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Human-robot collaboration (HRC) imposes potential fre-
quent physical interaction and/or close proximity between
the two agents. Most likely, and specifically for unstructured
environments, changing layouts and dynamic task allocation,
the prediction of hazardous conditions may be difficult or
incomplete. Nonetheless, conducting a thorough risk assess-
ment on the mechanical hazards—physical harms to the hu-
man operator caused by the robot—is essential for collabo-
rative systems, to define preventive or responsive mitigation
mechanisms within the system. In previous works [1], [2],
we have defined a methodology, SAFER-HRC, that applies
formal verification for hazard identification and risk analysis
of contact hazards. SAFER-HRC creates formal models of
HRC applications via the TRIO temporal logic [3] and uses
an automated verification tool, called Zot [4], to exhaustively
search their state space for hazardous situations.

Given a UML model of the application based on a specific
profile notation [5], SAFER-HRC translates it to a logic
model containing: (i) logic formulae that describe a discrete
representation of operator, robot and the layout, the most
important entities of collaborative systems, and the executing
job; (ii) formulae modeling the significant hazardous situations
as described in ISO 10218-2 and ISO/TS 15066; (iii) formulae
modeling human error phenotypes [6]; (iv) a formal replication
of the ISO/TR 14121-2 risk estimation procedure; (v) formulae
describing risk reduction measures (RRM) for collaborative
modes as described in ISO/TS 15066.

SAFER-HRC does not replace human risk assessors, but
it provides an automated assistant that helps them detect
hazardous situations and compute the overall risk of the sys-
tem. Figure 1 shows a walk-through of SAFER-HRC where,
starting from UML diagrams, a formal model is automatically
generated and verified. In case the model requires additional
RRMs, manual intervention is needed by the human assessor
to choose the best-suited RRMs for each situation.

EMPIRICAL EVALUATION AND VALIDATION

SAFER-HRC is evaluated by applying it to a complex
collaborative task and a large environment which is modeled
in three dimensions (i.e., each discrete location has lower and
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Figure 1: SAFER-HRC walk-through. Fully automated steps
alternate with steps that require interaction of the user with
the tool (depicted with dual symbols).

upper areas, where height of areas is determined by sizes
of human body). The results produced through the formal
verification tool are then compared against a risk assessment
performed by human experts. The comparison is done based
on the number and diversity of the detected hazards, the effec-
tiveness of the risk analysis in terms of the ability to precisely
locate risks instances along the process and of triggering
individual risk mitigation actions, and the amount of effort
and time required in either of the approaches. More details
will be provided during the oral presentation. SAFER-HRC is
validated if it identifies at least all hazards detected by human
experts with comparable estimated risk values regardless of
the scoring method, and mitigates them with similar RRMs.
The test-case system (shown in Figure 2(a)) is composed
of a robot unit that autonomously relocates to either of two
assembly stations @ and @, or to a sensor-based inspection
station @, a human operator who is mostly present in stations
(D and (2), and another human who works mainly in (3) or
executes auxiliary manual tasks on the workbench in @
The main robot-assisted intended tasks are: pallet assembly
at stations (T) and (2), including bin-picking from local stor-
age carried by the mobile unit; pallet disassembly (reversal
of assembly) at (T) and (2), including bin-dumping; pallet
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Figure 2: (a) precise workcell depiction, (b) actual layout.

'39@ & o"e S
SO & s & @
& @ éﬁ 5 28 6@9 Q§ )
9 @fa ?{\\(‘ ¥ S &L %
SIS KRN L S Elg F N
& o & & & SIS &
& ‘\&9 &’? & «F NP &L SE &
L N S S S S M ST A i ) o
Hazard Identification Risk Reduction General
3 14 17 32-40
manual (19) o (45%)| (55%) no | 4 10 |yes|48%| 6 14 manihrs
tookbased| 80| 2 [ 8 | 16 | 44 [ ool 42| 5 |yes|ssn| 5 | 20 s
(27) (27%) | (73%)| ¥ ye

Table I: Results of the comparison between manual and tool-based risk assessment in hazard identification and risk analysis.

inspection at station @; lead-through programming of assem-
bly/disassembly/inspection tasks (trajectories, parameters, etc.)
at stations @, @ and @; material handling on load/unload
areas. Frequently, robot base and operators move side-to-side
across the central aisle, or other operators transit along the
aisle because the target area is part of a larger plant and access
to it is not restricted.

Table I shows a comparison between a risk assessment done
manually, and another one using our proposed methodology
and corresponding tools. More details will be provided during
the oral presentation.
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