dual arm robot and humans for flexible
assembly [26]. Besides, some research efforts have been devoted to the mobile bimanual robotic
teleoperation [27].
Compared with the simple configuration with one arm and one gripper, two arms are better than
one for assistive bimanual manipulation tasks. With the dual arms and dual grippers, the bimanual
teleoperation system enables the robot to handle more complex and challenging tasks that are not
feasible with one single arm and one gripper, in the same sense as human beings. It provides more
opportunities in real applications. However, the bimanual configuration also raises a number of
challenges such as higher complexity, uncertainty, and difficult to perceive reliably, especially under
those unstructured and uncontrolled scenarios [28]. Most of the bimanual teleoperation systems are
limited to a small workspace and well-designed occasions, such as robot-assisted surgery. They are not
suitable for most general unstructured applications, which involve a big workspace and can only rely
on manually control by the human operator. In addition, the compliance of the robotic gripper is far
less than the human hand [29]. The human-level robotic manipulation is still a critical issue, especially
under those unconstrained and dynamic environments. Sophisticated control strategies are required to
achieve precise manipulation, which not only increases the difficulties of the design but also raises the
cost of the manufacturing [30]. How to make a compromise between the dexterity and complexity is a
dilemma towards traditional rigid robotic grippers. Meanwhile, the soft gripper is unable to provide
necessary grasping force to handle the large and heavy objects due to the lack of rigid support. Even
though the soft material can produce large deformations to enhance grasping performance, the soft
contact configurations are very sensitive and easy to fail in such a dynamic environment.
To enhance the bimanual manipulation capability of the robotic system under teleoperated and
unstructured environments, this paper presents a bimanual robotic teleoperation architecture with
dual arms and dual grippers. Two 3D printed anthropomorphic hybrid robotic grippers with modular
and reconfigurable joints are developed and equipped with two Universal Robots UR10 on the slave
side while two haptic devices and a Leap Motion Controller are set up on the master side. Multiple
experiments were conducted to evaluate the performance of the proposed system, including the
teleoperation of the arms for target approaching, the teleoperation of the grippers for sign-language
demonstrations and grasping tasks, and the integrated teleoperation of the dual arms and dual
grippers for bimanual tasks. Several typical manipulation tasks were investigated using the developed
teleoperation system. The primary contributions of this paper include:
(1)

(2)

A bimanual robotic teleoperation architecture with dual arms and dual anthropomorphic
hybrid grippers is presented to perform unstructured manipulation tasks with fully human
control. Two 3D printed anthropomorphic hybrid robotic grippers with modular joints and soft
layer augmentations are designed, fabricated, and equipped as the slave devices for various
manipulation tasks. With the modular fingers and soft layer enhancements, the hybrid robotic
gripper is endowed with powerful adaptabilities and delicate object manipulation abilities
towards a wide range of grasping tasks with regard to different sizes, weights, shapes, and
hardnesses.
A markerless, natural user interface is developed for the teleoperation of the anthropomorphic
hybrid robotic gripper. A human hand motion tracking system is set up by a Leap Motion
Controller. Human hand gesture and finger motion information are captured for the gripper
teleoperation. A relative ratio index is proposed as a measure for grasping modulation of
the gripper.
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Multiple experiments were conducted to demonstrate the effectiveness of the proposed bimanual
teleoperation system. Many challenging manipulation tasks were executed using the teleoperation
system with dual arms and dual grippers.

