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1 Introduction

This document aims in presenting a summary as ageihsights and results of the development, im-
plementation and execution of the SAPARO experim&he main objective of the experiment was
the implementation of a novel safety concept fomitwwing human-robot cooperative workplaces.
Here, we focus on workplaces in industrial appiaa with high payload robots.

Current research and developments regarding safstgms aim on safeguarding human-robot col-
laboration applications that use small robots sagcthe KUKA iiwa, Universal Robots UR5, and oth-

ers. The payload capacity of these robots is luntte between 5-14 kg. However, many industrial

applications where human-robot- cooperation wodd/dry beneficial require higher payload capaci-
ty and robots with large workspaces, especially wbensidered against the background of demo-
graphic change and the corresponding challengafaving the ergonomics for the worker.

The innovative and trendsetting solution for sageding these workplaces addresses both*hardi
soft- safety considerations through a combination of safegnardechnologies. This consists of a
tactile floor with spatial resolution as a hardesgfsensor for workspace monitoring together with a
projection system as a soft-safety component talize user-beneficial information like the bounda-
ries of the safety zones, process hints or nexdtrolbvements. In this experiment we will use and
combine these technologies for the first time wfth aim to safeguard the human while cooperating
with high payload robots.

On basis of these technologies we further devaehahirmplement algorithms to dynamically define the
safety zones around the robot depending on itsahotovements. These safety zones will be moni-
tored by the tactile floor and visualized by thejpction system. The safety zone will be generated
online according to the relevant guidelines in IB®15066.

Besides using the current robot’s joint angles agldcities for dynamically determining the size of
the safety zone, the SAPARO experiment additionaldprporates the human’s behavior. Using the
spatial sensor information of the tactile floor thaman’s movement direction and speed is estimated.
With this, the proposed safety concept fulfillsraguirements of a “speed and separation monitbring
system.

In contrast to current fenceless safeguarding t@olgres such as laser scanners and camera-based
workspace monitoring, which have static safety spoer proposed dynamic safety zones will offer a
maximum of free space around the robot and incsetis® robot availability, ergonomics and user
acceptance. Furthermore, the tactile floor allowser interaction with the robot or system by paevi

ing special interaction areas. If the human erttegses interaction areas predefined functionalities
robot movements or task control are executed. Aaiditly, the projection system provides the possi-
bilities to visualize arbitrary information diregtinto the workspace of the user. Safety-specifie,
bot-specific or process-specific information carvisialized to inform, support and assist the ager
work.

In the following sections we will describe the deygnents and results of the SAPARO experiment in
more detail.

! Hard-safety: Safety components (sensors, contspliebots ) that fulfill all requirements to be satered “certified” tech-
nology according to the current standards for ggdrmaachine safety, functional safety, and for gsand protective devices
2 Soft-safety: Aspects such as human factors, ergmsoamd psychology, with the goal of enhancingititeraction, reduc-
ing robot stops raising the productivity of the hamrobot team, as well as to increase human acuEptaf the robotic
system
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2 Workplace setup and scenario

The human robot shared workspace was designedséoehsize of 4.0 by 6.0 meters (see figure 1) that
is sufficient to develop and evaluate the propasafdty concept and to demonstrate the dynamics of
the safety zones as well as to allow an estimaifahe human’s behavior. In more detail, we speci-

fied the resolution of the tactile floor to 0.12% ©.125 meters of a single sensor cell and adjusted
them to detect contacts at a minimum weight of ildbkams. These detection and resolution capabili-

ties are well-suited to robustly detect the foattzriof humans.

Figure 1: Human-robot shared workplace with a KUKA KR60 and a dimension of 4.0 by 6.0 meters.

As the proposed safety concept is not certifiedwetneeded additional safety equipment for safe-
guarding the shared workplace at development ambdstration stage. As depicted in figure 1, two
sides of the workspace are enclosed by fences-(olleeed) while the front side is additionally
equipped with a door to access the human-robotspade. The other two sides are fenceless (yellow-
colored) but safeguarded by safety laser.

The robot used in our workplace is a KUKA KR60 Ltéat is able to handle 45 kg by a maximum
range of 2.23 meters. The robot is positioned atntiid-left area of the tactile floor that is anadte
position for the planned scenario (see figure 1).

