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Abstract -

Due to their unstructured and dynamic nature, construction sites present many challenges for robotic automation of
tasks. Integrating human-robot collaboration (HRC) is critical for task success and implementation feasibility. This is
particularly important for contact-rich tasks and other complex scenarios which require a level of reasoning that cannot
be accomplished by a fully autonomous robot. Currently,
many solutions rely on precise teleoperation that requires
one operator per robot. Alternatively, one operator may
oversee several semi-autonomous robots. However, the operators do not have the sensory feedback needed to adequately
leverage their expertise and craftsmanship. Haptic interfaces
allow for intuitive human-robot collaboration by providing
rich contact feedback. This paper presents two human-robot
collaboration solutions for welding and joint sealing through
the use of a haptic device. Our approach allows for seamless
transitions between autonomous robot capabilities and human intervention with rich contact feedback. Additionally,
this work opens the door to intuitive programming of new
tasks through haptic human demonstration.
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1

Introduction

In recent years, progress in mobility, manipulation
skills, and AI reasoning have started to enable the use
of robots in space, underwater, homes, agriculture, and
construction [1]. A particularly important area of interest is the automation of dangerous, strenuous, and laborintensive tasks [2].
Construction sites are especially challenging environments for autonomous robots because of their highly unpredictable and unstructured nature [3, 4]. Hence, fully
autonomous robots that replace human labor are not the
most feasible or ideal solution. The majority of current
approaches rely on a human operator that oversees a singletask autonomous robot. The operator receives only visual
feedback and is limited in the type of input and recovery
from failure he can provide due to the lack of an intuitive
interface to do so. [4] attributed this lack in technical
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Figure 1: Robotic solution to a welding task combining robot autonomy and haptic human intervention. Video of task execution:
video. Source code can be found here: Project GitHub.

flexibility of construction robots to the fact that early construction solutions imitated systems initially developed for
industrial fabrication [5].
Some tasks are structured enough to be autonomously
performed by a robot with little human input, but many
require a more flexible approach that incorporates a higher
degree of human reasoning and intuition [6]. Given this
reality, a method to design construction robots should be
flexible enough to allow varying levels of human-robot
collaboration depending on the task.
Haptic devices (Fig.1) provide an effective interface for
collaboration by allowing the human to (1) feel the contact
forces between the robot’s end-effector and the environment [7], and (2) easily intervene and control the robot
motion in scenarios that the autonomous behaviors are not
able to handle successfully [8]. Additionally, data from
these haptic interventions can be collected and used to
learn new autonomous skills. Remote robot control using
a haptic interface has been tested in fields such as surgery
[9] and underwater exploration [1], but has not yet been
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widely implemented in construction.
In previous work, the authors explored human-robot
collaboration solutions to five hazardous and repetitive
construction tasks: installing drywall, painting, bolting,
welding, and sealing precast concrete slab joints [10]. Our
industry partner, Goldbeck, was interested in automating
these assembly and finishing tasks that require on-site,
repetitive manual effort, ergonomically challenging positions, and working from dangerous heights. [10] outlines a
method for designing collaborative robotic solutions with
haptic feedback and to assess their feasibility in simulation.
In this paper, we focus on two of the previously explored tasks (steel welding and sealing precast concrete
joints) and apply the aforementioned method to design
more flexible collaborative solutions. Different from [10],
we propose relying primarily on the robot’s functional autonomy and using haptics as an effective and intuitive way
to intervene in unexplored or failure scenarios. Force data
from the recovery strategy employed by the operator can
be recorded and used to learn from demonstration and
augment the robot’s autonomy. Over time, the robot will
require less human intervention. This higher degree of
autonomy could allow a single operator to supervise many
robots at once, overcoming the problems of teleoperation
in which one operator per robot is needed.

