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Global Safety Characteristics of Wheeled Mobile Manipulators

Nico Mansfeld™*, Guillermo Gémez Pefial'?*, Mazin Hamad!*,
Alexander Kurdas'*, Saeed Abdolshah! and Sami Haddadin®

Abstract— Mobile manipulators have become increasingly
popular in industry because they can be used for a large variety
of tasks in a versatile and flexible manner. The perception
and planning/control schemes of mobile robots enable them
to share a workspace with humans. However, as undesired or
unforeseen contacts can generally not be avoided, it is essential
to understand the intrinsic safety properties of such systems.
Then, collision safety can be systematically accounted for in
mechanism design, planning, and control. In this paper, we
derive the safety characteristics of wheeled mobile manipula-
tors, more specifically the achievable reflected mass and velocity
range, and show how they can be related to human injury
data in the previously introduced Safety Map for a model-
independent and interpretation-free safety assessment. We in-
vestigate two common types of wheeled mobile platforms and
the combination of these with the seven-DOF Franka Emika
robot. We analyze the influence of the vehicle parameters on the
safety performance and derive the Safety Map representations
for four practically relevant industrial collision scenarios.

I. INTRODUCTION

In recent years, physical human-robot interaction (pHRI)
has become a popular and marketable technology in automa-
tion industry. Numerous collaborative robots (also referred to
as cobots) such as the Universal Robot family or the KUKA
iiwa as well as tactile robots like the Franka Emika robot
are commercially available. They enable a high degree of
productivity and flexibility in a large variety of tasks. Even
more flexibility can be achieved with mobile manipulators
that comprise an actuated platform and a (collaborative) robot
manipulator. Such systems can move back and forth between
different workstations, perceive and map the environment,
and transport goods over large distances, for example. Nowa-
days, both stationary and mobile manipulators are intended to
work directly with or in close proximity to human co-workers
and shall react compliantly to physical contact. Human safety
is, therefore, a primary concern [1]-[5].

Robot safety is a vivid field of research. Many funda-
mental insights into impact dynamics have been gained from
collision experiments and simulations [5]-[9]. Furthermore,
many pre- and post-collision schemes have been proposed
for fixed-base and mobile manipulators to ensure human
safety [8], [10]-[22]. Besides the contact geometry (blunt,
edgy, or sharp), the two parameters that have the greatest
influence on human injury severity or pain during dynamic
collisions are the reflected mass (i.e., the mass perceived
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Fig. 1: A wheeled mobile manipulator and human co-worker sharing
the same workspace'. In order to ensure human safety during
unwanted collisions, the safety characteristics of the robot must be
understood well. This work systematically investigates the safety-
relevant dynamic properties of mobile manipulators for practically
relevant collision scenarios in industry.

upon impact [23]) and the operational velocity [5], [7], [8].
It is important to understand the range of these parameters
for a given robot and to relate this data to human injury
severity so that effective measures can be taken to ensure
safety. In [8], e.g., it was proposed to map the robot re-
flected mass to a biomechanically safe velocity that can be
commanded to the robot. This was done via so-called safety
curves obtained trough biomechanics impact experiments.
Also the current ISO/TS 15066 safety standard for stationary
manipulators provides such (model-based) safety curves,
which enable robot programmers to plan safe trajectories in
shared workspaces. In [24], the concept of safety curves was
further developed into the Safety Map framework, where the
achievable reflected mass and velocity range for the entire
robot workspace (or task-dependent subsets) can be related
to human injury data. This tool can be utilized for injury
analysis and safe robot design already at an early concept
phase of the mechanism design and development process.
In robotics literature, safety assessment and impact mitiga-
tion mainly considered fixed-base manipulators so far. What
is still missing is a systematic analysis of the safety char-
acteristics of mobile manipulators. In this paper, we derive
the achievable Cartesian reflected mass and velocity range
of two common types of non-holonomic wheeled mobile
platforms, i.e., a differential drive and car-like system, and
the combination of these platforms with a seven-DOF Franka
Emika robot. The qualitative and quantitative effects of the

'Source: Robotnik Automation
vecteezy.com (human).