The tactile floor was developed with the aim ofeasy and fast buildup as well as simple integration
So, we designed the tactile floor in a way thatoihsists of single quadratic tiles that includey44b
sensor cells. The individual tiles can be easitgritconnected by conductor band and allow a fast
buildup of the entire floor. Altogether we needety812 tiles to cover the entire area of 4.0 by 6.0
meters. In summary we implemented 96 tiles with6LS8nsor cells altogether. The buildup of the
entire tactile floor took one day. In the followipgctures the buildup of the tactile floor is iltceged.
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Figure 2: Setup of the tactile floor that comprise®6 quadratic tiles with 1536 sensor cells altogeth.

The pictures in figure 2 show the individual senles that were placed one another. After connect-
ing the sensor tiles by conductor band they weversa by industrial grade mats to protect the senso
layer against damage. Using these mats the tdictde is robust concerning heavy objects and even
vehicles. A single industrial mat and the resultimyering of the entire tactile floor are depictad
figure 3.

Figure 3: Industrial grade mat (left) and resulting covering of the entire tactile floor (right).

Besides the physical setup we developed and impitsdea controller board (see figure 4) for manag-
ing the sensor cells. This electronics is respd@sdcontrol the single sensor cells and to aeqthie
sensor data of every sensor cell and provides thate via USB to the computing hardware. This
board provides additionally several sensor-specitijustments like the thresholding of the trigger
signal of a sensor cell at detected contact. Algtutide controller board provides the data of atisor
cells at a rate of about 35 Hz. Here, we alreadytiled major improvements to allow higher rates
that will be implemented in futura davelooments

Figure 4: Developed controller boarlfno wiinetimmyseriso \rdtarartu conmroinetete with computing hardwaer by USB.
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Besides monitoring the shared workplace by thdléaftbor the second technology of the proposed
safety concept is a projection-based visualizagiggtem. This will be used to visualize safety-sf&ci
system-specific or robot-specific information te thser by directly projecting this information into
the shared human-robot workplace. For illuminatimg entire workspace of 4.0 by 6.0 meters a min-
imum of 4 projectors were necessary that were negbiah a system carrier in a height of about 4 me-
ters (see figure 5). The projectors feature a utigol of 1280 by 800 pixels and have an illuminatio
intensity of 4000 lumen that is sufficient to prdjgraphics, images and text with high resolutiod a
that is further bright enough to see them despltétianal external illumination. The projectors wer
connected by HDMI cables to a NVIDIA NVS 510 graghtcard that allow a time synchronized im-
age projection of all 4 projectors. As we want tsualize dynamically changed images, artefacts at
projector-image boundaries can be avoided by this w

Figure 5: System carrier and mounted projectors ilbout 4 meters height above the human-robot workplee.

We further planned an industry-oriented human-raooperation scenario that aims on supporting the
human while assembling a turbocharger and motarkblblere, the turbocharger (see figure 6, left)
has to be equipped on a motor block (see figuriglat).

Figure 6: The scenario comprises the assembly of arbocharger (left) and motor block (right).
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The focus is on safeguarding the human by thelgdtbior while the robot is moving autonomously.
The dynamically adapted safety zones are visual®ethe projection system any time. We further
implemented a collaboration task that allows a itigascontrol of the robot by hand guidance. The
user is able to fine position the robot’s grippgstem for grasping the turbocharger that lies msid
box. The confirmation (work finished) and startsirfigle tasks (move workpiece to destination posi-
tion) or commands (open/ close gripper) can be dgniateractive control buttons on the tactile floo
visualized as symbols by the projection systems Biows an intuitive and easy control by foot with
out any additional hardware. Figure 7 depicts thgls steps of the scenario:

1. Autonomous movement of the robot to grasp position
The robot moves autonomously from its initial piesitto the grasp position. While the robot
moves the safety zones are dynamically establiahedmonitored by the tactile floor. If the
human enters the warn zone or critical zone, thetrelows down or stops entirely.

2. Hand-guiding the robot and grasping the turbo-okarg
The human guides the robot and fine-positions tiygpgr system at the turbocharger. After
that, the human activates the gripping by an ictera control button. The robot grips the tur-
bocharger and starts moving to the motor block.

3. Autonomous movement of the robot to motor block
The robot moves autonomously to the motor blocktaedcorresponding safety zones are es-
tablished. If the human enters the warn zone ticatizone, the robot slows down or stops en-
tirely. Finally, the robot aligns the turbochargéthe motor block.

