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Abstract—Recent advances in control and planning allow for
seamless physical human-robot interaction (pHRI). At the same
time, novel challenges appear in orchestrating intelligent decision-
making and ensuring safe control of robots. Particularly in
scenarios involving unforeseen or unintended collisions, robots
face the imperative of reacting judiciously to avert potential risks
to humans, other robots, obstacles, or themselves. At the same
time, they need to maintain focus on their primary task or be
able to safely resume it. Collision detection and identification
algorithms are now well-established in industry, yet complex
collision reflexes have not transitioned into industrial applications
beyond basic stopping reactions. Despite the introduction of
numerous advanced high-performance reflex controllers over the
past decades, their real-world adoption has remained a challenge.
This work establishes a systematic framework to address that gap.
For this, the reflex control problem is defined, reflex behaviors
are systematically classified and categorized, and relevant safety
data is acquired following existing international standards. We
argue that this foundational step is crucial for improving the
safety and capabilities of robots in both complex industrial and
domestic environments. We validate our approach within the
system class of articulated manipulators through a state-of-the-
art cooperative pick-and-place task, providing a blueprint for
future implementations for other robot classes.

Index Terms—Robot Collision Handling, Robot Reflexes, Safety,
Reflex Context Classification

I. INTRODUCTION

As expressed by Asimov’s first law - “A robot may not injure
a human being or, through inaction, allow a human being to
come to harm” - the safe integration of robots as co-workers
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Figure 1. The abrupt movement of the human to grasp the tool results
in an unavoidable collision in a close human-robot collaboration scenario.
Consequently, a collision reflex has to be activated to ensure the safety of
both the human and the robot.

in future factory settings or everyday service roles demands
special care. Indeed, the proximity of robots to humans in
unstructured environments forecasts (unforeseen) inevitable
collisions during regular operation, see Fig. 1.

The course of such a collision is outlined in Fig. 2. In the pre-
collision phase (a), the likelihood and severity of injury can be
mitigated by factors such as robot design [1], [2], robot posture
[3], and trajectory planning which collectively work to limit
the robot effective mass and velocities at impact time to safe
values [4], [5]. During Impact: Phase I (b) of the collision, the
speed of the event leads to an open-loop-like behavior, with the
robot- and human-reflected dynamics governing the force and
energy exchange. Hence, the contact force cannot be actively
reduced by the robot control system. Effective measures include
lightweight robot design, soft visco-elastic covers for the links,
or compliance in the drive system [6]. Instead, Impact: Phase
II (c) is characterized by slower quasi-static contact dynamics
[7], allowing low-latency control strategies to decrease the
probability and severity of injury. In the post-collision phase
(d), the robot needs to terminate the reaction and return to the
nominal task.
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Figure 2. Illustration of the progressive collision phases in collaborative
human-robot environments highlighting the collision dynamics based on the
external wrenches and corresponding collision phases and system model which
in turn reflect the potential counter-measures.

The problem of safety during Impact: Phase I has been
extensively researched and is already addressed in real-world
applications in the form of ISO/TS 15066:2016 [8]. Therein,
force and pressure thresholds to ensure human safety for impact
and clamping scenarios are defined based on prior research
on the human onset of pain [4], [7], [9]. As during impact
the reactive forces or pressures cannot be controlled [10], the
desired thresholds can only be adhered to by velocity-scaling
prior to the impact. However, the Impact: Phase II and Post-
collision phases can be influenced through control mechanisms,
which is therefore the primary focus of this work.

Furthermore, most injuries happening in the real world – and
especially fatalities [11], [12] – are not caused by the initial
impact force during Impact: Phase I but by the work that force
exerts on the human body during the collision in Impact: Phase
II. In an attempt to prevent these high crushing forces resulting
in severe, irreversible injury, rapid safety stops have become
the paramount and the only standardized collision reaction
[13]. Using this collision reaction, also the post-collision robot
motion never had to be considered. Nevertheless, as the focus
in human-robot interaction shifts towards the prevention of
even small, reversible injuries and light-weight robots being
applied, the induced energy during contact needs to be reduced
by any means [4], [8]. This is only possible by considering
different approaches for collision reaction, potentially reducing
contact times and their effect on potential secondary contacts.

In this context, robot reflexes (see Sec. II for a formal
definition) play a crucial role in ensuring human safety [14].
Under laboratory conditions advanced algorithms for fast and
task-consistent collision reactions already improve performance
and safety in human-robot interaction [6], [15]–[20]. However,
despite these technological breakthroughs in modern robot
control and machine learning1, these solutions are not yet
deployed in real-world applications. Collaborative human-robot

1Until now, the application of machine learning to robot reflexes is not yet
possible in accordance with actual safety standards due to the lack of safety
guarantees and the potentially life-threatening danger resulting from unaware
reflex selection not adhering to a proper safety-guided process.

settings are classified as safety-critical [8], which implies that
any robot with the potential to harm a human operator or
user must be certified as safe for all operational modes in
real-world settings before even being allowed to operate, in
particular necessitating a thorough task- and setup-specific risk
assessment around these novel methods.

Under current laws and standards, "unforeseen events" are
in fact excluded and considered invalid operations. Allowing
such events would be equivalent to negligence, exposing robot
manufacturers and distributors to severe legal consequences.
Notably, there is currently no comprehensive methodology
for designing and selecting reflexes that complies with the
machinery directive [21], ISO 10218 [22] and ISO/TS 15066
[8]. As a result, advanced reflex control solutions have remained
confined to research laboratories, with their translation to real-
world applications and commercial products still unrealized.

In this work, our primary goal is to bridge this gap by
introducing a collision reflex framework that facilitates the
design and analysis of collision reactions in compliance with
international safety standards for robots operating in real-
world environments. Our approach systematically integrates
robot reflexes into the application design, risk assessment, risk
reduction, and deployment phases of human-robot collaboration
settings. We assume that the necessary state information and
control actions are available according to the required safety
rating derived from a task-specific risk assessment [23].

This work significantly enhances the autonomy of robot
systems outside traditional industrial settings. In contrast to
fixed collision reactions, as set by the current standards, that
may ensure safety in one situation but could even pose new
hazards in the next situation, our approach is strictly case-
aware. This case-awareness enables robot autonomy outside
of traditional settings, which enhances robotics applications
as such. For example, while the stop reflex may meet safety
criteria in some situations, it can introduce unnecessary risks,
such as clamping, in others. Our approach evaluates individual
scenarios based on existing risks and mitigation strategies,
resulting in reflexes that are certifiable as safety functions
according to [13] by design. We validate our approach through
real industrial use cases (see sec. IV as well as appendix B and
E in the supplementary material), demonstrating its potential
impact.

Thus, in this work – in a bid to standardize safety assessments
across tasks integrating diverse collision scenarios and suitable
reactions – we introduce the Robot Safety Assessment Pipeline
(RSAP), a methodology for systematic task-specific risk
assessment and reduction for robot collisions according to
ISO 12100 [23] (appendix A in the supplemental material
describes, how the RSAP integrates into risk assessment and
reduction according to ISO 12100). Our framework serves
as a template for evaluating robot reflex reactions during
unforeseen collisions while considering various hazards during
Impact: Phase II and Post-collision phases. We demonstrate
and validate the RSAP with ten carefully designed reflexes
for comprehensive collision safety across diverse real-world
collision scenarios.

Following this methodology yields certifiable reflex control
solutions given a collaborative human-robot application. The
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Figure 3. Workflow of the paper.

following theoretical contributions are part of the RSAP.
1) Robot Reflex Schedule Problem (R2SP): defines the

robot reflex and the problem of using reflex behaviors
to mitigate collision hazards.

2) Reflex Context Taxonomy: evaluates and classifies the
existing collision situations. The taxonomy is clustered
in reflex context classes based on the modalities relevant
for the reflex selection.

3) Reflex Base Element Taxonomy: defines a large space
of possible reflexes to choose from, which can be
easily extended by other existing works and the research
community at large.

4) Safety Vector: defines quantities that directly measure
and correlate to a given safety limit (typically according
to international standards) given a concrete reflex context.

In addition to the theoretical contributions above, our work
validates the RSAP in different industrial application scenarios.
The innovation-oriented contributions are highlighted below:

1) A complete example of applying the RSAP to the relevant
use-case of collaborative pick-and-place is provided.

2) The RSAP is applied to another industrial use-case (dual-
arm depalletizing) featured in the European project I.AM
until the point of designing reflex reference experiments
(details can be found in the supplementary material,
appendix B).

3) Exemplary Safety Vectors were deduced for the risks of
skin shearing, stabbing, cutting, clamping, unmet object
affordances, and secondary collisions for industrial use-
cases.