S.L.L/DARKO project (robot),
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Fig. 2: Derivation of Franka Emika robot’s Safety Map representation in three steps. In step 1, the reachability map is computed [25]. For
every reachable pose or a task-dependent subset of the workspace, the robot reflected mass (the dynamics provided in [26] were used)
and the maximum possible Cartesian velocity are evaluated for a discretized number of Cartesian directions. In the equations, g € R"
denotes the generalized coordinates, M (q) € R™*™ the mass matrix, A, (q) ™" the upper 3 x 3 part of the Cartesian mass matrix inverse
A(g)~" € R®*Y and J(q) € R®*" the Jacobian matrix at the contact point. The achievable reflected masses and velocities for the entire
workspace and the ISO 9283 cube (a subset of the reachable workspace) are accumulated in the Safety Map. Here, the robot’s safety
properties can be related to injury data, such as the threshold on lower arm injury given in the ISO/DIS 10218 (black line).

platform parameters on the mobile manipulator’s collision
safety are investigated for different collision scenarios. The
mass/velocity data is processed towards the Safety Map,
which allows assessing the safety performance of these
systems, comparing them to fixed-base manipulators [24],
elastic joint robots [27], or other mobile systems. Our results
form an algorithmic and data basis to derive future design,
planning, and control schemes in the context of safety.
Furthermore, the results provide valuable information on
the maximum achievable performance in terms of Cartesian
endpoint velocity.

This paper is structured as follows. In Sec. II we sum-
marize the Safety Map concept and describe the considered
systems and their dynamics. The collision cases and our
approach for deriving the achievable reflected mass and
endpoint velocity range of mobile manipulators are explained
in Sec. III. The results are provided in Sec. I'V. Finally, Sec.
V concludes the paper.

II. PRELIMINARIES

In this section, we summarize the quantities required to
determine the range of reflected mass and velocity and their
calculation for fixed-base manipulators. Then, we describe
the considered mobile manipulators and their dynamics.

A. Summary of Safety Map for Fixed-Base Manipulators

In the Safety Map, both the robot’s safety-relevant
properties and human injury data are represented in the
mass/velocity plane. The Safety Map representation of a
fixed-base robot can be derived in three steps, which are
illustrated in Fig. 2 and explained in the following.

Step 1 Determine the reachability map, i.e., the reachable
robot poses for a certain discretization of the Carte-
sian position and robot end-effector orientation [25].

The reachability map of the Franka Emika robot’ is
illustrated in Fig. 2 (left). Positions colored blue are
reachable for a high number of end-effector orientations,
while yellow/red colored positions have poor reachabil-
1ty.

Step 2 Evaluate the Cartesian reflected mass and maximum
possible velocity for every reachable pose or a task-
dependent subset of the reachable workspace and a
discretized number of Cartesian unit directions via the
robot’s reflected mass belted ellipsoid [23] and velocity
polytope [28]; see Fig. 2 (middle). In the figure, the
essential equations for computing the reflected mass
belted ellipsoid are provided. The velocity polytope is
obtained by transforming the hyperrectangle defined by
the maximum and minimum joint velocities q,;, <
q < §,,., to Cartesian space via & = J(q)q. It can
be distinguished between the velocity polytope in the
so-called weak sense, which considers all translational
velocities where the angular velocity may be non-zero,
and the strong sense polytope, a subset of the weak
sense representation that represents purely translational
motions [27], [29]; see Fig. 2 (middle, red).

Step 3 Accumulate the achievable reflected masses and ve-
locities for the considered workspace in the Safety
Map, where the robot mass/velocity range can be com-
pared to human injury data. In Fig. 2 (right), both the
mass/velocity range for the robot’s entire workspace and
the ISO 9283 cube, a subset of the robot workspace,
are illustrated. The figure also depicts the threshold
on lower arm injury provided by the current ISO/TS
15066 robot safety standard. It can be observed that
in the robot workspace with high reachability (e.g.,

>The uniform distance between the Cartesian positions is 5cm. For
each position, 20 equally distributed SO(3) end-effector orientations where
considered. Both self-collisions and joint position limits were accounted for.