The remainder of this paper is organized as follows. Section 2 provides a brief description of the
proposed bimanual teleoperation architecture. Section 3 presents the methods of the teleoperation
system with dual arms and dual grippers. Section 4 discusses the experimental setup and the results.
Section 5 presents the discussion. Section 6 draws the conclusion.
2. System Description
2.1. Architecture of the Teleoperation System
As illustrated in Figure 1, the proposed bimanual robotic teleoperation system consists of two
robotic arms, two haptic devices, two robotic grippers, a Leap Motion Controller, communication
channels, and a human operator. Two haptic devices and a Leap Motion Controller are set up on the
master side while two robotic arms and two robotic grippers are adopted on the slave side. Generally,
the overall system is made up of two subsystems, namely the robotic arm teleoperation and the robotic
gripper teleoperation. The former subsystem contains two robotic arms and two haptic devices while
the latter subsystem consists of two robotic grippers and a Leap Motion Controller.
In the robotic arm teleoperation subsystem, two UR10 are equipped as the slave robots while two
haptic devices of Geomagic Touch (3D Systems, Rock Hill, SC, USA) serve as the master devices. Each
Geomagic Touch is used for the teleoperation of one UR10. During the execution, a human operator
manipulates specific joints of the Geomagic Touch to generate target movements. Device information such
as the position and motion tracking data are recorded and sent to the slave robot as the control command.
In the robotic gripper teleoperation subsystem, a Leap Motion Controller (Leap Motion, San Francisco,
CA, USA) and two 3D printed anthropomorphic robotic grippers are set up on the master and slave
sides, respectively. Each gripper is mounted on the end effector of the UR10 for manipulation tasks.
Two human hands are used in the gripper teleoperation and each hand controls a gripper. A Leap
Motion Controller is adopted for human hands motion tracking. Hand gestures and finger motion
information are recorded as the control command and sent to the corresponding robotic gripper.
Basically, the two subsystems are independent of each other. They can be performed simultaneously
in practical teleoperation. The robotic grippers can be used for manipulation tasks while the robotic
arms keep moving. No switching mechanism is needed between the robotic arm and gripper control.
However, the human operator only has two hands. He can only control two devices simultaneously,
i.e., two robotic arms, two grippers, or one robotic arm and one gripper.
Geomagic Touch

UR10

Gripper

Communication channel

Leap Motion Controller

(a) Overview of the system setup
Figure 1. Cont.
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Human hands

Geomagic Touch

Leap Motion Controller

Robotic arm (UR10)

Robotic gripper

Teleoperation of the
robotic gripper

Teleoperation of the
robotic arm

Human operator

Manipulation taskV

(b) Architecture of the teleoperation system
Figure 1. Diagram of the bimanual robotic teleoperation system.

2.2. 3D Printed Anthropomorphic Hybrid Robotic Gripper
In the bimanual teleoperation system, two 3D printed anthropomorphic hybrid robotic grippers
are developed for the manipulation tasks. Generally, the two grippers share similar structures. They
are cable-driven and five-fingered. As depicted in Figure 2, the hybrid robotic gripper is composed of a
rigid structure (rigid gripper) and the soft augmented layer (soft layer). Each rigid gripper has a palm
and five fingers. It has 7 DoFs in total, where the thumb has two, while the palm and the other four
fingers have one each. Correspondingly, seven servo motors of Dynamixel MX-64R (Robotis, Seoul,
Korea) are used as the actuators. Based on the bio-inspired design philosophy, the rigid structure can
be seen as the bone of human hand while the soft layer acts as the skin. The rigid structure is used
to compensate the gravity of the object and the soft layer is adopted to increase the friction between
the gripper and the grasped object. Therefore, the hybrid rigid–soft gripper not only takes advantage
of the rigid structure in manipulating rigid objects but also makes use of the soft layer in potential
contact and slippery augmentation.

Soft layer

Finger

Palm

(a) The overall structure

Cable

Dovetail anchor

Dovetail
anchor slot

(b) The finger module

Figure 2. Illustration of the anthropomorphic hybrid robotic gripper.