4) To quantify the aforementioned Safety Vectors, we
developed a series of standardized Reflex Reference
Experiments. The outcome of each experiment provides
a quantitative measure of safety for the specific reflex
under examination.

Figure 3 illustrates the workflow of the paper. Section II defines
the R2SP which, in a nutshell, concerns ensuring safety during
collision phases (c) and (d), see Fig. 2. The solution requires
reflex context classes given by the reflex context taxonomy
(Sec. III-A) as well as reflex control capsules built by the reflex
base elements defined in the reflex base elements taxonomy
(Sec. III-B) and the description of the task at hand. The
RSAP procedure, solving the R2SP, is explained in Sec. III-D.
The application of the RSAP (Sec. IV), which includes
the implementation of our exemplary reflex engine and the
evaluation of real-world reflex reference experiments designed
during the RSAP-process (Sec. V), determines whether a
specific reflex can safely address a given reflex context class

that may arise during the task under examination. The findings
are analyzed in the context of current research (Sec.VI) in
Sec.VII. Sec. VIII presents the concluding remarks of this
paper.

II. RESEARCH PROBLEM

This section describes the high-level system model consid-
ered in this paper, the research questions we aim to answer
and a formal definition of the research problem at hand.

A. High-Level System Model
The system class (see Fig. 4) considered in this work is a

joint torque-controlled robot with the desired torque input

τd = fc(u,y, t) . (1)

This system operates within the closed-loop dynamics

ẋ = f(u,x, t) , (2)

where u denotes the control input, x signifies the system state
and y is the system measurement. The quantity G, as shown
in Fig. 4, represents the global goals (e.g. draw a line with
the pen currently grasped), g denotes the policy goals (e.g. go
to position A and apply a force of 1N to draw the line), S
indicates the global state, and t symbolizes time. The control
input u encompasses the tactile policy2, incorporating the
desired motion xd of the end-effector or desired joint motion
qd, alongside the desired wrench Fd. It also integrates the
controller type and parameters.

A task planner delineates global goals for the skill planner,
which further dissects them into force/motion goals. These are
then processed by the policy planner, culminating in a tactile
policy u for the robot. Additionally, a global state observer
furnishes all relevant information necessary for task planning
and the reflex engine (as discussed in Sec. III-A).

The reflex engine offers reactions to unforeseen collisions
by transitioning the control strategy uc to reflex mode ur upon
collision detection. The following distinction between reflex
and control/planning is used throughout this work.
Definition 1 (Reflex): A pre-defined reaction to an unforeseen
collision that instantaneously modulates or switches the
control input u for a limited duration after a collision
to prevent human injury and damage to the robot or the
environment.

2A tactile policy refers to the reference trajectory generation for coordinated
control of position/velocity and force in robotic manipulation tasks. This
coordination is exemplified in operations such as drilling, where the robot
must simultaneously maintain a specific position (motion), apply a directional
force, and execute a translational movement along the force vector.
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Figure 4. System class considered in this work: During normal operation, the robot controller receives inputs from the skill planner that responds to the goals
from the global task planner. In case of unforeseen collisions (binary collision detection signal CD = 1), the reflex engine running in the real-time control
loop at kHz level takes control over the robot to assure a locally safe behavior. When the critical situation is resolved, control over the system is returned to
the task, skill and policy planner.

Definition 2 (Control and Planning): For a desired task, a
planner provides a tactile policy with an (initially) collision-
free desired trajectory, typically for the robot end-effector
or joints. This is tracked and stabilized by a given real-time
control strategy.

Let us exemplify this concept.
a) Example: Considering a binary collision detection

signal CD and numbered reflex context classes Crc (see
sec. III-A), the resulting desired torque may be determined as
follows:

τd=


JT(Λẍd+Ddė+Kde+Fd)+Cq̇+τg, if CD=0

τg, if CD=1,Crc=1

JT(−Ddẋ+Kd(x(tcd)−x))+Cq̇+τg, if CD=1,Crc=2

... ,
(3)

This exemplary control structure handles different collision
scenarios. In the absence of collisions (CD = 0), it executes
a Cartesian impedance controller with a desired feed-forward
wrench Fd. Subsequently, for distinct reflex context classes,
specific reactions are applied, such as a zero-g reaction for
Crc = 1, Cartesian based stop reaction for Crc = 2, and so
forth. Above, the symbols J , Λ, xd, x, Dd, Kd, C, q, τg,
and tcd represent the analytic Jacobian, Cartesian inertia matrix,
desired Cartesian pose, current Cartesian pose, desired damping
matrix, desired stiffness matrix, centrifugal and Coriolis terms,
joint positions of the robot, gravitational torque, and the time of
contact detection, respectively. Moreover, e := xd−x denotes
the difference between the desired and actual Cartesian pose.

Of course, any other collision control (i.e., controllers
designed to tolerate certain classes of collisions and implicitly
handle them by the imposed behavior as opposed to using
contact reflexes) can be applied analogously.

B. Research Questions

The primary objective of this work is to develop a reflex
engine capable of identifying the right control input u that
guarantees safety for humans, the robot, and the environment

in all conceivable collision scenarios relevant to the task at
hand. This leads to the following research inquiries:
Q 1) What constitutes the pertinent context surrounding a

collision, and which methodologies can be employed
to classify various collision situations effectively with
respect to choosing suitable reflexes?

Q 2) What array of reflexes exists to ensure human safety
in the workspace, protect the robot and preserve the
environment during impact and post-collision phases
while enabling successful task continuation following the
collision resolution?

Q 3) How can systematic approaches be devised to discern
safe reactions for potential reflex contexts within a given
task scenario?

Throughout the paper, we answer Q 1) in Sec. III-A, Q 2) in
Sec. III-B and Q 3) in Sec. III-D. The problem is formally
defined in the next subsection.

C. The Robot Reflex Schedule Problem (R2SP)

It is imperative to delineate safety precisely to formally
establish the Robot Reflex Schedule Problem (R2SP). The
ISO/TS 15066 outlines safety criteria for a collision involving a
robot and a human, stipulating that the collision is safe if both
the maximum quasi-static and transient contact forces remain
below thresholds, contingent upon the body part impacted.
While this criterion primarily focuses on the impact phase
(phase b), see Fig. 2) and might not encapsulate the entire
safety spectrum, including post-collision hazards, we adopt
the premise that certain (measurable) variables can verify the
safety of a reflex. This leads to the following assumption.
Assumption 1: There exists a collection of safety-defining
variables constituting the safety vector V and a corresponding
safety set T such that the condition “V ∈ T at any moment
during the execution of a reflex” implies that the reflex aligns
with a predefined set of safety requirements, thereby ensuring
safety.
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The specified safety requirements may encompass objectives
such as preventing human injury, safeguarding the robot from
damage, or protecting objects within the environment, among
others. The Robot Reflex Schedule Problem (R2SP) is then
formally defined as follows.
Definition 3 (Robot Reflex Schedule Problem): The objective
of the Robot Reflex Schedule Problem entails determining a
reflex schedule function h such that, given the reflex context
(y,S), the function fulfills

u = h(y,S) ⇒ V ∈ T (4)

This definition posits that the derived reflex schedule function
h given context (y,S), ensures that the resulting action u
adheres to the pre-defined safety criteria. In this study, we
propose an empirically-driven approach to define the reflex
schedule function, relying on data-supported methodologies,
therefore consistent with given standards and an important
step towards allowing certified robot reflexes complying to
international safety regulations. The reflex theory required to
solve the problem is presented in the following section.

III. REFLEX THEORY

A. Reflex Context Taxonomy

In prior research [2], we outlined five principal categories
of human-robot collisions, namely, (i) free, (ii) constrained,
(iii) partially constrained, (iv) clamping in the robot structure,
and (v) secondary impacts.

To elucidate, free collisions denote instances where the
collided limb is not subject to any constraints in its movement.
Conversely, constrained collisions involve scenarios where
the affected limb encounters restriction, potentially leading
to clamping. The category of partially constrained collisions
refers to incidents where the collided body part is free in its
movement while other parts of the body are constrained. For
example, a situation where the robot collides with the chest
of a human while a box behind the person may prompt a
subsequent secondary collision with the ground.

In terms of hazard assessment and mitigation strategies, we
have established that the hazard characteristics and means of
minimizing them between clamping in the robot structure and
constrained collisions are largely similar, as outlined in [2].
Lastly, secondary collisions may occur due to two distinct
reasons: (a) when the robot executes an active reflex that leads
to contacts with another part of the human body, or (b) due
to the human collision reaction, resulting in further contacts
with the environment. This work explicitly considers collision
classes (i) through (v-a), excluding (v-b) since this class is
beyond the direct influence of the robot behavior and is thus
not in the scope of this study.