2

Related Work

While factories have typically separated workers from
robots due to safety concerns, human-robot collaboration
cannot be overlooked in construction, as robots and humans share one workspace [2]. This requires devising
solutions that allow us to effectively combine the workers’
expertise with the robots’ autonomous skills.
Construction literature has studied the use of teleoperation devices [11, 12, 7], particularly focusing on construction machinery, such as excavators. These solutions often
involve cameras for visual feedback and GPS sensors for
navigation, which can be sufficient to accomplish low dexterity tasks with increased operator safety. However, [7]
states that complex tasks involving contact greatly benefit
from additional sensory feedback such as tactile information. Furthermore, teleoperation solutions rely heavily on
the operator’s guidance and do not fully exploit the autonomous capabilities of the robot.
A different set of collaborative solutions currently used
onsite have semi-autonomous robots with a human supervisor that oversees the tasks such as drywall installation,
concrete drilling, and layout [13]. The supervisor can provide simple inputs to the robot, such as when to start or
stop the operation, while the robot handles the rest of the
task. This approach makes better use of modern robotics
capabilities and allows a single operator to manage several
robots. However, the interfaces used to provide inputs to

the robot are often too simplistic to allow recovery from
failure.
In the event of a robot failure during task execution, joysticks and control pendants do not always provide enough
feedback for the operator to intervene in an effective way
that enables timely task completion. Additionally, there
is currently no streamlined way to learn from the operator’s intervention and use this data to improve the robot’s
autonomous capabilities.
By allowing the operator to feel the contact between
the robot and its environment, haptic devices increase the
range of scenarios in which the operator can aid in failure
recovery [14]. Additionally, we can easily record both
force and position data during the operator’s intervention.
These human demonstrations of recovery strategies can
allow the robot to learn new skills [15] and augment its
functional autonomy.
Haptic devices have been used by the construction industry in combination with virtual reality for task training
purposes [16]. The technology has allowed workers to
train in a safe environment with realistic task conditions.
However, haptics are still a novel technology in construction applications and field use has not been reported.
Current algorithms for haptic control of robots [17] can
handle large communication delays, making them effective
interfaces for remote intervention at long distances. In
[1] an operator haptically controls an underwater ocean
exploration robot from a distance of 100𝑚.
Finally, [18] provides an example that integrates two
modalities of robot control: autonomous robot behavior and expert human-guided motion interactions. In this
study, a group of mobile robot arms successfully installed
drywall boards in simulation with flexible human intervention.
This body of prior work illustrates how keeping the
human in the loop with adequate feedback can facilitate
successful task automation in complex, unstructured environments. Moreover, it highlights the value of haptics
as a way to provide a flexible and effective interface for
human-robot collaboration as well as teaching robots new
autonomous skills.

3

Methods

This section explains how we designed our collaborative
solutions as well as the framework used to implement
the haptic controls. Additionally, we tackle the issue of
reduced workspaces, which is often challenge when using
a portable haptic device.
3.1