TABLE I: Considered vehicles and their parameters. The drive wheels are shown in black. The location of the manipulator base is indicated

by A.

Car-like Parameters

Differential drive Parameters

Wheels (active & passive)

Mass: 2kg

Radius: 0.1 m

Steering angle ¢: £25 °©

Max. translational velocity: 1.666 m/s
Inertia about axis of rot.: 0.005 kgm?

Platform body

Dimensions:

b=06m c=02m d=0.15m
l=1m h=04m

Mass: 50 kg

Inertia about center of mass: 5.7 kgm?

Active wheels (passive wheels neglected)
Mass: 5kg

Radius: 0.065 m

Max. translational velocity: 1.666 m/s
Inertia about axis of rot.: 0.006 kgm?

Platform body

Dimensions:

b=05m ¢c=025m d=0.55m
{=075m h=0.393m

Mass: 124 kg

Inertia about center of mass: 8.94 kgm?

the ISO cube) and relatively low reflected mass, the
manipulator can induce injury when it travels at high
velocities. Please note that this is only one of many
possible (quantitative) insights that one can gain from
the Safety Map to assess and optimize robots in terms
of safety.

B. Considered Systems and Dynamics

The differential drive and the car-like wheeled platforms
that are shown in Tab. I together with their parameters are
considered in this work. The drive wheels (black) of the car-
like vehicle are coupled and thus rotate at the same speed;
the angles of the (also coupled) steering wheels govern the
vehicle’s steering angle ¢. In the differential drive vehicle,
the drive wheels rotate independently from each other. Both
platforms satisfy the conditions of pure rolling and non-
slipping. At the location A on the surface of the vehicles,
the seven-DOF Franka Emika robot (total weight of 18 kg)
is mounted. The combination of platform and manipulator
forms the mobile manipulator.

The kinematic and dynamic equations required to deter-
mine the mobile robot’s Cartesian velocity and reflected mass
are as follows. A detailed explanation of the well-known
platform kinematics is omitted for the sake of brevity. For
more details, please refer to [30], [31]. The generalized
coordinates ¢ € R™T"m of a mobile manipulator are
composed by the vehicle coordinates g, € R™ and the
manipulator coordinates g,,, € R"™

q: [q1)] . (1)
dm

In the differential drive, e.g., the Cartesian x/y position and
the orientation constitute the position vector q,,, while q,,, is
the vector of the manipulator joint positions. The so-called
steering system of the vehicle is given by

a, = S(a,)%a, . )

where qu is the input velocity [30], [31]. For the differential
drive, e.g., the input is given by the wheels velocities.
The mapping from the input velocity to the differential
coordinates g, is given by the constraint auxiliary matrix
S(q,), which includes the vehicle’s motion constraints (e.g.,
on the wheels). The superscript S indicates the constraint-free
space. The velocity vector of the entire system is given by

q:SI(Q)Sq: S(qv) O] |ﬁ‘h;| , (3)

o 1I||q,

where S7(q) denotes the extended constraint auxiliary ma-
trix. The constraint-free velocities are mapped to operational
space via

& ="J(q)°q. @)
The Jacobian matrix is given by
“J(q) = |T.(0)S(a,) Tm(a)] . (5)

where J,(q) and J,,(q) are the Jacobian matrices asso-
ciated with the vehicle and the manipulator, respectively.
The dynamics of the coupled system can be derived with
the macro/mini structure approach proposed in [23]. The
kinetic energy of the system is given by %qTM (q)q =T,
where M (q) is the n, + n,, X n, + n,, mass matrix. The
mass matrix can be transformed to constraint-free space by
inserting (3) into the kinetic energy equation which yields
[32]

"M(q) = Si(q,)"M(q)S:(q,). (6)