~ Fraunhof

Figure 7: Single steps of the assembly process: Muting a turbocharger to motor block.
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3 Components integration and calibration

For using the hardware and software componentsrinst of a novel safety concept we need to inte-
grate them into an entire working system. A scheraterview of relevant hardware and software
interfaces can be seen in the following figure. $imgle software services for (i) acquiring thessen
data of the tactile floor, (ii) acquiring the rolsostate data and (iii) providing the image datdhe
projectors are composed to an entire working so#tvegstem. All interfaces between hardware and
software components were established. The comntiorichetween robot and sensor system was
implemented by using the KUKA RSI (RobotSensorlfiste) interface.

-
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Figure 8: Overall scheme of the safety concept repsenting the main communication
interfaces of software and hardware components.

After integration, the calibration of all hardwaremponents that comprises the tactile floor, ramt
projection system to a common coordinate framedsiired. Here, the intrinsic and extrinsic calibra-
tions of the projectors were of special interest: that we developed and implemented a particular
robot task to support the entire calibration precésee figure 9). For the intrinsic calibration we
mounted the projector at the TCP of the robot apgitipned them at about 20 different perspectives.
For this we implemented a specific robot prograime Pprojector visualizes a calibration pattern (i.e.
circle pattern) on the flooring that was recognibgoa pre-calibrated high-resolution camera. An op-
timization algorithm uses the 3D- object points aodresponding 2D- image points of the projected
circles to estimate the intrinsic parameters ofptitzgector.

After mounting the projectors at the system cameradjusted them to illuminate the entire human-
robot workplace i.e. the entire surface of theiadloor. For the extrinsic calibration we alsoeus
pre-calibrated high-resolution camera to extraet ¢ircles of the projected calibration pattern and
estimate the positions of the projectors accorging|
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Figure 9: Robot equipped with projector for intrinsic projector calibration.
The projector is positioned at arbitrary perspectives.
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Figure 10: Projected calibration pattern from perspective of high-resolution camera.
Circle detection for determining the intrinsic parameters of the projector.

Figure 11: Extrinsic projector calibration. Left: Ma nual adjustment of the projectors.
Right: Projection and detection of calibration pattern for optimizing the position by algorithms.
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For visualizing an entire and seamless image asuhface of the tactile floor, we use the intrireial
extrinsic parameters of every projector to warp eohpose the single projector images. We further
need to crop the images at overlapping image afdds became necessary because the images appear
brighter in neighboring areas at which the imageslap.

The robot as well as the tactile floor was calibdatoncerning the common coordinate frame by
means of manual measuring and transformation.

4 Estimation of human’s behavior

The proposed safety concept aims in using the appréormula described in ISO/TS 15066 that ena-
bles the proposed safety system as an “speed gadagen monitoring”- system. This approach for-
mula considers also the movement direction anddsp&éhe human. Knowing the human’s behavior
affects positively the calculated safety distanegveen human and robot (smaller safety distantres).
this experiment, we aim on estimating the humaeisalvior on basis of the tactile floor's sensor data

We implemented a prototypical method that estimdtesmovement direction and speed of one per-
son on the tactile floor. Here, we developed a rhbdsed approach to assume a movement of the
human by detected steps. First of all, we needteat the footprints of the human that normally-con
sists of several triggered sensor cells of thel¢aftbor. We introduced so called “blobs” that st

of one or more individual triggered sensor cellsvated by the human’s foot. So, one blob consists
only of such sensor cells that are spatially coteted.e. neighbors). In the following figure yoarc
see a blob that consists of 3 sensor cells (laff)2zasensor cells (right).

Figure 12: Human'’s footprint consisting of differert amount of activated sensor cells.
Left: 3 activated sensor cells. Right: 2 activatedesisor cells.

Further on, we try to correlate the blobs over timeetect a human’s steps. If the human startk-wal
ing on the tactile floor, the blob of one footpritisappear (human raises foot) and appear on a nhew
position (foot hit floor) afterwards. We can assuthat the human has made a step. But this is not
certain in all cases. The human can also intethgstep and remains standing on one foot. In géner
with the current implementation we can estimate htbman’s behavior robust when the human has
done two steps. On basis of two steps, we can appate the movement direction and speed of the
human. In the following pictures you can see adgipsequence of a human'’s step on the tactile.floor
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Figure 13: Typical sequence of a human’s step onéftactile floor.