Our earlier works [6], [24] revealed that the collision
impact itself is largely uncontrollable, primarily dictated by
the inherent physics of the impact (see Fig. 2), unless the
robot is overly padded. Consequently, the influence of various
reactions, including active retractions, on the peak impact force
and pressure is generally insignificant, provided these reactions
do not exacerbate the contact by pushing. The key factors
governing the maximum impact force and pressure are the

robot collision speed and its reflected mass [25], [26]. Hence,
employing an evidence-grounded safety map, as detailed in
[27], becomes crucial in averting human injury by imposing
safe operating velocities.

Moreover, optimizing the robot posture aids in diminishing
reflective mass, consequently lowering the impact force or
even enabling higher operational speeds deemed safe [28].
While the choice of reaction might not significantly impact
the high-speed collision phase directly, it remains crucial to
mitigate post-collision hazards, particularly concerning residual
clamping forces, aligning with prevailing safety standards
[8]. In unconstrained contacts, stopping the robot at the
collision position proves beneficial as it allows the robot to
maintain its trajectory, enabling seamless continuation once the
situation resolves. However, in constrained contacts, halting
the robot movement could potentially induce clamping. Instead,
employing a zero-g reflex facilitates the operator liberation. To
address hazards during the post-collision phase, we introduce
the reflex context taxonomy, depicted in Fig. 5, outlining a
hierarchical tree structure for reflex contexts based on the
following underlying assumptions:

Assumption 2: A single robot operates in the considered
workspace.

Assumption 3: The workspace is shared with a single human.

Assumption 4: The robot experiences at most one unexpected
contact with the human at any given time.

Assumption 5: The human intention for physical interaction
and the collision types are known by design (from intended
use and risk analysis) or an internal robot identification routine
accurately computes collision signatures and classification
signals, revealing them.

Assumption 6: If the necessary semantic information to
determine pertinent states, encompassing the human status,
potential object-related hazards in the environment, object
affordances, etc., are not known by design, an integrated
context observer possesses the ability to collect, analyze, and
provide them. This observer can be an integral component
of the robot or a hybrid system combining robot data,
environmental knowledge, and sensory input into a unified
representation.

Assumptions 2-4 significantly reduce the complexity of the
reflex context without notably limiting its range of applications.
The term "multiple robots" is reserved for independently
controlled units; thus, a coordinated dual-arm system would
still be considered a single robot. Finally, regarding multiple
humans, while they could be accounted for by taking the
Cartesian product of their individual states, this would ex-
ponentially increase the complexity of the system state, and
such configurations are not common in current and foreseeable
practice yet. Assumption 4 seems stricter than it actually is,
as in the real world, two simultaneous collisions almost never
occur (in most cases, one occurs slightly before the other). If
the first collision is handled in a way that ensures that secondary
collisions are safe – which is in any case a requirement – this
will inherently lead to the second collision being safe as well.
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Figure 6. Reflex base element taxonomy with example algorithms. The base elements are classified into the three main categories of task preserving, task
relaxing and task abandoning strategies. They can be combined in a timed and/or superpositional manner to obtain the set of possible reflex control capsules.
For instance, a combination of stop reflex for the orientation and zero-g reflex for the translation could lead to an object-aware reflex that allows an open
container to be moved around freely while being kept upright to avoid unwanted disposal of the contents. The asterisk denotes entities altered by the reflex.
For simplification, the nominal control is assumed to be chosen, for instance, by equation (3). The symbols qn, dx, Fx and ex denote a suitable nullspace
displacement, the adaptation distance, the adaptation force and a 6D unit vector that is zero in the first three or the last three columns.

Despite their apparent stringency, assumptions 5 and 6 are
essential for real-world application, as current safety standards
prohibit "unforeseen situations" in operational contexts. Note
that this does not mean that the entire state needs to be
measured, as parts of it can be known by design (e.g., physical
barriers could prevent constrained collisions). Still, there will
be situations where the perception required for the RSAP is
beyond the state of the art indicating a way for current and
future safety perception research and feeding developments
with concrete requirements. However, safety perception is an
entire research field on its own and is clearly not the focus of
this work.

The context of a reflex (see Fig. 5) is defined by (i) task
state, (ii) grasp state, (iii) collision state, (iv) human state and
(v) the hazardous objects in environment which are all part
of the global state S. To further delineate the reflex context,
several key aspects are categorized and structured in the reflex
context taxonomy:

Task state (i): This classification (symbol St) encompasses
four distinct classes. Transport: Involving the movement of
an object from location A to location B. Motion: Focused
on position adjustments or movements without holding an
object. Manipulation: Involves altering an object state or the
environment, possibly utilizing a tool. Physical Human-Robot
Interaction: Close interaction between the human and robot
characterized by physical contact. Task types significantly
influence selecting the right reaction strategies; for instance,
adjusting trajectories orthogonal to the direction of motion
might be viable in transportation tasks but could risk tool
damage in manipulation tasks such as drilling.

Grasp State (ii): This state is divided into the three sub-
categories grasped object Sgo, grasp type Sgt and grasped
object affordances Sga. Grasped objet classifies objects by their
risk properties: Pointy Corners, Sharp Edges and Blunt Objects
[29]. The nature of the held object can pose risks, particularly
to humans if it contains sharp edges or pointy corners. The
grasp type is categorized as Firm Grasp, Loose Grasp and
None. A loose grasp can possibly reduce the severity of harm

in collisions with pointy corners if it sufficiently reduces the
contact force with the pointy corner. On the other hand, a
loose grasp could also lead to slippage and an object falling
in a dangerous manner subsequently. The affordances of the
grasped Object considers object affordances, such as handling
a cup of hot coffee to prevent spillage, thereby avoiding harm
to humans or damage to the robot.

Collision State (iii): Subcategorized into collision type
Sct and collision entity Sce. The collision type is classified
as either Unconstrained or Constrained/Clamping. Reactions
to stop the robot may lead to non-transient contacts in
constrained/clamping collision cases while proving to be
advantageous in unconstrained collisions. The collision entity
identifies the entity the robot collides with, be it a human or
an object/environment. The former imposes more conservative
safety constraints.

Human State (iv): Categorized into three sub-states: human
interaction Shi, human constraint Shc and human experience
She. The human interaction captures whether a collision
between the human and the robot was intended or unintended
by the human. If the collision entity is not a human, the state
captures whether the human is close enough to potentially
encounter secondary collisions from a reflex motion or distant
enough to avoid them. The human constraints refer to the
movement constraints of the human and can be either uncon-
strained, partially constrained (the human cannot move freely
in the environment, e.g., an object behind the human could
cause tripping in case of being startled), or constrained (e.g.,
the hand rests on a table). The human experience rates the
experience level into experienced/inexperienced, which is an
important information that can be used to estimate possible
human reactions to robot motions. This binary distinction is
used for simplicity for now, but may be extended in the future.

Hazardous Objects in environment (v): Indicates whether
objects that could harm the human in case of a secondary
collision, e.g., with sharp objects or hot liquids are close or
distant enough to not pose a threat. The symbol for this state
is Sh.
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Overall, the reflex context taxonomy provides discrete reflex
context classes. In addition to the information from the present
reflex context class, measurements such as contact wrenches,
poses, and velocities of the robot and the human are used for
parameterization and feedback control in the reflexes.

B. Taxonomy of Reflex Base Elements

1) Reflex Classes: Given the wide range of possible reactions
to unforeseen collisions, detailing each option individually
becomes impractical. To streamline, we devised the reflex
base element taxonomy, see Fig. 6. It categorizes reflexes into
three primary classes: task-preserving, task-relaxing, and task-
abandoning. Using the planned Cartesian trajectory xd(t), the
planned wrench Fd(t), the planned joint space trajectory qd(t)
and the planned applied torque τa,d as well as the respective
versions altered by a reflex x∗

d(t), F
∗
d(t) and q∗

d(t), τ
∗
a,d(t),

the categories can be defined as follows.

Definition 4 (R.a. task preserving reflex): A reflex x∗
d(t) and

F∗
d(t) in Cartesian space or q∗

d(t) and τ ∗
a,d(t) in joint space

is task preserving if a continuous monotonically increasing
function f : R → R exists such that either

x∗
d(t) = xd(f(t)) ∧ F∗

d(t) = Fd(f(t)), ∀t ∈ R (5)

for the Cartesian case or

q∗
d(t) = qd(f(t)) ∧ τ ∗

a,d = τa,d(f(t)), ∀t ∈ R (6)

for the joint case holds.