In addition, the rigid gripper is a modular product. As shown in Figure 2, each finger module
has a dovetail anchor and a dovetail anchor slot. A dovetail joint is generated between two adjacent
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finger modules. Thus, the length of the finger can be quickly adjusted by installing or removing the
finger modules. With modular and reconfigurable joints on each finger, the workspace of the gripper
is flexible and can be easily changed according to specific tasks, which enables the gripper to adapt to
various manipulation tasks with objects in different sizes and shapes.
Besides the rigid modular structure, three fingers (the thumb, index, and middle) are mounted
with additional soft augmented layers, which are made of a stretchable material named as EcoFlexTM
00-30 (Smooth-On, Macungie, PA, USA). Generally, the soft layer is composed of suction and inflation
modules, which are staggered arranged. As illustrated in Figure 3, the suction module consists of
four layers, namely the base layer, spacer layer, suction layer, and top layer. The dimension of the
whole suction module is around 20 mm × 20 mm × 6 mm, with a thickness of 1.5 mm for each layer.
An air pump with one positive-pressure channel and one negative-pressure channel is connected to
the suction module via a soft tube. A negative air pressure ranging from −73 kPa to 0 is provided
to actuate the suction capability. Then the suction module would be firmly attached to the object
with the effect of the negative pressure. By contrast, the inflation module has two layers. The size
of the whole module is approximately 20 mm × 30 mm × 4 mm, with a thickness of 2 mm for each
layer. A soft tube is inserted and a positive air pressure ranged from 0 to 73 kPa is input to activate
the inflation functionality. The cavity between the two layers would be inflated with the effect of the
positive pressure, which is used to increase the contact area between the gripper and the object.
Furthermore, the whole rigid gripper including the five fingers and the palm can be equipped
with the soft augmented layer. Specifically, the suction modules are placed on the finger belly of the
rigid gripper, which is supposed to provide suction force. The inflation modules are placed on the
hinges of the rigid gripper to engage the contact with the object. Thus, the soft layer may not only
enhance the grab strength by increasing the contact area but also provide a buffer between the rigid
gripper and the grasped object to prevent the object from damage by the hard surface. The 3D printed
anthropomorphic rigid–soft gripper takes both the advantages of the rigid and soft grippers, as well as
the gripper and the suction cup. With the enhancements in contact, slippery, and stiffness properties
by the soft layer, the hybrid rigid–soft robotic gripper is enabled to handle a variety of objects with
different shapes, hardnesses, and textures.
20 mm
Base layer
Spacer layer

20 mm

5 mm

Suction layer

Top layer

2 mm

(a) The suction module
30 mm

Suction module

Air tube

20 mm

Base layer

Top layer

Inflation module

(b) The inflation module

(c) Structure of the soft layer

Figure 3. Structural architecture of the soft layer.
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2.3. Haptic Device of Geomagic Touch
As a popular haptic device, Geomagic Touch (formerly SensAble Phantom Omni) has been widely
used as a master device in various robotic teleoperation scenarios. It provides a variety of device
information, such as joint angles, positions, velocities, and accelerations, as well as the interaction force
between the slave device and the environment. With six revolute joints, Geomagic Touch has 6 DoFs,
with three joint angles and three gimbal angles. It shares a similar configuration with common 6 DoFs
robots. Therefore, the Denavite–Hartenberg parameters can be introduced to build the kinematics
model of the haptic device [31].
Corresponding to the Cartesian and joint space, there are two mapping strategies between the
workspace of the haptic device and slave robot. The first one is the Cartesian space mapping. Based
on the kinematics model of the master and slave devices, it is a universal mapping strategy for
various devices, especially useful under the heterogeneous circumstance, which has different DoFs
between the master and slave devices. However, it is not always possible to set up a precise coordinate
transformation between the master and slave devices. The kinematics model of the slave device is not
available in some circumstances. The second one is the joint space mapping. Established on the direct
mapping between corresponding joints of the master and slave devices, it is more intuitive than the
Cartesian space mapping strategy. However, it suffers from a serious DoF-mismatch problem between
heterogeneous devices which have different DoFs.
2.4. Leap Motion Controller
Leap Motion Controller is a small USB peripheral device, which is designed for hand and
finger motion tracking. With two monochromatic IR cameras and three infrared LEDs, Leap Motion
Controller provides an ideal natural user interface. It can generate various hand and finger motion
tracking information, such as the palm position, velocity, normal, direction, and grab strength, as well
as the fingertip position, velocity, direction, length, width, and finger extended state. Due to its
small observation area and high resolution, Leap Motion Controller has been widely used as a
human–machine interface in the context of robot control [17], sign-language recognition [32], and text
segmentation [33].
As illustrated in Figure 4, most of the common bones and joints in the human hand are captured
by the Leap Motion Controller, which correspond well to the 3D printed anthropomorphic hybrid
gripper, as discussed in Section 2.2.