The human stands on one foot and moves the otbetddhe front (figure 13, left). Only one blob is
active but may vary at the amount of activated @enslls. Next, the front foot hits the ground and
activates further sensor cells that form anotheb Iffigure 13, middle). Further on, the back faas¥

es and only the front foot blob is further actifigyre 13, right). The back foot moves to the frantl

the sequence starts again with figure 13, left endigwe recognize such a sequence we assume that
the human made a step. For estimating the movewvedotity and direction of the human we consider
the position and point of time of doing a step.sTisithe middle part of the step sequence (fig@e 1
middle) when both foots are on the ground.

We further evaluated the determined position arldcity by an external tracking system. Here, we
usewr'onr optitaharre-vaSer positon ‘terecttontion.

Figure 14: Marker detection for measuring the positon and velocity of the human.

For validating the implemented algorithms to esterthe human’s position and velocity by the tactile
floor we used our marker-based tracking system.fist@er compared the results of the tactile floor
with the results of the tracking system. In thddwing diagrams you can see on the one hand the
estimated position and velocity of the tactile flamd on the other hand the determined position and
velocity of the tracking system.
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In the following diagrams we present the resultdatermining the Cartesian position of the human in
x- and y- direction. For this, a person moved dhtfloor while the system measured and logged the
determined position. Here, we have x (red) andye{bof the tactile floor and x (black) and y (ple)p

of the tracking system.
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Figure 15: Comparison of human’s position determind by tactile floor and tracking system.

It can be seen that the point of time the positibanges is nearly synchronous. The deviationsnare i
the limits as you consider the resolution of tratif@ floor.
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In the following diagrams we present the resultesifmating the human’s velocity. For this, a perso

moved onto the floor while the system measuredlagged the determined velocity. For a sufficient
comparison we tried to move along a straight path @onstant velocity. For this we had only about 4
meters in length. So, the acquired data is onlyafahort time span. The calculated velocity of the

human by the tactile floor is depicted green; teleity of the tracking system is light blue.
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Figure 16: Comparison of human'’s velocity determind by tactile floor and tracking system.

The velocity of the tracking system is very noiggause of the low frequency of the measured marker

positions. But it can be seen that the velocitrescanverging to a similar result.
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5 Generation of safety spaces

The SAPARO experiment aims on introducing a noaétty concept that will lead to a step-change in
human-robot cooperative scenarios with high-payladubts. The combination of a tactile floor and a
visualization system provides safety, interactiod svorker assistance. As we generate dynamically
the safety spaces that need to be monitored, nidis¢ thuman-robot shared workspace can be entered
by the human without any risks thus providing ehhiggree of flexibility. The basis for this fornteet
approach formula that is described in ISO/TS 15068% proposed safety concept implements this
approach formula and enables the safety systenttt@saa “speed and separation monitoring” —
system. Besides using the current joint positiams welocities of the robot, the safety system addi-
tionally incorporates the human’s behavior. Knowihg human’s movement direction and speed will
result in smaller safety distances between humahrabot. The implementation of this safety ap-
proach for determining dynamically the correspogdiafety spaces is a main aspect of the SAPARO
experiment.

A safety space is specified by a shape, size, aodecan be defined either manually or dynamically
via algorithms. The focus is on implementing altoris to generate dynamically safety spaces on
basis of the current joint angles and velocitieshef robot as well as the current behavior of the h
man. For developing the algorithms that computesttiety distances on basis of the approach formula
specified in standard ISO/TS 15066, we implemeatstnulation environment that allows the visual-
ization and evaluation of the results as well a&sdbnvenient development and improvement of the
algorithms (figure 17).

Figure 17: Simulation environment used to developrad implement the single safety approaches that atgased on the
distance formula described in ISO TS 15066. Right: &sulting safety distances (blue) at robot movemetty a joint
(A1) velocity of 0.8 rad/s.

This tool allows to load an URDF- described rolaotd environment) and to visualize its geometry as
well as the corresponding defined collision primgs (see figure 11, left). The position and velooit
every joint can be adjusted manually and is vigedliaccordingly. Beside the robot-related adjust-
ments the user can also define the parameterseddproach formula like brake distance, reaction
time and safety constants. It is also possibledfind a human’s position, movement direction and
speed. At this point we are able to simulate guirparameters that are needed to calculate tké/saf
distances between human and robot.

