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3. EXECUTIVE SUMMARY
This document describes technologies used within SHERLOCK to achieve direct physical human
interaction with the robot. The objectives and requirements of these individual technologies are
introduced, both in the general case and in their application to SHERLOCK. This document also
includes the depiction of the implementation, including relevant hardware, software, and algorithms
involved.
The main purpose of this document is to:
• Communicate the preliminary work to stakeholders both within SHERLOCK and external, for the
purposes of transparency, evaluation, feedback, and documentation.
• Communicate the goals and considerations which informed these designs, for transparency and to
serve as reference.
• Reflect on and formalize future work.
The technologies described here can be considered as variations of impedance control: they explicitly
seek to control the robot’s reaction to an external force or motion. When these forces come from a
human operator, this serves to make the robot compliant; allowing the operator to reposition the robot
as needed. Impedance control is realized in SHERLOCK on two different hardware systems and with
two different control architectures.
Physical interaction is an intuitive means of human-to-robot communication, but must respect certain
safety limits and achieve task-specific performance. Enablers towards the achievement of the
SHERLOCK objectives involve the following:
• Sensors and control systems which realize a predictable response to human inputs, such that the
safety and performance of the interaction can be guaranteed.
• Implementation and testing practices which allow the conclusion of safety over the range of
conditions which can arise.
• Interfaces with the larger SHERLOCK system, such that this control mode can be appropriately
modulated, motivated by the requirements of the use-cases.
The introduction presents the general requirements (in the sense of safety and performance) of direct,
physical human-robot interaction. Further information is provided in the following:
• Section 4 introduces impedance control as realized on an industrial robot via a force-torque sensor
(i.e. admittance control).
• Section 5 presents the implementation and applicability of a dual-arm robotic system for the
collaborative manipulation of extended/elongated objects.
Primary conclusions/results include the following:
• Impedance control on industrial robots for manual guidance in free-space is mature, but faces several
barriers to broader commercialization; including stable contact with a high-stiffness environment,
and lowering the engineering effort required to choose parameters for a new hardware/application.
• The dual-arm impedance control allows a suitable mixture of human and robot guidance in the fixed
case. Open questions remain in coordinating the compliance of the robot arms with a mobile base.
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4. INTRODUCTION
Physical human-robot interaction can be divided into two categories:
1. The intentional application of forces by a human to the robot (or accessories attached to the robot)
to induce the desired motion of the robot (respectively, accessories attached to the robot).
2. The unintentional contact between robot and human (i.e. collision).
Collision is primarily a safety concern, and details as it pertains to SHERLOCK can be found in
deliverables D5.1 and the associated risk assessments/reduction measures.
The first point – intentional application of forces to induce desired motion in the robot – is often
supported with sensors and control systems which allow the robot to detect and respond to the force
input of the human. While force control has been established in laboratory settings for more than 30
years, force-controlled robots have only been available commercially since 2014 (the KUKA iiwa).
Even today, major barriers remain in the development of commercially viable, safe (i.e. stable) forcecontrolled robots. Especially difficult is impedance control with higher payloads or where bulky items
must be manipulated. Existing manipulators are typically lightweight, with a low payload capacity (e.g.,
UR3/5/10, Franka Emika Panda 3 Kg) and a smaller working space. SHERLOCK addresses these two
application areas with the high-payload and dual-arm collaborative robot discussed here.
The intentional application of forces to change the behaviour of the robot falls into two major categories,
offline and online. Offline (i.e. the robot cell is not in active production), a robot commissioner can
apply forces to move the robot and teach in positions to the robot. This can be both faster and more
intuitive than programming by teach pendant, and does not require the digital infrastructure that CADbased planning tools require. Online, a responsive robot can allow a collaborator to adjust the behaviour
of the robot as required for the current context. This can include adjusting the position or trajectory of
the robot to match the current production conditions (i.e. during flexible manufacturing), or
communicate to the robot that it is ready to start or stop a work segment which may be of variable
length. This form of collaboration addresses many of the motivations of general HRC; realizing
interaction physically can be intuitive and robust, especially in a loud or busy factory environment.
The chief design considerations in impedance control can be categorized into safety and performance.
These objectives are made difficult (from an engineering design standpoint) due to limitations in the
models and objectives known at design time – a human is being brought ‘into the loop’ (making online
decisions which affect the system) as some of the objectives cannot be easily expressed within the
controlled system in advance. While the system must be responsive to human forces, the stability of
the system must be guaranteed over the range of environments which could conceivably be encountered.
While various formalizations of the safety problem have been proposed, which make varying degrees
of assumptions on the environment dynamics, provably stable environmental interaction remains an
important consideration in many force-controlled systems, and often requires substantial iterative
testing and tuning for a new application or hardware system.
Task 3.1 in SHERLOCK aims at the further development of impedance control in medium- to highpayload industrial robots, and the establishment of manual guidance on a dual-arm mobile robotic
system.
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5. FORCE SENSOR-BASED MANUAL GUIDANCE
This section presents developments which are undertaken to improve the commercial readiness of
impedance control on industrial robots. While the basic structure of impedance control is mature,
realizing this (i) safely and (ii) on a variety of robot hardware presents integration challenges which
lead to the limited availability of commercial impedance control on high-payload robots.
To identify current challenges and align future developments, IPK and COMAU had a workshop
January 18-20 on the COMAU premises in Turin. The meeting notes can be found in Appendix A. In
this workshop, the goal of developing tools to deploy impedance control on a wider range of robot
platforms was identified, as well as improving the performance of the prototyped impedance control on
the AURA system (namely, allowing for stable contact tasks). Ongoing work is aligning the
development and implementation methodology used at IPK to that implemented at COMAU, to allow
IPK to deliver software tools which are suited to the control architecture used at COMAU. At this
workshop it was also decided that the internal COMAU impedance control will be used on the AURA
robot for the OTIS use-case (instead of the external impedance control which is developed at IPK, where
impedance control is realized over a network interface and sending position updates to the COMAU
position controller). This decision was made on the following grounds:
•