After transformation to operational space, we get the 6 x 6
Cartesian mass matrix inverse

SAlq)™" = J(q)°M(q)"'5J(q)". (7)

With the upper 3 x 3 translational part SA, (q) ™! of SA(q)~!
we finally obtain the reflected mass [23]

mu(g) = (u" A, (q) ") ®)



b)

d)

Fig. 3: Possible collision scenarios in the industry. In case a) the
platform collides against the human, in b) - d) the manipulator
against the human. In a) the platform and potentially also the
manipulator moves actively, in b) only the manipulator, in ¢) only
the platform, and in d) both the manipulator and the platform.

of the coupled system in a Cartesian unit direction u© €
R? while taking the motion constraints of the vehicle into
account.

III. APPROACH

We seek the range of achievable reflected mass (8) and
endpoint velocity (4) for the two considered wheeled mobile
manipulators. This shall be done for four different industrial
collision scenarios we consider important. In this endeavor,
we want to analyze the influence of parameters such as
steering wheel angle of the car-like platform, the ratio
between manipulator and platform mass, or the base velocity
on the dynamic properties.

A. Collision Cases

We consider the following four collision cases (see Fig. 3),
which are relevant in real-world applications of mobile
manipulators:

Case a) When the mobile robot is transporting goods, typi-
cally the vehicle is moving while the manipulator is at
rest®. In this case, the platform may collide against the
human, typically at the lower extremities.

Case b) The mobile platform is at rest; the manipulator is
moving. This case typically occurs when the mobile
robot stops at a workstation and manipulates objects
there. For this case, collisions with the upper body are
more likely to occur than collisions with the lower body.

Case ¢) Like a) with the difference that not the vehicle, but
the manipulator may collide with the human, typically
against the upper body.

Case d) If the vehicle and the manipulator move simul-
taneously, then the system can exploit its maximum
performance in terms of achievable velocity. This can
be required to perform explosive motions such as the
throwing of objects, for example.

3In terms of instantaneous collision dynamics, there is no difference
between a moving and a resting manipulator in case a).

B. Derivation of the Achievable Mass and Velocity Range

The general procedure for determining the achievable
mass and velocity range is the same for all cases a) -
d). The different scenarios can be examined by narrowing
down the system parameters accordingly. The cases can
be distinguished between 1) the contact location(s) and 2)
whether the two subsystems vehicle and manipulator are
(actively) moving or not. The procedure for deriving the
Safety Map representation is as follows.

Step 1 Select the point(s) of interest (POI) on the robot
structure. The POI(s) define the contact Jacobian matrix
required to determine the reflected mass and the velocity
polytope described in the previous section. For our
exemplary systems, we consider six POI on the vehicle
body (case a)), namely the four corners and the center
in the front and back, and one POI at the manipulator
end-effector (case b) - d)).

Step 2 Set the velocity constraints. In case a) and c), the
manipulator is at rest, i.e., the velocity of every joint
is zero. The car-like platform can travel at a velocity
within its speed limits; in the differential drive, this
holds for both (independent) wheels. In case b) the plat-
form velocity is zero, the achievable Cartesian velocity
is governed by the manipulator’s velocity polytope
described previously. In case d), both the vehicle and
the manipulator contribute to the achievable end-point
velocity.

Step 3 Sample the robot configurations for the desired pa-
rameter range and discretization*. For each POI, all
combinations of (discretized) platform parameters and
the robot’s reachability map are determined. In this
work, also the ISO 9283 cube is investigated.

Step 4 Evaluate the reflected mass and velocity range for
every configuration and in the possible directions of
motion. For collisions with the platform, the direction
of motion can be constrained by the vehicle’s motion
constraints. In contrast, the manipulator can typically
move in all (discretized) Cartesian directions if the
configuration is non-singular.

Step 5 Accumulate the calculated mass/velocity data in the
Safety Map and relate the robot representation to injury
data and/or other robots’ mass/velocity range.

