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Executive Summary
The RAMCIP project is part of the HORIZON 2020 research and innovation
programme launched by the European Union in order to develop a service robot for
supporting elderly patients with early stages of Alzheimer disease (AD) or mild
cognitive impairment (MCI). This deliverable reports the results of the task T5.1
“Reaching objects with safety” which focuses on ensuring safety during navigating
and manipulating tasks executed by the RAMCIP robot. This deliverable contributes
to WP5 which overall develops and implements control strategies of the robot for
“Advanced grasping and manipulation” capabilities. In particular, the envisioned
RAMCIP use cases require the robot to perform various object manipulation tasks
in different areas of a typical household environment.
Ensuring safety in robotic reaching is a manifold task. A major challenge for
developing safe reaching control is to plan and execute a robust collision free
trajectory against environmental constraints that may be dynamic, with a level of
uncertainty in their states due to noise in the sensors. In parallel, the motion should
be task-relevant and human-friendly so that it does not pose a threat to people in
the proximity. One of the preventative measures for accidental collision with
humans is to generate smooth and predictable motion of the robot. By making the
robot motion legible to humans, we allow people to anticipate the motion plan of
the robot and provide sufficient time for the humans to prepare for the expected
robot motion. In addition, the planned trajectory should also respect the human
comfort. For instance, psychological theories postulate that the human forms a
particular comfort zone in the surrounding space wherein they automatically feel
uneasy when other people enter this zone. Thus, the robot should also take such
spatial awareness of the people explicitly into account when planning its trajectory.
Once a motion has been planned, the robot needs to execute a trajectory which
remains robust and dependable even when the environmental constrains has
dynamically changed or when the sensor signals become disturbed. Imperfect
knowledge of the environment can cause suboptimal or even dangerous motions,
making online supervision of the robot state critical to its safety. Therefore, control
schemes for reactive collision avoidance needs to be implemented. In some cases,
contacts with humans may be unavoidable or desired in some tasks or situations.
In order to compensate for such cases, adaptive compliance is introduced to the
robot manipulation control, wherein it yields to external forces and thus lowers the
forces transmitted between the robot and the environment/human. This compliance
should be task- and situation-specific according to the RAMCIP use-cases, so that
it optimally adapts to address the situation at hand in a safe and appropriate
manner.
This deliverable discusses the above illustrated fields of research and describes the
solutions as implemented in the RAMCIP architecture. First, the related works
relevant to safe navigation and manipulation are reviewed in Chapter 2. Following
the discussions about methods of global and local path planning for navigation, the
state of the art (SoA) in compliance control and collision avoidance in manipulation
are illustrated. Chapter 3 describes the architectural overall control design. It
serves to provide a brief overview of the solutions for safe manipulation and
navigation. This chapter also maps the control structure to a software architecture
to show how these components can work together and are implemented based on
the robot operating system ROS. The solutions for each of these planning and
control problems are detailed Chapters 4-5. For global path planning of navigation,
a socially-aware method was developed which explicitly takes the human into
account in terms of human motion prediction. The predicted path is extended by a
human comfort zone which is derived from proxemics theory on human-human
June 2016
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interaction. By including the result in the cost-map structure for global path
planning, trajectories that avoid unnecessary proximity to the human are derived.
This enhances the acceptance of the robot by the human and helps to avoid
hazardous situations already in the early stage of offline planning. For the execution
of planned trajectories a dynamic window approach is implemented as a local
planner. It allows the system to find locally optimal solutions in velocity space that
are collision free and explicitly consider the dynamic capabilities of the robotic
platform, thus guaranteeing safe solutions. The approach works on a local map
obtained from online laser range scanners and RGB-D sensors. In many cases, the
robot can find its way around a priori undetected obstacles without having to replan, bringing increased robustness to the navigation system. Chapter 5 describes
how safety is addressed in the manipulation system. An adaptive compliance
control is implemented as a nominal control that adapts arm stiffness and damping
parameters dynamically to the task, the risk of collision and uncertainties stemming
from the perception system of the robot. The adaptive compliance allows the robot
to efficiently reduce the collision impact in the event of unintended contacts while
being stiffer and executing motion accurately when the environment is collisionfree with a higher level of confidence. For the arm motion, biologically inspired
motion profiles are used, aiming at a more predictable behaviour. To avoid
unintended collisions whenever possible, an invariance control scheme is
implemented that supervises the nominal control with respect to safety boundaries
that are defined as hard constraints to the system. This model-based method takes
the dynamics of the robot explicitly into account which allows for a mathematically
proven adherence to boundaries. An augmented version of this approach was
developed in course of this task to enable the adherence to smoothness
requirements for system states and control inputs. A paper on this method was
submitted. This novel approach can be an alternative to the conventional approach
to invariance control implemented. In Chapter 6, a brief overview is given on how
safety is addressed in the design of the robot to enforce safety not only in terms of
software but also on the level of hardware. In Chapter 7, conclusions are drawn
about the results of this deliverable.
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1. Introduction
1.1 Scope of the deliverable
The RAMCIP project envisions a domestic service robot that assists daily activities
of elderlies with a particular focus on those suffering from mild cognitive deficits
(MCI) and early-stage Alzheimer disease (AD). The RAMCIP robot will encompass
sophisticated sensing and actuation capabilities that are operated by high-level
cognitive functions to accomplish complex physical activities found in daily activities
in order to support the users in a discreet yet proactive manner. As the use cases
drawn from the end-user survey (Deliverable D2.2) specifies cases where the
RAMCIP robot must be operated in proximity of humans, the robot is expected to
perform numerous functions that can cause hazards to humans around it. Thus,
safety risks to the end users must be appropriately addressed in the robot control
schemes. In order to prevent hazardous events, it is important to identify sources
of potential harm, to determine anyone who may be exposed to a potential hazard
in the robot’s vicinity, and to assess the type and magnitude of injuries the robot
may cause to people. From a technical perspective, these safety concerns are
managed by incorporating several knowledges and techniques including the
sensors for monitoring workspaces, safe manipulation, compliant to safety
standards and safety evaluation. Relevant safety norms and standards are
described in Section 6.2. While some of the critical safety issues are addressed at
the hardware level such as the collision detection at the bumper, complex safety
requirements envisioned in the RAMCIP project require preventative safety
enforcement by its control architecture. One of the challenges in developing such
control system is finding the balance between the safety and reliability. On the one
hand, the safety is most important for the deployment of a robotic system in a
domestic environment. On the other hand, a service robot has to have a certain
robustness in terms of task completion to of value for the user.
A scope of this deliverable is to document and present the results of the works
conducted within Task T5.1 “Reaching objects with safety” which concerns control
schemes for ensuring the safety when the robot executes physical tasks. The works
also involve the design of a first version of the overall control architecture for the
RAMCIP robot and its mapping to the software architecture of the robot. In Task
5.1, we specifically address control schemes for two types of operations which form
a basis for supporting various use case activities envisioned in RAMCIP; Platform
navigation and manipulation. In order for the robot to reach an object of interest,
the robot needs to travel through the household environment and perform a
grasping task using its hand-arm system to obtain the desired object. Thus,
reaching action is typically realised through three steps in which safety must be
addressed in all of these phases.
1. Offline planning phase. Determine a safe and collision-free path to a target
platform pose from which the object can be grasped
2. Navigating phase. Execute platform motion to attain the planned trajectory
3. Manipulation phase. Execute the arm motion to attain the planned arm pose
Due to the high complexity of the control schemes required for object manipulation,
the grasping control schemes are separately developed in Task T5.2 and T5.3. The
performance of both planning and reactive algorithms depends strongly on the
sensors mounted on the robot and tangential cognitive capabilities. In the case of
RAMCIP, information from laser scanners and RGB-D sensors serves to update the
robots perception of the environment and to locate the robot online using the SLAM
method. The vision-based feedback, for example, contains noise from
June 2016
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uncontrollable lighting and vibrations of the robot which introduce uncertainty to
the control system. Given such noise-prone or incomplete knowledge of the
environment, the planned trajectories may cause unintended collisions with the
environment. In order to prevent accidents, methods for real-time reactive collision
avoidance are derived and implemented in the course of this task. Furthermore, an
additional safety feature is introduced in terms of an adaptive compliance control
to ensure that unavoidable collision is handled safely through a ‘soft reaction’ of
the robot to its environment when the contact is made. One of the most
sophisticated safety features realised in this task is the explicit usage of the sensory
and system uncertainties in the control loop of collision-free or compliant behaviour
of the robot.

1.2 Relation to other deliverables
Methods for safe navigation and robotic manipulation towards object reaching and
grasping developed in T5.1 are tightly connected with the home environment
modelling framework of T3.1 reported in D3.1. The fused metric and semantic maps
enable the T5.1 methods to be driven through the translation of semantic
commands (e.g., bring me a bottle of water) into specific robotic manipulations to
fulfil the task requirements. Specifically, the metric map is used as the basis for
the construction of the global occupancy grid map on which the global planner will
operate. The hierarchical semantic map retains the frequently visited human
standing positions required for the short-term human motion intention prediction
also modelled within the global occupancy grid. Moreover, within the hierarchical
semantic map, the robot’s preliminary parking positions related to small and large
objects that the robot should reach in order to successfully interact with them are
stored. Hence, T5.1 and T3.1/2 are closely associated due to the fact that T5.1
performs object reaching methods rely on the inputs concerning the object type,
shape, pose (T3.1) and the human presence (T3.2). These methods are also
relevant to T5.1 regarding the collision avoidance approach for the arm. Tracked
obstacles are estimated by continuous geometric primitives and subsequently
applied as safety boundaries to the collision avoidance method. This interface is
described in details in Section 3.2.4. Furthermore, this deliverable depends on the
hardware design conducted in WP7 as it contains the hardware drivers that must
be interfaced by the methods of T5.1 in order to control the robot. For the RAMCIP
arm system, this interface will be implemented in terms of a hardware interface
integrated in the ROS_control framework described in Section 3.2.2. The driver
software for the platform will be a simple ROS node that is interfaced via publishsubscribe functionality by the move_base node described in Section 3.2.1.
Continently, this deliverable forms the basis for T6.1 “Safety under intentional and
unintentional contact” which addresses safety in the context of HRI scenarios.
Firstly, the collision avoidance scheme in terms of Invariance Control (IC)
developed in this task (see Section 5.3) will be adapted to dynamically update its
safety boundaries online to include a biometric model of the human constructed
through the visual inputs. In addition, where physical HRI (pHRI) is desired,
compliance control for the manipulation task needs to be adapted not only by the
uncertainty in the control system or of the environments, but also by the context
of interaction. Applications of such techniques are expected in T6.2 and T6.3 where
the robot handovers an object to or places a footwear onto a human user,
respectively. Furthermore, developments described in this deliverable will also be
adapted in T5.4, where a control strategy for manipulation of hinged objects will
be developed using the low-level arm control implemented in this task.

June 2016
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1.3 Deliverable structure
This deliverable is structured as follows:
Chapter 1 provides an introduction to T5.1 and the works conducted within this
task.
Chapter 2 presents the related works for each components developed in this task.
This involves platform navigation in terms of global planning and local online
planning algorithms. Furthermore, related work about safe manipulation with
regard to compliance control and collision avoidance is reviewed. This chapter
finishes with highlights about the advances within the RAMCIP project compared to
the current state-of-the-art (SoA).
Chapter 3 presents the control architecture designed for safe reaching. It splits
into high and low-level control schemes that are described. Subsequently, the
control architecture is mapped to an overall software architecture based on ROS.
The chapter illustrates how features of ROS-control and the ROS-navigation stack
are applied for RAMCIP.
Chapter 4 explains how safety is assured in navigation through motion planning
and reactive collision avoidance.
Chapter 5 contains the solutions for safety in manipulation, starting with a risksensitive compliance control. To enhance the legibility of the robot motion by the
human observers, biologically inspired motion profiles are used for arm trajectories.
Furthermore, the reactive collision avoidance for the hand-arm system is achieved
by means of invariance control. This enables to enforce safety boundaries as hard
constraints to the robot.
Chapter 6 provides descriptions on how safety in reaching motions is addressed
in terms of the hardware design of the robot.
Chapter 7 draws conclusions in which the achievements in Task 5.1 are
summarised.
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2. Related work
This chapter reviews related work for each component developed in this task. This
involves platform navigation with methods of global planning and local online
planning algorithms. Furthermore, related work about safe manipulation with
regard to compliance control, collision avoidance and grasping are reviewed. This
chapter finishes by explicitly pointing out the advances of RAMCIP compared to the
current SoA.

2.1 Platform navigation
The related work for navigation of robotic platforms is split in two parts in this
section. Section 2.1.1 describes SoA algorithms for global path planning which is
mainly performed offline or at least at lower update rates (~1 Hz). This involves
mapping the environment, as well as the actual path planning algorithms. Section
2.1.2. is about local path planning and considers online components that are in
charge of executing plans retrieved from global planning methods. The main focus
herein lies on reactive collision avoidance which is of particular importance in
dynamically changing environments and with limited knowledge of the environment
that surrounds the robot. Using only robot mounted sensors, the robot might not
be able to see its whole way and has to rely on a priori mapping of static parts of
the environments as well as on collision avoidance schemes that enable the robot
to locally adapt planned trajectories.