•

Technical grounds:
o

To keep the hardware and software used in the use-case certifiable, which is difficult
when using an external controller.

o

Reduction in time-delay, and minimization of other potential software reliability
problems which stem from using an external controller.

To keep the focus of development work at IPK on pushing new capabilities and tools for
impedance control, including improvements to the prototyped impedance control which runs
on AURA.

With this in mind, the current development work in this task focuses more heavily on establishing
principles, tools, and experimental results which aim to reduce the integration effort for safe integration
on new robotic hardware.

5.1. Requirements
5.1.1. Application requirements
For manual guidance (online or offline), an operator must be able to adjust the position and orientation
of the robot/payload as required by the task in a safe manner. Safety entails many aspects, including
psychologically – that the human feels safe and the robot’s motion is predictable. The manner in which
the human applies the forces, either through a special interface, or directly with hands-on-payload, must
meet ergonomic requirements as well as manage risk for collision (e.g. avoid risk for pinching).
An application typically requires an end-effector/gripper, and a payload will be, at various phases of
the cell cycle, attached to said end-effector. This additional hardware (and the associated forces) should
be considered in the impedance control, such that the system can realize the desired responsiveness over
all the possible operating conditions and end-effector loads which will be encountered.

5.1.2. Technical requirements
Safety also has a technical meaning, that the robot control system is stable in all contact conditions
which can be encountered during the task. An industrial robot in contact with a high-stiffness
environment can quite easily be unstable, with oscillations that grow over time. This requires that the
parameters which determine the robot’s controlled behavior (the impedance gains) are set as appropriate
for the application and hardware which are at hand.
That the impedance parameters are application-specific is a major barrier to the commercialization of
industrial force control: requiring the manufacturer to provide impedance gains which are appropriate

-7-

SHERLOCK

820689

for the robot hardware, and requiring either end-users or integrators to adjust those gains as needed for
task performance and any contact conditions which are involved.