Tip (TIP) joint
Distal
phalanges
Intermediate
phalanges
Proximal
phalanges
Metacarpals

Distal interphalangeal
(DIP) joint
Proximal interphalangeal
(PIP) joint
Metacarpophalangeal
(MCP) joint
Distal phalanges
Intermediate phalanges
Proximal phalanges

Figure 4. Illustration of the human hand in Leap Motion Controller.
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3. Methods
In this section, the detailed methodology of the developed teleoperation system is presented,
which contains the data acquisition from the master devices, the incremental-based robotic arm
teleoperation, and the gesture-based robotic gripper teleoperation.
3.1. Data Acquisition
As the two subsystems are independent of each other, the two arms are controlled by the Geomagic
Touch while the two grippers are teleoperated by the human hands. In the data acquisition of the
robotic arm subsystem, the six joint values of the Geomagic Touch are collected, which are then
mapped to the six joints of the corresponding UR10. For the robotic gripper subsystem, the human
hand gestures are collected by the Leap Motion Controller. Two human hands were adopted in
this experiment and each hand was responsible for one gripper control. The detailed hand gesture
information, including the hand type (left or right), palm position, tip position, and finger length, was
collected for subsequent analysis.
3.2. Incremental-Based Robotic Arm Teleoperation
In view of the unstructured environment and the large workspace of the telemanipulation,
a joint space mapping strategy is adopted in the robotic arm teleoperation. As shown in Figure 5,
the Geomagic Touch shares the same DoFs as the robotic arm. For the sake of simplicity, an intuitive
joint to joint mapping is conducted between the corresponding joints of the Geomagic Touch and the
UR10. Specifically, the scaled incremental joint values of the Geomagic Touch (∆ih (t)) is used as the
control input, which is defined as:
∆ih (t) = αi × ( β i (t) − β i (t − 1))

(1)

where t is the sample time step, β i (t)(i = 1, 2, . . . , 6) is the ith joint value at the time step t of the
Geomagic Touch, and αi is a scalable coefficient for the ith joint. αi was set to 0.3 to achieve the optimal
performance according to the experiments.

˥5

˟2

˟3
˟4
˟6

˥4
˥6

˟1

˟5

˥3

˥2
˥1

Figure 5. The mapping strategy in robotic arm teleoperation.

The front button on the Geomagic Touch is used as the switch of the robotic arm teleoperation
system. Once the button is pressed, the scaled incremental joint values are calculated and sent to the
corresponding joints of UR10, where
θi (t) = θi (t − 1) + ∆ih (t)
and θi (t)(i = 1, 2, . . . , 6) is the ith joint value at the time step t of the UR10.

(2)
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Accordingly, ∆ih (t) is set as zero when the button is released. The slave robot stops in this
situation. Thus, the user can easily start or stop the teleoperation system of the dual arms according to
the manipulation tasks.
3.3. Gesture-Based Robotic Gripper Teleoperation
Based on the multiple hand gesture information acquired from the Leap Motion Controller, the
attributes of hand type, palm position, finger type, finger length, and tip position are adopted in the
robotic gripper teleoperation. Instead of the binary distribution of 0 or 1 from the finger extended
attribute, a relative ratio index (RRI, ri ) is proposed as the measure for grasping modulation of the
gripper, which is defined as:
l
ri = ic
(3)
lin
where lin is the nominal length of the ith finger, which is acquired from the Leap Motion Controller,
and lic is the calculated length of the ith finger, which is calculated as:
lic =

q

( xit − x p )2 + (yit − y p )2 + (zit − z p )2

(4)

where ( x p , y p , z p ) is the palm position of the hand and ( xit , yit , zit ) is the tip position of the ith finger
(Figure 6).

(xit, yit, zit)

lin

lic
(xS, yS, zS)

Figure 6. The hand parameters in robotic gripper teleoperation.

