
ScienceDirect

Available online at www.sciencedirect.comAvailable online at www.sciencedirect.com

ScienceDirect
Procedia CIRP 00 (2017) 000–000

  www.elsevier.com/locate/procedia 

2212-8271 © 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 

28th CIRP Design Conference, May 2018, Nantes, France

A new methodology to analyze the functional and physical architecture of 
existing products for an assembly oriented product family identification 

Paul Stief *, Jean-Yves Dantan, Alain Etienne, Ali Siadat 
École Nationale Supérieure d’Arts et Métiers, Arts et Métiers ParisTech, LCFC EA 4495, 4 Rue Augustin Fresnel, Metz 57078, France 

* Corresponding author. Tel.: +33 3 87 37 54 30; E-mail address: paul.stief@ensam.eu

Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract

The paper presents an automated screwing application inside a robot cell with human-robot-cooperation. It describes the use case and how
the design challenges for process reliability and safety have been addressed from concept idea to the real set up. A focus is thereby set on the
safety implementation, which is enabled by the development of a balanced decoupling unit, which enables force limiting at the end-effector
during physical contact. The decoupling unit is implemented for the application with the screwing tool and is designed according to functional
safety requirements. Its usability is validated in appropriate force measurements (according to ISO/TS 15066) and evaluated on its performance
characteristics for the productivity of the robot application.
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1. Introduction

Industrial Robots have been linked to heavy duty manufac-
turing purposes in its beginnings in the seventies. They have
been dedicated to automated handling for high masses and high
velocities but with a wide variability for its dedicated appli-
cation [1]. Nowadays a growing number of industrial robots
which can be operated in close vicinity to the user are becoming
available, meeting the demand for flexible automation systems
in manufacturing and providing enhanced ergonomics. They
are advertised as collaborative robots and provide enhanced
functionality for usability as well as for safety for installation in
manufacturing applications as safe robot systems with human-
robot-cooperation (HRC).

Assembly lines of today are fixed monuments, set up to deal
with certain known numbers of variants, defined resources and
production volume. Thus, the static system is not able to handle
dynamic changing production values. Consequently, resources
are not used to the possible capacity or overloaded. The need
of changeable assembly systems will grow in the next years
[2]. Thereby HRC can not only be seen as a parallelization of
operating tasks but as an enabler for changeability in the context
of Industry 4.0 and as an effective mean to create flexible linked
automation lines [3,4].

Robots comprise their skills for assembly processes by a stiff
mechanical structure, strong motors and reliable and unfatigu-

ing motion cycle. At the same time the human provides better
performance when it comes to complex manipulation and error
handling in the process. Combining both those expertises in one
assembly process by spatially separated working areas for the
robot and the human can only be achieved by a complex mate-
rial flow system. A better option for a flexible assembly system
with HRC is thereby the realization of a stationary assembly
workplace with unrestricted access to the workpiece and the
tooling to effectively use the capabilities of both the human and
the robot [5]. Thereby intended and unintended physical con-
tact between the human and the robot system have to be consid-
ered. Such a direct physical HRC assembly cell is presented in
this paper, where the industrial use case (as described in chapter
2) leads to the implementation of an automated screwing system
with a force-limiting capability at the end-effector for which a
balanced decoupling unit is developed. A manual pre-assembly
station is installed next to the fully automated screwing station
to avoid costly feeding systems and where operator interference
to the robot system has to be considered for the purpose of com-
missioning and trouble shooting.

Robot systems that are installed in the production are a type
of machinery whose safety and health requirements are cov-
ered by the Machinery Directive (MD). Safety considerations
to be applied for direct HRC are specified by the robot safety
standard ISO 10218 [6] and its related technical specification
ISO/TS 15066 [12]. Thereby a specific focus is set on the func-
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tional safety requirements of implemented control systems and
the limitation of possible contact between parts of the robot sys-
tem and the human operator.

Different implementation strategies on how to avoid colli-
sions during HRC in assembly applications have been presented
e.g. in [7–9]. To assure a remaining tolerable risk for collisions
during HRC leads to the necessity of quantifying the collision
potential of a specific robot system to analyse its hazard as it has
been stated in several scientific contributions from the robotics
research community during the last years, see e.g. [10,11]. This
method, according to the guidelines of [12] is presented for the
HRC assembly system in this paper in 4.