2.1.1 Global path planning
A prerequisite for autonomous robot navigation in domestic environments is the
extraction of a path that is efficient and reliable in terms of collision avoidance. To
achieve this, within the scope of navigation, mobile robots retain a global path
planner (GPP) [1]. The GPP operates in a higher level when compared to the local
path planner (Section 2.1.2), as it seeks for the shortest path to a goal according
to certain criteria and avoids dead end situations. Some of the most common, yet
important attributes that a global path planner should hold is the ability to design
a collision free path among the current robot position to a target one, operating in
static or dynamic environments, while it simultaneously retains computational
efficiency [2]. Existing methodologies in global path planning yields different
approaches dealing with the aforementioned prerequisites. The optimisation
strategies for calculating an optimal path depends on non-linear objective functions
that express the navigation problem [3]. Such an example is the A* search
algorithm [4] which has been used as a variation of the Dijkstra’s solution [5].
Originally, it was proposed for two-dimensional grids, also known as state spaces,
characterizing it as a discrete algorithm. A* is an algorithm that combines Dijkstra’s
algorithm in the sense that it can find the shortest path, but also the Greedy BestFirst-Search criterion, in the sense that it uses a heuristic optimization function.
Another family of global path planning methods is the thinning approximation
algorithms which are based on the Voronoi diagrams, such as the Generalized
Voronoi Graphs [6]. In accordance with this method, a skeleton from grid maps,
i.e. metric maps discretised in occupancy grids, updates possible pathways as the
robot explores the environment. Various extensions of the Voronoi Diagrams
methods have been introduced [7], [8] however they lack computational efficiency.
A sample of a more recent solution in the domain of global path planning is the
approach from Rashid et al. [9], where a planning method based on Bresenham’s
algorithm has been designed and the global path derives through graph
construction procedures and searching tactics. The method by Garrido’s et al. [10]
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is an online path planning algorithm that relies on the network simplex
methodology, which was integrated with the virtual vehicle approach to form
smooth feasible trajectories. The authors in [11] modified the frontier-based
exploration technique to a path planning algorithm, which was further blended with
the Potential Field Method (PFM), deducing a navigation framework that avoids
dynamic obstacles. Although PFMs have been widely used for path planning, they
retain several drawbacks and limitations. A problem that commonly occurs in such
systems is the local minima one. Such situations occur and the robot is lead to a
dead end, for example in a U-shaped obstacle, reasoning the existence of several
works that attempt to solve the latter issue mainly using heuristic functions [12].
The incorporation of robots in human populated environments imposes the
establishment of path planning methodologies that allow them to cruise in a secure,
appropriate and common manner among people. This raises new challenges in
terms of research where the concept of safe navigation attains a wider
interpretation and aims to facilitate human-robot coexistence beyond the
established safety measures [13]. The emerging topic of human aware navigation
deals with robots manoeuvring in complex environments, while considering the
convenience of present individuals and their safety. On the one hand, safety can
be achieved up to some extent by using the on-board robot sensors for typical
obstacle avoidance. On the other hand, the answer to the human's comfort during
the robot's operation in a domestic environment stems from the social sciences, in
which the anthropologist Edward T. Hall [14] postulated the Proxemics theory.
Following his theory, the human comfort levels are influenced from their distance
from other persons and, consequently, there are zones, i.e. proxemics zones that
determine the intimacy equilibrium model among human-human interactions.
Robotics science adopted the Proxemics theory to model the human-robot
interactions according to which the robots should be capable of perceiving
proxemics and adopt their behaviour accordingly [15]. Specifically, the work in [16]
presents a navigation strategy in populated environments based on the prediction
of people's movement and the level of discomfort as imposed by the proxemics
theory. In a more contemporary solution, the work in [13] represent the social
zones in terms of isocontours of an implicit function capable of describing complex
social interaction. Such zones are shaped through non-linear probability functions
which derive as solutions to a learning problem in the kernel space. Thus, it is
evident that contemporary global path planning algorithms targeted to operate on
mobile robots incorporate functionalities that take the human presence into
consideration by exploiting the robots perception mechanisms to model the human
preferences and motion attribute within the domestic environments [17].

2.1.2 Local path planning
The local path planning considers an online component of navigation that is in
charge of executing pre-calculated trajectories and adapts them when necessary,
e.g., for the purpose of obstacle avoidance. In this field, pioneering work was
conducted by O. Khatib [18]. He introduced the so-called artificial potential fields
for obstacle avoidance in locomotion. By defining potentials fitted to detected
obstacles, one can derive virtual repulsive forces that can be mapped to the
actuation of the robot and thus avoid collisions. The main advantage of this
approach is its simplicity which requires a low computational cost. However, it also
has several shortcomings. First of all, the robot can get stuck in local minima of the
superposed potential fields. In this case, attractive and repulsive forces cancel out
each other. Various works have been conducted since the introduction of artificial
potential fields to cope with this problem. One example from the early 1990s is the
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influential algorithms introduced by Latombe [19]. Further methods are the escapeforce algorithm from [20], the adaptive virtual target algorithm from [21] or the
approach from [22]. A different approach to local planning and obstacle avoidance
is described in [23], called vector field histogram approach. Around the robot as
centre, a histogram of obstacles coded in polar densities is calculated. Then the
commanded direction of motion is determined as a trade-off between the obstacle
densities as a cost and the heading towards the goal pose as a utility. This
procedure is performed at every time step. As the histogram is updated every time,
this algorithm can handle a dynamically changing environment. Another algorithm
is the collision cone concept as described in [24], [25]. It predicts cones in velocity
space that would lead to collisions. Therefore choosing a velocity outside the cone
will result in a collision free motion. Still a valid and goal directed velocity has to
be chosen. A utility based heuristic approach for choosing manoeuvres is introduced
in the work of Fiorini and Shiller [26]. The so-called dynamic window approach
spans a window in velocity space around the current robot velocity as described in
[27][28]. The width of this window is limited by the robots acceleration limits, thus
representing the set of reachable velocities given a certain step size in terms of
time. This set is then discretised and searched for an optimal next velocity.
Optimality in this case means a trade-off between goal-reaching behaviour and
obstacle avoidance. Furthermore, additional heuristic utility functions can be added.
For instance, in the case of an omnidirectional platform, one might additionally
evaluate on the facing direction. Before the actual optimisation process, all
velocities that would lead to collisions are forbidden from the discretised set. Such
velocity exclusion can be performed in terms of a ‘time to collision’-like prediction,
as proposed in [29].

2.2 Safe manipulation
This section includes related works regarding safety in arm manipulation. They
comprise legible arm kinematics by means of human-like characteristics, compliant
nominal control in contact situations, and collision avoidance schemes for
manipulators.

2.2.1 Kinematic characteristics of human reaching
Legibility of the robot motion is a very important safety feature, as implicit
communication of the robot motion intention allows people in the proximity to
anticipate the consequence of the motion executed by the robot. Consistently,
evidence suggests that not only the performance but also the perceived safety in
HRI improves when the end-effector of the robot is controlled with human-like
characteristics [30]. In particular, human reaching motion is often characterised as
a smooth arm motion with a bell-shaped velocity profile [31] wherein smoothness
of movement is commonly quantified in terms of curvature and jerkiness [32]. The
curvature is invariant across various amplitudes and speeds of movements [33],
and considered to result from optimisation of biomechanical constrains at the joints
[34][35]. Jerkiness, on the other hand, reflects on-line correction of the
movements and is commonly used as the measure of temporal smoothness [32].
When the movement execution is imperfect, the velocity profile becomes more
asymmetric with prolonged deceleration period to account for the subsequent
movement correction. The minimum-jerk model is most widely used in simulating
simple human movement which emulates smooth velocity profiles [36].
Furthermore, the model has been implemented to specify a trajectory of the robot
[37][38]. For instance, [30] implemented a variation of the minimum-jerk
trajectory to generate a trajectory for human-robot object handover and showed
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how a robot motion with human-like kinematics could increase perceived safety by
a human partner.

2.2.2 Compliance control
In order to safely react to external forces, the concept of hybrid position/force
control was developed by Craig and Raibert [39]. In particular, Paul and Shimano
introduced compliance control [40] while Salisbury developed conceptually
equivalent stiffness control in [41]. Currently, the most common control approach
to physically interact with robots is impedance control, which was originally
introduced by Hogan [42]. This type of controller generates a desired physical
behaviour considering external forces and the states of the robot. Through
compliance control, for instance, the robot is controlled to behave like a Cartesian
second order mass-spring-damper system. The field of compliance control can be
split in two sub-domains, the passive and the active compliance control. For passive
compliance control, a spring is placed between joint and actuator to ensure that
the system is inherently compliant. This series elastics actuation approach [43]
provides compliance on the physical layer. To change the compliance parameter
this approach is extended to variable stiffness/impedance actuation [44]. For active
compliance control, the force/torque and position are measured with sensors to
adapt the position or force of the actuators. Since the compliance is generated by
a computed control law, the compliance parameters can be changed online as
desired. Adaptation of the compliance for safety is a relatively new field, though
there are some different strategies to set the variable stiffness parameters. Medina,
for instance, adapted the stiffness and compliance considering uncertainty of a task
model as reported in [45]. In their study, the motion of an autonomous system for
pHRI had been modelled using a training data set, and the compliance was lowered
when model uncertainty was high due to scarce training data, and vice versa. In
[46], as an alternative method, Kormushev set the stiffness parameter based on
the inverse of covariance in movement demonstration and scaled the resulting
stiffness to the possible one of the robot. In the popular work of Haddadin [47],
torque controlled gravity compensation is considered as a safe reaction strategy in
case of a collision. Torque controlled gravity compensation can be interpreted as
zero stiffness impedance control. However, the first impact in case of collision is
independent of the stiffness since no collision detection is fast enough for rigid
impacts. However, for the post-impact phase the interaction force can be
decreased.

2.2.3 Collision avoidance in manipulation
For autonomous robots that work in dynamic and changing environments and/or in
the proximity of humans, it is important to enforce safety boundaries on the robot
to its perceived environment and protect both robot and the environment from
unintended collisions. A basic requirement therein is that the robot can keep not
only static but also dynamically changing sets of boundaries. A very common
strategy to handle this challenge are potential field methods as are described in
Section 2.1.2. A drawback compared to other approaches like invariance control,
which is described at the end of this section, is that it does not consider the
dynamics of the robot and thus cannot guarantee the adherence to boundaries.
Another possible solution to obstacle avoidance in manipulation is the optimisationbased model predictive control [48]. Given a robot model and/or task model,
optimal control inputs are iteratively determined to satisfy constraints. These
optimisations can be performed on system inputs, states or outputs. The main
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drawback of this approach is that it becomes computationally expensive when the
considered system is of a high dimension. The manipulation system of the RAMCIP
robot including elevation mechanism and wrist has seven degrees of freedom,
resulting in 14 robot states. This high dimensionality make the application of model
predictive control in real-time hard. The high computational cost of such an
approach also results from the non-linear system dynamics of the robot. In [49],
an approach for collision avoidance is presented that combines control Lyapunov
functions with control barrier functions. Both soft and hard constraints can be
implemented to a robotic system with this approach. However, the main excluding
shortcoming of this methodology is that it is defined for static constraints only which
are not suitable to represent boundaries defined on a dynamic environment. The
reference governor approach [50] supervises the input commands to a control
system and alters them in order to enforce constraints on state and control
variables. These alternations are driven from a priori offline simulations of the
system. Especially when humans are involved, a complete simulation of human
behaviour is still a very challenging task. Also, the required numerical simulations
may prevent the application of this approach to real-time scenarios. A promising
approach to enforce safety boundaries on a robot is invariance control as depicted
in [51]. The main idea of this control method is to supervise a stabilising nominal
control with regard to defined and evaluated hard constraints. Whenever
necessary, the invariance control scheme will switch to corrective control to keep
the system in an admissible set, limited by the set of hard constraints. To determine
when to switch to nominal control, so-called invariance functions are evaluated
based on an I/O-linearization of the constraints, taking the system dynamics
explicitly into account. This enables the method to guarantee the adherence to
boundaries for the continuous case. This approach was extended to cope with
dynamic boundaries and applied on a 7-Dof manipulator in [52]. The method was
further improved with regard to chattering in discrete time implementations in [53].
Invariance control is suitable for a nonlinear multi-input multi-output system which
makes it applicable to the RAMCIP manipulation system.

2.3 RAMCIP advances
The main challenge of the present task was to design an overall control structure
that can enforce safety consistently trough all levels of control. Therefore,
combinations of existing and newly developed methods have been implemented.
This starts with an approach to motion planning that does not only consider a
detected human as a static obstacle, but also takes the motion of the human as
well as psychological aspects of the interaction with humans explicitly into account.
More specifically, the short-term human motion is predicted from the observed
scene when planning for navigation. In addition, a human comfort zone is modelled
from a human-human proxemics theory and influences the trajectory planning. This
combination allows one to consider a cost-structure in the planning of trajectories
that penalises motions that violate current or future comfort zones and/or cross
the path followed by the human. Thus, the probability of hazardous or
uncomfortable situations during navigation is minimised already in the planning
phase. In the implemented combination with a dynamic window local planner
executing the planned trajectories, a human friendly and social-aware framework
for navigation was developed in course of T5.1. It finds optimal trajectories in
human presence and adapts it locally whenever necessary to avoid collisions with
the environment. This is of high importance as the system relies solely on robotmounted sensors, inherently limiting the knowledge of the possibly dynamic
environment in the planning phase.
June 2016

19

TUM

Deliverable D5.1

Dissemination Level (PU)

643433–RAMCIP

Regarding the control architecture for manipulation, the safety requirements are
mapped to a combination of compliance and strict collision avoidance which allows
to comply in contact situations and to avoid unintended collisions with the
environment whenever possible. Especially the collision avoidance, which is
implemented as an invariance control scheme for the RAMCIP arm is a promising
approach that allows for guaranteed adherence to safety boundaries that can be
enforced as hard constraints to the system. The scheme is a supervising approach
that allows to be combined with a stabilising nominal controller. It switches between
nominal and corrective control to enforce hard constraints while allowing for a
nominal behaviour to its full extent. The model-based worst case motion prediction
can determine when corrective action is necessary, leaving as much of nominal free
robot motion as possible. In the scope of T5.1, this switching control method was
extended to implement smoothness constraints on both system states and control
inputs while keeping the guaranteed adherence to boundaries and stability
characteristics of classic invariance control. This is achieved by an artificial
augmentation of the controlled system with designable linear dynamics. Smoother
and thus more predictable robot motions can be achieved when corrective control
is applied. Augmented invariance control allows for dynamic safety boundaries
which is of high importance when protecting humans from unintended collisions.
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3. Software and control architecture
This chapter presents the overall control architecture for safe reaching control.
Subsequently this is mapped to a software architecture based on the robot
operating system ROS. The chapter illustrates how features of ROS-control and the
ROS-navigation stack are applied for RAMCIP.