Four-Step HRC Design Method

In order to develop the HRC welding and concrete sealing solutions presented in this paper, we built on a method
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previously developed for designing collaborative robotic 3.2 Haptic Simulation and Controls
solutions with haptic feedback [10].
We implemented a flexible state machine that enables
switching between an autonomous mode where the robot
executes the required behaviors to complete the task without human intervention, and a haptic mode where an operator can take over and intuitively control the robot endeffector pose while feeling its interaction with the environment. The haptic mode records contact and position data
from the operator demonstration, which can then be used
to learn new autonomous behaviors.
SAI allowed us to quickly incorporate industry feedback
in simulation and iterate through multiple robot designs
before converging to a final solution. The simulations
considered factors such as friction, object collisions, and
system non-linearities. This functionality allowed for a
Figure 2: Perimeter welding on anchor plates four-step method: realistic consideration of the construction environment and
(1) collect data, (2) generate simulation environment (3) simulate
its constraints.
autonomous behaviors, (4) allow for haptic intervention.
In order to generate autonomous behaviors, we used
In this paper we focus on using autonomous behav- the operational space formulation [18] which allows us to
iors whenever possible and using haptics only for failure describe the equations of motion of a robot at a desired
recovery or demonstrating new skills. In summary, the im- control point. Let the robot have a task to fulfill, described
proved method involves: (1) collecting production data of by the task Jacobian 𝐽𝑡 , the task coordinates 𝑥 𝑡 , and the
¤ where 𝑞
the manual approach onsite, (2) generating a realistic sim- associated task velocity 𝑥¤𝑡 , such that 𝑥¤𝑡 = 𝐽𝑡 𝑞,
ulation based on the Building Information Model (BIM) represents the robot generalized coordinates and 𝑞¤ repredata provided by the industry partner at Level of Develop- sents the robot generalized velocities. The equation of
ment 300, (3) generating autonomous behaviors that allow motion of the robot in free space is:
the robot to interact with the environment in simulation,
(4) establishing a flexible control framework that allows
for seamless haptic intervention when needed.
For step three we used SAI, an open-source simulator
developed by the Stanford Robotics Lab in collaboration
with Google [19] to control robots in physically realistic
virtual environments. Its modules include a control library
with the Operational Space formulation and a dynamics
engine that can simulate multiple contacts between robot
bodies and the environment [20].

𝑀 (𝑞) 𝑞¥ + 𝑏(𝑞, 𝑞)
¤ + 𝑔(𝑞) = Γ

(1)

where 𝑀 (𝑞) is the robot mass matrix, 𝑏(𝑞, 𝑞)
¤ represents
the Coriolis and centrifugal forces, 𝑔(𝑞) is the robot gravity vector, and Γ is the motor torques. In the following, we
will drop the dependencies in 𝑞 and 𝑞¤ for better readability.
After multiplying eq.(1) by the dynamically consistent
generalized inverse of the Jacobian, 𝐽¯𝑡 , we get the operational space equation of motion:
Λ𝑡 𝑥¥𝑡 + 𝜇𝑡 + 𝑝 𝑡 = 𝐹𝑡

(2)

where 𝜇𝑡 = 𝐽¯𝑡𝑇 𝑏 − 𝐽¤𝑡 𝑞¤ is the task space Coriolis and
centrifugal, and 𝑝 𝑡 = 𝐽¯𝑡𝑇 𝑔 is the gravity projected onto
the task space. The task control torques will then be
Γ𝑡 = 𝐽𝑡𝑇 𝐹𝑡 .
Section 3.3 explains how we implemented the haptic
controller for our Falcon Haptic device which has a very
limited workspace using the operational space formulation.
3.3
Figure 3: Concrete joint sealing four-step method: (1) collect data, (2) generate simulation environment (3) simulate autonomous behaviors, (4) allow for haptic intervention.

3

Haptic Workspace Extension

Exploring a large virtual environment using a haptic
device with limited workspace capability is challenging.
The user will easily reach the physical limits of the haptic
device’s workspace. Similar to the approach proposed by
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[21], we use a lock mechanism to hold the robot position
while the human adjusts the haptic device joystick [22].
The red dashed box represents the original workspace before the lock mechanism and the green box represents
the new explorable workspace of the robot after the lock
mechanism. The new explorable workspace is based on an
offset defined by the distance from the new haptic device
position to the held end-effector position (Fig. 4).

task that requires high expertise and slow, repetitive manual work. The task consists of three key steps: placing
the anchor on the foundation, welding two opposite corner
points to fix the anchor position, and welding the perimeter
of the anchor (Table 1).
Table 1: Welding production performance
Welding
Place
Fix
Weld

Prod. (min/u)
0.5
15
45

Total (h)
1.2
36
108

Prep./day (h)
0
2
0.2

Workers
1
1
1

Automating this welding task requires mobility and a
robotic arm with a welding torch end-effector. In this
paper, we developed a simulation using a 7-DOF Panda
arm with a welding torch on a mobile platform (Fig. 2).
The simulation allows for haptic intervention, which is
particularly useful during the initial exploration of the plate
geometry and in case of failure.
4.2

Figure 4: Work space extension: the robot position is held
constant while the operator adjusts the haptic device to continue
exploring the robot workspace.