Holding the specified safety limits in potential collisions
between parts of the robot systems and an operator can be
achieved by reducing performance characteristics of the robot,
such as speed or contact force [13]. As a safety threshold has
to be met during operation at any time, a detailed investiga-
tion of the safety-productivity trade-off for an application has
to be conducted to enable economic feasibility of an HRC-
application [14]. For the system set-up described in this pa-
per, the challenge is to find the best solution for a flexible, safe
and efficient robot system. Therefore an external force control
mechanism is developed – the balanced decoupling unit – to en-
hance the safe speed during HRC for a wide variety of assembly
applications.

In the following chapters the concrete industrial use case is
introduced and the technical solution for its automation is de-
rived thereof. The main focus is set on the safety concept in
which the balanced decoupling unit forms the main component.
Its functional principle is described in chapter 3 followed by the
concept validation for the real setup in chapter 4.

2. Use Case

The industrial use case is an assembly process of three
molded plastic parts, that have to be joined by a number of
screws. The manufacturing process in which the assembly sta-
tion is incorporated is characterised by a noticeable fluctuation
in production volume and a high number of product variants.
The implementation of the automated screwing process inside
a cell with HRC is thereof motivated by the request for a flex-
ible automation system without fences. Invest calculations –
which are not part of this article – foster this solution for the
envisaged cycle time. The concept for the balanced decoupling
unit is not limited to this application but the use case serves as
a real-world example for deriving the safety concerns that are
associated with a wide variety of robot assembly processes.

2.1. Functional requirements

The current screwing process is conducted completely man-
ually by one operator. The operator screws seven screws to
link three injection molding parts together to one housing ele-
ment within a cycle time of 30 s. All approaching movements to
reach the screwing position are positioned parallel in so-called
top-down movements. The screwing positions are located on
different heights, in close proximity to the housing edge, while
the screwing spindle has to overcome a distance up to 140 mm.

To allow safe access to the moving robot for the manual
commissioning of the cell, an HRC application with a shared

workcell concept is chosen for the automation solution. This
features a safety design by a well-rounded mechanical struc-
ture of the robot arm without sharp edges and corners to limit
the collision potential of the robot to reduce the injury risk for
an operator. Additional the robot includes a safety controller
which reliable monitors velocity and axes positions.

As no external safety monitoring of the robot surrounding
is foreseen for the screwing application, potential contact with
an operator has to be assumed at any time in the robot process.
This requirements leads to a worst-case estimation in terms of
the potential collision configuration between the robot and the
operator.

Considering force limits for transient contact that are pro-
posed in [12] the lowest values, as derived from the most vul-
nerable body part of the human have to be considered for robot
motion in free space, leading to a high restriction on the safe
speed limit of the robot at any time of the process. As described
e.g. in [11,15] clamping scenarios between a robot and a human
body part are exhibiting an even higher risk for injuries than
contact in free space. Therefore even lower speeds have to be
assured when the robot system operates close to the workpiece.
Specific considerations for accessibility of specific body parts
will be presented for the application on hand in the following
chapter. Contact risks will be thereby evaluated for the robot as
well as for all its peripheral components.

According to the requirements, the technical concept of the
application has four main areas in which to provide measure to
rate the performance of the system:

• Enhancing safe robot speed (cycle time)
• Detection of clamping in top down movements (safety)
• Minimization of robot movements (cycle time)
• Enabling of changeability through modularity (flexibility)

2.2. Technical concept

The robot for the installed HRC system is mounted on a
passively moveable platform to enable flexible placement of
the automated assembly station within the production line. A
screwing unit with an automated screwdriver is mounted to the
flange of the robot. The screwdriver is extended by a 140 mm
long screwing spindle. The screwdriver with the spindle is ad-
ditionally mounted on a linear guidance which is actuated by
compressed air. With this so-called extra stroke it is possible to
reach all screwing holes on the workpiece.