5.2. Implementation
Towards generalizing admittance control on industrial robots, admittance control was implemented on
a novel robot platform at Fraunhofer IPK. A Comau Racer 7-1.4 was used as the basis, and the
implementation and validation was used to formalize and improve the deployment strategy for
impedance control.

5.2.1. Hardware
Table 1: Hardware used in the manual guidance mode in IPK test-bed
Component

Notes

Photo
Workspace

Position-controlled
industrial robot

Comau Racer 7-1.4

Six degree-of-freedom ME-Messysteme KD080
force/torque sensor
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Notes

Photo
Control Cabinet

Industrial control cabinet Includes
for industrial position interface
control

C5G

open

Amplifier and DAQ for ME-Messysteme
F/T sensor
provided amplifier

5.2.2. Software
The software consists of two major components: the online controller which realizes the force control,
and a toolbox which supports the determination and analysis of the impedance parameters.
Control Architecture
The control architecture realizes a standard admittance control outer loop, which uses the measured
force to modify the reference position which is sent to the robot position controller. A block diagram of
the implementation can be seen in Figure 1. Many different admittance control applications can be
built with this framework, where the payload p, admittance A, coordinate transformation, and reference
trajectory xd are specified. For manual guidance, the specified admittance is typically a mass-damper
system, where the parameters are tuned to adjust the sensitivity to human input (within stability
requirements). The payload p is used to remove the presence of weight which is also detected from the
force sensor (please note the omission of a coordinate frame transformation to express the payload in
the current sensor frame orientation). The coordinate frame transformation shows expresses the detected
forces into a desired compliance frame. This can allow for the realization of rotations about remote axes
which may have a special task relevance.
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Figure 1: Block diagram of admittance control architecture. The human applies a force F, and
this force is processed and used to adjust the resulting position of the robot, x.
The most basic implementation of admittance control uses an admittance of a mass-spring-damper
system, realizing a relationship between corrected force input Fa and position correction as

where this relationship is realized independently in each axis of Fa and δx. The parameterization of
admittance control involves the proper selection the impedance gains Ma, Ba, and Ka, as well as choice
of coordinate frame and reference trajectory. Note that, Ka is sometimes set to zero, especially in cases
of free manual guidance, where there is no path being supplied to guide the human.
Admittance parameter calculation
The typical development and deployment pipeline for the programming of impedance control has been
analyzed to examine how the process can be supported and reduce the need for domain-specific
knowledge in its programming. A typical workflow for the deployment of an impedance control task
can be seen in Figure 2. While the work involved in commissioning and behavior design cannot be
easily reduced, the setting of parameters can be supported - for example, the safety limits of the
impedance parameters generated.
What do the design parameters depend on, and what are the methods to inform their selection? A
summary is shown in Table 2, which describes the known dependencies between parameters and
application characteristics (top), and typical outcomes (left). To select of impedance parameters for
stability, the environment dynamics and characteristics of the robot hardware must be known.

Figure 2: Typical deployment process of impedance control [1]
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Table 2: Relationship between the parameters set for industrial impedance control (top), and
typical important task outcomes. A weak dependency is marked with ‘o’, and strong ‘oo’. [1]

To support the choice of impedance parameters to respect the stability conditions; a prototype of a
toolbox has been developed in Matlab, which takes as arguments several characteristics of the robot.

Figure 3: Input/output specifications of Admittance gain toolbox
This toolbox is developed on the basis of control tools such as passivity and H infinity. A user specifies
the desired performance characteristics, in terms of maximum resonance (i.e. how much oscillation
there is), and provides information about the robot (inertia, position-control bandwidth, time delay) and
environment (stiffness, and inertia, if any).