Therefore, the desired position in cartisian space is given
by:
𝑥 𝑡 = 𝑥 ℎ𝑜𝑙𝑑 + 𝜂𝑥 ℎ𝑎 𝑝𝑡𝑖𝑐𝑠
(3)
where 𝑥 ℎ𝑜𝑙𝑑 is the position of the end-effector before entering the haptics state, 𝑥 ℎ𝑎 𝑝𝑡𝑖𝑐𝑠 is the raw value read from
the haptic device, 𝜂 is a scaling hyperparameter, 𝑥 𝑡 is the
desired end-effector position in equation 2, which is then
used to compute the required joint torques.

4

Sealing Concrete Precast Joints

In the same 6-level parking structure, workers must seal
6000𝑚 of concrete joints between the prefabricated concrete slabs (Table 2). This multi-step process involves
three different crews that perform: pouring concrete, shot
blasting, and coating to water-proof the joint. During the
first step, cement is poured using a pump with a hose.
Shot blasting uses a Contec Modul 300 machine, and the
waterproof coating is applied manually by a crew of 4 to
5 people.
Automating the concrete joint sealing task requires a
robot similar to the Contec Modul machine carried manually today. The robot solution should autonomously control the flow rate of cement and other sealant materials,
safely navigate the environment, keep track of progress,

Task Descriptions

The task data for welding and joint sealing was collected from a six-level prefabricated parking structure in
Germany (Fig. 5). This section describes the traditional
process to complete both tasks in the field and identifies
specific requirements for automation with field robots.
4.1

Welding

Each parking structure requires welding 144 anchor
plates to the foundation. These anchor plates are the support of the structural steel columns that span all six levels.
Given the structural importance of the joint between the Figure 5: Six-level prefabricated parking structure involving
columns and the foundations, field welding is a sensitive welding and joint sealing. Built by our partner Goldbeck.
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Table 2: Sealing concrete precast joints performance
Concrete joints
Pouring
Shotblasting
3-layer coating

Prod. (sec/m)
20-30
10-15
115

Total (h)
41.7
20.8
191.7

Prep./day (h)
2
1
3

Workers
2
1
4-5

and identify the joints and corner points. In this paper, we
use a pump and hose mechanism mounted on an omnidirectional base (Fig. 9) with a pressure sensor that allows
the system to detect corners and control pouring height
within the joint. The haptic interface allows an operator
to reposition the robot and to feel the joint or obstacle in
case of obstructions.

5

Experiments

This section summarizes the experiments for welding
and sealing concrete joints. We propose an approach in
which humans and robots can collaborate in challenging
construction tasks. Both solutions deploy BIM at LOD
300 provided by the industry partner and the simulation
and control environment SAI to incorporating haptic control in task space.
5.1

HRC Welding

The welding solution consists of a mobile platform
equipped with a Panda Franka 7-DOF robot arm and welding end-effector, capable of moving autonomously along
the concrete foundation until finding an anchor plate. The
platform is tall enough to roll over the anchor plate once
the welding is done and is also narrow enough to operate
along the 60𝑐𝑚 foundation width.
The robot is controlled in two modes: autonomous navigation in joint space signaled with a cyan sphere, and
haptic control in operational space signaled with a green
sphere (see Fig. 6).
In the autonomous navigation mode, the robot autonomously locates the plate position of the anchor plate
from the BIM’s approximate coordinates. Upon reaching the desired plate, the expert welder can take over the
task using the haptic interface. This allows the welder to
select the torch position and explore the plate geometry.
Once the haptic welding is done, the operator can raise the
end-effector to signal the robot to transition back to the autonomous navigation mode and move to the next welding
plate.
To provide real-time force feedback to the welder, the
simulation includes simplified collision meshes of the environment. The anchor plate is simplified to a rectangular
mesh of the same size, while the welding tool utilized a
cylindrical collision mesh (Fig. 7). This speeds up collision computation while providing sufficiently accurate
force feedback.