Fig. 1. Robot system for assembly with automated screwing unit.
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The robot platform is enhanced by a so-called ”backpack”
platform. It hosts the electrical and pneumatic cabinets for con-
trolling the mounted screwing unit and can be mechanically
connected to the robot platform. A safety PLC for controlling
the process logics and the controller of the screwdriver are in-
stalled in the electric cabinet, while the pneumatic circuits are
placed in the pneumatic cabinet. The complete robot system
with the two passively mobile platforms is illustrated in Fig. 1.

The screws are provided by an external separation unit in-
stalled next to the robot platform. The screws are loaded via
a tube to the tip of the spindle by a blow feeding system. The
screw is fixed to the tip by vacuum. The blow feeding system
for automatic reloading of the screws during robot positioning
reduces process time by saving the movements to a pick posi-
tion for the screw.

The screwing process for each screw is divided into six sub-
process steps, as described below and depicted in Fig. 2:

1. Robot movement to approach position
2. Robot linear movement in z-direction
3. Linear actuation of screwing spindle
4. Screwing
5. Screwing spindle back to home position
6. Robot movement to approach position

Fig. 2. Screwing process sequence.

3. Safety Concept

After the technical concept and hardware and control com-
ponents have been defined possible hazards within the auto-
mated screwing application will be identified to perform the
corresponding risk analysis.

3.1. Overview of hazards

The safety principle for the screwing application follows
the requirements as provided by [6] as the collaboration type
”Force and power limiting”. Thereby it has to be ensured that
potential collisions between the robot and the human during
robot motion have to be limited up to the proposed force and/or
surface pressure limit. Due to the nature of the underlying ap-
plication the main injury here has to be expected during con-
tact with the moving robot system or clamping between moving

robot system parts and stationary equipment. The specific body
regions and collision configurations affected within the applica-
tion have to be examined for this purpose.

When the robot executes the movement to the approach po-
sition above the workpiece, impacts with an operator in free
space have to be considered as potential hazards. The accord-
ing safety measure is to limit the speed of the robot motion
and to cover all possible contact surfaces at the tooling to damp
the contact effect. To estimate the safe robot speed for motion
in free space (for blunt surfaces and without clamping hazards)
during HRC [12] provides the following estimation for the max-
imum velocity:

vmax =
Fmax√
µ k (1)

This maximum speed depends on the required force limit
Fmax of the specific body region, the reduced mass µ of the
robot arm with additional load on the contact location and the
contact stiffness k (resulting from the stiffness of the body re-
gion and the robot part surface). For the underlying applica-
tion this results in a maximum speed of 400 mm/s under the
pre-assumption that contact with the head is excluded. Further
bumper material might be applied to further reduce the impact
energy and therefore enhance the limit for safe speed.

Another hazard can be identified for unexpected robot mo-
tion when the screwing spindle is not stored in its home posi-
tion. The safety measure in this case provides a safe monitoring
of the home position of the screwing spindle provided by a con-
tact switch. If the safety switch is not contacted, the robot mode
changes to standstill monitoring. An unexpected start of robot
motion would result in a stop category 0, according [6].

All hazards that are related to clamping of body parts with
parts of the robot system are holding a higher injury risk for the
operator. If clamping occurs the robot system has to detect this
situation in due time to stop all hazardous robot motion before
critical force and/or surface pressure limits as given in [12] are
exceeded. Thus, these hazards again directly effect the robot
speed and the resulting cycle time of the application. While
safe speed for contact in free space can be reliably estimated as
presented above the maximum speed for which clamping limits
can be met highly depends on the configuration dependant stop-
ping behaviour of a specific robot system. As generically valid
simulation tools are not yet available (see e.g [16]) force and
pressure measurements have to be conducted which can only
be provided for the installed application (if other experimental
data is not yet available).

The most critical hazard of the described screwing applica-
tion occurs when the system is in the sub-process step 2 (see
Fig. 2). While the robot executes the linear downward move-
ment an operator can reach between the small tool tip and the
workpiece. Clamping of a hand, an arm or a finger can thereby
be possible. State of the art robot systems – even with inte-
grated force-control – have to reduce their safe speed – maxi-
mum monitored speed – to a very low level to compensate for
this hazard. Higher safe speed can only be achieved by ad-
ditional (external) contact damping, which is realised here in
form of the developed balanced decoupling unit, as described
in the next chapter.
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tional safety requirements of implemented control systems and
the limitation of possible contact between parts of the robot sys-
tem and the human operator.

