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Development of a Testbed for Safety Validation in
Human-Robot Collaborative Processes
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Abstract: Human-robot collaboration has become widespread in industrial environments to improve
flexibility and productivity. However, ensuring the safety of human operators in collaborative
workspaces remains a critical requirement for the broader adoption of human-robot collaboration.
This paper presents the development of a testbed designed to validate the safety of human-robot
collaboration processes. The testbed integrates modular task environments, data acquisition, and PFL
(Power and Force Limiting) performance evaluation to simulate realistic collaborative scenarios. The
design prioritizes compatibility with diverse robotic platforms and adaptability to various industrial
workflows based on OPC UA (Open Platform Communications Unified Architecture). Through
experiments involving collaborative processes between humans and robots, we evaluated safety
performance using quantitative metrics in accordance with force or pressure thresholds based on
ISO/TS 15066. The results demonstrate the testbed’s effectiveness in identifying safety risks and
providing a platform for validation of human-robot collaboration applications.
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[Fig. 1] Example of speed and separation monitoring testbed
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[Table 1] Requirements of the testbed

Category Requirements

Establishment of pallet supply
process, incoming material

Modular task inspection and parts supply

process baseplate | process, bolt fastening process,
configuration height: | assembly inspection process, laser
without safety 750 mm | marking process, packaging
fence process, product disassembly

process and assembled product
inbound/outbound process

Deployment at least 15 manipulators featuring
power & force limiting function configured
with at least two types of heterogeneous robots
(Pose repeatability: < +0.1 mm)

Deployment at least 4 autonomous mobile robots
featuring object detection function configured
with at least two types of heterogeneous robots
(Maximum speed: = 1.2 m/s)

Deployment at least 4 mobile manipulators
featuring object detection function
(Maximum speed: > 2 km/h)

Deployment at least 4 industrial robots
configured with at least two types of
heterogeneous robots such as articulated,
SCARA, delta or cartesian robot

Reference robot

System capability to evaluate manipulators
with power & force limiting safety function

Safety function
evaluation

System capability to evaluate manipulators
with speed & separation monitoring safety
function based on lidar sensors (coverage:
>270° field of view, =9 m detection range)

Deployment of intelligent shuttle monorail
system (Positioning accuracy: < 1 mm,
Maximum travel speed: = 30 m/min)

Intelligent logistics
system

System capability of Open Platform
Communications Unified Architecture based
Quantitative data control and monitoring

acquisition

System capability of real-time robot data
transmission and acquisition via 5"
generation to the monitoring system
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[Fig. 2] Example of modular basic frame configuration:
aluminum frame, programmable logic controller, 5™ generation
router and laser scanner

[Fig. 3] Example of human-robot collaboration packaging
process
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[Fig. 4] Design result of 5™ generation advanced manufacturing
substantiation testbed

[Fig. 5] Implementation result of 5" generation advanced
manufacturing substantiation testbed
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[Fig. 6] Packaging process for pet care robots with human-robot
collaboration

[Table 2] Risk estimation matrix"®

Probability of
occurrence of

Severity of harm

Catastrophic| Serious | Moderate

Unlikely

Remote

Negligible
Low ‘ Negligible | Negligible
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[Table 3] Initial risk estimation result

Probability of|  Risk
occurrence of| estimation
harm result

Hazard
identification

Severity

No. of harm

Physical contact

(Pinch) Moderate

Likely

©) Moderate | Unlikely Low
) @ | Physical contact | Minor | Unlikely | Negligible
® (Impact) Moderate| Remote | Negligible
@ Minor Remote | Negligible
B
\

Remote

Unlikely

3 Acoustic noise | Minor Unlikely | Negligible
| -

4 Utr'as 9n1c Minor Remote | Negligible
emission

5 Vibration Minor Remote | Negligible
Extr

6 eme Minor | Unlikely | Negligible
temperature
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[Fig. 7] Manipulator joint angles, tool center point position,
orientation angles, and tool center point speed data acquired in the
upper-level system via 5™ generation wireless communication

ojojA] YA £z Q)3 Ao] QL Ao g =
of 1917} 21 A5l Thsto] 9194 A

24 <[Table 4]
A-go] Q3|

X;(]

[Table 4] Revised risk estimation result after data analysis

Hazard Severity Probability of RISk
No. e occurrence of | estimation
identification of harm
harm result
Physical contact .
1 (Pinch) Moderate Likely -
2 Physical contact Moderate |  Unlikely Low
(Impact)
3 Acoustic noise Minor Unlikely |Negligible
| -
4 v tr.as (.)mc Minor Remote | Negligible
emission
5 Vibration Minor Remote | Negligible
E
6 xtreme Minor Unlikely | Negligible
temperature

[Table 5] Measurement of forces and pressures in human-robot

contacts based on the standard
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[Table 6] Measurement result example of forces and pressures
in human-robot contacts based on the standard"’

No. |Body region Measurement result
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[Table 7] Safety validation result based on the standard®!

Biomechanical
Measurement result ..
limits
No i Test
Body | Contact | Mean Specific o
. Mean| body |Limit
region | phase for
area
Force
168 | 17-25 | 280 |Passed
[N]
17 600 | Passed
18 540 |Passed
19 560 |Passed
Transient 20 440 |Passed
Pressure
[N/em’] 348 21 400 |Passed
22 520 |Passed
23 520 |Passed
24 400 |Passed
25 380 |Passed
Force Not
1 17-2 14
IN] 68 | 17-25 0 passed
Not
Hands 17 300 passed
1 and
fingers 18 | 270 | N
passed
19 | 280 | N
passed
, 20 | 220 | N
Quasi passed
-static | Pressure Not
[N/em?] 352 21 200 passed
» | 260 | N
passed
23 | 260 | N
passed
24 | 200 | N
passed
25 | 190 | N
passed
Chest |Transient| "0 | 169 | 8-9 | 280 |Passed
5 [N]
Back and . Force
shoulders Transient IN] 155 6-7 420 |Passed
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