3.1 Control architecture for safe reaching
The overall control concept for reaching motions involves both platform motion (or
locomotion) and manipulation which includes the motion of the hand-arm system.
One approach for the control of the RAMCIP robot would be to define a holistic
concept for the control of all the degrees of freedom (DoF) of the robot, thus
coordinating these sub-tasks as a single controller. This approach was not taken in
RAMCIP for several reasons. For RAMCIP, the lower level control including the
envisaged collision avoidance functionality is split into platform navigation and
manipulation. This has the general advantage of having two subsystems of lower
dimension in terms of DoF instead of one large system. This way, more specialised
methods for the subsystems can be applied, namely the dynamic window approach
and a combination of compliance control and invariance control, for local planning
in navigation and manipulation, respectively. The low dimensionality, for example,
enables us to find locally optimal solutions for the platform velocities (2 DoF,
translation and rotation) at every time step in real-time. If we would search the
velocity space of the whole robot, an at least 9 DoF space (2 DoF platform and 7
DoF arm) would have to be searched for an optimal velocity which can hinder the
real-time requirements. Another argument to have a split control concept are the
time constants of the system. While the 2 DoF of the platform have to move the
whole mass of the robot and hence larger inertia, they show higher time constants
compared to the hand-arm system. In a control background time constants are
system characteristics that are a measure for how fast the system reacts to a unit
control input. The difference in terms of time constants is for most mobile robots
in the area of factor 10 between platform and manipulator. That means that the
frequency ranges required in the feedback loop of these parts differ by the same
factor, which also encourages to use a split architecture for the robot control.
The overall control architecture employed in the RAMCIP system is depicted in
Figure 1. It also serves as an overview of the following chapters and sections of
this deliverable. The chosen solutions for each functionality are explained in more
detail in the following chapters. The illustrated task observer and the cognitive
system represent the robots perception and knowledge of its environment. Their
data is used to generate discretised 2D maps of the environment which can be used
for motion planning. The data of the perceived environment is also used for the
definition of safety boundaries for protecting the environment including the human
from unintended collisions with the robot. These boundaries are derived in the
spherical and planar fitting from Figure 1 where simple geometric primitives are
fitted to the surrounding of the robot. The simplicity of the chosen primitives is
important to be able to efficiently evaluate constraints on these boundaries for
reactive collision avoidance in a real-time setting. The depicted local planner serves
to execute trajectories planned for navigation. It deforms the desired trajectory
whenever necessary to avoid collisions. For the RAMCIP robot, the local planning is
performed by a dynamic window approach [27], [29] that finds locally optimal
solutions in the velocity space of the platform (2 DoF) enabling a collision free
motion. The approach is described in Section 4.2 in details. For the low-level control
of the arm, a nominal adaptive compliance control scheme executes manipulation
tasks. It is designed to adapt its compliance in reaction to the task at hand and the
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risk of contact with the environment as depicted in Section 5.1. The output of this
control is supervised by an invariance control scheme according to [52]. It switches
between the nominal control signal and corrective control whenever necessary to
avoid violations of safety boundaries that are defined as hard constraints to the
robotic manipulator. Details on this approach can be found in Section 5.3.

Figure 1. Control architecture for reaching with safety with the RAMCIP
robot. The blue indicated area shows the real-time part of the architecture
that represents the lower level control for task execution.
One of the challenges in developing such control system is finding the balance
between the safety and reliability. On the one hand, the safety is most important
for the deployment of a robotic system in domestic environment. On the other
hand, it needs to be functionally appropriate and reliable as an assistive robot. For
instance, highly “soft” robot would be safe but it would negatively influence
accuracy of the motion being executed. Nevertheless, accurate execution of motion
requires a “stiff” controller, and it is not intrinsically safe. Accordingly, Haddain [47]
proposes a hybrid architecture which comprises of the interaction mode of the robot
in terms of Autonomous, Human-Friendly, and Collaborative modes to provide the
context in which the safety requirements should be respected accordingly (Figure
2). In each mode, a different control parameters should be derived to make sure
that the robot is highly safe in the presence of the human and more efficient when
the human is not in the workspace. Namely, we need a control architecture which
can be adapted flexibly depending on the mode which a robotic system operates
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at. Thus, the main feature to distinguish between the modes is the human user. In
the absence of humans, the robot is set to operate in autonomous mode. In this
setting the robot can operate in a more confident manner as its environment can
be considered quasi static. The resulting lower risks are mapped to higher speeds
and stiffness to enable to robot to fulfil tasks efficiently and with high precision.
The mapping of Autonomous mode to the control architecture is depicted in Figure
3.

Figure 2. Envisaged functional operating modes of the RAMCIP robot. The
control architecture from Figure 1 is parameterised according to the
current functional mode [47].
Safety parameters such as minimum distances or maximum velocities can be
relaxed in Autonomous mode compared to scenarios with interacting humans to be
more dynamic and efficient in terms of task execution. Lower safety distances and
the absence of a human comfort zone clear more free space in the robots mapping
of the environment and thus facilitate path planning. It also allows for safety
boundaries that are fitted more tightly to objects, assuming that the state of the
environment and the sensor inputs are relatively stable. Altogether, these factors
leave more workspace for both the platform and the hand-arm system to operate
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within. Furthermore with higher speed and acceleration limits the robot can act
faster and higher stiffness in the arm system causes a higher precision in
manipulation. In addition, the set of user requirements are likely to differ from
those chosen for human presence (Collaborative mode or Human friendly mode).

Figure 3. Control architecture in Autonomous mode. In the absence of
humans, the robot can be behave more confident and parameterize its
control structure with regard to performance. The influence of the
Autonomous mode is indicated in beige colour.
In the presence of humans, RAMCIP will be in Collaborative mode in case the task
involves direct interaction with the human or in Human friendly mode in case the
task does not involve interaction but humans are in the proximity. Either way, the
robot has to move more carefully compared to Autonomous mode to account for
the risk of endangering the human. The influence of Collaborative mode on the
robot control is shown in Figure 4.
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Figure 4. Control architecture in Collaborative mode. The task involves
potential contact with the user and behaves more carefully. This maps e.g.
to low stiffness parameters and lower speed of task execution. The
influence of the Collaborative mode is indicated in green.
The Collaborative mode is the most challenging mode as their tasks involve physical
contact with the user while ensuring the safety of the user at all time. This issue is
tackled on the level of the control architecture by mode specific safety parameters
that influence on e.g., the map generation where cost maps can represent a human
comfort zone or penalise entrance to the risky areas. The safety boundaries have
to be fitted to protect the non-static human body resulting in dynamic boundaries
that can be handled by the chosen collision avoidance (invariance control) [52].
The motion planner has to consider user requirements and how to approach the
human in order to make contact e.g., in a handover scenario. In the proximity of
the human, the local planner is restricted to a lower speed and acceleration range,
resulting in more prudent and predictable navigation. In addition, the
parameterisation of the RAMCIP arm control sets a higher compliance to lower the
forces transmitted to the human in situations with physical contacts. To enable safe
contact, the safety boundaries for the part to be contacted temporarily needs to be
removed. The Human friendly mode is a slightly less prudent version of
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Collaborative mode without opened boundaries. Due to its similarity
Collaborative mode, it is not explained in more details at this point.

to

An important feature to the RAMCIP safety architecture is the Fault-reaction mode.
It defines the behaviour of the robot in the case that unexpected events occur. This
can be a loss of tracking of the user, an unintended contact with the environment,
sensor failures or when the robot becomes stuck and/or cannot fulfil a task at hand.
In these cases, a robot is set to stop its motion and to switch to a zero-stiffness
gravity compensation which minimises the collision impact to its best. This enables
the user to arbitrarily move the robot with only a small resistance. The Faultreaction mode is displayed in Figure 5.

Figure 5. Control architecture in Fault-reaction mode. Whenever
something unexpected happens or the task cannot be fulfilled, the robot
enters the Fault-reaction mode which represents an emergency mode.
Active robot motion is stopped and the robot is set to be maximum
compliant to lower the danger of potential contacts. The influence of the
mode on the control structure in indicated in red.
Once the robot is again fully aware of the situation, escape strategies can be
planned and executed after switching back to an appropriate functional mode.
June 2016

26

TUM

Deliverable D5.1

Dissemination Level (PU)

643433–RAMCIP

This concludes the overview on the RAMCIP control architecture. The following
Section 3.2 describes how it is implemented, and thus introduces the RAMCIP
software architecture.

3.2 Software architecture
The control architecture for RAMCIP is implemented based on the Robot Operating
System ROS. This system is designed for modular and distributed software
developments and is suitable for integrating all the software provided and
developed by the partners of the RAMCIP consortium. Its predefined standard
messages system and the publish/subscribe interface make it easy for distributed
processes to get needed input signals and to output their own information. This is
complemented by a parameter system that allows for globally accessible
configurations across processes. Based on the Unified Robot Description Format
(URDF), ready to use visualisation and simulation environments are offered besides
a variety of user contributed packages that are publically available. This provides
ready to use basic functionalities for robots in terms of e.g., hardware drivers, but
also methods for SLAM and navigation. In addition, the real-time capable
framework of ROS_control can be used for low-level control of actuators. The core
functionality of ROS is licensed by the BSD license, which allows both commercial
and closed source products to be built on the basis of ROS. This combination of
characteristics makes ROS appealing to use for the RAMCIP robot. In the DoW it is
originally intended to use a combination of the so called Kogmo-RTDB (Real-Time
Data Base) and ROS for the implementation of the control architecture of RAMCIP.
The mean argument for the usage of Kogmo-RTDB for low-level controls is its realtime capability. As it was found that ROS_control allows for comparable
functionality and performance. In that sense, it was decided by the consortium to
completely work ROS based and thus migrate initial RTDB-based implementations
to ROS. This facilitates the integration and communication with other Software
components and spares the need for bridging the two systems (RTDB and ROS).
The purely ROS-based implementation of the control architecture is shown in Figure
6. The components of the cognitive system, the task observer and the spherical
and planar fitting are implemented as ROS-nodes and are indicated in purple. They
are not described in full details at this point as they are not in the scope of T5.1.
The spherical and planar fitting results from the object tracking methods of T3.1
and the task observer will be developed in T3.2. The communication to the rest of
the architecture works via ROS-messages and the publish/subscribe interfaces. All
components that are connected to navigation are implemented using the
framework of the ROS_navigation stack, indicated in green. More precisely, the
move_base framework combines SLAM, global motion planning and local planning
functionalities by means of plugin architectures. This is further described in Section
3.2.1. The low level control for the hand-arm system (indicated in red) is based on
the ROS_control framework and allows high frequency control in real-time. This
component integrates both compliance and the supervising invariance control in
order to achieve obstacle avoidance. In the following section, the characteristics of
the ROS_navigation stack and the ROS_control framework are described in details.
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Figure 6. Mapping of the control architecture from Figure 1 to the software
architecture. The whole control structure of RAMCIP is implemented based
on ROS. The functionalities are implemented as nodes (purple), embedded
in the ROS_navigation stack (green) or implemented using the
ROS_control framework (red).

3.2.1 ROS navigation stack and move_base
The RAMCIP navigation framework has been designed based on the existing
architecture of the ROS, known as the navigation stack. This is a framework that
orchestrates the robot odometry information, the sensor’s stream, the constructed
maps of the environment and the velocity commands send to the platform. The
reason for the selection of the navigation stack is that it already implements a
communication architecture among the modalities that need to work together in
order to navigate successfully. It is structured in such a manner that it leaves space
for easy porting and integration of novel implementations, without the need of
changing the wider navigation architecture. An illustrative representation of the
navigation stack setup is shown in Figure 7.
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Figure 7. The architecture of the navigation stack from [54]
On the left side of the figure, the modalities responsible for the robot localisation,
odometry and the transformation tree of hardware component’s topology are
illustrated. On the right side of the figure, the sensor stream and the map server
are highlighted. An emphasis should be given to the middle part of the navigation
stack which is the description of the move_base component. This component is
responsible for implementing the high- and low-level navigation commands to be
sent to the platform base controller. Specifically, the global_costmap plugin is
responsible for converting the global occupancy grid map (see Section 0) into a
weighted representation of the obstacle probabilities used by the global_planner.
It calculates a long-term plan among the current robot position to the goal one by
generating a successive set of points that need to be followed from the robot. The
local_costmap is a weighted representation of the local occupancy grid map, which
is a map centered on the robot base and takes the sensor data on the runtime e.g.,
from laser scanner into consideration to build an on-the-fly obstacle layer. The
local_planner is responsible for navigating the robot “locally”, i.e. among the
successive points provided from the global planner. More precisely, given a global
plan to follow and a local_costmap, the local planner produces velocity commands
to send to a mobile base. The navigation stack is structured with a plug-in
architecture which allows different implementation to be examined while retaining
the communication schema among the nodes unimpaired.