The defined RRI can be further transformed to the binary values of 0 or 1 for discrete control as
the finger extended attribute. Alternatively, it can be normalized to the values between [0, 1] to act as
the grasping modulation index. Compared with the grab strength of the whole hand, each finger has
its own RRI, which enables each finger to modulate the grasping state with individual values, not just
only one value for all five fingers.
During the gripper teleoperation, each human hand is in charge of one robotic gripper. The type
of human hand (left or right) is automatically identified by the Leap Motion Controller. The two
robotic grippers are independent of each other, which can be controlled simultaneously by two human
hands. Initially, the gripper is set to the open state. When the gripper teleoperation subsystem runs,
it moves to the target state according to the control command. Then, it maintains at the last state until
the new command comes.
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Moreover, the position control and torque control strategies are explored in the robotic gripper
teleoperation. They are further used to incorporate with the gesture-based control mode. Compared with
the position control strategy, the torque control mode is more flexible and robust. It can automatically
regulate the grasping tightness with regard to the object’s shape, size, and hardness. An initial torque
value is predefined and then it can be adjusted with the change of the RRI value. Thence, the human
operator can easily control the grasping tightness with hand gestures.
In the experiments, for the sake of simplicity, the RRI value was transformed into the binary
values of 0 or 1 in both the position control and torque control modes. With this assumption, the RRI
value acts as an index to control the state (open or closed) of the corresponding finger of the gripper.
The binary values of 0 and 1 of the RRI are mapped to the open and closed states, respectively.
4. Experiments and Results
Corresponding to the architecture of the proposed teleoperation system, three experiments were
designed to evaluate the effectiveness of the proposed method, namely robotic arm teleoperation,
robotic gripper teleoperation, and the integrated teleoperation for bimanual tasks.
4.1. Robotic Arm Teleoperation Execution
In this experiment, two Geomagic Touch were used as the master devices, while each of
them was responsibe for one UR10 control. To illustrate the tracking performance of the proposed
incremental-based method for robotic arm teleoperation, corresponding joint values of the master and
slave devices were recorded for comparison. The experiments were implemented on a PC platform
with MATLAB/Simulink development environment. The OpenHaptics toolkit API was used as the
software development kit for the Geomagic Touch. As the two sets of the robotic arm teleoperation
subsystems share the same configuration, here we only list the joint values of one Geomagic Touch
and the corresponding slave robot, which are shown in Figure 7.
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Figure 7. Joint values tracking in robotic arm teleoperation.

In Figure 7, the joint values of the slave and master devices are the incremental values of the robotic
arm (∆ir (t) = θi (t) − θi (t − 1)) and the corresponding scaled incremental values of the Geomagic
Touch (∆ih (t)), respectively. To evaluate the tracking performance of the slave device, the RMSE
(root-mean-square-error) was introduced to evaluate the difference between the corresponding joint
values, which is defined as:
s
1 n
RMSEi =
(∆ir (t) − ∆ih (t))2
(5)
n t∑
=1
where n is the sample size (number of sample time step) and i is the ith joint (i = 1, 2, . . . , 6).
As shown in Figure 7, the RMSEs were calculated as 0.0071, 0.0149, 0.0348, 0.0115, 0.0389, and
0.0154 for Joints 1–6, respectively. The average value is 0.0204 for the six joints. Therefore, it can be
concluded that the proposed incremental-based robotic arm control strategy can properly perform the
joint space mapping between the master device and the slave robot during the teleoperation.
4.2. Robotic Gripper Teleoperation Execution
The dual anthropomorphic grippers share similar specifications. They only differ in size and
trivial structural connections. In this experiment, we first used the smaller gripper to demonstrate
the teleoperation with sign-language. Then, we used the bigger gripper to test the teleoperation for
grasping tasks. Both experiments were implemented on a PC platform with Python development
environment. The ROBOTIS Dynamixel SDK and LeapSDK were used as the software development
kit for the Dynamixel motor MX-64R and Leap Motion Controller, respectively.
First, a wide range of common hand gestures were tested in the teleoperation of the smaller
gripper with sign-language demonstrations. The position control strategy was adopted for the motor
control in this setup. The illustration of the human hand gestures and corresponding sign-languages
of the robotic gripper is shown in Figure 8.
In Figure 8, it is observed that the sign-language gestures of the gripper are properly matched
with the corresponding human hand gestures. As an excellent somatosensory controller, the Leap
Motion Controller provides a potential markerless and contactless human–robot interface.
Then, we used the bigger gripper to test the teleoperation for grasping tasks. The torque control
strategy was used in the motor control. Many common objects in our daily life were adopted in this
experiment, with various shapes, hardnesses, sizes, and textures, ranging from the rigid bottle, fresh
pepper, and slender fan, to deformable balloon and fragile egg. The grasping tests are illustrated in
Figure 9. The characteristics of the grasped objects are listed in Table 1. The RRI value of the fingers
during the teleoperation is given in Table 2.
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(a) Hand gestures perceived by the Leap Motion Controller