Definition 5 (R.b. task relaxing reflex): A Cartesian
reflex x∗

d(t) and F∗
d(t) is called task-relaxing if for

i ∈ {1, . . . , 6} there exists an orthonormal matrix T ∈ R6×6

and j ∈ {1, . . . , 5} such that

∀i ≤ j, ∀t ∈ R : (y∗i (t) = yi(t) ∧ F ∗
i (t) = Fi(t))

∧ ∀i > j : (∃t ∈ R : y∗i (t) ̸= yi(t) ∨ F∗
i (t) ̸= Fi(t))

(7)

where y(t) := Txd(t), y∗(t) := Tx∗
d(t), F (t) := TFd(t)

and F ∗(t) := TF∗
d(t). A joint space reflex q∗

d(t) and τ ∗
a,d(t)

is called task relaxing if for i ∈ {1, . . . , n} there exists an
orthonormal matrix T ∈ Rn×n and j ∈ {1, . . . , n− 1} such
that

∀i ≤ j, ∀t ∈ R : (p∗i (t) = pi(t) ∧m∗
i (t) = mi(t))

∧ ∀i > j : (∃t ∈ R : p∗i (t) ̸= pi(t) ∨m∗
i (t) ̸= mi(t))

(8)

where p(t) := Tqd(t), p∗(t) := Tq∗
d(t), m(t) := Tτa,d(t),

m∗(t) := Tτ ∗
a,d(t) and n is the number of joints.

Definition 6 (R.c. task abandoning reflex): A reflex is
categorized as task-abandoning if it neither falls into any of
the above classes. Remark: Task abandoning reflexes include
all torque level reflexes.

Appendix C in the supplementary material elaborates on the
interpretation of the above definitions.

2) Reflex Subclasses: In our previous studies [6], [24] and
various other existing literature, such as [15], [19], [30]–[40],
the reactions categorized as task-abandoning can be further
organized into three main classes: braking, passive behavior,

and retraction. Each of these exhibits distinct characteristics
and implications.

Basic braking reflexes without considering the environment
often induce clamping, while active retraction reflexes can
lead to secondary collisions if the robot lacks awareness of the
retraction space. Passive behaviors, on the other hand, such as
zero-g or admittance control, mitigate the risk of subsequent
clamping if not entirely eliminating it. However, they do not
completely eradicate the possibility of secondary collisions.
This risk may be further mitigated by enhancing compliance,
for instance, adopting super-zero-g (see Sec. IV-C) instead.

These strategies heighten the probability of task failure, as
the response must consider the affordances of objects held
by the robot. For instance, a container might need to be held
upright to prevent an inadvertent spill. The reflex base elements
taxonomy further delineates all categories into more detailed
subclasses, see Fig. 6.

In principle, braking maneuvers can be implemented such
that they do not alter the trajectory of the robot, so one could
assume them to be a task preserving strategy. However, in this
work, we assume them to be task abandoning as the task is
only continued on user input and thus the robot is not able to
finish the task on its own.

The set of all possible reactions considered in this work is
derived from the base elements by combination in a timed (e.g.
zero-g for 2 seconds, then stop) and/or superpositional manner
through geometric primitives (e.g. gravity free translation while
orientation is held constant). Such a ready-to-apply combination
of reflex base elements is called a reflex control capsule, see
Fig. 6.

C. Reflex Selection Function

1) Definition: The reflex space concept aims to encompass
all potential assignments of reflex control capsules derived
from reflex base elements to reflex context classes outlined in
the reflex context taxonomy. The reflex selection function r is
structured as follows (see Table I for notation):

r : HS × GS ×WS × CS → C × P × G × T , (9)

This function combines semantic insights from the reflex context
taxonomy with a quantitative assessment of the scene, such as
poses and velocities of objects in the workspace, the human
and the robot, as well as contact wrenches. It leads to selecting
a concrete reflex control capsule that ensures safety within
the prescribed context. The selected reflex control capsule is
then executed using a sequence of parameterized controllers
to achieve the desired trajectory and goal, see Sec. IV-E.

A reflex selection function r may be implemented on a subset
of the HS × GS × WS × CS set. However, situations that
fall outside its defined domain should be avoided in this case.
In practical scenarios, only a limited subset of reflex context
classes is typically relevant. The reflex space encompasses
the collective set of all reflex selection functions capable of
ensuring safety across all situations within their respective
domains.

In this work, the reflex selection is made based on the
empirically grounded safety performance, i.e., the reflex with

This article has been accepted for publication in IEEE Transactions on Robotics. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TRO.2024.3519421

© 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.

See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: UNIVERSITY OF NOTTINGHAM. Downloaded on January 06,2025 at 09:31:46 UTC from IEEE Xplore.  Restrictions apply. 



IEEE TRANSACTIONS ON ROBOTICS 9

Collision

instantiation

T rc (Fig. 5)

Reflex

instantiation

Safety variable
identification V

Reference

experiment

setup

Experimental

evaluation

safety vector

Reflex reference experiments

Global

biomechanics

dataset

“Reflex GPT”

Dt (Sec. IV-A)

T be (Fig. 6)

(Crc,i)i=1...nrc

(Ri)i=1...nr

Es Vm
context

Vm

(Hi)i=1...nh

Safety expert

V = identified

1

2

4

7 8
9

5

63
Collision

hazard

identification

Figure 7. Robot Safety Assessment Pipeline (RSAP). Based on the task description Dt, the reflex context taxonomy T rc and the reflex base element taxonomy
T be, the possibly occurring reflex context classes Crc,i, candidate reflexes Ri and possibly occurring hazards Hi are determined. They are used to deduce
the safety vector V . If the global biomechanics dataset does not have a safety vector measurement for the reflex in question yet, a reference experiment
setup Es is designed to obtain the safety vector measurement Vm which is subsequently stored in the dataset. In the future, having a dataset of safety vector
measurements accumulated over time will allow skipping the measurement and query the safety vector Vm from the dataset. Furthermore, gathering and
leveraging the increasingly large human injury protection data will allow an AI agent (exemplary called “reflex GPT” here) to algorithmically substitute the
safety expert in the composition of V .

Table I
EXPLANATION OF REFLEX SELECTION FUNCTION SYMBOLS.

Symbol Entity Description

HS human state limb/body part/head poses, twists, contact,
experience

GS grasp state object affordances (e.g. keep upright),
sharp/pointy edges, reflected mass

WS world state obstacles poses/velocities/constraints

CS contact
state

wrench-direction, wrench magnitude, location,
link, constrained

C controllers sequence of controllers used for reflex
execution

P controller
parameters sequence of parameters for above controllers

G goals
sequence of goals for reflex, e.g., reach a
certain state, priority (such as hitting
uncritical part), . . .

T trajectories
sequence of trajectories
(force/torque/position/orientation) for reflex
execution

the highest overall performance for the present reflex context
is chosen. However, the most important point is not how the
reflexes are chosen in the end but how to generate a set of
valid reflex options guaranteeing a required margin of safety.
The next section describes the pipeline that synthesizes safe
reflex options.

D. Robot Safety Assessment Pipeline: Find Safe Reactions

In order to be able to select safe reflexes, a systematic method
to evaluate the reflex compliance with given safety criteria
is needed. The Robot Safety Assessment Pipeline (RSAP)
structured in Fig. 7 serves as a framework for evaluating these
key safety aspects of robotic tasks. Its primary goal is to
identify a set of safe reflexes based on actually experimentally
validated contextualized safety performance, thereby limiting
the selection space to guarantee safety. In the future, and with

enough such data this will allow machine learning techniques,
for instance, to learn the selection of reflexes based on the
reflex context while guaranteeing safety throughout the process.
However, for now the reflex selection is conducted based on
the overall safety performance.

The pipeline encompasses several key steps.
1) Task Description: Define the task and the environment,

including possible hazards.
2) Collision Hazard Identification: Determine the collision

hazards and risks associated with task execution.
3) Collision context instantiation: Go through the task step

by step and find all possibly occurring collision contexts
according to the reflex context taxonomy in Fig. 5.

4) Reflex instantiation: Defines the set of fully parameterized
reflexes that is to be tested for applicability in the
previously defined collision contexts.

5) Safety variable identification: For each of the previously
defined risks, find the physical entities allowing the
deduction of the safety towards the respective risk and
the according safety thresholds. They are selected based
on expert experience with experiments, see, e.g., [41],
[42].

6) Reflex reference experiments: Design reproducible bench-
mark experiments to reliably measure the safety vector in
well defined worst case situations, such that if the chosen
reflex complies with the threshold in the experiments, it
also complies in collisions occurring during the task3.

The RSAP can be utilized in two primary ways: 1.) verify the
safety of a task with predefined reflexes or 2.) identify suitable
reflexes for specific reflex contexts occurring in a given task.
The next section provides an example application of RSAP to
a collaborative pick-and-place task (see Fig. 8).