3.2.2 ROS control for manipulation
The ROS control package is a generalised version of the control architecture that
was originally developed for the robot PR2. It offers a real-time capable framework
that allows to define own controllers and hardware interfaces. They can be loaded
independently as plugins to the framework. This is besides various predefined
controllers from PR2. The compliance control is implemented into a controller plugin
together with the supervising invariance control. The communication between the
controller and the ROS-environment is established via subscribed topics. While this
communication over the network of the RAMCIP robot is not strictly real-time, the
communication between the controller and the plugged hardware interface is. The
structure of the ROS control framework is depicted in Figure 8.
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Figure 8. Structure of the ROS_control framework from [55]. Controllers
are loaded as plugins by the Controller Manager. They communicate via
plugged in hardware_interfaces with the actuated hardware in real-time.
Predefined controllers (indicated in yellow) are loaded as plugins via a launch-file
structure together with the hardware interface (indicated in orange) by the
controller manager. The framework directly sends commands to the actuators and
reads their states at a predefined rate in real-time. These controllers can be used
for both simulations and real applications, which makes them a useful tool in
combination with robot simulators as e.g., Gazebo.

3.2.3 Interface
between
components

manipulation

and

grasping

The software components related to grasping and manipulation are:




Grasp Planner (GP): The software component which plans the grasping
by selecting an appropriate grasp strategy.
Grasp Controller (GC): The component which performs the grasp strategy
by controlling the arm-hand system (it controls the arm through the
interfaces provided by Manipulation Planner and Control).
Low-level control arm (LCA): The component which performs the
extension of the arm. This component is indicated in Figure 1.

RAMCIP robot will realise the following two steps, in order to grasp an object:
1. Plan the grasp by finding a proper initial grasping pose (IGP). The arm
reaches this pose. This step will be performed by LCA and GP components.
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2. Grasp the object by utilizing one of RAMCIP’s grasp strategy. This step will
be performed by LCA and GC components.
Both GP and GC are not depicted in the control architecture from Figure 1 as they
are not in the main scope of this task. Instead, they are developed in T5.2 and
T5.3. Nevertheless, reaching and grasping are closely interlinked in the final
system, and the respective software components needs to collaborate and
communicate. The interfaces of grasping components to the LCA are therefore
described in the following.
Interface between LCA -GP:
The Grasp Planner (GP) produces a set of different grasps to be performed. One of
these grasps should be chosen, depending on surrounding obstacles and the
reachability of the arm. For each grasp the GP will produce one position volume
(PV) and one initial grasping pose (IGP). The position volume is the volume in 3D
space, inside of which the hand is implementing the corresponding grasp strategy.
The initial grasp pose is the pose that the arm should reach before the grasp
strategy starts. As a next step, the LCA excludes the grasps that will collide with
surrounding obstacles by checking if at least one surrounding obstacle overlaps
with the grasp’s PV. The remaining pairs of PV and IGP are sent to LCA component,
in order to select one of them, based on the robotic arm’s ability to reach all
positions within the PV with the orientation of the IGP, given kinematic constraints
and potential docking positions close to the targeted object. Then the LCA extends
the arm to reach the selected IGP.
Interface between LCA-GC:
After the reaching of the initial grasping pose, Grasp Controller will perform the
grasp by using the interfaces provided by the LCA component. These interfaces
provide inputs/outputs for controlling the arm in a Cartesian compliance control
mode. Particularly:




Grasp Controller will publish (write) to 3 different ROS topics in every control
cycle:
o Desired Wrist pose: For providing the desired arm pose for the grasp.
o Desired Virtual force: For providing the desired external wrench
applied on the tool frame of the arm.
o Compliance gains: For providing the desired compliance parameters
of the tool frame of the arm.
Grasp Controller will subscribe to (read from) 2 different ROS topics in every
control cycle:
o Measured Wrist pose: For reading the current pose of the arm.
o Measured External force: For reading the current external wrench
applied on the arm.

3.2.4 Interface between manipulation and vision components
The vision modality of the RAMCIP robot is responsible for providing the collision (free) space for arm manipulation and control. The developed invariance control
scheme for the RAMCIP robotic manipulator works on the basis of continuously
updated safety boundaries. In order to evaluate these boundaries efficiently at high
real-time frequencies, the method has been relied on simple geometric primitives
such as planes, spheres and cylinders for the definition of safety boundaries. Such
primitives are fitted to all obstacles to protect from collisions with the hand-arm
system in the current workspace of the arm. In order to achieve this, the currently
acquired frame of the RGB-D sensor is processed. Specifically, the planar plane i.e.
supporting surface is extracted using a plane fitting algorithm or the information of
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the supporting surface in case that a large object has been modelled within the
hierarchical semantic map. In the next step, the remaining points in the scene are
segmented and organised into clusters with the centres of which correspond to
specific objects. The occupancy space around the clusters is defined using either
sphere or cylinder descriptions to model the existing objects in the scene. For the
optimal selection of the most appropriate shape for the modelling of each
segmented region, a similarity criterion in the 3D space has been implemented. For
scenarios where the segmented region included more than one objects due to
occlusions and erroneous depth measurements, the selected shape is a spherical
one. Additionally, the size of the shapes is defined to enclose the bounding boxes
of the segmented regions while a safety marginal is also foreseen in order to
compensate the noisy measurements of the RGB-D sensor.
Since the invariance control framework requires the boundaries of the obstacles to
be traceable in time, the state of the centres for the primitive shapes is constantly
observed. In case that large differentiation among successive frames is noticed (3D
translation control), the small-objects tracking software component (thoroughly
discussed in D3.1) is activated in order to track and determine constantly the
boundaries of the moving object. The combination of these requirements forbids a
direct use of point clouds and/or 3D occupancy grids for invariance control but
motivates to work on the basis of planar, spherical or optionally cylindrical fittings
to occupied space. These can all be expressed by means of two vectors 𝒏, 𝒂 ∈ ℝ3 and
a scalar parameter 𝑟 ∈ ℝ: A sphere is uniquely defined by a centre point 𝒂(𝑡) ∈ ℝ3
and a radius 𝑟(𝑡) ∈ ℝ that can vary over time 𝑡. In the case of a plane, an arbitrary
point on the plane 𝒂(𝑡) ∈ ℝ3 and a normal vector 𝒏(𝑡) ∈ ℝ3 define the geometry of
an infinite plane. A cylinder can be represented by a point 𝒂, an axis vector 𝒏 and
a radius 𝑟. Planes and cylinders have to be infinite to fulfil the requirement of being
continuously derivable which would be violated e.g. at the edges of a finite area
plane. An exemplary scenario is depicted in the Figure 9.

Figure 9. Exemplary scenario where safety boundaries are fitted to the
observed environment for the purpose of obstacle avoidance during
manipulation. In the workspace of the arm, indicated in blue, obstacles
like the illustrated table and the cup are approximated by a fitting plane
and a sphere (red) that can be used by an invariance control scheme for
obstacle avoidance.
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In the picture a scenario is drawn involving a table and cup that are to be protected
from collisions. As both obstacles are in the workspace of the hand-arm system a
plane and a sphere are fitted to define safety boundaries, indicated in red. The
according parameters are expressed with respect to the robot base-link coordinate
frame which is indicated in green.
In terms of implementation the described fitted geometries are transmitted to the
invariance control implementation via the publish-subscribe interface. A message
containing a list of safety boundaries that are each defined by a unique ID, a type
(plane, sphere or cylinder) and the according parameters (𝒂, 𝒏, 𝑟) is read and
interpreted by the invariance control. The following message structure is used to
interface with the vision of the robot that defines the safety boundaries based on
the perceived scene.
Table 1. Message structure designed for the communication between the
low-level control of the arm containing collision avoidance functionality
and the vision of the robot. Vision means explicitly the tracking of the
home environment and user from WP3. From the observed scene a list of
obstacles (Obs_list) is filled with safety boundaries fitted to the
environment to be protected by the IC-scheme, described in Section 5.3.
Type

Message

Obs_data

Obstacle

Obs_list

name

description

geometry_msgs/Vector3

n

normed direction

geometry_msgs/Vector3

a

point

std_msgs/Float64

r

radius

std_msgs/String

type

sphere/cylinder/plane

std_msgs/Int32

obstacle_id ID number, specified only if obstacle is traceable over time

ramcip_collision_avoidance/Obs_data

data

Parameters

std_msgs/Header

header

includes a timestamp

std_msgs/String

frame_id

Specifies the coordinate frame for the parameters

ramcip_collision_avoidance/Obstacle[]

obs

List of boundaries
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4. Safe navigation
This chapter explains how safety is assured during the navigation of the RAMCIP
platform in detail. Specifically, safe navigation control entails obstacle avoidance in
terms of motion planning and on-line collision avoidance. The former concerns the
global path planning which generates a trajectory for which the robot could follow
without being intercepted by recognised obstacles in the environment map. The
latter is an online reactive controller which adapts robot motion using an on-board
sensor. It is designed to prevent collisions with obstacles in real-time, and
particularly robust against obstacles not addressed by the global planner due to the
mapping inaccuracies or changes in the environment. This chapter is therefore split
into two main tasks; global and local path planning which are discussed in Section
4.1 and 4.2, respectively.

4.1

Social-aware global path planning

The social-aware global path planning algorithm is responsible for computing robot
paths by taking into consideration the spatial constraints of the environment as
well as the human presence. A simplistic approximation could be to tackle the
human presence in the same ways as the static obstacles. However, the global path
planning operates on a static grid map, which is a product of the metric mapping.
Therefore, during the robot operation in the domestic environment, the human
instance would be perceived only by the robot’s lasers, and it would result in robot
paths outlining a trajectory very close to the human. This behaviour is not
acceptable for two reasons. Firstly, it could lead to hazardous events and
unexpected contact with the human. Secondly, such a robotic behaviour could
jeopardize the robot acceptability by the users since this navigation framework
does not consider the human comfort. In this scope, the methodology followed for
the development of this software component consists of three steps; the first one
comprises the characterisation of the human space in order to model the HRI spatial
constraints, in accordance with the psychological influences that considered among
human-human interactions using the proxemics theory. The second step comprises
the development of a human short-term motion intention routine in order to make
a rough estimation about the human movement within the domestic environment.
The third step constitutes the fusion of the potential human path estimates, by
exploiting the posed constraints of the proxemics theory in order to formulate the
global occupancy grid map upon which the path planning algorithm will operate.

4.1.1 Modelling of the human-robot interaction space
Robot navigation relies on any path planning approach which determines the
trajectory based on the description of the environment represented as a map.
Therefore, the metric maps with attributes that express the human presence in the
environment can enrich human-oriented navigation strategies. These attributes
would facilitate smooth human-robot coexistence by respecting human
convenience and the human-human psychological interaction rules, in particular.
The cultural anthropologist Edward T. Hall [14] introduced the term proxemics to
suggest that psychological influences, which are formed by culture, designate zones
of proxemic distances. In accordance with this theory, when people approach each
other excessively close, they instinctually take on a less comfortable stance.
Moreover, individuals typically assert a certain space to engage in ordinary
conversation and only specific individuals are allowed to violate it. This space is
appreciated by others, while any violation causes discomforts. According to the
proxemics theory, the area around a person is separated in four fundamental zones,
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namely the intimate, the personal, the social and the public one. The first zone is
a disc of radius 0.45m in approximation and corresponds to actions engaging
physical contact, such as whispering. The second one is a circular ring of inner and
outer radius 0.45 and 1.2m, respectively and refers to interaction with relatives or
friends, as well as in crowded situations. The third circular zone with radiuses in
the range between 1.2-3.5m regards the distance in public. The last zone with
radius greater than 3.5m designates the lack of interaction. Based on the work in
[15], one can assume that the same proxemic behaviour is applied between mobile
robots and humans.
Since the RAMCIP robot is targeted to operate on domestic environments, the
proxemic zone within the developed framework corresponds to the personal one,
according to which the robot should not come closer than 1.2m from the centre of
the human, when no interaction e.g., handover, is intended. Upon successful
human detection and tracking, the centre of mass 𝐶(𝑥0 , 𝑦0 ) of the human silhouette
is calculated and expressed with respect to the global metric map. At this point, it
should be stressed that the metric map during the navigation phase has been
converted into a 2D global occupancy gird map, each cell of which is expressed as
a probability of an obstacle existence within a specific range. The human presence
is modelled by forming an oriented Gaussian kernel around 𝐶(𝑥0 , 𝑦0 ) such that

𝐺(𝑥, 𝑦) = 𝐴𝑒−(𝑎(𝑥−𝑥0 )

2 +2𝑏(𝑥−𝑥

2
0 )(𝑦−𝑦0 )+𝑐(𝑦−𝑦0 ) )

(4.1.1-1)

where 𝜎𝑥 and 𝜎𝑦 are the 𝑥 and 𝑦 spreads of the Gaussian blob. Considering that that
the free space in a home environment is decreased, the formed Gaussian kernel is
an oriented one. Therefore, in this approach, the upper bound of the personal
proxemics zone parameter was aligned with the principal axis of human motion
direction while the lower bound was at the opposite direction of the human motion.
Thus, an elliptic shape is attained by giving different values to the variances 𝜎𝑥 and
𝜎𝑦 , which determine the values of parameters, 𝑎, 𝑏 and 𝑐 as follows:
𝑎=

𝑐𝑜𝑠 2 𝜃 𝑠𝑖𝑛2 𝜃
+
2𝜎 2 𝑥
2𝜎 2 𝑦

(4.1.1-2)

𝑏=

𝑠𝑖𝑛2𝜃 𝑠𝑖𝑛2𝜃
+
4𝜎 2 𝑥
4𝜎 2 𝑦

(4.1.1-3)

𝑐=

𝑠𝑖𝑛2 𝜃 𝑐𝑜𝑠 2 𝜃
+
2𝜎 2 𝑥
2𝜎 2 𝑦

(4.1.1-4)

thus allowing the rotation of the Gaussian kernel by an angle 𝜃, which is the yaw
angle of the human expressed in the global coordinate frame. The amplitude 𝐴 (see
Section 4.1.2) is the regularization parameter of the Gaussian values to be
converted into weights when the human presence is imprinted in the occupancy
grid map.