5

Figure 6: Haptic simulation and force feedback plot.

To determine contact between the welding gun and the
concrete, we calculate the end-effector sensed force in the
direction of motion. If 𝑭 𝑝𝑟 𝑜 𝑗 is greater than threshold
0.5𝑁, contact is "true", providing damped force and moment feedback to the user.
An added attraction force between the welding perimeter and the robot’s end-effector helps the operator maintain
the welding path. The real-time plot, including sensed
forces and moments from the end-effector (Fig. 6), shows
that with the addition of the attractive force, the user feels
clamped to the surface so it is easier to follow the welding
trajectory. The accumulated force exerted on the haptic
feedback is the sum of the sensed force plus the attractive
force.

38𝑡 ℎ International Symposium on Automation and Robotics in Construction (ISARC 2021)

Figure 7: Collision meshes for contact resolution in simulation.

The attraction force applied to the user is given by
𝐹𝑎𝑡𝑡𝑟 𝑎𝑐𝑡𝑖𝑜𝑛 =

1
1
1
𝜂(
− )2
2 𝑥 𝑐𝑢𝑟𝑟 𝑒𝑛𝑡 𝑥0

following a particular sequence to ensure structural soundness (Fig. 8).
The concrete slab dimensions were obtained from
the BIM. Additionally, the simulation includes collision
meshes for each individual concrete slab and joint.
The autonomous controller uses the BIM coordinates
to locate each joint. Upon reaching a joint, the nozzle is
lowered, and pouring begins. During pouring, the height
of the nozzle is controlled using a pressure sensor. When
the joint is completely sealed, the nozzle is retracted, and
pouring stops so that the holonomic base can move to the
next joint.
An operational space haptic controller, that collects information about the sensed forces, allows an operator to
assist the robot at critical points of the task such as corner
points to confirm that the nozzle is aligned and the flap is
rotated before continuing to the following joint.

(4)

where 𝑥 𝑐𝑢𝑟𝑟 𝑒𝑛𝑡 is the global position of the end-effector,
𝑥0 is global the position of the edge of the polls.
The haptic feedback for the user is given by
𝐹 𝑓 𝑒𝑒𝑑𝑏𝑎𝑐𝑘 = 𝐹𝑠𝑒𝑛𝑠𝑒𝑑 + 𝐹𝑎𝑡𝑡𝑟 𝑎𝑐𝑡𝑖𝑜𝑛

(5)

where 𝐹𝑠𝑒𝑛𝑠𝑜𝑟 is the force sensed by the robot’s force
torque sensor.
A position limit is added to the robot end-effector to
prevent it from completing motions inside of the plate and
to maintain safe contact during the welding operation.
Future work will learn a strategy to complete the weld
based on the human demonstration of the task, extracting
key parameters such as distance between the end-effector
and the plate, as well as speed and orientation during
welding execution.
5.2

Figure 9: Close up of the joint sealing task in simulation.

6

HRC Sealing Concrete Precast Joints

Conclusions and Future Work

The experiments presented in this paper demonstrate
synergistic collaboration between robots and human operThe second experiment focused on the task of sealing
ators while performing two construction tasks - welding
concrete precast joints. The process involves joint identiand joint sealing. The key elements that enabled this
fication, edge detection and tracking, and material pouring
successful collaboration were: the use of a haptic device
that facilitates operator intervention by allowing him/her
to feel the environment, and a flexible control framework
that allows for smooth transitions between autonomous
robot skills and operator haptic control.
We expect this approach will provide the necessary support for tasks that are too complex for full automation.
Additionally, data recorded during the operator’s intervention can be used to teach the robot new skills and augment
its autonomous capabilities. Overall, haptic interfaces
provide an effective means for accomplishing challenging
manipulation tasks in unstructured construction environFigure 8: Concrete joints task schematics showing the concrete ments.
pouring sequence in six steps.
Future work will test these solutions on hardware using
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7-DOF Franka Panda manipulators. The hardware prototypes will also allow us to collect operator feedback and
gather task execution data such as accuracy and duration.