(b) Sign-languages of the gripper
Figure 8. Sign-language of the smaller gripper with human hand gestures and Leap Motion Controller.
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Figure 9. Teleoperation of the bigger gripper for grasping tasks with human hand gestures and Leap
Motion Controller.
Table 1. Characteristic of various objects used in the gripper teleoperation experiment.
Item

Feature Size

Weight

Shape

Category

Hardness

Apple
Toy ball
Fan
Pineapple
Pepper
Egg
Cup
Spoon
Umbrella
Drinking water
Balloon
Tennis

70 mm × 84 mm
156 mm
62 mm × 29 mm × 12 mm
232 mm × 116 mm
98 mm × 72 mm
56 mm × 44 mm
266 mm × 78 mm
68 mm × 16 mm
257 mm × 58 mm
297 mm × 88 mm
148 mm
67 mm

223.3 g
107.0 g
30.5 g
873 g
262.6 g
58.7 g
316.6 g
2.1 g
353.5 g
1533 g
3.0 g
57.5 g

irregular
spherical
cuboid
irregular
irregular
irregular
cylindrical
cuboid
cylindrical
cylindrical
irregular
spherical

fruit
plastic
wooden
fruit
vegetable
crystals
metal
plastic
fabric
plastic
plastic
fabric

hard
soft
hard
hard
hard
hard
hard
hard
hard
soft
soft
hard
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Table 2. RRI value of the five fingers during the teleoperation experiment.
Item
Apple
Toy ball
Fan
Pineapple
Pepper
Egg
Cup
Spoon
Umbrella
Drinking water
Balloon
Tennis

RRI Value
Thumb

Index

Middle

Ring

Pinkie

1
1
1
1
1
1
1
1
1
1
1
1

1
1
1
1
1
1
1
1
0
1
1
1

1
1
1
1
1
1
1
0
1
1
1
0

1
1
0
1
1
0
1
0
1
1
1
0

1
1
0
1
1
0
1
0
0
1
1
0

It was observed that the teleoperation of the bigger gripper is able to handle a broad range of
common objects for grasping tasks. It is well known that different objects correspond to different
grasping modes. In view of individual characteristics of the grasped object, the operator can adjust his
hand gestures to adapt to different grasping modes, which are further mapped onto the corresponding
grippers. With the torque control mode of the Dynamixel motor, the gripper is enabled to grasp fragile
and deformable objects. The grasping tightness and target position would be automatically adjusted
with the object deformation, which is more flexible and robust with different objects grasping tasks,
with different weights, shapes, sizes, hardnesses, and textures. As shown in Figure 9 and Table 1,
the robotic gripper can grasp from a tiny spoon to a big toy ball, a fragile egg to a metal bottle, and a
light balloon to a heavy bottle of drinking water. It can handle even bigger objects due to the modular
and reconfigurable fingers, which can adapt to different sizes of the grasped object. As shown in
Figure 9 and Table 2, the RRI value of the five fingers are well matched with the finger state (open or
closed) of the gripper during the teleoperation experiment.
4.3. Bimanual Tasks with Teleoperation Execution
On the basis of the individual teleoperation experiment of the robotic arms and grippers,
an integrated teleoperation experiment with the dual arms and dual grippers was conducted to
test the performance of the whole teleoperation system for bimanual tasks. A common action set,
with target approaching, grasping, lifting, and holding, conducted by dual arms and dual grippers
was designed as a bimanual task. A 5.2 kg aluminum frame was introduced as the target object.
The experiment of the teleoperation-based bimanual tasks is shown in Figure 10.
The size of the frame was 600 mm × 312 mm × 120 mm. It is really challenging to lift and hold
such a big and heavy frame with normal configuration of one arm and one gripper, especially under
the unstructured teleoperated environment. The size is too big for one gripper to hold it. The weight is
too heavy and the shape is asymmetrical. Slipping would occur during the lifting and holding.
However, as shown in Figure 10 and the attached video, the integrated teleoperation system with
dual arms and dual grippers can effectively handle such a big and heavy frame to perform specific
bimanual tasks with target approaching, grasping, lifting, and holding. During the manipulation, the
two grippers cooperate with each other. The weight of the frame is shared by the two grippers. Potential
slipping and dropping are properly avoided. Hence, two arms and two grippers are better than one for
such assistive bimanual tasks. It is much easier to keep balance during the manipulation procedures.
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(a) Initial position

(b) Target approaching

(c) Grasping

(d) Lifting and holding

Figure 10. Execution of the teleoperation-based bimanual tasks for the manipulation of an aluminum
frame.