4.1.2 Human motion intention modelling
Within the hierarchical mapping schema presented in deliverable D3.1, the
frequently visited positions of human in the home environment are stored. These
positions correspond to spots in the metric map that represent the places commonly
visited by the user during the daily activities, e.g., in front of the kitchen bench
and, therefore, are referred as human standing positions. Using a rough estimation
about the position and orientation of the human centre of mass, the direction of
human motion is constantly calculated and the distance from the human and the
standing positions is also computed. To model the short-term human motion
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intention, the orientation deviation 𝐝𝑟 from the current human pose to all standing
positions is calculated, and the Euclidean distance deviation 𝐝𝑙 from the current
human location to all the standing positions is determined. Assuming that there are
𝑁 human standing positions, the most probable one (𝑃𝑖 , 𝑖 = 1, … , 𝑁) that the human
will move towards can be determined by minimizing the equation
𝑁
𝑃𝑖=1
= 𝑎𝑟𝑔𝑚𝑖𝑛(𝛼𝐝𝑟 𝑁 + 𝛽𝐝𝑙𝑁 )
𝑖

𝑖

(4.1.2-1)

where 𝛼 and 𝛽 are regularisation parameters that control situations where the
modelled environment is congested, i.e. with many furniture where the user has to
follow curved paths to reach a standing position. The minimized values of the
criterion are sorted from the most probable to the less probable ones. All the human
paths among his/her current location and the standing positions are computed. For
each point (location in the map) of the calculated human path sequence, an
oriented Gaussian kernel is centred to model the personal space of the human that
will remain occupied along the predicted paths. The amplitude 𝐴 of the Gaussian
kernels that form each human path is reverse proportional to the values of criterion
𝑃𝑖𝑁 indicating that the paths with less probability to be followed by the human have
diminished weights. Figure 10 graphically illustrates the aforementioned
methodology.

Figure 10. Illustrative representation of the modelled environment and the
human presence. First row left, the top down projected 3D metric map
along with the human model and a Gaussian kernel cantered around the
model, and the determined human standing positions. First row right, the
sequence of the Gaussian kernels along the calculated human paths
towards the standing positions. The second row is a similar representation
from a different view point outlining the variation of the Gaussian Kernels
proportionally to the minimised criterion.
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Robot path planning considering human presence
The robot global path planning algorithm operates on a global occupancy grid map.
This occupancy grid map is formulated by conducting a top down projection of the
3D metric map and the incorporation of an additional layer that models the human
presence as discussed in the previous sections. Each cell of this grid is considered
as a probability of an obstacle existence within a specific range. A cell with a value
equal to zero (0) denotes a lethal obstacle, while a cell with values -1 denotes noinformation about the specific area due to obstacle occlusions during the metric
mapping procedure. The human presence, i.e. weights of the sequence of Gaussian
Kernels, is also expressed as probability in the global occupancy grid map while
points closer to human centre of mass register a value close to zero (0), ensuring
that the robot will not collide with the human. In this way, small penetrations in
the human’s personal space are allowed especially when the operational
environment is very congestive and the free space is reduced. Figure 11 provides
an illustrative example of the workflow described, considering the human presence
and the static obstacles.
Several path planning implementations have been examined among which the A*,
the D* and the D* Lite. However, no variation in their performance worth to be
noted, since these implementation determine the optimal selected path by taking
the global occupancy grid map into consideration. In the developed module, the
formulation and update of the global occupancy grid map given the human
presence and the static obstacles is performed with at least 5Hz to allow on-demand
operation of the global path planner and fast re-planning without adding significant
computational overhead in the navigation software component. The accuracy of the
global path planning methodology tightly depends on the accuracy of the global
occupancy grid map and hence on the initially constructed 3D metric map. The
accuracy of the constructed map during the mapping procedure has been reported
in the deliverable D3.1 and was measured to be equal to ±6cm for 70m 2 explored
areas. Considering that the point cloud data of the metric map are voxels filtered
with a quadratic averaging filter of edge equal to 5cm during the top down
projection for the construction of the occupancy grid map, the erroneous
estimations of the computed path are negligible.

June 2016

37

TUM

Deliverable D5.1

Dissemination Level (PU)

643433–RAMCIP

Figure 11. The first row exhibits the reference image of the modelled
environment and the 3D metric map along with the human standing
positions. The remaining two rows correspond to the experimental
assessment of the methodology for various robot’s starting positions. On
the left column the robot does not consider the human presence while,
on the right column, the robot considers the human presence in order to
draw a path.

4.1.3 Relation to the local path planning
The output of the global planner i.e. a sequence of two-dimensional points and the
local occupancy grid map centred on the robot’s base is reported to the local path
planner. For the construction of the local occupancy grid map, during the navigation
phase, each frame from the currently acquired Kinect2 point cloud is top-down
projected and along with the currently acquired laser point cloud (laser line) are
ray traced to form a local occupancy grid map (LOGM). Each cell in LOGM obtains
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a discreet value from 0 to 100 and -1 corresponding to free space, an occupied cell
and no-information, respectively. These observations correspond to the online
sensor measurements acquired during the navigation step.
In order to express the uncertainty stemming from the mapping procedure and the
uncertainty from the Laser scanner and the RGB-D sensors we combine the GOGM
obstacle existence probability and the LOGN obstacle observation as follows:





Each cell that is marked as an obstacle on the LOGM (Cell_valueLOGMij =100),
is examined with respect to the corresponding cell in the GOGM
(Cell_valueGOGMij = [0,100]).
A Gaussian kernel is defined in the very tight neighbourhood of the current
cell by examining the difference between these values. The variance σ 2 of
the kernel is inversely proportional to their absolute difference. Increased
σ2 denotes great uncertainty i.e. the neighbourhood of the currently
observed cell is more likely to be obstacle. Decreased σ 2 denotes that the
neighbourhood of the currently observed cell is more likely to be free space.
The output of this routine is a probabilistic LOGM_prob expressing a
probabilistic local occupancy grid, which retains the uncertainty of the
detected obstacles in the local area modelling, including the human
presence, the uncertainty during metric mapping and the uncertainty of the
measurements obtained during the runtime from the RGB-D and Laser
sensors. This local area is considered with a greater resolution than the one
on which the global path planner operates.

4.2 Local path planning with dynamic window approach
The local planner is responsible for executing a safe navigation trajectory. The
global path plan is generated offline under the inherent limitations in the perceptual
systems and environmental mapping (Section 4.1). These facts lead to cases where
some obstacles might not have been detected before the global planning, or the
environment might have been change during. Thus, the local planner must
effectively address situations where the robot may be at a risk of colliding with
unforeseen environmental constrains. It is therefore essential to have the real-time
executing and supervising components to avoid collisions with the environment in
the local planner. In order to efficiently meet these requirements, in the RAMCIP
project, a dynamic window approach is implemented to serve as local planner. This
approach fulfils the real-time requirements and still allows for an optimization in
the velocity space of the platform because of the low dimensionality of the
platforms DoFs. Another important feature of the dynamic window approach is that
it takes the dynamic capabilities of the platform explicitly into account by limiting
the velocity space e.g., in terms of maximum velocities and accelerations [27].
The RAMCIP implementation of the dynamic window approach works on the basis
of a convex polygon that represents the projection of the robot’s silhouette to the
ground as indicated in Figure 12. The DoFs of the robot platform are indicated in
red. Drawn in blue, the hull polygon is fitted to the current arm pose of the platform.
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Figure 12. Convex polygon from the projection of the robot to the ground.
This Polygon is used in the dynamic window approach to predict when and
where collisions can occur with the environment.
This procedure already implies that the calculations for the dynamic window
approach (e.g., for collision predictions) are based on planar considerations,
making them highly efficient from a computational point of view. The online
perception of the environment is represented by a 2D local map (LOGM_prob from
Section 4.1.3) retrieved from the map generation of the move_base architecture.
This map considers only the local area around the robot on a grid of approximately
3x3m. This map can be significantly smaller than the global map used for path
planning, and it is updated at a higher frequency. It results from a merging of
sensor data from the laser range scanners and the Kinect sensors of the RAMCIP
robot. Further inputs to the system are the odometry, containing pose and velocity
of the robot. Finally, the planned global trajectory is passed to the local planner in
the shape of a series of desired platform poses. The only output of the dynamic
window local planner is a locally optimal velocity that is afterwards sent to the
platform hardware driver, which offers a velocity interface. The described I/O
structure of the algorithm is depicted in Figure 13.
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Figure 13. I/O structure of the RAMCIP local planner based on the dynamic
window approach. The algorithm calculates locally optimal solutions for
the platform velocity of the robot on the basis of collision predictions and
a desired trajectory.
The parameterization of the local planner contains besides the dynamical limits of
the robot (velocity and acceleration) information about the discretization of the
velocity space, searched for optimal solutions. The settings also define a minimum
safety distance and weightings between the heuristic utility functions used for
optimisation. The overall algorithm is sketched as a pseudo code:
-Parse dynamic window settings from ROS parameters
-While(ros::ok())
-Update inputs
-Choose valid next pose from trajectory as local goal
-Span velocity grid with given limits around current velocity
-For (all velocities in grid)
-Predict time till collision
-Forbid velocity if it would lead to a collision
-Forbid velocity if it would violate the safety distance
-If(velocity is not dangerous) Calculate total weighted 𝑢𝑡𝑖𝑙𝑖𝑡𝑦
-End
-If(admissible velocity was found) Solve 𝑎𝑟𝑔𝑚𝑖𝑛𝑣 (𝑢𝑡𝑖𝑙𝑖𝑡𝑦(𝑣))
-Else stop robot (v ->0)
-Publish velocity command v
-End
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After updating the inputs to the algorithm, a local goal is chosen from the global
trajectory. In order to prevent the robot from performing a jerky motion, the local
goal is always chosen at a certain minimum distance to the robot as long as the
end of the trajectory is not reached. Before the actual optimisation, the velocity
space is discretised into the dynamic window, which is always chosen symmetrically
around the current velocity and is limited to velocities that are reachable within one
time step given the maximum accelerations of the robot. In addition, the maximum
value for each velocity component is considered in the discretisation step. Thus,
the dynamic capabilities of the robot are mapped onto a finite set of feasible
velocities. Looping through all velocities in the derived window, each velocity is
checked with regard to predicted time until a collision, and the minimum distance
to obstacles that the robot should keep. This step serves to sort out all dangerous
velocities, leaving a set of admissible solutions. In this approach, the prediction of
the time-to-collision can be seen as the key component to collision avoidance
through a linear extrapolation of the velocity. For an arbitrary velocity that can
contain linear and rotational motion, the robot follows a curved arc as sketched in
Figure 14.

Figure 14. Prediction of collision with an obstacle for a robot motion with
translational velocity 𝒗 and rotational velocity 𝝎. The robot that follows an
arced curve is estimated by a convex polygon. Based on this scenario, the
time until collision at the given velocity is predicted.
The radius of the arc 𝑟 is defined by the ratio and magnitudes of linear and rotational
velocities [29]. Given this motion, each edge of the polygon representing the robot
silhouette is projected along this arc, yielding a system of linear equations that can
be solved for both points and times to collisions with obstacles from the local map.
The shortest time-to-collision serves to evaluate the safety with the current
velocity, and it is subsequently used to evaluate the utility of the velocity with
respect to distance to obstacles. An exemplary plot of the resulting utility grid is
shown in Figure 15. In the chosen scenario, the robot is placed in front of an
obstacle in the x-direction of the robot coordinate system (see Figure 12). One can
see how the utility drops in the direction of the obstacle. For the sake of illustration,
the whole velocity space in the linear direction was evaluated in this plot to show
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the shape of the utility function as well as the enforced maximum velocity which is
responsible for the round shape of the utilities (blue).

Figure 15. Example of a weighted utility grid for the distance utility of the
dynamic window approach. This grid was recorded when the robot faces
an obstacle in the x-direction. The utility drops in the direction of the
obstacle as the predicted time until collision decreases. A weighted sum of
such grids is used to determine an optimal velocity.
The optimisation is finally performed on the non-dangerous set of velocities with
regard to the following heuristic utilities:
Heading:
Recompenses goal directed motions.
Speed:
Rewards high linear velocities to enforce fast goal directed motions whenever
admissible.
Orientation:
Recompenses the facing behaviour of the robot. This utility is high as long as the
robot is facing in the direction of motion. This utility is only valid for
omnidirectional platforms and is meant to make the motion of the robot more
intuitive and predictable for the user. When approaching the global goal, motions
towards the target orientation are rewarded instead.
Distance:
Recompenses long predicted times until collision
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The combination of heading and speed generates an attractor behaviour towards
the local goal. In the presence of obstacles, the distance utility shifts the optimum
of the total utility towards a deviating motion around the obstacle. This allows the
robot in many cases to find its way around obstacles blocking the original path
without having to re-plan. Nevertheless, the described approach is prone to local
minima and can therefore become stuck. In this case, a new global plan has to be
calculated in order to escape from the minima.
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5. Safe manipulation
This chapter contains the solutions chosen with regard to safety in manipulation,
starting with a risk-sensitive adaptive compliance control which is described in
Section 5.2. To enhance the predictability of the robot motion, biologically inspired
motion profiles are applied for manipulation which is explained in Section 5.2.
Furthermore, the reactive collision avoidance for the hand-arm system is achieved
by means of invariance control. This enables to enforce safety boundaries as hard
constraints to the robot (Section 5.3.1). An extension to classic invariance control
developed in the scope of this task is described in Section 5.3.2.