IV. RSAP USE CASE: SYSTEM DESIGN

The subsequent sections commence with the task description,
a necessary input for the RSAP, and systematically navigate

3Experimental validation is strictly necessary here as current safety standards
do not allow for purely theoretical safety concepts.
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Figure 8. Example task for application of RSAP. Red arrows show the motion
of the robot end-effector.

through the RSAP blocks according to Fig. 7.

A. Task Description (Fig. 7, Input)

For illustrative purposes, we elaborate on a generic safety
fenceless pick-and-place task within the proposed framework,
see Fig. 8. The task involves securely grasping an open
container filled with screws and relocating it to a different
position on a table. The robot is situated on the table alongside
the container, while an expert human operator is nearby, not
intending to interact with the robot. The scene contains no
additional objects, constraining possible operator movements
solely by the table, the robot, and the container. Both the
robot and the task planner have access to the geometric
scene description, ensuring that unexpected collisions are only
conceivable with the human.

B. Collision Hazard Identification (Fig. 7, Block 3⃝)

1) Impact vs. Post-Collision Hazards: As outlined in Fig. 2,
the impact itself is not directly controllable, thus we assume the
direct collision safety is handled, for instance, through an SMU
[43]. ISO/TS 15066 sets criteria for impact safety, considering
maximum contact forces F1,max and transient forces F1,qs

depending on the body part involved in the collision. However,
collision hazards in the form of post-impact hazards, that occur
during the contact phase (Impact: Phase II in Fig. 2) and post-
collision hazards that occur after the contact (Post-collision in
Fig. 2), still pose significant risks and these need to be defined.

2) Considered Hazards: The hazards we focus on in this
work are as follows.

a) Skin shearing: occurs when the human body part is
constrained, and the robot moves orthogonally to the contact
force, causing the skin to tear apart due to friction forces.

b) Stabbing: occurs if a pointy object presses onto human
skin, potentially penetrating through skin or muscle tissue.

c) Cutting: occurs when sharp edges slide over the skin,
potentially causing cutting wounds even at minimal force.

d) Clamping: occurs when a human body part is immo-
bilized by the robot against an environmental constraint for an
extended duration (over 0.5 s [8]), potentially causing severe
contusions.

e) Unmet Object Affordances: are hazards caused by
transported objects, e.g. falling objects or spilled hot liquids.

f) Secondary Collision: denotes the hazards caused by
collisions due to active or passive evasive motions of the robot
during a reflex.

C. Collision Context Instantiation (Fig. 7, Block 1⃝)
Referring to the reflex context taxonomy in Fig. 5, we

delineate the categorization of the reflex context class Crc

contingent on the corresponding contact situation.
The task state St for the fenceless pick-and-place is motion

until the robot picks up the container, transitioning to a
transport task afterward (see Fig. 5). During the motion task,
the grasped object Sgo and grasp type Sgt are naturally hands-
free and none, respectively. Given that the robot carries no
object with affordances, the grasped object affordances Sga

are no object affordances. Possible collision types Sct could
be unconstrained or constrained/clamping. For example, a
constrained collision occurs when the human hand is located
between the robot and the container at the time of collision.

Given that the robot is aware of the environment and all
objects in the scene, the collision entity Sce will be collision
with human. The human interaction state Shi is invariably
unintended, as there is no intention for interaction. Furthermore,
the human experience state She is experienced, and the human
constraint state Shc is constrained in constrained/clamping
contacts, whereas it is unconstrained for unconstrained contacts,
as no other objects are present that could lead to a partially
constrained Shc. The hazardous objects in the environment
Sh are distant, as no such objects are present.

During the transportation task, the grasped object Sgo is
blunt as the container has no sharp edges or corners. The grasp
type Sgt is defined as firm, and the grasped object affordances
Sga are object affordances, as the container needs to be held
upright. Except for this, the same rationale used for the motion
task applies during the transportation task regarding collision
state, human state, and hazardous object state.

In summary, four potential reflex contexts are conceiv-
able: motion task and free contact, motion task and con-
strained/clamping contact, transportation task and free contact,
as well as transportation task and constrained contact.

Before continuing with the next step of RSAP, the reflex
instantiation, we describe the reflex engine that is responsible
for selecting reflexes and integrating them into the task flow.
The RSAP will label all tested reflexes into suitable or
unsuitable for all collision situations identified in this step
such that the reflex engine, when applied in the task, has a set
of suitable reflexes to select from for all occurring collision
situations. The selection itself can then be done heuristically,
based on task or safety performance, or perspectively even via
machine learning based classification without compromising
safety.
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Figure 9. Reflex State machine5. In the event of light contact, a task preserving
or task relaxing reflex is executed, e.g., slowing down the robot. On severe or
repeated contacts, a task abandoning reflex that requires a recovery motion
afterward is executed, such as switching control to zero-g mode. After the
reflex ends, it waits for a signal (e.g., haptic interaction by the user). Then the
robot aims to recover the task at hand. Suppose the currently selected reflex
cannot handle possibly occurring collisions safely (i.e., the reflex selection
function domain (RF-domain) is left); the reflex engine enters the out of
RF-domain state, where the robot is stopped and waits until the domain of the
reflex engine is re-entered again either by re-planning from the global planner
or by removal of the obstacle that causes the hazard that cannot be avoided
safely.

D. Reflex Engine: Design and Implementation

Figure 4 illustrates the intricate interplay among control,
skill planning, and task planning within our reflex framework.
While various design methodologies exist for reflex engines
[44], our approach adopts a state machine model, see Fig. 9.
The following subsections outline the states typically traversed
during a task, presenting their sequence.

1) Nominal: The Nominal state signifies the passive obser-
vation phase. During this phase, the system state is actively
monitored, and the reflex engine remains on standby for
potential collision events. It assesses external forces using the
robot state and stays informed about the global state through
the global state observer. Light and severe contacts trigger
transitions to the interaction and reflex states, respectively.

2) Interaction: The Interaction state reflects task-preserving
and task-relaxing reactions to light contacts, such as stiffness
adaptation. If the contact ends, the state machine reverts to the
previous state. In case of a severe contact, the Reflex state is
entered.

3) Reflex: Task-abandoning reactions like zero-g control
are implemented in the Reflex state to ensure safety during
collision processes.

4) Wait for recovery: After completing the reflex execution,
the robot awaits a recovery signal, which could be initiated by

5It is essential to note that while the diagram portrays a state machine, it
simplifies the true complexity. The states of interaction and out-of-domain in
a real state machine necessitate memory of their previous states to accurately
return when exited. However, for clarity and compactness, this complexity
is streamlined in the diagram. This can be resolved by establishing multiple
instances of the mentioned states, each connected to only one of the normal
operation and recovery states.

Table II
CANDIDATE REFLEXES FOR RSAP USE CASE

Name Control law Parameters

Stop q∗
d(t) = q(tcd)

Admit-
tance

q̇∗
d(t) = ατext(t) α = 0.05

Zero-g τd(t) = τg(t)

Super-
zero-g τd(t) = τg(t) − βτext(t) β = 0.5

Hybrid x∗
d,i(t) = xi(tcd) ∀i ∈ {4, 5, 6} (orientation DOF)

Cart-
retract

x∗
d(t) = x(tcd) +

(
γfext(tcd)

||fext(tcd)||
0

)
γ = 0.09

Joint-
retract

q∗
d(t) = q(tcd) +

δτext(tcd)

||JCartτext(tcd)|| δ = 0.05

Stop-
retract

q∗
d(t) =

{
q(tcd), t < tcd + ϵ

q(tcd) +
δτext,max

||JCartτext,max|| , t ≥ tcd + ϵ
δ = 0.05
ϵ = 0.1

Admit-
tance-
stop

q̇∗
d(t) =

{
ατext(t), t < tζ
0, t ≥ tζ

α = 0.05
ζ = 0.02

Super-
stop

τd(t) = τg(t) − βτext(t), t < tζ
q∗
d(t) = q(tdist), t ≥ tζ

β = 0.5
ζ = 0.02

various means such as a timeout, user input, program-issued
signal, or haptic interaction.

5) Recovery: In the Recovery state, the robot aims to recover
the task by retracing steps to the collision position, resuming the
task from that point. This conservative approach is based on the
assumption that the task and motion planner originally devised a
collision-free task considering all static objects in the scene. On
successful reflex execution, there is a high probability that the
path from the current location to the collision location is free,
as the robot already successfully traversed this space. However,
the pathway from the current location to the original goal
position might remain obstructed. Therefore, for prioritizing
reliability, we sacrifice potential task progress during reflex
execution. Once the collision position is reached, the robot
transitions back to normal operation and resumes the task
execution.