5.3. Evaluation
To test the generalizability, the control system has been implemented on a new system at IPK (based
on a Racer 7 robot). This new implementation provided the opportunity to validate the analysis of the
deployment strategy, as well as test the implementation of manual guidance on a new system.
Force trajectories for typical contact tasks are shown in Figure 4, where the Z-force is shown in light
blue. Figure 4.a shows a typical instable contact, where the oscillation grows until an emergency stop
is triggered while Figure 4.b shows a properly tuned contact experiment.
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Figure 4: Force response in contact experiments. Top (a) shows a typical unstable result, where
the magnitude of oscillation grows until an emergency stop is triggered. Bottom (b) shows a
properly tuned contact experiment.
The toolbox to support the programming of admittance control has initial results for a fixed
environment, supporting collision and passivity requirements (passivity is a form of stability
requirement for interactive robots). Typical results from the toolbox can be seen in Figure 5.

Figure 5: Visualization of toolbox results, indicating what combinations of admittance
parameters meet certain design conditions in a given environment.

5.4. Future Work
To improve the usability of the toolbox, future work aims to develop a means of identifying the
environmental dynamics in-situ. The environment dynamics also include the effects of any endeffector/gripper, flanges, or other compliance which may be introduced into the system. A process
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which allows the in-situ identification of the relevant aspects of the application (range of dynamics),
and the automatic calculation of appropriate admittance gains, can substantially reduce the amount of
iterative testing required.
To further refine the deployment process, admittance control will be deployed on another robot, the
Comau NJ-60 that IPK already has available at their laboratory. This allows validation and refinement
to the gain calculation methodology, showing that this process can generalize to systems with a higher
payload. This hardware platform is very similar to that which is used in the AURA, which can give
better transferability of the results to the AURA system (i.e. controller gains and a tuning methodology
which is suited for contact tasks) (M36).
During the integration and test phase of SHERLOCK (M24 and M42), IPK will also work with
COMAU to fine tune and improve open issues in the AURA manual guidance module, including
establishing gains which improve the manual-guidance performance, and a tuning methodology for
when the gains must be adjusted for a new application.
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6. DUAL-ARM, MOBILE MANUAL GUIDANCE
6.1. Requirements
The development described in this section is applied to SOFITEC use case where the dual arm robot
acts as operator’s assistant during the manipulation of large parts. The operator will guide the
transportation of large carbon fiber parts, while the robotic platform follows the operator’s actions based
on the interaction forces sensed.
As the dual arm mobile platform will be available after the M18 of the project, these initial
developments are based on the two Kuka LBR iiwa robots that will be mounted on the final mobile
robotic system. Therefore, the developments included in this section do not include the mobile
capabilities of the final robotic system.

6.1.1. Application requirements
As stated previously, the aim of the proposed approach is to provide a dual arm robot able to assist
human operators in manipulation tasks with large and deformable parts. The type of task and managed
objects, as well as the way these large parts are transported by humans nowadays, introduce several
requirements:
•

During large part transport by humans, both actors agree (implicit or explicitly) on an
approximate trajectory to execute during the transportation phase. Following this premise,
robots will manage a nominal trajectory which can be manually defined by users or generated
automatically (e.g. using artificial vision).

•

When humans transport large parts along a previously agreed path, both actors are able to
deform this trajectory in a coordinated way to reach the desired goal, deviations that are even
larger when dealing with deformable objects. The implementation of impedance control is
proposed to mimic this behavior.

•

As robots act as assistants of the human, robots will only advance in the trajectory when the
operator moves the part in the defined path. Therefore, humans always have the master role in
the co-manipulation task.

•

Both robots need to move with a degree of coordination although this coordination will be
looser than in rigid bodies, as deformable parts may require the adaptation of both robots

The implemented control system is based on these application requirements and specifications.

6.1.2. Technical requirements
Based on the requirements of the scenario SOFITEC use case, these are the technical specifications of
the application:
•

As the dual arm robot needs to sense the interaction forces applied by operators, it is necessary
to include force/torque sensors or to use manipulators with this kind of sensors integrated.

•

The robotic system must be able to coordinate the movement of both arms.

•

The robot must be able to grasp and handle large and flat parts. The grippers must also deal
with the deformability of the long carbon fiber parts.

These are the three main technical requirements of the use case.