5.1 Adaptive compliance control
When a robot moves in a real world scenario, pure feedforward planning often fails
due to several reasons such as sparse sensory information of the environment,
unpredictable or unrecognised dynamics of objects, or the unavailability of a
collision free motion. To generate a safe behaviour even during collision, force
control, especially compliance control is commonly used to minimise the physical
impact on the robot and on the environment. The safest behaviour of the robot
would be to decrease the stiffness to its minimum. A drawback of this solution is
that it increases the susceptibility to external forces and can thus result in large
deviation from a desired trajectory. To control the trade-off between safety and
quality of motion, the stiffness of the robot arm can be dynamically adapted
following a more advanced strategy. Thus, whenever the risk of collision is small,
the robot can execute a given motion with a desired stiffness 𝐾𝑑𝑒𝑠 to achieve best
performance. When a case of a collision becomes more likely, specifically, the
stiffness is limited by an upper bound 𝐾𝑚𝑎𝑥
𝐾 = min(𝐾𝑑𝑒𝑠 , 𝐾𝑚𝑎𝑥 )

(4.1.3-1)

In this section, we consider that scalar stiffness parameters are applied equally in
each Cartesian direction. The upper bound of the stiffness is based on position and
motion relative to the known obstacles. The relative distance to the 𝑖th obstacle is
then given by

Δ𝑥𝑖 = ||𝑥𝑒𝑒𝑓 − 𝑥𝑜𝑏𝑠,𝑖 ||2

(4.1.3-2)

In order to minimise the impact in the case of a collision, the stiffness should be as
low as possible. Given the upper bounded stiffness for the end-effector which
converges to zero for Δ𝑥𝑖 → 0, the transmitted force on impact is minimal for nonblunt contacts. In addition, high velocities towards an obstacle should also cause
low stiffness parameters. Thus, the relative motion to an obstacle can be mapped
onto an upper limit for the stiffness 𝐾𝑚𝑎𝑥,𝑖 of the manipulator according to
𝐾𝑚𝑎𝑥,𝑖

Δ𝑥𝑖
, 𝑓𝑜𝑟 Δ𝑥𝑖̇ < 0
= { −Δ𝑥̇ 𝑖
∞
, 𝑓𝑜𝑟 Δ𝑥𝑖̇ ≥ 0
𝑐

(4.1.3-3)

The overall upper bound for the stiffness 𝐾𝑚𝑎𝑥 of the robot arm is given by the
minimum
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(4.1.3-4)

Since positions of obstacles and the robot localization are measured with vision
sensors, the resulting signals are noisy or in other words uncertain. This can
jeopardise the direct use of the simple mapping from equation (4.1.4-3).
Considering this uncertainty, the resulting variance of Δ𝑥𝑖 is as follows:

Var[Δ𝑥𝑖 ] = 𝑉𝑎𝑟[𝑥𝑜𝑏𝑠,𝑖 ] + 𝑉𝑎𝑟[𝑥𝑒𝑒𝑓 ] + 𝐶𝑜𝑣[𝑥𝑜𝑏𝑠,𝑖 , 𝑥𝑒𝑒𝑓 ]

(4.1.3-5)

The sensor noise of the robot arm and the noise in the position estimation of the
obstacles are uncorrelated. Hence, the covariance is zero. In consequence, the
variance in the relative position is
Var[Δ𝑥𝑖 ] = 𝑉𝑎𝑟[𝑥𝑜𝑏𝑠,𝑖 ] + 𝑉𝑎𝑟[𝑥𝑒𝑒𝑓 ]

(4.1.3-6)

Due to the uncertain distance to obstacles, there is always a risk of a collision. To
ensure safe behaviour of the robot, the uncertainty of the signals is also taken into
account to limit the maximum stiffness. This leads to the risk-sensitive compliance
adaption
E[Δ𝑥𝑖 ] − 𝜃Var[Δ𝑥𝑖 ]
𝑐
, 𝑓𝑜𝑟 E[ Δ𝑥̇ 𝑖 ] − 𝜃Var[Δ𝑥̇ 𝑖 ] < 0
𝐾𝑚𝑎𝑥,𝑖 = { −(E[ Δ𝑥̇ 𝑖 ] − 𝜃Var[Δ𝑥̇ 𝑖 ])
∞
, 𝑓𝑜𝑟 E[ Δ𝑥̇ 𝑖 ] − 𝜃Var[Δ𝑥̇ 𝑖 ] ≥ 0

(4.1.3-7)

with risk sensitivity 𝜃 ≥ 0.
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The resulting compliance adaption is illustrated in Figure 16 and Figure 17

Figure 16. Exemplary stiffness 𝑲 depending on position and velocity of the
end-effector and an obstacle at position 0, where. = 𝟏𝟓𝟎𝟎𝐍/𝐦, 𝒄 = 𝟏𝟎𝟎 , Ө =
𝟎. 𝟎𝟏. With the endeffector moving towards the obstacle (positive position
and negative velocity or negative position and positive velocity), the
stiffness value decreases. With the end-effector moving away from the
obstacle, the stiffness is set to 𝑲𝐝𝐞𝐬 .
In Figure 16, the stiffness is computed for different positions and velocities of the
end-effector. This scenario considers a single obstacle at position 𝑥𝑜𝑏𝑠 = 0 and
velocity 𝑥̇ 𝑜𝑏𝑠 = 0. With the end-effector moving towards the obstacle, the stiffness
is adapted due to the presented approach. Both fast movement and small distance
lead to low stiffness parameters. For the end-effector approaching the obstacle, the
distance converges to zero and so does the stiffness. With a movement direction
away from the obstacle, the stiffness is no longer bounded due the low risk of
collision. Hence, the stiffness is veridical to 𝑲des .
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Figure 17. Example: Stiffness 𝑲 depending on x-y position of the endeffector and an obstacle at position [0 0]. The velocity of the end-effector
is set to 0.01m/s in y-direction. 𝑲𝐝𝐞𝐬 = 𝟏𝟓𝟎𝟎𝐍/𝐦 , 𝒄 = 𝟏𝟎𝟎 and Ө = 𝟎. 𝟎𝟏.
In Figure 17, the adapted stiffness is illustrated for an obstacle at 𝑥𝑜𝑏𝑠 = [0 0]T and
velocity 𝑥̇ 𝑜𝑏𝑠 = [0 0]𝑇 and a velocity of the end-effector in y-direction 𝑥̇ 𝑜𝑏𝑠 = [0 0.01]𝑇 .
Like in Figure 16, movements away from the obstacle or large distance results in
no limitation on the desired stiffness. Movement towards the obstacle decreases
the stiffness. In case of a collision, the position of the end-effector reaches the
origin, and the stiffness is limited to zero. Hence, the compliance control behaves
like pure zero force control, which minimises the interaction force between the endeffector and an obstacle. In summary, risk-sensitive compliance adaption efficiently
minimises physical impact in case of non-blunt collisions, while it provides reliable
performance when collisions are unlikely. Furthermore, the probabilistic behaviour
of sensor signals and position estimations are taken into account to maintain safety
in a realistic life environment where there are multitudes of uncertainty exist.

5.2 Biologically inspired manipulation in reaching
Legibility of robot motion is important for people in the proximity to predict the
consequence of the robot motion, and it helps people to avert potential collisions
with the robot when they share the workspace. One particular method to make
sure that the robot motion is legible is to follow a similar control policy to that of
the humans. Namely, with the biological inspired trajectory generation and the
resulting intuitive movement, the risk for unintended collisions between human and
robot can be decreased.
From observation of human reaching movement, it is known that a point-to-point
trajectory is similar to one minimizing jerk and reaching a goal configuration in
certain time. The optimal trajectory for minimizing jerk of a Cartesian motion can
be described analytically with a 5th order polynomial
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(4.1.3-1)

𝑥(𝑡) = 𝑎0 + 𝑎1 𝜏 + 𝑎2 𝜏 2 + 𝑎3 𝜏 3 + 𝑎4 𝜏 4 + 𝑎5 𝜏 5
with the normalised time

𝜏=

𝑡 − 𝑇2
𝑇1 − 𝑇2

(4.1.3-2)

in the time interval [T1 T2]. With an initial and goal condition for position, velocity
and acceleration the parameters 𝑎0…5 are well defined.

5.3 Invariance control for collision avoidance in
manipulation
The reactive collision avoidance for manipulation of the RAMCIP robot is
implemented by means of an invariance control scheme according to [51]–[53].
The use of this methodology is motivated by multiple reasons. First of all, invariance
control offers a mathematical proof of adherence to boundaries that are defined as
hard constraints. This is possible as the system dynamics are modelled and
explicitly considered when deriving necessary corrective control actions. This proof
holds for the continuous case and under perfect sensor and model knowledge which
cannot be achieved with a real robot. Nevertheless, it is a strong point in favour of
this approach. It is more convenient to define safety critical boundaries as hard
rather than as soft constraints, as it would be the case using a potential field-based
approach. Another advantage e.g., compared to an approach with control barrier
functions [49] is that the scheme is also defined for violated boundaries such that
the system always returns to the admissible set. This is important as violations of
safety boundaries can occur in a real life implementation with sensor noise, finite
sampling times or adding active constraints at runtime. Invariance control is also
attractive as an analytical solution for the corrective control signal can be
calculated, (Section 5.3.1). The approach is also proven to be stable in combination
with an asymptotically stabilising nominal control for the robot (e.g., an impedance
control) [52]. In Section 5.3.1, the details of the implemented invariance control
scheme are described. Section 5.3.2 provides an insight into a version of invariance
control that was developed in course of the RAMCIP project and allows for
continuous actuation of the robot, resulting in a smooth robot motion at the
boundaries. The approach can be an alternative to the conventional invariance
control from Section 5.3.1.

5.3.1 Conventional
boundaries

invariance

control

with

dynamic

The idea of invariance control is to supervise and correct a nominal stabilising
controller such that an admissible set limited by hard constraints is rendered
invariant. An invariant set denotes an area of the state space of the controlled
system that is never left again once the system entered it. Thus locking a robotic
system into an admissible area bounded by constraining safety boundaries is a
powerful possibility to achieve collision avoidance. Therefore the approach
developed and described in [18], and [19] is implemented for the RAMCIP robot.
The scheme integrates a nominal control with the invariance control as shown in
Figure 18.
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Figure 18. control scheme of an invariance controlled robot according to
[52]. The invariance control supervises a nominal control input with
respect to boundaries defined as hard constraints to the dynamical system
of the robot. The invariance control block switches between nominal and
corrective control whenever necessary to keep the constraints.
The output of the nominal control 𝒖𝑛𝑜 is supervised and corrected when necessary
by the invariance control block that defines the final control input to the robotic
system. The nominal control is assumed to stably track a desired behaviour 𝒚𝑑 on
the controlled system which can be written in a general control affine nonlinear
shape as
𝒙̇ = 𝒇(𝒙) + 𝑮(𝒙)𝒖
𝒚𝑜𝑢𝑡 = 𝒉𝑜𝑢𝑡 (𝒙)

(5.3.1-1)

where 𝒚𝑜𝑢𝑡 ∈ ℝ𝑞 is the system output and 𝒙 ∈ ℝ𝒏 is the vector of system states. For
a torque controlled robotic system these dynamics can be written as
𝒒̇
0
𝒒̇
[ ]= [
] + [𝑴−1 ] 𝒖
𝒒̈
(𝒒,
)𝒒̇
− 𝑴−1
(𝑪
𝒒̇
+
𝒈(𝒒))
𝑞
𝑞
𝑞

(5.3.1-2)

with joint states 𝒙𝑻 = [𝒒𝑻 , 𝒒̇ 𝑻 ], inertia matrix 𝑴𝑞 , Coriolis and centrifugal forces
𝑪𝑞 (𝒒, 𝒒̇ )𝒒̇ and gravitational forces 𝒈(𝒒). The control input to the system is denoted
by the torques 𝒖 ∈ ℝ𝑚 . We now define a set of 𝑙 hard constraints which will later
on be the safety boundaries we enforce on the robot. These constraints are written
in the shape of output functions which are negative for admissible values, 0 at the
boundary and positive for violated boundaries.

𝑦𝑖 = ℎ𝑖 (𝒙, 𝜼) ≤ 0

,∀ 1 ≤ 𝑖 ≤ 𝑙

(5.3.1-3)

These output functions ℎ𝑖 depend on the system states 𝒙 as well as the parameter
vector 𝜼 which defines both pose and shape of the boundaries. The latter can be
time dependent, allowing for dynamic safety boundaries [52], which is of high
importance in human robot interaction scenarios. From the boundaries (4.1.3-2)
results the admissible set 𝐻 which is defined as
𝐻 = {𝒙 ∈ ℝ𝑛 | ℎ𝑖 (𝒙(𝑡), 𝜼(𝑡)) ≤ 0
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This means the system is inside the admissible set as long as for every boundary
the output function ℎ𝑖 (𝒙, 𝜼) is strictly non-positive. The key idea of the invariance
control is to determine when corrective action is necessary to keep the system in
𝐻 on the basis of precise worst case predictions on the constraint functions ℎ𝑖 (𝒙, 𝜼)
for given system dynamics (5.3.1-1). This is performed by means of an I/O
linearisation of ℎ𝑖 (𝒙, 𝜼) with respect to the system inputs 𝒖. For constraints of a
relative degree of 2, which is equivalent to constraints on position level enforced
on the robotic system (5.3.1-2), the I/O linearisation yields

𝒛 = 𝒚̈ = 𝑨(𝒙, 𝜼)𝒖 + 𝒃(𝒙, 𝜼, 𝜼̇ , 𝜼̈ )

(5.3.1-5)

where the lines 𝒂𝑇𝑖 of matrix 𝑨(𝒙, 𝜼) describe the influence of the control input 𝒖 on
constraint 𝑖 and the vector 𝒃 contains the motion of the boundaries. As an I/Olinearization can cause instable internal dynamics stability has to be considered at
this point. This is not discussed in detail at this point. The reader is rather referred
to [56] where stability of the internal dynamics is discussed for dynamic
constraints. Assuming a constant maximum reaction of the robot 𝛾𝑖 < 0 in direction
of constraint 𝑖 a worst case prediction for the constraint 𝑦𝑖 can be derived by means
of integration. This yields the invariance functions
1 𝟐
−
𝑦̇ + 𝑦𝑖
(𝒙,
)
Φ𝐢 𝜼, 𝛾𝒊 = { 2𝛾𝒊 𝒊
𝑦𝑖