6) No safe reflex: The No safe reflex state is entered when
the current global state resides outside the domain of the current
reflex selection function. This scenario implies that an imminent
collision cannot be resolved safely, prompting the robot to halt
before the collision unfolds. Resumption of the task execution
occurs when the global state re-enters the domain of the reflex
selection function. This re-entry might be due to a new reflex
selection function offering a safe response for the current state,
alterations in the environment (e.g., movement of a human
previously obstructing the robot path), or the introduction of
a new task plan that circumvents the potentially hazardous
situation altogether.

E. Reflex Instantiation (Fig. 7, Block 2⃝)

Based on existing literature and our previous work, ten
candidate reflexes are selected, see Tab. II. The symbols tcd,
τd, τg, fext, τext,max, tζ denote the time of contact detection,
the desired and gravity compensation torques, the external force
on the end-effector, the maximum external torque during the
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Figure 10. Taxonomy of collision hazards and assigned safety variables (by
an expert, see Fig. 7). A distinction is made between post-impact hazards
caused by the collision phase following the impact and post-collision hazards
that may be caused be the robots reaction to the collision after the contact as
been de-established.

ϵ-second stop period of the stop-retract reflex, and the time at
which the end-effector has moved ζ m away from the location
of contact detection, respectively.

The reflexes also include stop, admittance, zero-g, and
super-zero-g, from our prior work [24]. In the stop reflex,
the controller goal position is set to the current position at
the moment of collision detection. The admittance, zero-g,
and super-zero-g reflexes switch the controller to admittance
control, zero-g control, and super-zero-g control (zero-g control
with inertia shaping [45]), respectively. The hybrid reflex is a
combination of zero-g for translation and stop for orientation.
In other words, the robot orientation is fixed while it can move
freely in space in translation.

We also considered active retractions with joint (joint-retract)
and Cartesian (cart-retract) impedance control. For Cartesian
retraction, the goal position is set to γ = 9 cm away from
the current position along the direction of the external force.
Regarding joint retraction, the same behavior is approximated
by mapping Cartesian distance through the geometric Jacobian
JCart, with δ = 5 cm bounds, and scaling the external torque
accordingly. The difference in distance bounds is due to the
lower stiffness of the Cartesian controller and the aim of
designing the reflexes to accelerate away from the contact
at a similar rate.

Additionally, we designed three reflex maneuvers based on
the results of experiments in our previous work [24]. The
stop-retract reflex stops the robot for ϵ = 100ms after the
collision and then retracts along the direction of the maximum
force measured during the stop phase. The admittance-stop
and super-stop reflexes switch to admittance and super-zero-g
control, respectively, and halt the robot as soon as it moves
farther than ζ = 2 cm away from the collision location. This
distance was chosen such that the human has enough space
to move away from the collision location comfortably but
secondary collisions are unlikely. The parameters α and β
where chosen to require minimal forces to move the robot
around while still ensuring stability of the controller.

F. Safety Variable Identification (Fig. 7, Block 4⃝)
The safety variables considered in this work expand on prior

research [9]. Figure 10 summarizes the results detailed in the
following.

a) Skin shearing: The safety vector elements are the
transient, i.e. quasistatic, contact force F1,qs, the robot velocity
orthogonal to the contact force v⊥max and the maximum
distance traveled orthogonal to the contact force during contact
d⊥max. While v⊥max and d⊥max determine how fast and far
the relative motion between the skin and the robot is, F1,qs

indicates the forces applied during the motion.
b) Stabbing: The safety vector elements are F1,qs and

the maximum distance dmax traveled into the contact. The
stabbing depth is given by dmax and the penetration force by
F1,qs.

c) Cutting: Safety vector elements are F1,qs and the
maximum velocity v⊥max orthogonal to the contact force
during the contact.

d) Clamping: The safety vector element is F1,qs. It is
assumed that if F1,qs is below a threshold, severe clamping is
prevented.

e) Unmet Object Affordances: The safety vector elements
are the maximum translational amax and rotational ω̇max

acceleration and the maximum angular deviation from the
nominal orientation φmax. High acceleration may lead to
spilling [46] and a deviation in orientation could cause carried
objects to fall.

f) Secondary Collision: Safety vector elements are the
maximum post-collision velocity vmax, the maximum distance
traveled from the contact location during evasive motion dmax

as well as the maximum F2,max and transient F2,qs secondary
contact forces. The severity of a potential secondary collision
can be estimated by vmax, F2,max and F2,qs. The forces should
always be lower than the primary impact equivalents to assure
safety. The likelihood of reaching another object or human
body part increases with dmax.

g) Thresholds: For the four reflex situations relevant to
the considered pick-and-place task, thresholds were determined
according to Fig. 11. The rationale behind these thresholds is
as follows.

1) v⊥max is limited according to vmax as no pointy or sharp
objects are involved,

2) amax and ω̇max are only limited by the robot physical
limits as no spillable liquids are considered.

3) F1,max, F2,max, F1,qs, and F2,qs are limited according
to standard thresholds for constrained or unconstrained
collision with the human hand [8].

4) dmax = 0.1m and vmax = 0.25m/s are chosen, based
on the nominal velocity.

5) We chose φmax = π/18 to prevent dropping the load of
the container.

G. Reflex Reference Experiments (Fig. 7, Block 7⃝ and 8⃝)
As the final step in the RSAP, three reference experiments

are proposed to objectify and measure the safety vector for the
instantiated reflexes from Sec. IV-E. Details on the experiments,
results, and deduced reflex performance are discussed in
Section V.
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a) b) c) d)
Figure 11. Thresholds for the four different reflex context classes occurring in the example task according to the collision context instantiation: free collision
without object in hand (a), constrained collision without object in hand (b), free collision with object in hand (c), constrained collision with object in hand (d).
The axis scaling is the same for all plots.

a) Experiment 1: Primary Collision Safety Variables:
To measure F1,max, F1,qs, v⊥max, d⊥max, dmax, vmax, and
amax, the robot collides with the PRMS device6 [47], see
Fig. 12 1). This device, a 1-DOF force sensor standardized to
comply with ISO/TS 15066, simulates the collision behavior
of human body parts and measures the collision force for 1 s
after initial contact, applicable for our maximum and transient
force criteria. Other relevant quantities are retrievable from the
robot measurements.

b) Experiment 2: External Moment Reactions: The re-
actions of reflexes are tested when external wrenches with
significant moments are applied to the end-effector, see Fig. 12
2). The variables of interest are ω̇max and φmax. An impactor
is attached to the robot end-effector, creating a lever arm of
approximately 19 cm. Three tests are conducted, each with the
robot end-effector following a straight-line movement to induce
torques around the three axes of the robot base coordinate
system.

c) Experiment 3: Secondary Collision Severity: While
primary collisions have been extensively studied due to their
obvious potential to cause severe injuries, secondary collisions
have received minimal attention in the literature. However,
understanding various collision reflexes also involves observing
the potential risks arising from subsequent movements directly
after the actual collision. In our experimental framework, we
exemplary revisit contact scenarios involving a human hand.
The objective of the proposed experiment is to evaluate the
risks associated with secondary contacts, such as the potential
for high peak forces or inadvertent clamping. Hence, the PRMS-
device emulating the human hand was placed in the opposite
direction of the initial collision, allowing retraction actions to
induce the observed secondary contacts.

The severity of secondary collisions is assessed by measuring
F2,max and F2,qs. The robot collides with a static obstacle
positioned above the PRMS device that obstructs the retraction
space. This setup allows for evaluating potential secondary
collisions caused by evasive reactions with the PRMS device,
see Fig. 12 3).

V. RSAP USE CASE: SAFETY VECTOR DATA GENERATION

In this section, a series of experimental trials, as described
in Sec. IV-G, are presented, focusing on the evaluation of robot

6https://www.pilz.com/de-DE/produkte/robotik/prms/prms

!!!
PRMS device 6

F1,qs

F1,max

�v⊥max

d⊥max

vmax

amax

6
dmax

1) Setup for experiment 1. The collision generates pure forces and F1,max,
F1,qs, v⊥max, d⊥max, dmax, vmax as well as amax are obtained from
PRMS and robot measurement data.

↷

φmax

⟳ω̇max

2) Setup for experiment 2. The collision exerts torques and forces on the end-
effector and ω̇max as well as φmax are obtained from robot measurement data.

a)

�
�

PRMS device
6

F2,qs

F2,max

3) Setup for experiment 3. The robot collides at the top and the reaction
drives it into the PRMS device at the bottom. The PRMS device measures
F2,max and F2,qs.

Figure 12. Experiment setups.
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reflexive capabilities in response to anticipated impact scenarios.
To ensure the generalizability of these experiments, contact
locations are selected based on the standardized reference cube
described in EN ISO 9283:1996 [48]. Additionally, a safety
test apparatus, in compliance with the forthcoming EN ISO
10218-2:2021 [22] (currently in draft stage) for precise force
measurements, is employed. For consistent evaluation across
different scenarios, collisions are intentionally directed towards
the central reference cube location at coordinates [498, 0, 252]
mm, as recommended in [49], or along the central axis of
the cube closer to the table at [498, 0, 152] mm due to its
anticipated significance in applications.