6.2. Implementation
Next lines provide further information about the implementation of the SOFITEC use case, including
both hardware and software.
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6.2.1. Hardware
Table 3: Hardware for dual arm manual guidance
Component

Notes

Photo
Workspace

Kuka LBR iiwa robots

Schunk quick tool
change system

Added to allow an easy
change of grippers if
necessary

Grippers with suctions
cups

Vacuum generator

As the manipulators
will be placed in a
mobile platform with a
limited amount of air
in the pneumatic
system, the vacuum
generator is able to
generate suction with
few air quantity
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Component

Notes

Photo
Control Cabinet

Kuka Sunrise cabinets

Standard PC with ROS

This PC is used as link
between both robot
controllers

6.2.2. Software
For the dual arm guidance for large part manipulation, a control algorithm has been designed and
implemented, algorithm called Trajectory Driven Guidance with Impedance Control. The main idea
is to follow a given trajectory as a human guides the robots: the robot will show no resistance along the
trajectory while the resistance will increase in the directions orthogonal to the nominal path.
Additionally, impedance control is added to allow deformations on the path. It will provide some
freedom to the user as long as it guides the robot near the nominal trajectory. The control algorithm
uses, besides the impedance control parameters, a set of trajectory points which will be linearly
interpolated. In each step, the current robot pose will be projected to the nominal trajectory to define
the new trajectory pose, as shown in Figure 6. The algorithm only allows to advance forward along the
trajectory, maintaining the position if the projection vector points backwards as depicted in Figure 7.

Figure 6: Robot advancing in the nominal trajectory.
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Figure 7: Robot trying to move backwards in the nominal trajectory
To this end, a two step control scheme is proposed for each robot. In a first step the Guidance module
calculates the next trajectory pose Xd based on the nominal trajectory, current robot pose and percentage
of trajectory covered by both arms. In a second step, the Impedance Control module modifies this pose
in order to obtain a compliant behaviour, calculating reference pose Xr. Figure 8 shows the architecture
of the proposed approach for the dual arm co-manipulation of carbon fiber parts.

Figure 8: Control architecture for dual arm co-manipulation
There are six main steps on the control architecture presented:
1. Project the current robot pose X in the vector Xid B.

2. Then the correction factor µ is calculated using values α, β and λ; where α is the percentage of
the trajectory covered by the robot, β is the percentage of the trajectory of the other robot and
parameter λ allows to tune this correction factor, adjusting the increase and decrease rate.
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Additionally, the direction of the projection vector P is checked; if the vector points backwards
the correction factor µ is set to 0 to avoid reverse movements.

3. At this step, the corrected advance vector Pc is calculated using the projection vector P and
correction factor µ. It allows reducing the advance when the robot’s trajectory coverage is
above the other robot’s, and increasing this advance otherwise.

4. Once the new translation vector Xi+1d is calculated, rotation Qi+1 is interpolated between the
rotations of poses A and B using the spherical linear interpolation.

5. The desired setpoint Xd is composed using translation vector Xi+1d and rotation Qi+1, which is
sent to the impedance control module.
6. Finally, this setpoint is modified using impedance control equations to obtain pose Xr.

This sequence summarizes the control architecture designed for dual arm guidance.

6.2.3. System-wide Integration
Next schema (Figure 9) shows the internal software architecture of the designed Trajectory Driven
Guidance with Impedance Control:
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Figure 9: Software architecture for dual arm guidance
In this implementation all calculus of for the guidance are placed in the Kuka LBR iiwa controllers,
which are written in Java using Kuka Sunrise 1and SmartServo2 libraries. The guidance is launched
from a Kuka Sunrise program.
An additional ROS node has been developed in order to gather information about the robots’ trajectory
and actual position. This information is sent to the other robot (to calculate the coordination factor) and
is also published in ROS to be used by other external application.
Therefore, at this step of the project the guidance must be initialized from a Kuka program although it
is planned to integrate it in a Kuka LBR custom driver that will be developed within SHERLOCK
project.