, 𝑦̇ 𝑖 > 0

(5.3.1-6)

, 𝑦̇ 𝑖 ≤ 0

that are used to determine whether corrective control has to be applied [52].
Whenever the invariance function is equal to zero, the system motion will exactly
stop at the according boundary when setting the control input 𝒖 such that 𝑦̈ 𝑖 = γi .
If an invariance function is < 0 the system can still keep inside the admissible set
in the worst case, meaning that no corrective control has to be applied yet.
Conversely, the system will or already has violated the boundary in case Φ𝐢 > 0
holds and corrective control is necessary to bring the system back to the admissible
set. This motivates to use the invariance functions for the switching policy between
nominal and corrective control. What remains is the design of the corrective control
to apply in order to render the admissible set (5.3.1-4) invariant. To do this, we
first introduce the set of linearly independent constraints

Γ = {𝑖 ∈ {1,2, … , 𝑙} | Φ𝑖 ≥ 0}

(5.3.1-7)

This set contains all constraints that require corrective action, indicated by Φ𝑖 ≥ 0.
Naturally, one would wish to have the invariance control change the nominal
behaviour 𝒖𝑛𝑜 as little as possible while still enforcing the boundaries of the
admissible set. This is achieved in the sense of the Euclidean distance when finding
the corrective control signal 𝒖𝑐 by solving the minimization problem
𝑚𝑖𝑛𝒖𝑐 ‖𝒖𝑐 − 𝒖𝑛𝑜 ‖22
𝑨𝚪 (𝒙, 𝜼)𝒖 + 𝒃𝚪 (𝒙, 𝜼, 𝜼̇ , 𝜼̈ ) ≼ 𝒛𝑐
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where the vector 𝒛𝑐 constrains the solution in the direction of the set of active
constraints Γ. The subscript Γ denotes the vector or matrix respectively that was
reduced to the lines that refer to Γ. Choosing an appropriate vector of upper bounds
𝒛𝑐 renders the admissible set invariant [57]. An appropriate solution for the choice
of 𝒛𝑐 that is designed to enable a maximum of nominal behavior is
𝛾𝑖
𝑖𝑓 (𝑧𝑛𝑜,𝑖 > 𝛾𝑖 ) ∩ (Φ𝑖 ≥ 0)
𝑧𝑐,𝑖 = {
𝑧𝑛𝑜,𝑖 𝑖𝑓 (𝑧𝑛𝑜,𝑖 ≤ 𝛾𝑖 ) ∪ (Φ𝑖 < 0)

(5.3.1-9)

with 𝑧𝑛𝑜,𝑖 being derived from evaluating equation (5.3.1-5) with the nominal control
input 𝒖𝑛𝑜 . For the case that the constraints in Γ are linearly independent and
(5.3.1-10)

dim(𝒖) ≥ |Γ|
holds, the minimisation problem (5.3.1-8) can be solved analytically.
+
𝒖 𝑐 = 𝑨+
Γ (𝒛𝑐 − 𝒃Γ ) + ( 𝑰 − 𝑨Γ 𝑨Γ )𝒖𝑛𝑜

(5.3.1-11)

Here 𝑨+
Γ denotes the Moore-Penrose pseudo inverse of the reduced 𝑨 matrix. One
can see that the solution splits into a right part in direction of the constraints which
includes the chosen 𝒛𝑐 and the left part which is the nominal behavior projected
onto the null space of the active constraints. This concludes the derivation of the
formalism needed to implement invariance control as a reactive collision avoidance
scheme on a robot. In the RAMCIP project, the information about the boundaries,
defined by 𝜼 is derived from vision data. More specifically, spherical and planar
boundaries are fitted to the perceived environment in order to be used for
invariance control based collision avoidance. This is also indicated in the control
architecture in Figure 1 where spherical and planar fittings serve as input to the
low-level arm control which contains both invariance control and a nominal control.
In addition to planes and spheres, other geometric primitives infinite cylinders are
feasible. The only requirement induced by the invariance control scheme on the
boundaries is that they have to continuously derivable up to the relative degree of
the constraints (which is two for the discussed safety boundaries on position level).

5.3.2 Augmented invariance control for smooth motion
The described approach of Section 5.3.1 results in a switching control that causes
jumps in terms of actuation forces when applied to a force-controlled robot. This
behaviour is also observed when adding violated constraints at runtime, yielding a
non-smooth and hard to predict robot motion. in order to achieve a desired
smoothness of an invariance controlled system in terms of states and system
inputs, therefore, augmented invariance control has been developed. This can be
achieved by inserting an additional virtual In this context, new artificial states are
introduced to the physical system that effectively increase the relative degree of
defined constraints and control inputs. For a smoothness requirement of 𝒙 ∈ ∁𝒗
where ∁𝒗 denotes the set of 𝑣 times continuously differentiable functions, the
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relative degree of the additional dynamics must be chosen such that the resulting
relative degree for each state is 𝑣. For system inputs 𝒖 ∈ ℝ𝑚 a total relative degree
of 𝑚𝑣 avoids additional internal dynamics resulting from later on required I/O
linearisation. For the resulting augmented system, partly original and partly virtual,
we can derive a constraint enforcing control scheme following the principles of
conventional invariance control as described in Section 5.3.1. Thus, adherence to
an admissible set bounded by hard constraints can be guaranteed just as with
conventional invariance control. As a result of the augmentation, the nominal
control has to be designed in a special way, such that we can meet the smoothness
requirements when switching between nominal and corrective control. We propose
to use a filtered version that asymptotically tracks the nominal control signal
instead of the original supervised nominal control. Under light assumptions and in
combination with an exponentially stabilizing nominal control, asymptotic stability
of the resulting overall system can be shown.
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6. Hardware Safety and safety analysis strategy
The safety requirements are paramount, as an erroneous motion of the robot
directly imposes risks to the user during pHRI. In the RAMCIP project, physical
interaction between the user and robot is essential and the safety of the user will
be ensured by multi-layer safety precautions preventing ever-harming users not
only at the software level but also at hardware level for an inherently safe robot.
In order to understand and counteract underlying safety risks in deployment of a
home-based assistive robot, we must recognise functional requirements for which
the RAMCIP robot needs to complete designated tasks as well as the associated
safety requirements. Fully understanding their limits (i.e. object limits) can help us
identify potential failures that the RAMCIP robot could encounter and the directives
that must be satisfied to meet the industry standards. In particular, the safety
analysis is being conducted with the methods that are well-known and described in
international standards. After defining object limits, the Preliminary Hazard
Analysis (PHA) is conducted which allows to recognize basic threats associated with
the robot and estimate an approximate risk level connected with every type of the
hazard. When the scenarios of the basic robot’s activities are ready, Failure Mode
and Effects Analysis (FMEA) are conducted. This analysis is more precise than PHA
for identifying potentially hazardous aspects of the RAMCIP robot. Next step is Fault
Tree Analysis (FTA), which shows the relation between hazardous events. It helps
to identify the combination of failures that may lead to danger. This chapter
considers the hardware safety management of the RAMCIP robot. It details the
required data for object limits and lists a part of the data related with this area. It
also identifies persons potentially exposed to hazards and shows the major groups
of dangers connected with a usage of the robot. In addition, the process of
identifying relevant directives are described in Section 6.2.

6.1 RAMCIP use cases and groups of hazards
In order to show how safety is realised for each use-case (UC) by our control
architecture, this section summarises the RAMCIP UC and highlights the potential
risks predicted in their respective situations (Table 2). These UCs had been drawn
based on surveys of the end users, and previously presented in Deliverable D2.2.
In all cases, what we can consider the potential risks with respect to either the
user, environment or the robot. In particular, there are eight sub-UC which
explicitly requires execution of motion by the RAMCIP robotic. Our analysis
suggests that one sub-UC potentially involves a deployment of Human-Friendly
mode and Autonomous mode, and the other seven sub-UC involves all three
modes. In Sub2.2., the robot turns off the light switches. As the light switch is often
located on the wall, the robot needs to navigate near the wall and use the armhand to press/rotate the switch. In such case, the robot must be carefully driven
to make sure it does not collide with obstacles in the path as well as the wall, while
making a safe contact with the switch so it does not damage the switch or the robot
hand. Furthermore, we need to consider a case when a human is present nearby
and the safety requirement is increased. In the other remaining tasks, the robot
brings an object to a user from a distant location. The object may be on a table or
in a cupboard and the object. Again, the safe navigation is required in these cases.
Furthermore, this task requires the object manipulation, so that the object drop is
an additional potential risk. As this task requires the direct physical interaction with
the user (i.e., handing over an object or placing an object on a foot), it has an
increased risk of collision with the human user due to the functional requirement in
the proximity of the user. In other sub cases, there may be cases where general
platform navigation is required such as when the RAMCIP robot needs to move to
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acquire a better visibility of the field. However, we refrain them from counting as
the safety requirements in these cases are simply a reiteration of a sub UC which
explicitly requires a platform navigation (e.g., sub UC2.2). Similarly, the selfcollision of the robot are potentially relevant in all cases. In summary, all sub-UC
specific safety risk stems from accidental collisions with either a human,
environment or a robot due to faulty in the platform and arm control, and an object
drop after faulty grasping performance.
Estimated object limits provide the information about potential hazard groups
related with the object. The procedure is as following: threats have been identified
firstly and then the consortium members have to debate how to eliminate those
menaces or reduce risks. To accomplish hazard identification, it is necessary to
identify the operations to be performed by the machinery and the tasks to be done
by people who will interact with RAMCIP, taking into account the different parts,
mechanisms or functions of the robot, the materials to be processed, if any and the
environment in which the robot can be used. Hazard identification shall take into
account all persons who could reasonably be foreseen as being exposed to the
threat. The time of exposure has influence on the potential risk of usage. There are
three groups of RAMCIP users that use the device for a different amount of time:




End users: continuous usage
Assistants or family members: few hours a week
RAMCIP maintenance team : usually less than few hours a month

In the Preliminary Hazard Analysis, a variety of threats related with usage of
RAMCIP has been identified. The main groups of hazards are:








Hazardous physical contact during human-robot interaction
Collisions with safety-related obstacles
Hazards due to robot motion
EMI/EMC (Electromagnetic Interference/Electromagnetic Compatibility)
hazards
Hazards due to lack of awareness
Hazards due to robot start-up
Energy storage and supply hazards
Battery charging hazards
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Table 2. Potential hazards and safety requirements in RAMCIP. The UC in
which the robot action is required are highlighted in red. Their priority
levels are indicated by H (high) M (Medium), or L (Low). The interaction
mode of the robot for each UC is categorised by Autonomous (Au), HumanFriendly (Hu), or Collaborative (Co) modes (see Figure 2).
Sub-Use Case
SubUC1.1. Fall detection
SubUC1.2. Screening for user’s general
condition
SubUC1.3. Gas/Smoke detection
SubUC2.1. Assist in turning off electric
appliances
SubUC2.2. Turning on the light
SubUC2.3. Detection of improperly placed
objects
SubUC2.4. Detection of unknown
persons/strangers
SubUC2.5. Assist in housekeeping –
reminding dishwashing activities

Priority

Mode

Potential hazard
UC1. Emergency

Safety requirements

H

n.a.

M

n.a.(no robot action required)

M
n.a.
UC2. Assistance in managing the home and keeping it safe
H
H

n.a.
Au/Hu

object (switch) - collision; environment - collision avoidance control; compliance
collision
control; environmental sensing,

H

n.a.

M

n.a.

L

n.a.

UC3. Support in Daily Activities – Medication/food supplements intake
SubUC3.1. Taking medication/food
collision avoidance control; compliance
human - collision; object - drop, collision;
supplement -reminders, bringing and
H
Au/Hu/Co
control; human sensing, environmental
environment - collision
monitoring
sensing,
UC4. Support in Daily life activities – food preparation
collision avoidance control; compliance
SubUC4.1. Proactive/on demand bringing of
human - collision; object - drop, collision;
M
Au/Hu/Co
control; human sensing, environmental
food ingredient or an utensil
environment - collision
sensing,
SubUC4.2. Assistance upon detection of
n.a.
abnormalities related to electric appliances
H
during cooking
collision avoidance control; compliance
SubUC4.3. Assistance (proactive/on demand)
human - collision; object - drop, collision;
M
Au/Hu/Co
control; human sensing, environmental
for fallen object
environment - collision
sensing,
UC5. Support in daily life activities – eating
human - collision; object - drop, collision; human - collision; object - drop, collision;
SubUC5.1. Proactive bringing of food to user
M
Au/Hu/Co
environment - collision
environment - collision
SubUC5.2. On demand bringing of e.g. bottle
human - collision; object - drop, collision; human - collision; object - drop, collision;
M
Au/Hu/Co
of water
environment - collision
environment - collision
SubUC5.3. Reminders on food/water drinking
M
n.a.
activities
UC6. Support in daily life activities - dressing
SubUC6.1. Detection of improper selection
M
n.a.
of clothes
SubUC6.2. Detection of improper shirt
L
n.a.
buttoning
UC7. Support in lower body activities
human - collision; object - drop, collision; human - collision; object - drop, collision;
SubUC7.1. Facilitate putting on slippers
M
Au/Hu/Co
environment - collision
environment - collision
SubUC7.2. Facilitate putting feet on the
human - collision; object - drop, collision; human - collision; object - drop, collision;
L
Au/Hu/Co
footrest/pillow
environment - collision
environment - collision
UC8. Support in socialization, positive affect and mental stimulation
SubUC8.1. Communication with relatives and
H
n.a.
friends
SubUC8.2. Entertainment functions
L
n.a.
SubUC8.3. Monitoring of the primary user’s
n.a.
affective state and support in maintaining
M
positive affect
SubUC8.4. Provision of cognitive training
M
n.a.
programs
SubUC8.5. Medical appointments and
M
n.a.
medical tests schedule

6.2 Safety related directives and standards
The safety standards can be organised in three type (Figure 19). Type A concerns
basic/general safety requirements that can be applied to machinery. The relevant
standards concern, for example, ANSI B11.0, OSHA 1910.212, ISO 12100, and CSA
Z432. Type B concerns generic safety standards addressing certain aspects of
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safeguarding across a sub-set or range of machinery types. Under this type,
relevant standards are ANSI B11.19, OSHA 1910.147, ISO 13849, IEC 60204. A
Type B safety standard generally covers safeguarding over a range of machinery
types and by definition will be a bit more generic as it relates to any specific
machine type. Type C reflects safety standards addressing a specific type or related
group of machines. The representative standards in this type are ISO 13482. A
Type C safety standard will cover a specific type of machine and all included
requirements will be specific to that type of machine. If a Type C safety standard
does exist, and there are discrepancies between the related Type B and Type C
safety standards, the Type C safety standard will generally take precedence over
the Type B standard.