IV. RESULTS

In this section, we provide the results for cases a) - d).
For each case, we describe the qualitative and quantitative
effects of different robot parameters on the reflected mass
and endpoint velocity. The accumulated mass/velocity data
is summarized in the Safety Maps illustrated in Fig. 8.
There, we also show the current ISO/TS 15066 thresholds for
the considered body parts. However, please note that these
thresholds only serve as an example. The goal of the paper is

4The discretization of the robot’s workspace and the end-effector ori-
entation is the same as in the previous section. For the car-like vehicle,
¢ € [—25,25] © steering wheel angle with 5 ° increment is selected. For
the differential drive, the directions on the unit circle used to evaluate the
reflected mass and velocity have 5 © increment.



(a) Reflected mass and velocity
range for ¢ = 0° steering angle.

(b) Reflected mass and velocity

range for ¢ = —25° steering angle.

40° 40°
20° 20°
0° 0°

0 kg 0m/s
20 kg 1m/s
-20° -20°
40kg 2m/s
60 kg
-40° 3 m/s -40 °

(c) Reflected mass in the (d) Maximum velocity in the

direction of motion over direction of motion over
steering angle, steering  angle, ¢ S
p € [—40,40] °. [—40, 40] °.

Fig. 4: Polar plots of achievable reflected mass (red) and velocity (blue) for the car-like vehicle at the center of the top right wheel (green
circle). In (a) and (b), the reflected mass belted ellipsoid and the achievable velocity range (solid lines) are illustrated for ¢ =0° and —25°
steering wheel angle. The dashed red circles indicate the magnitude of the reflected mass. In (c) and (d), the reflected mass and maximum
velocity at the POI (green circle) in the direction of motion direction are shown for the steering wheel angle range ¢ € [—40,40] °.

Fig. 5: Achievable reflected mass (red) and velocity (blue) at the
top right corner (green circle) of the differential drive vehicle.

to derive the safety-relevant robot dynamic properties, which
can be employed for impact mitigation schemes and safety
assessment of real-world uses cases in future work.

A. Case a)

In case a), the platform collides against the human, typ-
ically at the lower extremities. In the following, we first
investigate the achievable mass/velocity range of the two
vehicles without attached manipulator, then the effect of
the manipulator on the safety characteristics of the coupled
system.

1) Vehicle only: For the car-like vehicle, the reflected
mass and velocity for a certain steering wheel angle ¢ and
POI are illustrated in Fig. 4 (a) and (b). For ¢ = 0°,
the motion is purely translational, the reflected mass in the
direction of motion (along blue line) equals the platform
mass including wheels (58 kg). For ¢ = —25°, the motion
has both translational and angular components; the reflected
mass is slightly smaller and also governed by the platform
inertia. For directions other than the direction of motion,
it can be observed that the reflected mass becomes very
large (perpendicular to the wheels even infinite), which is
due to the vehicle’s motion constraints. However, this work

focuses on the reflected mass and velocity range that the
robot can achieve in the direction of motion. This analysis is
provided in Fig. 4 (c) and (d), where the dependency of both
quantities on the steering wheel angle is shown. Results for
the differential drive are illustrated in Fig. 5. Those POIs on
the platform that are not located on the axis of rotation of
the drive wheels can move in every Cartesian direction by
variation of the wheel velocities. For rotational motions, POIs
close to the wheels typically reach relatively low velocities
while the reflected mass is high. Distal POIs (see Fig. 5),
on the other hand, can reach high velocities but relatively
low reflected mass in the direction of motion. This is also
reflected in the Safety Map representations of both systems,
which are depicted in Fig. 8 (left column, red area).

2) Combination of Vehicle and Manipulator: Mounting
a manipulator on the mobile platform adds extra mass and
inertia to the system. The increase in reflected mass can
be observed in Fig. 8 (left column, red vs. blue area), the
achievable operational velocity remains the same.

