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Abstract

Human-Robot Collaborative applications have the drawback of being less efficient than their non-collaborative counter-
parts. One of the main reasons is, that the robot has to slow down when a human being is within the operating space of
the robot. There are different approaches on dynamic speed and separation monitoring in human-robot collaborative ap-
plications. One approach additionally differentiates between human and non-human objects to increase efficiency in speed
and separation monitoring. This paper proposes to estimate the separation distance by measuring the temperature of the
approaching object. Measurements show that the measured temperature of a human being decreases with 1 °C per meter
distance from the sensor. This allows an estimation of separation between a robotic system and a human being.

1 Introduction

There are four different methods of collaborative operation
for human-robot collaboration defined in the ISO/TS
15066: Safety-rated monitored stop, hand guiding, speed
and separation monitoring (SSM) and power and force lim-
iting operation [1]. This paper focuses on the speed and
separation monitoring operation.

Speed and separation monitoring operation allows differ-
ent protective separation distances that depend on the ac-
tual speed of the robot as well as on the approaching speed
of the object that is about to enter the working space of the
robotic application [1].

Measuring the separation between robot and an obstacle
can be achieved through different methods. There are sen-
sor systems that are external to the robotic system, meaning
that they are mounted somewhere on the ceiling or on the
edges of the work space of the application, therefore look-
ing from a distance to the robot and the obstacle. Draw-
backs of these systems are the higher cost of integration
and installation, the inflexibility due to the installation and
the possible cases of not being able to measure the distance
due to shadows or the obstacle being the line of sight of the
sensor system.

Other systems are mounted directly on the robot’s surface
or flange. These systems use capacitive, ultrasonic or in-
frared sensors [2, 3]. The capacitive sensors have the draw-
back of having a low detecting range of maximum 5 cm,
where ultrasonic and infrared based sensors can measure
distances of up to 15 m.

Research has shown that it might be interesting to distin-
guish between human and non-human objects. Thermal
cameras are used to differentiate between a human and a
non-human machine like an automated guided vehicle
(AGV) by their temperature [4].

Having thermal cameras available in such a robotic system,
the question arose if it might be possible to use the thermal
information to estimate the separation between the robot
and the obstacle. This is the main question in this paper that
is structured as follows: Section 1 gives an introduction to
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the topic. Section 2 describes the methods used throughout
the paper and introduces the used sensors. Section 3 ex-
plains the experimental setup and section 4 discusses the
results of the measurements. The paper concludes with sec-
tion 5 and gives a small outlook on the continuing research
ideas.

2  Methods

This section describes the method used for estimating the
separation between the robot and a human obstacle.
During measurements for differentiating human and non-
human objects in robotic applications, we observed that
there must be a correlation between the measured temper-
ature and the distance to the object that the temperature was
measured on.

2.1 Thermal Camera

Thermal cameras can measure the infrared energy that is
emitted by any object. There are two types of passive in-
frared (PIR) detectors. Thermopiles and pyroelectric sen-
sors. Passive means that there is no additional power
needed to produce an output on the sensor. The electric out-
put of a passive infrared detector is generated by the infra-
red radiation that impinges on the sensor [5].

The main difference between thermopiles and pyroelectric
sensors is, that the pyroelectric sensor only generates an
output when the impinging radiation changes and therefore
the sensors temperature changes. Thermopiles can also
measure a steady amount of infrared radiation [5].
Compared to the high-end cameras from FLIR there are
different low-cost sensors available. For this paper we use
the two sensors Evo Thermal 90 and Evo Thermal 33 from
Terabee. Figure 1 shows the two sensors. The main ad-
vantages of the sensors are their small size of
29x29x13 mm and 29x29x22 mm, the light weight of ap-
proximately 12 g, the connection via USB and their range
ofup to 5 m.
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Figure 1 Thermal sensors from Terabee. The Evo Thermal
90 (left) and Evo Thermal 33 (right).

2.2 Emissivity

The emissivity of an object represents how well the object
emits thermal radiation. It can be represented with a num-
ber between 0 and 1. An emissivity of 1.0 represents the
perfect black body radiation, which is basically not possi-
ble to find in the real world. The emissivity of human skin,
with an value of approximately 0.97, is very close to the
black body radiation. Metals are more difficult to measure,
especially when they are polished. Values for the emissiv-
ity can then be lower than 0.1 [6].

Usually a human worker wears cloth, covering most of the
skin of the human being. Nonetheless, parts of the human
face are usually uncovered.

2.3 Field of View and Size of Pixel

The sensors have 32 x 32 pixels and a field of view of
33° x 33° for the Evo Thermal 33 and 90° x 90° for the Evo
Thermal 90. Depending on the opening angle for the field
of view a and the distance d; between the object and the
sensor, the size of the observed area of one pixel x; varies.
You can calculate this size with equation 1 according to
Figure 2:

2d; tana

X = Number of Pixels (M
For the given sensors we can calculate the pixel sizes for
different distances from the sensor. An overview is shown
in Table 1. With 32 x 32 pixels, the Evo Thermal 33 sensor
covers a square with a side length of 32 x 93 cm =
297,6 cm in 5 m distance and the Evo Thermal 90 a square
with a side length of 10,016 m in 5 m distance.

Table 1 Pixel sizes of the sensors in different distances.