Actually, the safety distances have to be calcdl&te every single point of robot’s surface geometr
That is a very complex and extensive issue. Faraied this computing complexity the robot’s geom-
etry was approximated by particular collision ptimgs. Further on, these collision primitives are
sampled by a predefined sample rate to determset af surface points that are used to compute the
corresponding safety distances. So, for every seanplirface point we compute the safety distance
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vectors in all possible directions resulting inea af vectors representing the direction and sadety
tance. As the further processing of the entire@t8tdimensional distance vectors was too challepgi
because of its quantity, we implemented a voxeetdatructure (Octree) that allows the reduction of
data and provides a more convenient handling ancegsing of the data.

The octree can be further used to determine a &mhlmonal convex hull that can be seen as a 3-
dimensional safety space enclosing the robot. B SAPARO experiment we just need a 2-
dimensional representation of the safety spacends to be monitored by the tactile floor. Byngsi
the calibration transformations of the robot ardtile floor we transform the safety distances aed d
termine the corresponding sensor cells of theltafibor. These ‘critical’ sensor cells were funthe
processed to calculate additional ‘warn’ cells thatround them. As the robot reduces its motion
speed while a human enters the ‘warn’ cells, ti®trstops immediately at a triggered ‘critical’ Icel
All other ‘free’ cells will not affect the robot’lsehavior.

5.1 Safety approaches

The SAPARO experiment aimed on developing and coimpaifferent safety approaches that can be
used to safeguard the human in human-robot shanekbiaces with high payload robots. So, we de-
fined the following safety approaches:

1. Fence guard and safety laser scanner:
This is a traditional safety approach and represtii@ current state of the technique used in
industrial automation to prevent humans from cwlhs with robots. If the human enters the
shared workspace by opening the door or crossiedaer scanner’s area the robot performs
a safety-rated monitored stop. While the humansgie the shared workspace a movement of
the robot is not permitted.

In the following safety approaches we use the leadibor to monitor the safety distances between
human and robot. The generation of the safetymismand resulting safety zones is different imeve

safety approach and is briefly described in théowahg. For calculating the safety distances (safet

zones) we use the approach formula described ifiNS@5066.

2. Tactile floor: Semi-Static on basis of planneddcipry:
The safety zone is defined on basis of the plarnraédctory of the robot and remains static
while the robot moves along this trajectory. Theuitng safety zone is based on the robot's
joint angles and velocities used while moving altimg trajectory. So, the safety zone covers
the entire area of the robot’s movement alongdidergjectory.

3. Tactile floor: Dynamic on basis of current robaitst
This dynamic safety approach generates the safety anline while the robot is in motion. In
more detail, the current robot’s joint positionslamlocities are used to generate a safety zone
that encloses the robot minimally at any pointiimiet

4. Tactile floor: Dynamic on basis of current robattstand human behavior:
In the SAPARO experiment we proposed this safepya@arh for generating safety zones. Be-
sides incorporating the current robot’s joint asgiad velocities as described in approach 3,
we additionally include the current human’s movetmirection and speed. On basis of this
the safety system acts as a speed and monitorsignsy
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5.2 Evaluation of safety approaches

The comparison of the different safety approachas done by a manually defined robot trajectory.
As seen in the following figure we have a startifims [1], an intermediate position [2] and target
position [3]. So, the robot firstly moves from pimi [1] to position [2] and further on to the tatg

Figure 18: Pre-defined robot trajectory for evaluaing the different safety approaches. Robot movesdm initial posi-
tion [1] via intermediate position [2] to the targe position [3].

The robot moves along this trajectory while the smoent was monitored by safety zones according
to the different safety approaches. The main @oitefor rating the safety approaches is:

e Freelusable area of shared workspace:
The free area of the shared workspace can be safely entered by the human while the robot is
in motion. The size of this area can be used to evaluate the quality of the implemented safety
approaches. More free/ usable area implicates a minimal dimension of the safety zone that
encloses the robot and leads to an improved flexibility and ergonomic for the user.