To establish reliable collision detection, conservative fine-
tuning of thresholds has been carried out. The set thresholds,
ensuring the absence of false positives, are 10 N for absolute
external Cartesian force and 3Nm for absolute external
Cartesian torques. Primary and secondary collisions with the
PRMS device, featuring a 75N/mm spring and a black cover
with a hardness of 70 ShA (Shore hardness scale A), are
employed to assess the robot responses. All collision responses
are programmed and executed on a Franka Emika Robot
operating at a frequency of 1 kHz using the Franka Control
Interface (FCI) [50].

A. Experiment 1: collision reaction to pure external forces

This scenario simulates a situation where a robot may
encounter a human hand in a shared workspace, such as when a
human is working close to a table. The robot, engaged in tasks
like picking up or placing an object, unintentionally collides
with a resting human hand.

To experimentally analyze this scenario, a PRMS device is
employed, designed to mimic a human hand. The device is
equipped with a 75N/mm spring stiffness and a 70 ShA cover.
Positioned centrally on a table within the robot workspace (see
Fig. 12 1a), the device is set up at the starting position (0.495m,
0m, 0.355m), located 240mm below the robot end-effector.

The experiment commences by initiating measurements with
the PRMS device, allowing for multiple autonomous repetitions.
The robot descends along its end-effector z-axis, recording
internal measurements. Once reaching an average speed of
0.228m/s, approximately the maximum speed for human-robot
interaction according to [8], the robot collides with the PRMS
device, executing a predefined reaction, see Fig. 12 1b) and 1c).
Subsequently, the robot returns to its initial position, repeating
the process for all outlined reflexes.

B. Experiment 2: collision reaction to moments (and forces)

The second experiment is designed to assess collisions when
the robot holds a tool during a task, introducing a lever arm
on the robot flange. In this configuration, the robot moves
toward a rigid obstacle, resulting in a collision, with forces
and moments monitored through the internal robot state. The
obstacle is intentionally positioned at the center of the reference
cube. An impactor, extending 200mm, is attached from the
robot flange coordinate system to the side.

This collision is particularly arranged to produce significant
external moments with a lever arm of 190mm around the

robot flange along x-, y-, and z-axes, see Fig. 12 2a), 2b), and
2c). Following the collision reaction, the robot returns to its
initial position, repeating the process with subsequent collision
reaction strategies.

C. Experiment 3: secondary collision severity

The experimental setup contains a rigid obstacle placed
above the robot end-effector, see Fig. 12 3a). This gives the
robot ≈3.5 cm of free motion space for the primary collision
reflex7. The robot accelerates upward towards the obstacle,
reaching its maximum acceleration of 1.7m/s2, and eventually
collides (average speed of 0.125 m/s) with the rigid profile,
see Fig. 12 3b).

Depending on the collision reaction (passive, active, or
no retraction), the robot is propelled downwards towards the
PRMS-device, see Fig. 12 3c). This experiment is replicated
for all considered collision reactions.

D. Results

The assessment pipeline involves comparing the resulting
safety vectors without any object involved. The resulting
reflex performance spectrum of the ten reflex schemes from
Tab. II, can be found in Fig. 13. While ideal thresholds for
the safety variables would be based on biomechanical data,
lacking such information led to heuristic threshold selections
based on experience. Deeper knowledge and a comprehensive
biomechanical database that are steadily growing [4], [29]
could refine these thresholds and explore additional variables.
However, these aspects are clearly beyond the scope of this
study.

From Fig. 13, it is evident that the admittance reflexes
generate maximum velocities significantly surpassing the set
limits. As a result, potential secondary contacts produce forces
exceeding the permissible thresholds. Notably, during the
experiment, the admittance reflexes caused the robot to surpass
its dynamic limits, triggering an error state and braking before
a secondary contact occurred.

For the admittance-stop reflex, a similar situation emerged
where immediately after the secondary contact substantial
quasi-static forces were generated. The joint-retract and stop-
retract reflexes, utilizing similar retraction methods, exhibited
slightly excessive speeds but halted before secondary collisions
occurred. However, the Cartesian-retract reflex led to a
secondary contact, producing forces below limits.

Excluding the first four reflexes mentioned above, all other
reflexes appeared suitable for the considered collision situations.
Among these, stop and zero-g reflexes emerged as the most
effective for this scenario. The stop reflex naturally reduces
the risk of secondary collisions or excessive motions during
contact, albeit it is susceptible to clamping. On the other hand,
the zero-g reflex demonstrated the strongest damping among
the tested passive evasion reflexes, reducing the likelihood

7The distance was carefully selected to ensure robot acceleration up to a
velocity of 0.125m/s based on simulations. This is a trade-off between a
collision velocity close to the maximum velocity for human-robot interaction
according to [8] and a small gap between the obstacle and the PRMS device
to enable secondary collisions.
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b) admittance
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h) stop-retract

c) zero-g

f) Cartesian-retract

i) admittance-stop

j) super-stop

Figure 13. Reflex performance spectrum for the (a) stop, (b) admittance, (c) zero-g, (d) super-zero-g,
(e) hybrid, (f) Cartesian-retract, (g) joint-retract, (h) stop-retract, (i) admittance-stop and (j) super-
stop reflexes. On all axes, low values are desirable. Blue indicates the limits imposed by the contact
situation (constrained collision, object in hand), red shows the respective reflex performance. The units for
F1,max, F2,max, F1,trans, F2,trans are [N], for dmax, d⊥max [m] for vmax, v⊥max [m/s], for amax

[m/s2], for φmax [rad] and for ω̇max [rad/s2].
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Figure 14. Comparison between super-zero-g (red) and hybrid (yellow) reflex
for constrained collisions with an object in hand against the thresholds (blue).

of secondary collisions or orientations conflicting with object
affordances.

Finally, Fig. 14 depicts a comparison between the super-zero-
g and hybrid reflexes for constrained collisions while holding
the cup. The super-zero-g reflex allows excessive orientation
deviations, failing to meet object affordances. Conversely,
as expected, the hybrid reflex maintains a nearly constant
orientation. It might seem counter-intuitive that the hybrid
reflex, aimed at stabilizing orientation, produces a higher
maximum angular acceleration. However, this acceleration is a
counter-action to the moment induced by the collision, enabling
the reflex to maintain the orientation effectively.

VI. STATE OF THE ART

A. Collision Classification Schemes
The first human-robot collision classification work in [9]

introduced the Safety Tree. It outlines potential injury scenarios,
major factors contributing to worst-case scenarios, and their
ranges for various contact situations. Building upon this, the
Safe Motion Unit (SMU) [4], [43] was introduced to ensure
human biomechanical safety during collisions by constraining
robot velocities to impact-safe levels. Diverse schemes further
classify contacts into intended interactions and unintended
collisions [30]–[32], [51], [52], while others use thresholds on
maximum contact force to classify collision severity [19], [24],
[33], [34].

These works and several others culminated into the ISO/TS
15066:2016(E), which aims to ensure human safety in pHRI
mainly by differentiating between quasi-static and transient
contacts [9]. However, this standard primarily considers rigid
contact surfaces larger than 1 cm2 for injury limits, and assumes
a safety-rated monitored stop [13], [53] as reaction [8].

B. Robot Collision Reactions
The literature on robot collision reaction strategies offers

a vast array of approaches. The most prevalent strategy

remains stopping, a practice endorsed by collaborative robot
manufacturers and ISO/TS 15066 guidelines [6], [15], [20],
[24], [35], [54]–[56]. Additionally, admittance control offers a
viable alternative which has been well-explored in literature,
applied either exclusively for intended interactions, constrained
within the task-specific nullspace – up to a certain threshold –
or ensuring compliance to the robot’s torque limits [6], [19],
[24], [32], [34]–[37], [54], [55].

Variable stiffness actuators offer a unique response by reduc-
ing the stiffness while moving proportional to the estimated
external torque [15]. Other studies explore active retractions
[16], human-inspired reflexes mimicking pain responses [18],
contact avoidance strategies using force vectors [17], [31], [32],
or torque-/acceleration-based reactions [37].

A sensitive skin system is proposed in [35], designed to
detect and isolate collisions. This system is adept at executing a
variety of reactions in response to collisions, including stopping,
retracing along the desired path, retracting to a predefined
posture, applying pressure to stabilize contact, zero-g control,
and slowing down in anticipation of the impact.

Another study [38] suggested employing impedance or force
control as a reaction strategy to unforeseen contacts in human-
robot interaction.