Evo Thermal 33 Evo Thermal 90
Distance Pixel size Distance Pixel size
n cm in cm n cm in cm
50 0,9 50 3,1
100 1,9 100 6,3
200 3,7 200 12,5
300 5,6 300 18,8
400 7,4 400 25,0
500 9,3 500 31,3

ISBN 978-3-8007-5835-7

479

La »l
< L }

Figure 2 Overview of observed area calculation

2.4 Separation Estimation

The idea behind the paper is, that with a greater distance to
the sensor, the object temperature decreases. In order to es-
timate the separation, we need to make a reference meas-
urement. The bigger the size of the observed area the lower
is the measured temperature because the of the lower heat
flux from the object that reaches the sensor. Therefore, we
predict higher temperatures at small distances to the sensor
and lower temperatures for greater distances from the sen-
sor.

Table 2 Technical specifications of the Evo Thermal 90
and Evo Thermal 33 sensors from Terabee [7].

Performance Evo Thermal 90 Evo Thermal 33
Resolution 32 x 32 pixels 32 x 32 pixels
Field of View 90° x 90° 33°x33°

Temp. Range -20 °C to 670 °C 30°Cto45°C
Temp. Accuracy +2°C +0.5°C

Human Body Range Upto5Sm Upto5Sm
Supply Voltage 5V 5V

Operating Temp. -10°Cto 65 °C 15°Cto 30 °C
Weight with Backboard 10g 12g
Dimensions 29x29x 13 mm 29x29x22 mm

3  Experiment

The experiment uses two different sensors from Terabee,
namely the Teraranger Evo Thermal 90 and the Teraranger
Evo Thermal 33. The features of the sensors are shown in
Table 2.

The sensors are connected via USB cable to a laptop run-
ning Windows 10. Matlab is used to read and analyze the
data from the sensors.

A scale from 0 to 5 m with a 0.5 m indication is drawn on
the floor. The sensors are positioned at the 0 m indication
at a height of 180 cm in order to be able to measure the
temperatures of the head of the human being. Ateach 0.5 m
interval 100 temperature measurements are taken. Out of
each of the 100 measurements of each 0.5 m step, the max-
imum temperature value of the 32x32 pixels is chosen and
the average of the 100 measurements is calculated.
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Additionally, the distance is measured with a time-of-flight
sensor from Terabee, the TeraRanger Evo 3m, with a range
of three meters. For each 0.5 m step, 100 distance measure-
ments were taken.

4  Results

The results are shown in Figures 3, 4 and 5. Figure 3
shows the measurement results of the EvoThermal 33 sen-
sor. The measurement taken at 0 m represents the measure-
ment without a human being present. The measurement
shows that there is first of all a big difference of 6 °C to
10 °C between no human present and a human present
within the range of 0.5 m to 5 m. In between the measure-
ment range, the temperature changes by 4 °C. This means
that we have about 0.8 °C change per meter.

w6l ¥

Mt

p b
‘e 32f %
i
3 30f
g
D
— 28.
26% . . . . .
0 ! 2 3 4 5

Distance from sensor in m
Figure 3 EvoThermal 33 measurements.

Figure 4 shows the results of the EvoThermal 90 sensor.
The fist measurement at 0 m shows again the situation with
no human being present in the field of view of the sensor.
For this sensor we see a temperature difference between
4°C and 10 °C between no human and a human in a dis-
tance of 0.5 m to 5 m. This leads to a resolution of 1.2 °C
per meter.
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Figure 4 EvoThermal 90 measurements.
Figure 5 shows the parallel measurement of Temperature

and distance with the EvoThermal 33 and the Teraranger
Evo 3m. One problem was that the Teraranger Evo 3m only
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has a range of 3 m. Everything above 3 m gives the result
infinitive and therefore can not be used in the figure and is
shown as 0.

Nonetheless, Figure 5 shows that there is an inverse corre-
lation between the distance and the measured temperature.
When the distance is 0.5 m, the temperature is 6 °C higher
than in a distance of 5 m.
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Figure 5 EvoThermal 33 and Evo3m measurements.

The measurements also show that due to the room temper-
ature of 24 °C, there is a maximum possible distance of
10 m that could be estimated by measuring the tempera-
ture. Due to the maximum range of 5 m that was specified
in the datasheets of the thermal sensors, and due to the
maximum range of 3 m for the Teraranger Evo 3m, it was
not possible to make experiments with distances greater
than 10 m. This will be subject to future work.

5 Conclusion & Outlook

The paper proposed to estimate the separation between a
human-being and a robotic system by measuring the tem-
perature. The hypothesis was that the temperature falls
with longer distances from the robotic system due to the
greater size of the measurement area of a single pixel of the
thermal sensor.

The experimental setup investigated how accurate the esti-
mation of the separation between the human being and the
robotic system can get. A range of 1 m to 5 m was investi-
gated.

The results showed that the measured temperature de-
creases approximately with 1 °C per meter distance. The
results also showed that the greater the distance to the ob-
ject is, the closer the measured temperature gets to the
measured room temperature. The closer the measured tem-
perature gets to the room temperature, the less accurate is
the separation estimation.

Future work will focus on how to improve the accuracy of
the separation estimation with thermal sensors. Having a
good estimation method, it will be combined with an infra-
red time-of-flight measurement to get redundancy in the
overall measurement. The two methods can be combined
by use of sensor fusion techniques like Kalman-Filter.
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