Figure 19. Safety standards for applications of personal care robot
Complying with the requirements of the proper directives gives the assurance that
the product will meet European standards of safety and quality. Moreover,
directives can give an overview on the various aspects of safety. Knowing the
properties of the device and the potential hazards allows to identify necessary
directives. In general, European directives are harmonised with their according
standards. The list of harmonised standards is published by the European
Commission. These norms are extensions to the directives and deliver more details.
The majority of the standards is not obligatory but it is much easier to achieve
accordance with the harmonized directive by applying them.
The structure of safety standards in the field of machinery is as follows:
a) Type-A standards (basic standards) give basic concepts, principles for
design, and general aspects that can be applied to machinery.
b) Type-B standards (generic safety standards) deal with one or more safety
aspect(s) or one or more type(s) of safeguards that can be used across a
wide range of machinery:
- type-B1 standards on particular safety aspects (e.g. safety
distances, surface temperature, noise);
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-

type-B2 standards on safeguards (e.g. two-hands controls,
interlocking devices, pressure sensitive devices, guards)
c) Type-C standards (machine safety standards) deal with detailed safety
requirements for a particular machine or group of machines.
An overview on standards and directives identified as relevant to RAMCIP during
the course of the safety analysis is shown in the following tables, sorted by
categories:
Table 3. General standards.
ISO 13482:2014

Robots and robotic devices — Safety
requirements for personal care robots

ISO/TS 15066:2016

Robots
and
robotic
Collaborative robots

ISO 9001:2015

Quality
management
Requirements

ISO 7010:2011

Graphical symbols — Safety colors and
safety signs — Registered safety signs

devices

--

systems

Table 4. Risk assessment standards.
ID:

Name:

ISO 12100:2010

Safety of machinery — General principles for design — Risk
assessment and risk reduction

BS EN 60812:2006

Analysis techniques for system reliability. Procedure for
failure mode and effects analysis (FMEA)

ISO 31000:2009

Risk management – Principles and guidelines

14121-1:2007

Safety of machinery — Risk assessment — Part 1: Principles

Table 5. Safety of machinery standards.
ID:

Name:

IEC 62061:2012

Safety of machinery — Functional
safety of safety-related electrical,
electronic
and
programmable
electronic control systems
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BS EN 1525:1998

Safety of industrial trucks. Driverless
trucks and their systems

ISO 10218:2011

Safety requirements for industrial
robots , Industrial robot systems and
integration

IEC 60335-1:2010

Household
and
similar
electrical
appliances — Safety — Part 1: General
requirements

ISO 13856-3:2013

Safety of machinery -- Pressuresensitive protective devices -- Part 3:
General principles for design and
testing of pressure-sensitive bumpers,
plates, wires and similar devices

ISO 13854:1996

Safety of machinery — Minimum gaps
to avoid crushing of parts of the human
body

ISO 13857:2008

Safety of machinery — Safety distances
to prevent hazard zones being reached
by upper and lower limbs

ISO 14118:2000

Safety of machinery — Prevention of
unexpected start-up

Table 6. Noise and acoustic standards.
ISO 4871:1996

Acoustics
—
Declaration
and
verification of noise emission values of
machinery and equipment

ISO 11202:2010

Acoustics
—
Noise
emitted
by
machinery
and
equipment
—
Determination of emission sound
pressure levels at a work station and at
other specified positions applying
approximate environmental corrections

The following sections serve to give insights on the most relevant directives and
standards listed above.
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6.2.1 Low voltage devices directive
Directive 2006/95/EC of the European Parliament and of the council of
12 December 2006 on the harmonization of the laws of Member States relating to
electrical equipment designed for use within certain voltage limits.
This directive is applicable to the RAMCIP robot because of the threats connected
with electric energy such as electric shock, fire and malfunction caused by electrical
failure. It concerns any equipment designed for use with a voltage rating of
between 50 and 1000 V for alternating current and between 75 and 1500 V for
direct current. It lists the principal elements of the safety objectives for electrical
equipment. The major issues that this directive lists are:





General conditions
Protection against hazards arising from the electrical equipment
Protection against hazards which may be caused by external influences on
the electrical equipment
Internal Production Control

This directive has a long list of harmonised standards and some of them were
chosen to adopt in the RAMCIP project.

6.2.2 Electromagnetic compatibility directive
Directive 2004/108/EC of the European Parliament and of the council of
15 December 2004 on the approximation of the laws of the Member States relating
to electromagnetic compatibility.
This directive regulates the electromagnetic compatibility of equipment. It aims to
ensure the functioning of the internal market by requiring equipment to comply
with an adequate level of electromagnetic compatibility. RAMCIP is covered by this
directive because of the electronic components of the robot which generates
electromagnetic radiation and the work of those elements can be susceptible to the
electromagnetic disturbances. Both cases may lead to hazards for the user.
The essential requirements of this directive are:


Protection requirements
Equipment shall be so designed and manufactured, having regard to the
state of the art, as to ensure that:
a) the electromagnetic disturbance generated does not exceed the level
above which radio and telecommunications equipment or other
equipment cannot operate as intended;
b) It has a level of immunity to the electromagnetic disturbance to be
expected in its intended use which allows it to operate without
unacceptable degradation of its intended use.



Specific requirements for fixed installations (inapplicable in the RAMCIP)

Before entering to market, the device has to be tested whether it meets the
requirements of the abovementioned directive. The directive has a list of
harmonised standards used when the robot is being tested.
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6.2.3 RoHS directive
Directive 2011/65/EU of the European Parliament and of the council of 8 June 2011
on the restriction of the use of certain hazardous substances in electrical and
electronic equipment.
This directive gives a list of the hazardous substances that may be used in the
electric/electronic components; it specifies the percentage content of those
materials that may be used safely. It also gives a list of exclusions that does not
have to meet those restrictions which is vital because of the batteries of the robot.
Proving that the device meets the RoHS directive is necessary for the product
having electronic components.

6.2.4 ISO 14121-1:2007
assessment

Safety

of

machinery

—

Risk

According to ISO 14121-1:2007 Safety of machinery — Risk assessment —
Part 1: Principles, the limits of the machinery should include parameters as shown
in the following Table 7.
Table 7. Selected Limits of RAMCIP device.
Limits

RAMCIP relevance

Hazards
for
technicians and
users

- Hazardous physical contact during human-robot interaction
- Collision with safety-related obstacles
- Hazards due to robot motion
- EMI/EMC hazards
- Hazards due to lack of awareness
- Hazards Due to robot start-up
- Energy storage and supply hazards
- Battery charging hazards

Housekeeping

Water and solvents forbidden. The robot has to be cleared with
dry cloth. Keep away from dusty and wet places.

Intended use

The RAMCIP robot will be built to provide assistance in a series
of domestic activities, having older people with MCI and early
to mild AD as primary target groups. The advanced computer
vision, cognitive functions and communication capabilities of
the robot, along with its advanced manipulation and pHRI
capabilities will enable proactive and discreet facilitation of a
large variety of user activities, ranging, from helping with
preparing food and eating to dressing and keeping the home
safe and convenient environment. Although the scope of these
activities can be considered vast and the final use cases where
the RAMCIP robot will be demonstrated and evaluated will be
specified during the user requirements and use cases
elicitation phase of the project, in what follows, we focus on a
specific use case of a few indicative examples illustrating part
of the RAMCIP robot’s novel assistance potential, given its
aforementioned foreseen advanced capabilities.
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Life time of its
components
(battery etc.)

Battery life limit: 6 months

Limiting physical
abilities

Pregnancy;
serious
or
unstable
illnesses
including
cardiovascular (including unstable ischemic cardiovascular
disease), hepatic, renal gastroenterologic, respiratory,
endocrinologic, neurologic (other than AD), psychiatric,
immunologic, cancer or hematologic disease;

No other exclusions

Treatment with anticoagulants;
Pacemaker;
History of chronic alcohol or drug abuse/dependence;
Operating
modes

Autonomous mode;

Range of
movement

RAMCIP will be able to leisurely maneuver in a domestic
environment.

Reasonably
foreseeable
misuse

Covering the robot with a piece of cloth; Pledging robots road
with an object;

Maintenance mode;

Work outside the domestic environment; Housing removing
by the user;
Using inside the bathroom; Improper driving surface;
Replacing objects that robot brings to the user;
Electric cables of other devices placed in the way that the
robot can collide with them;
Smoking near the robot;
Using other robotic devices (e.g. Robotic Vacuum Cleaners);
Overloading;
Unauthorized software/hardware modifications;
Mechanical impacts not caused by robot’s movement;
Inserting the objects into the moving parts of robot;

Sex,
users

age

of

Regardless of sex; 55-90 years old

Space
requirements
for persons to
interact with the
machine

No high-risk zones are provided.

Training
for
users
and
technicians

Basic training for users. Training procedure for the technicians
will be prepared.

Use
of
machinery

Domestic use

June 2016

the

62

TUM

Deliverable D5.1

Dissemination Level (PU)

643433–RAMCIP

6.2.5 ISO 13482:2014 Robots and robotic devices — Safety
requirements for personal care robots
This international standard specifies requirements and guidelines for an inherently
safe design, protective measures and information for use of personal care robots.
The standard gives instructions about hazard estimation and risk assessment; it
also delivers safety requirements and protective measures for personal care robots.
Another vital thing in this publication is the list of requirements for safety-related
control systems. It shows the required performance level for safety equipment,
robot stopping requirements, operational modes, operational spaces and safety
related force control needs. The standard provides a list of significant hazards. In
ISO 13482 different types of personal care robots are defined. Following this
classification RAMCIP can be named as a mobile servant robot in domestic
environments or public buildings type 1.2. This means that it is required that the
robot’s safety functions are on performance level d which is very restrictive.
Moreover, the robot needs to be equipped with an emergency stop on the
performance level d.

6.2.6 ISO/TS 15066:2016 Robots and robotic devices -Collaborative robots
This standard shows the forces that cause pain and injuries to the human body.
Contacts at the body areas shown in Figure 20 should not exceed the force levels
shown in Figure 21.

Figure 20. Body model depicting the contact areas for contact tolerance
analysis.
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Figure 21. Corresponding biomechanical limits to the body model.
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7. Conclusions
This deliverable presents the results of the work conducted in the scope of the Task
T5.1. Safety in the reaching motions was discussed, investigated and implemented
in both platform navigation and manipulation controls. The selected solutions
address the issue of safety by the combination of compliance control and reactive
collision avoidance. The presented content lays the ground for the control of the
robotic platform and the manipulator by designing an overall control structure
which is subsequently mapped precisely to a software architecture based on the
robot operating system ROS. This decision was taken in order to integrate system
in a standardised manner to interface various software components via the publishsubscribe functionality. In order have specialised methods for manipulation and
navigation, two separate control strategies are chosen to be implemented instead
of an overall holistic concept. This is also motivated by the difference between
platform and arm in terms of time constants. For navigation purposes, the
move_base node included in the ROS_navigation stack is used for the combined
functionalities of map generation, global and local path planning.
To obtain human friendly trajectories from motion planning, the human is
specifically modelled in the planning phase. This is supplemented by implementing
a penalised human comfort zone for the robot to avoid. In the move_base
architecture, the global path planning which is mainly performed offline is
supplemented by a local path planner which operates online. This component is
responsible for executing the derived trajectory which involves avoiding collisions
in the case of dynamic environments, limited knowledge of the environment or
suboptimal planning. In order to tackle these shortcomings, a dynamic window
approach is implemented as a plugin to the move_base architecture. The main
advantages of this approach are that it allows for locally optimal solutions on the
one hand, and that it explicitly considers the dynamic capabilities of the platform
on the other hand. A finite discreet set of velocities are searched for an optimal and
collision free solution. This allows obstacle avoidance and in most cases to
automatically find a way around obstacles without the necessity of re-planning,
yielding a robust navigation system. The arm of the RAMCIP robot is controlled by
a nominal adaptive compliance control which allows to adapt the stiffness and
damping of the robot in reaction to the environment, task and uncertainty in the
sensor system of the robot. This allows to safely interact with the environment or
the user in contact situations. To avoid unintended contacts, the reactive collision
avoidance scheme of invariance control is chosen to enforce predefined safety
boundaries as hard constraints. It supervises the nominal control and switches to
a corrective control input whenever necessary to keep the boundaries. The decision
for this approach was motivated by the fact that for the continuous case the
adherence to the boundaries can be proven, and therefore guaranteed. This works
on the basis of a dynamic model of the robot which is used to perform worst case
predictions in order to determine the switching policy for corrective control. An
alternative and related approach to invariance control was developed in the course
of the reported task to enable smoothness requirements in state space when using
invariance control. The methods described in this Deliverable have been tested on
local hardware of the consortium partners. The control architecture is expected to
be tested for evaluation as soon as the first version of the RAMCIP robot is fully
assembled and integrated.
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