5. Discussion
With the dual arms and dual grippers configuration, the proposed bimanual robotic teleoperation
system shows strong potential in dealing with challenging manipulation tasks, ranging from one hand
grasping with different weights, shapes, sizes, and hardnesses to bimanual collaborative tasks such as
target approaching, grasping, lifting, and holding. Compared with traditional teleoperation system
with one arm and one gripper, the bimanual configuration with dual arms and dual grippers enables the
robotic system to perform more complex manipulation tasks, such as picking and placing heavy objects,
grasping, passing, holding, and assembling. Based on the bio-inspired design philosophy, the bimanual
configuration with dual arms and dual grippers is very similar to human beings. Undoubtedly, the two
hands configuration is much better than a one-hand system in collaborative tasks. It is more common
in our daily life and industrial applications.
Based on the haptic device and the joint space mapping strategy, the human operator has the
ability to manually control the robotic arm according to his intuitive observations. However, the current
setup is only limited to the motion control of the robotic arm. The force information is not included.
Besides, the current system is established on the open loop control. The time delay and dynamic
uncertainties have not been taken into consideration. To further improve the performance of the
teleoperation system, a feedback control is indispensable. Multimodal perception, including visual
information and tactile sensing, would be considered to incorporate with the teleoperation system to
enhance the bilateral interaction between the human operator, the robot, and the environment. More
scenarios and multimodal control strategies could be established, ranging from supervised autonomy
to full teleoperation.
The Leap Motion Controller provides a markerless, natural user interface for hand motion tracking
in the teleoperation of the robotic gripper. Compared with various wearable devices, it gives the
user a more natural and comfortable environment to interact with the slave devices. Due to the
similar configurations between the human hand and the anthropomorphic hybrid robotic gripper,
the gesture-based control strategy enables the human operator to control the robotic gripper more
intuitively and much more easily. However, it is observed that the accuracy of the hand tracking
falls significantly when the hand moves away from the Leap Motion Controller, or moves far left or
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far right, especially in the dynamic setup. The self-occlusion is another problem. When the finger is
covered by the palm, or when the palm is sideways, some of the fingers would be overlapped by others.
In such scenarios, self-occlusion occurs. To overcome these shortcomings, some other sensors and
corresponding sensor fusion techniques should be considered to improve the tracking performance of
the Leap Motion Controller.
6. Conclusions
In this paper, a bimanual robotic teleoperation architecture with dual arms and dual
anthropomorphic hybrid grippers is proposed for unstructured manipulation tasks. Two 3D printed
five-fingered anthropomorphic hybrid robotic grippers and two UR10 robotic arms are set up at the
slave side, while two Geomagic Touch and a Leap Motion Controller are equipped at the master side.
With multiple augmentations by the soft layer, the hybrid rigid–soft gripper is enabled to handle
various objects with different sizes, weights, shapes, and hardnesses, ranging from a tiny plastic
spoon, a fragile egg, a deformable balloon, and an irregular pineapple, to a big toy ball, a metal cup,
and a bottle of drinking water. A specific mapping strategy between the robotic gripper and human
hand is developed via the Leap Motion Controller. Multiple experiments including the sign-language
demonstrations and gesture-based grasping tasks were conducted using the developed teleoperation
system. The experimental results validate the applicability of the bimanual teleoperation system in
dealing with common manipulation tasks, such as target approaching, objects grasping, and bimanual
manipulation.
In the future, the time delay and dynamic uncertainty during the teleoperation will be investigated
to develop a more robust system for complex bimanual tasks under confined environments. Wearable
devices, such as data glove and Myo armband, will be considered to combine with the Leap Motion
Controller to develop new types of human–robot interface. More challenging bimanual manipulation
tasks should be introduced to evaluate the proposed teleoperation system.
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