B. Case b)

In case b), only the manipulator moves and possibly
collides against the human while the vehicle is at rest. The
principal influence of the platform parameters (car-like) on
the reflected mass of the mobile robot is depicted in Fig. 6.
In the figure, the platform steering angle and the platform
mass (relative to the manipulator mass) are related to the
mobile robot’s reflected mass at the end-effector (relative to
the stationary manipulator reflected mass). Compared to the
fixed-base manipulator, the mobile robot has equal or lower
reflected inertia, because the platform adds extra degrees
of freedom to the system. The higher the platform mass,
the closer the reflected mass of the mobile system gets
to the one of the stationary manipulator; see Fig. 6. For
0 ° steering angle, the platform’s motion direction coincides
with the direction considered for reflected mass analysis (z-
direction, red arrow). In this case, the additional platform
DOF reduce the reflected mass at the end-effector. However,
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Fig. 6: Car-like mobile manipulator: Influence of the platform
mass (relative to manipulator mass) and the platform steering angle
on the mobile robot’s reflected mass at the end-effector (relative
to stationary manipulator reflected mass). The considered near-
singular joint configuration is shown on the left, the red arrow
indicates the analyzed Cartesian (x-) direction.

the reflected mass increases with increasing steering angle
due to the non-holonomic constraints. For ¢ = 90 °, the
platform blocks the motion in x-direction, which means that
the reflected mass of the stationary and mobile robot are
equal. The considered manipulator configuration shown in
Fig. 6 is near-singular. Because the direction of interest is
aligned with several robot links, the reflected mass at the
end-effector is comparatively high. As a result, changes in
steering angle and platform mass have an influence of up
to 30 % for the considered system. However, in the largest
portion of the robot workspace the robot configuration is
non-singular. There, the difference in reflected mass between
the stationary and mobile manipulator is negligible, which is
also reflected in the Safety Map depicted in Fig. 8 (second
column). This is because the reflected mass of the Franka
Emika robot is mainly governed by the last links, so that the
additional platform DOF have only little influence on the
reflected mass. This holds for the two considered platforms
with 50 and 124 kg mass, but also for a broader platform
mass range; cf. [23]. For simplicity, one can neglect the
platform in calculating the reflected mass at the manipulator’s
end-effector, which is also conservative from a safety point
of view.

C. Case c)

In both cases a) and c), only the vehicle is actuated. In case
¢), however, the manipulator acts as a lever arm during ro-
tational motions (especially in stretched-out configurations),
which is why the achievable translational velocity at the end-
effector is higher in case c) than the one in case a). In case
c), the reflected mass range at the manipulator’s end-effector
is the same as in case b).

D. Case d)

In case d), both the platform and manipulator are moving.
In terms of a potential collision with the manipulator’s end-
effector, d) is the general case, i.e., the achievable velocity
and reflected mass ranges obtained in cases b) and c) are
subsets of the one obtained in d). In this case, the maximum
possible velocity is comparatively high because the vehicle

and manipulator speed sum up. In Fig. 7, it is shown how
the velocity polytope of the stationary manipulator (purple)
increases when a mobile platform is added. There, also
the influence of the steering wheel of the car-like vehicle
becomes visible.

V. CONCLUSION

In robotics injury analysis, it has been shown that the robot
Cartesian reflected mass and velocity at the contact location
significantly influence human injury severity in dynamic
collisions. This is also reflected in the current robot safety
standard ISO/TS 15066, which provides a functional map-
ping between the robot mass and velocity and human pain
onset, which can be used for risk analysis and minimization.
In this paper, we investigated the achievable reflected mass
and velocity range for two mobile manipulators that consist
of a wheeled, non-holonomic vehicle and a seven-DOF
Franka Emika robot. We analyzed the principal influence
of the platform and manipulator parameters on safety and
performance properties. The generated mass/velocity data
was processed towards the previously introduced Safety Map.
Our analysis regarded four different collision scenarios that
are relevant in real-world industrial applications. Overall,
our approach makes it possible to understand the intrinsic
safety characteristics of mobile manipulators and integrate
the gained insights and data into future mechanism design
and planning methods that enable safe and efficient collabo-
ration between mobile manipulators and human co-workers.
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