This criterion may also influence tlegcle time of the overall processand themaximal robot speed

e Cycletime of overall process:
Smaller dimensions of the safety zones offer closer proximities between human and robot. De-
pending on the application this fact will allow higher cycle times of the process as the human
has more flexibility and liberty to work. In fact, smaller dimensions will NOT negatively affect
the cycle time of the process.

e Maximal robot speed:
Smaller dimensions of the safety zones offer the possibilities of higher robot velocities. We as-
sume that the human has a constant distance between human and robot and this distance is
bigger than the computed safety distance that was needed. So, there is more space between
human and robot than necessary. In fact, the robot is allowed to increase its movement veloci-
ty while the current distance between human and robot is bigger than the calculated safety
distance.

In the following we explain the application of thdferent safety approaches and the effects for the
human-robot shared workspace.
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1. Fence guard and safety laser scanner:
As foreseen, this safety approach is not suitairiéndiman-robot cooperative scenarios. A real
cooperation between human and robot in the shamliswace is not possible. If the human
enters the workspace the robot stops its motionranghins standing until the human leaves
and confirms the leaving of the shared workspate Jimultaneous processing of tasks by
human and robot is not possible.

As the shared workplace is separated by fence aser Iscanner there is no accessible/
free/usable area for the human. The entire ard¢heo$hared workspace is monitored. There-
fore, the size of the free/usable area of the shamkspace that can be entered by the human
is zero.

= 0% of the shared workspace is free/usable for the worker.

2. Tactile floor: Semi-Static on basis of planneddctpry:
This safety approach allows a safe cooperationuaian and robot in the shared workspace.
The human can enter the shared workspace safelg thiei human is safeguarded by the tac-
tile floor. The robot reduces its motion velocithen the human enters the warn area and will
further stop its motion when the human enters ttieal area.

1 T T M O
1 o L W

Figure 19: Movements of the robot monitored by semstatic established safety zones.

The resulting size of the semi-static safety zogygetids only on the planned trajectory and its
corresponding robot movements. In figure 19 thetrgwsitions of the pre-defined trajectory
are depicted. It can be seen that the safety zmeestatic at the entire movement of the robot.

In our scenario the effective free/usable areamallsbecause of the extensive robot move-
ments along the defined trajectory.

In figure 20 the total amount of sensor cells thglbng to a critical zone or warn zone is de-
picted. As the safety zone is initially determingad does not change over time the total
amount of sensor cells is static.

1245 sensor cellsfrom atotal of 1536 sensor cells belong to critical zone or warn zone.

= About 19 % of the shared workspace is free/usable for the worker.
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3. Tactile floor: Dynamic on basis of current robaitst
The dimension of the safety zone concerning thistgapproach depends on the current ro-
bot’s joint angles and velocities. The human’s b@hvais not considered. Regarding the ap-
proach formula the human’s speed and directiosssirmed as worst case. Here, it is assumed
that the human moves straight forward to the rettt a velocity of 1.6 m/s. This safety ap-
proach is depicted in the following figure. It che seen that the safety zones depend on the
current robot’s joint angles and velocities. Thiesazones enclose the robot at any time.
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Figure 20: Dynamic safety zones on basis of currenbbot’s joint angles and velocities at different obot positions.
Amount of sensor cells: Left: 524; Middle: 924; Righ 967

The amount of sensor cells that belong to thecatittones or warn zones change while the
robot moves. How many sensor cells are markeditisatior warn can be seen in the follow-
ing figure.

In position [1] the safety zone covers an area2df &ensor cells. At the movement from posi-
tion [1] to intermediate position [2] the amountadges to 924 sensor cells. While moving
from intermediate position [2] to target positid] the amount changes to about 730 sensor
cells and it reaches finally a total amount of senlls of 967.

= About 66 % to 40% of the shared workspace is free/usabl e for the worker.
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Figure 21: Safety approach 3: Amount of sensor calithat represent critical zone and warn zone whiléhe robot
moves from initial position [1] via intermediate pcsition [2] to target position [3].

SAPARO Deliverable 7.1 Page 17 of 21



ECH@RD++

4. Tactile floor: Dynamic on basis of current robattstand human behavior
In this safety approach the human’s behavior istiathélly incorporated to determine the di-
mension of the safety zone. As depicted in figuBetBe safety zones are enclosing the robot
minimally at any time. While a human is moving iretshared workspace the human’s posi-
tion and movement direction is incorporated to tyadene generation. The width of the exten-
sion depends on the human’s movement directiorspadd.

We further evaluated the influence of human’s bahavo the dimension of the safety zones.
As seen in the figure 25 a person is moving sttdigtward to the robot. While moving the
safety zones dynamically adapt the dimensionsglré 26, the change of the amount of sen-
sor cells that belong to the critical and warn zoae be seen clearly.