C. Integration and Choice of Reaction

Various methodologies exist to integrate reflexes into control
frameworks and the decision-making process in order to select
suitable collision reactions. In the existing literature, a well-
established approach involves hierarchical integration, which
first attempts to resolve the contact in the task nullspace.
However, it may necessitate abandoning the task based on a
predetermined contact force threshold [19], [33], [34]. Another
prevalent approach involves choosing a reaction based on the
classification of the contact into either intended interactions or
unintended collisions [30]–[32], [51], [52].

In [31] the authors concentrate on integrating task execution
and reaction mechanisms through behavior blending. Alterna-
tive approaches, such as [30], [32], utilize state machines to
integrate reactions into the task execution process. Similarly, a
decision tree approach is utilized in [35] to select an appropriate
reaction.

D. Collision Reaction Performance Evaluation

Despite the vast body of literature on collision reaction strate-
gies, studies that systematically evaluate the reflex performance
are sparse, particularly when seeking statistical evidence.

Multiple studies analyse the maximum external force or
torque for various different reflexes [6], [16], [20], [24],
[39], [54], [55], [57] or joint stiffnesses and soft covers [40].
Interestingly, while in some works, different reflexes lead to
significantly different peak external forces [39], in others that is
not the case [16], [24], [54], [55] and some show both behaviors
in some of the evaluated scenarios [6], [20], [57]. While the
peak contact force is an important feature in evaluating the
risk of collisions, as shown in the example in Sec. IV, it does
not sufficiently describe all hazards, leaving a relevant open
research question in terms of collision safety.
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VII. DISCUSSION

A. Synopsis: Safety Vector Measurement

Reflexes exhibiting a passive response to contacts, such
as zero-g and admittance, demonstrate their suitability for
constrained contacts due to their diminished risk of clamping.
However, it is noteworthy that incorporating higher damping is
advisable to mitigate more elaborate motions, thereby reducing
the risk of secondary collisions. In contrast, braking maneuvers,
while lacking the risk of unwanted motion, may result in
clamping. Active retractions, falling somewhat between these
extremes, exhibit limited impact and transient forces during
secondary collisions. Yet, they also possess the potential to
cause clamping at the secondary collision location. These find-
ings confirm the classification of reactions into braking, passive
evasion, and active retraction, as different implementations of
these approaches showcase similar behavioral patterns. Table VI
in appendix D in the supplementary material summarizes the
reflex properties.

B. Reflex taxonomy

In this study, we introduce two taxonomies: the reflex
context taxonomy and the reflex base elements taxonomy, both
instrumental in defining the reflex selection function. The reflex
context taxonomy, as depicted in Fig. 5, serves to provide
comprehensive semantic information critical for selecting the
most suitable reaction strategy. Unlike previous methodologies
such as the "Safety Tree" [9], we emphasize on categorizing
contact situations for optimal reaction strategies rather than
solely focusing on potential injury threats.

Notably, our taxonomy offers a broader perspective in
terms of the number of contact situations, diverging from
and significantly extending established norms such as ISO/TS
15066 [58]. This expanded view is based on our assumption
that the latest and future generation of collaborative [59],
soft [60], and tactile [50] robots can function safely across a
wider spectrum of contexts involving human proximity. While
already significantly extending current norms and standards, it
is straight forward to further generalize the approach to other
domains, robot classes and multi-contact situations.

It is essential to recognize that if the robot velocity exceeds
safe limits during impact, the resulting high contact forces in
the initial impact phase (as depicted in Fig. 2) signify that
no robot reflex could prevent severe human injury. Hence, if
the robot velocity is deemed unsafe, our reflex engine enters
the No safe reflex state, halting the task execution. The Safe
Motion Unit (SMU) [4], [43], which underlying concept has
been the basis for current standards, seamlessly integrates into
our framework, aiding in avoiding unsafe velocities.

The reflex base elements taxonomy serves as a succinct
yet comprehensive summary of validated robot reflexes. By
combining reflexes from the leaf nodes, tailored reflex control
capsules specific to addressing safety concerns in a particular
scenario can be formulated. This adaptability allows for
the creation of robot reflexes tuned to the specific safety
requirements of the problem at hand.

C. Integration and Choice of Reaction

The proposed reflex engine integrates various prior ap-
proaches. Specifically, reflex controls that involve selecting
a reaction based on contact classification can be integrated by
assimilating the classification outcomes into the world state.
This incorporation allows decision trees within the reaction
states of the reflex engine to discern and opt for the most
suitable reaction based on the context.

An example of this approach albeit without classification
is presented in [24]. Moreover, the reflex engine explicitly
integrates into the task workflow through the explicit handling
provided by the wait for recovery and recovery states. This
integration ensures that the reflex engine operates seamlessly
within the larger framework of task execution and planning.

D. Future Work

The RSAP approach is conceptually comprehensive. How-
ever, some aspects remain open. First, to enable practical
deployment, a comprehensive database consisting of clustered
benchmark experiments and specific thresholds for all identified
hazards is required. While benchmark experiments for some
classes of biomechanical injuries have been convicted, detailed
safety thresholds and deeper insights into the safety defining
variables are required. Further exploration and definition of
these thresholds are vital for effective safety assessment.

Another challenge lies in the distinction between manip-
ulation forces and collision forces, especially when relying
on proprioceptive contact detection. Discriminating between
these forces solely based on proprioceptive sensors becomes
challenging. The reason is that accurately distinguishing
manipulation forces from collision forces demands either
highly accurate models of manipulation forces or a substantial
difference in magnitude between the two forces. Modelling
manipulation forces robustly, especially considering variations
in the timing of contact, remains a challenge [61].

In the future, the realization of a global state observer is
important for the fully fledged reflex engine in real world
applications to distinguish between different collision classes
for reflex selection.

E. Impact

The RSAP methodology is a unifying approach that sys-
tematically expands the scope of human-robot collaboration
while ensuring a higher degree of human safety. By providing a
structured framework for safety assessment, RSAP mitigates the
limitations imposed by existing robot safety norms, allowing
for a wider range of human-robot collaborative scenarios.

Moreover, the versatility of the RSAP framework allows
for its extension to more complex robotic systems such as
mobile platforms or humanoid robots. This could broaden the
applicability of robots in everyday life by enhancing safety and
enabling their use in diverse scenarios, such as collaborative
manufacturing, household service robotics (e.g. clearing the
dishwasher) or assistance with tasks not in direct physical
interaction with the patient in eldery- and healthcare such as
making the bed or serving food and drinks (see appendix E
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for a more detailed description of the tasks and a preliminary
RSAP application).

While a reflex selection method based on the overall safety
performance has been proposed in this work, it is important
to note that the reflex selection itself is not the central aspect
of this work. The main advancement of the RSAP is to
systematically provide a set of safe – in the industrial and not
research meaning of the word – reflex options for different reflex
contexts, thus ensuring safety regardless of the selection method
in use. This even facilitates machine learning approaches for
reflex selection in the future, as traditional machine learning
approaches faced challenges in guaranteeing safety during the
learning phase. However, with RSAP’s guidance in identifying
reflexes that meet minimum safety requirements to be provided
in well established deterministic technology, it becomes feasible
to integrate machine learning to optimize reflex and task
performance while still guaranteeing safety.

VIII. CONCLUSION

Engaging in a broad range of tasks alongside humans, robots
inevitably carry the risk of unforeseen collisions. Choosing
an appropriate collision reflex tailored to the specific collision
situations is crucial for safely preventing injury. This important
problem is formally introduced as the Robot Reflex Schedule
Problem (R2SP). The different collision types and possible
reflexes are classified in the reflex context taxonomy and reflex
base elements taxonomy presented in this work, respectively.

To evaluate the safety of robot reflexes, we introduce the
Robot Safety Assessment Pipeline (RSAP). This framework
formalizes the safety assessment process for robot reflexes,
utilizing a safety vector – comprising safety defining variables –
and reference experiments designed to measure it. Consequently,
each reflex is associated with a measured safety vector,
facilitating reflex selection within the reflex engine. To validate
our approach, an exemplary reflex engine was implemented and
successfully applied to a collaborative, fenceless pick-and-place
task.

While our safety assessment framework represents a signifi-
cant stride, defining the safety variables and their thresholds,
along with the design of reference experiments for their
measurement, remains to be done systematically. Addressing
these gaps requires further fundamental research, particularly
in understanding the emergence of biomechanical injuries.
Additionally, practically capturing the complete state necessary
to evaluate the reflex context taxonomy for arbitrary contact
situations remains a challenging task.

The proposed framework holds immense potential in en-
abling closer yet safe collaboration between robots and humans,
prioritizing safety without compromise. Furthermore, RSAP
serves as a secure foundation for machine learning applications
focused on R2SP, heralding the development of the next
generation of reflex-enabled robots.
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