Acknowledgments
This work was supported by a Stanford University Center for Integrated Facilities Engineering (CIFE) Seed research grant and Stanford’s Robotics Lab. The authors
would like to acknowledge the advice and input of CIFE
member Goldbeck as well as lab mates Adrian Piedra and
William Chong.

References
[1] Oussama Khatib, Xiyang Yeh, Gerald Brantner,
Brian Soe, Boyeon Kim, Shameek Ganguly, Hannah Stuart, Shiquan Wang, Mark Cutkosky, Aaron
Edsinger, Phillip Mullins, Mitchell Barham, Christian R. Voolstra, Khaled Nabil Salama, Michel
L’Hour, and Vincent Creuze. Ocean one: A robotic
avatar for oceanic discovery. IEEE Robotics and
Automation Magazine, 23(4):20–29, 2016. ISSN
10709932. doi:10.1109/MRA.2016.2613281.

[4]

[5]

[6]

[7] Junichi Akizono, Taketsugu Hirabayashi, Takashi
Yamamoto, Hiroshi Sakai, Hiroaki Yano, and
Masaki Iwasaki.
Teleoperation of Construction Machines with Haptic Information for Underwater Applications.
Automation in Construction, 15(September 2006):563–570, 2006.
doi:https://doi.org/10.1016/j.autcon.2005.07.008.
[8] Margot Vulliez, Said Zeghloul, and Oussama
Khatib. Design strategy and issues of the Delthaptic, a new 6-DOF parallel haptic device. Mechanism and Machine Theory, 128:395–411, 2018.
doi:10.1016/j.mechmachtheory.2018.06.015.
[9] Allison M. Okamura.
Haptic Feedback in
Robot-Assisted Minimally Invasive Surgery. Current opinion in urology, 19(1):102, 1 2009.
doi:10.1097/MOU.0B013E32831A478C.

[10] Cynthia Brosque, Elena Galbally, Oussama Khatib,
and Martin Fischer. Human-Robot Collaboration in Construction: Opportunities and Challenges.
In HORA 2020 - 2nd International
Congress on Human-Computer Interaction, Optimization and Robotic Applications, Proceedings. Institute of Electrical and Electronics EnT. Groll, S. Hemer, T. Ropertz, and K. Berns. A
gineers Inc., 6 2020.
ISBN 9781728193526.
behavior-based architecture for excavation tasks. ISdoi:10.1109/HORA49412.2020.9152888.
ARC 2017 - Proceedings of the 34th International
Symposium on Automation and Robotics in Con[11] Takanobu Tanimoto, Kei Shinohara, and Hiroshi
struction, (Isarc), 2017.
Yoshinada. Research on effective teleoperation of
Roozbeh Kangari. Robotics Feasibility in the
construction machinery fusing manual and automatic
Construction Industry.
In Dwight A. Sanoperation. ROBOMECH Journal, 4(1):14, 6 2017.
grey, editor, Proceedings of the 2nd InternaISSN 21974225. doi:10.1186/s40648-017-0083-5.
tional Symposium on Automation and Robotics
in Construction (ISARC), pages 66–103, Pitts- [12] Hironao Yamada, Tang Xinxing, Ni Tao, Zhao
Dingxuan, and Ahmad Anas Yusof. Tele-operation
burgh, USA, 1985. International Association for Auconstruction robot control system with virtual reality.
tomation and Robotics in Construction (IAARC).
In IFAC Proceedings Volumes (IFAC-PapersOnline),
doi:10.22260/ISARC1985/0005.
volume 42, pages 639–644. IFAC Secretariat, 6 2009.
Thomas Bock. Construction Robotics enabling Indoi:10.3182/20090909-4-JP-2010.00108.
novative Disruption and Social Supportability. In
Mikko Malaska and Rauno HeikkilÃ¤, editors, Pro- [13] C. Brosque, G. Skeie, J. Orn, J. Jacobson, T. Lau,
and M. Fischer. Comparison of Construction
ceedings of the 32nd International Symposium on
Robots and Traditional Methods for Drilling, DryAutomation and Robotics in Construction and Minwall, and Layout Tasks.
In HORA 2020 ing (ISARC), pages 1–11, Oulu, Finland, 2015. Inter2nd
International
Congress
on
Human-Computer
national Association for Automation and Robotics in
Interaction,
Optimization
and
Robotic ApplicaConstruction (IAARC). ISBN 9789517585972.
tions, Proceedings, 2020. ISBN 9781728193526.
Roozbeh Kangari and Daniel W. Halpin. Automadoi:10.1109/HORA49412.2020.9152871.
tion and Robotics in Construction: A Feasibility