Figure 22: Dynamic safety zones on basis of currenvbot’s behaviour and current human’s behaviour.
Amount of sensor cells: Left: 397; Middle: 739; Right 723
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Figure 23: Safety approach 4: Amount of sensor calithat represent critical zone and warn zone whiléhe robot
moves from initial position [1] via intermediate pcsition [2] to target position [3].
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Figure 24: Human is moving straight forward to therobot while the dimension of the safety zones is agted
dynamically on basis of the human’s behaviour. LeftRobot is in initial position [1]. Middle: robot is in intermediate
position [2]. Right: robot is in target position [2].
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Figure 25: Change of amount of sensor cells that lmng to critical and warn zone
while a human is moving straight forward to the rolot.
The diagrams (left, middle, right) correspond to thesingle pictures in figure 25.

It can be seen that the safety zones enlarge éctdin of the human by an area of about 1.5
mz2 (~ 100 sensor cells).

In summary, as expected the safety approach 4sdtffier smallest dimensions of the safety zones. In
general, having very small safety zones with nas@eris in the near of the robot makes no sense.
Here, the small safety zone can lead to an incdeasecity of the robot.

6 Visualization and interaction

The projection system implements the soft-safepeeisof the safety concept. The objective of this
technology is the visualization of safety-specifiahot-specific and process-specific informatioatth
will lead to an improved ergonomics, user accepaatd robot availability. The projection system
supports the user by visualizing useful and berafinformation directly into the workspace of the
human. Here, the visualization of the current &ctafety zones is of utmost importance. The user is
aware of the current dimension of the safety zankaan actively avoid the entering of this aree- Pr
venting unintended movements into the safety zamesthus avoiding a violation of the safety zones
leads to an improved availability of the robot aedult in an improved availability of the entireopr
cess.
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Furthermore, the user is aware of the free andi@saba of the workplace that allows more flexiili
and as much as possible working space for the Wéeffirstly implemented a method for visualizing
the position and size of the single sensor celltheftactile floor for verifying the calibration dfie
tactile floor regarding the common world coordinfieeme. As shown in the figure we visualized the
sensor cells as an overall grid. This is also \rweficial for demonstrating and explaining theesaf
concept to guests from academia and industry.

AR A & S

Figure 26: Grid-based representation of the sensarells of the tactile floor. Dynamic generated safgtzones
that consist of a critical zone (red area), warn zue (yellow area) and free zone (green area).

So, the projection system visualizes the sensbgddl of the tactile floor and represents the atiént
safety zones by particular colors (green, yellad)ras depicted in figure 27. Sensor cells thatane
ured a contact are filled whitely.

Besides the visualization of the safety zone’s disien the visualization of next movement directions
and robot’s target position are further enhancemémimprove the user’'s acceptance. We also im-
plemented a text area that shows status messagjes pfocess. This will also support the user in do

ing the work. In general, we can visualize any bregl representation, textual descriptions or

schemes at certain positions in the workspacehdrfdllowing figure you can see the animated sym-
bols for representing next robot’s movement diggtind target position.

Figure 27: Visualizing next robot’s movement diredon (left) and target position (right).
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In figure 29 the implemented text area for visualizarbitrary messages is depicted.

WNot—Halt quittierent

Figure 28: Text messages for specific user informaotn.

We further use individual sensor cells for inteiragtwith the system, process or robot. These sensor
cells are marked by a particular symbol (see figd®k and will release a specific functionality at a
detected contact. So, the user simply needs tocstepthe sensor cell that is marked by symbol to
control the system, process or robot. We implenteeteemplarily three interactive buttons for start
specific movements of the robot and to enable/tksthie robot’s hand guidance.

Figure 29: Interactive buttons to control the syste, process or robot.

We further visualize the human’s behavior by a wihiircle representing the estimated position as
depicted in figure 31, left picture. While the humia moving on the tactile floor this movement is

recognized by the system. The estimated movemesdttidin is visualized as a red arrow pointing in
human’s movement direction (see figure 31, right).

Figure 30: Visualization of detected human’s positin (left) and estimated movement direction (right).

The benefits and acceptance of the projection systas evaluated by a questionnaire. As foreseen,
the user felt not safe if there is no visualizatidthe safety zones and next robot movements.
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