6.3. Evaluation
To test the suitability of the proposed control architecture, a set of tests has been carried out.
Specifically, the previously presented dual arm robotic system has been used to transport a flexible 2m
long carbon fiber part between a shelf placed in front of the robots and a pair of fixtures in the
workbench. The task has been performed in both directions (shelf to fixtures and fixtures to shelf) and
by different people guiding the maneuver.
Besides, multiple stiffness and λ values have been used during the test. On one hand, two stiffness
configurations have been set; a high stiffness configuration (k = 250) which allows a slight deviation
from the nominal path and a low stiffness (k = 50) which allows to manage the part in a loose way.

1

Java KUKA Sunrise library, https://www.kuka.com/en-us/products/robotics-systems/software/systemsoftware/sunriseos, last accessed 30/3/2020
2
KUKA SmartServo library, https://github.com/rtkg/lbr_iiwa/blob/master/lbr_iiwa_java/SmartServoControl.java,
last access on 30/30/2020
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On the other hand, three different λ values have been tested (0, 100 and 500). A value of λ = 0 disables
the coordination of the trajectories while the greater the value, the tighter the coordination.
The users involved in the tests pointed out that the use low stiffness values make it easier to fulfil the
task as the user can adjust the placement of the part without much effort, avoiding the rigidity of the
robotic system with high stiffness values. It provides a better user experience as the system is more
responsive to operators’ adjustments to unexpected events related with the flexibility of the part.
Besides, the coordination obtained with high λ values also help during the task, keeping the system
stable when part behaves in a flexible way.

6.4. Future Work
As future work, two main items have been identified:
•

Place all the calculus of the trajectories in the external PC, leaving only the impedance control
on the robot controller using SmartServo library. To this end, it will be necessary to develop a
custom driver to stream all the setpoints of the robots from the PC to the Kuka Sunrise
controllers. It will be mandatory to analyze the stability of the control scheme as the control
architecture will be divided in two parts (external PC and controller) although it will allow a
better integration with the whole SHERLOCK architecture.

•

Include the mobile platform in the control loop. An initial analysis points out that possibly two
control modes will be necessary, one including the mobile platform to transport the parts along
the factory and the presented one, without mobility features, to place the parts in their final
position with precision.

With these two additions, the second prototype of dual arm mobile manipulation would be completed
by M36.
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8. APPENDIX A
Meeting Minutes – Planning meeting
Location: Comau in Turin, Italy
Date: 01/20/2020 to 01/21/2020

Attendance
Comau: Stefano Pesce, Giuseppe Avallone, Fabio F. Abba, Alfio Minissale, Gian P. Gerio
IPK: Kevin Haninger, Arturo Bastidas-Cruz, Gerhard Schreck

Agenda
Day 1:
-

Current activities at Comau (Stefano and Giuseppe):
• Characterizing manual guidance for different robots
• Transitioning from impedance to force control
Current activities at IPK (Kevin and Arturo):
• Contact tasks on Racer 7 and RML
• IPK’s planned developments
o Adaptive impedance control
o Virtual fixtures
o Gain tuning for impedance control
Technical/software review

-

-

Day 2:
-

Facility tour guide and demonstration of new developments
Discussion of future cooperation

Action items
Goals:
Short-term goals
Hardware

Software

Robot NJ60

Medium-term goals

Long-term goals

Cobot

Robot Racer 7
Matlab interface for Architecture for SW Integration of IMCO/
FOCO/manual
testing
integration
guidance in all robots
Contact tasks AURA

Applications

Peg in hole
Friction stir welding

Actions:
IPK

COMAU

Validate
IMCO Confirm input/output behavior
implementations
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IPK
Contact
AURA

tasks

COMAU

with Support in parameters settings and Experiments or parameter interface to
controller design
allow testing

Implementation
of General guidelines and specific Testing and feedback
manual guidance on advice
new machines

Potential topics for future cooperation:
•
•
•
•

Cobot: current-based Cartesian impedance control
Validation and commissioning methodology for impedance control on a new hardware
Cartesian soft servo
Tuning of position loop for impedance control
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