[2] M. J. Skibniewski and S. Y. Nof. A framework
for programmable and flexible construction systems. Robotics and Autonomous Systems, 5(2):135–
150, 7 1989. ISSN 0921-8890. doi:10.1016/09218890(89)90006-7.
[3]

Study. In Proceedings of the 5th International Symposium on Automation and Robotics in Construction
(ISARC). International Association for Automation
and Robotics in Construction (IAARC), 11 2017.
doi:10.22260/isarc1988/0022.

7

38𝑡 ℎ International Symposium on Automation and Robotics in Construction (ISARC 2021)

[14] A. Bulgakov, A. Volkov, and D. Sayfeddine. Mathematical representation of haptic robotic realization
for artefacts maintenance. ISARC 2016 - 33rd International Symposium on Automation and Robotics in
[19]
Construction, (Isarc), 2016.

Operational Space Formulation. IEEE Journal on
Robotics and Automation, 3(1):43–53, 1987. ISSN
08824967. doi:10.1109/JRA.1987.1087068.
Oussama Khatib, Oliver Brock, Kyong-Sok Chang,
Francois Conti, Diego Ruspini, Luis Sentis, and
Robotics And. Robotics and Interactive Simulation.
Technical Report 3, 2002.

[15] Simon Manschitz, Jens Kober, Michael Gienger,
and Jan Peters. Learning to sequence movement
primitives from demonstrations. IEEE International Conference on Intelligent Robots and Sys- [20] Luis Sentis and Oussama Khatib. Task-oriented
control of humanoid robots through prioritization.
tems, (Iros):4414–4421, 2014. ISSN 21530866.
In International Conference on Humanoid Robotics,
doi:10.1109/IROS.2014.6943187.
pages 1–16, 2004.
[16] Siddharth Ayer Steven Hallowell Matthew. Patil
Karan & Bhandari. Potential for Virtual Reality [21] François Conti and Oussama Khatib. Spanning
and Haptic Feedback to Enhance Learning Outcomes
large workspaces using small haptic devices. ProAmong Construction Workers. In Proceedings of the
ceedings - 1st Joint Eurohaptics Conference and
18th International Conference on Construction ApSymposium on Haptic Interfaces for Virtual Enplications of Virtual Reality, pages 246–255, Auckvironment and Teleoperator Systems; World Hapland, New Zealand, 2018.
tics Conference, WHC 2005, pages 183–188, 2005.
doi:10.1109/WHC.2005.118.
[17] Mikael Jorda. Robust Robotic Manipulation for Effective Multi-contact and Safe Physical Interactions. [22] Margot Vullez. Le Delthaptic, un nouveau dispositif
PhD thesis, Stanford University, 2020.
haptique parallèle polyvalent à six degrés de liberté
actifs. PhD thesis, Université de Poitiers - Faculté
[18] Oussama Khatib. A Unified Approach for Modes Sciences Fondamentales et Appliquées, 2018.
tion and Force Control of Robot Manipulators: The

8