Different implementation strategies on how to avoid colli-
sions during HRC in assembly applications have been presented
e.g. in [7–9]. To assure a remaining tolerable risk for collisions
during HRC leads to the necessity of quantifying the collision
potential of a specific robot system to analyse its hazard as it has
been stated in several scientific contributions from the robotics
research community during the last years, see e.g. [10,11]. This
method, according to the guidelines of [12] is presented for the
HRC assembly system in this paper in 4.

Holding the specified safety limits in potential collisions
between parts of the robot systems and an operator can be
achieved by reducing performance characteristics of the robot,
such as speed or contact force [13]. As a safety threshold has
to be met during operation at any time, a detailed investiga-
tion of the safety-productivity trade-off for an application has
to be conducted to enable economic feasibility of an HRC-
application [14]. For the system set-up described in this pa-
per, the challenge is to find the best solution for a flexible, safe
and efficient robot system. Therefore an external force control
mechanism is developed – the balanced decoupling unit – to en-
hance the safe speed during HRC for a wide variety of assembly
applications.

In the following chapters the concrete industrial use case is
introduced and the technical solution for its automation is de-
rived thereof. The main focus is set on the safety concept in
which the balanced decoupling unit forms the main component.
Its functional principle is described in chapter 3 followed by the
concept validation for the real setup in chapter 4.

2. Use Case

The industrial use case is an assembly process of three
molded plastic parts, that have to be joined by a number of
screws. The manufacturing process in which the assembly sta-
tion is incorporated is characterised by a noticeable fluctuation
in production volume and a high number of product variants.
The implementation of the automated screwing process inside
a cell with HRC is thereof motivated by the request for a flex-
ible automation system without fences. Invest calculations –
which are not part of this article – foster this solution for the
envisaged cycle time. The concept for the balanced decoupling
unit is not limited to this application but the use case serves as
a real-world example for deriving the safety concerns that are
associated with a wide variety of robot assembly processes.

2.1. Functional requirements

The current screwing process is conducted completely man-
ually by one operator. The operator screws seven screws to
link three injection molding parts together to one housing ele-
ment within a cycle time of 30 s. All approaching movements to
reach the screwing position are positioned parallel in so-called
top-down movements. The screwing positions are located on
different heights, in close proximity to the housing edge, while
the screwing spindle has to overcome a distance up to 140 mm.

To allow safe access to the moving robot for the manual
commissioning of the cell, an HRC application with a shared

workcell concept is chosen for the automation solution. This
features a safety design by a well-rounded mechanical struc-
ture of the robot arm without sharp edges and corners to limit
the collision potential of the robot to reduce the injury risk for
an operator. Additional the robot includes a safety controller
which reliable monitors velocity and axes positions.

As no external safety monitoring of the robot surrounding
is foreseen for the screwing application, potential contact with
an operator has to be assumed at any time in the robot process.
This requirements leads to a worst-case estimation in terms of
the potential collision configuration between the robot and the
operator.

Considering force limits for transient contact that are pro-
posed in [12] the lowest values, as derived from the most vul-
nerable body part of the human have to be considered for robot
motion in free space, leading to a high restriction on the safe
speed limit of the robot at any time of the process. As described
e.g. in [11,15] clamping scenarios between a robot and a human
body part are exhibiting an even higher risk for injuries than
contact in free space. Therefore even lower speeds have to be
assured when the robot system operates close to the workpiece.
Specific considerations for accessibility of specific body parts
will be presented for the application on hand in the following
chapter. Contact risks will be thereby evaluated for the robot as
well as for all its peripheral components.

According to the requirements, the technical concept of the
application has four main areas in which to provide measure to
rate the performance of the system:

• Enhancing safe robot speed (cycle time)
• Detection of clamping in top down movements (safety)
• Minimization of robot movements (cycle time)
• Enabling of changeability through modularity (flexibility)

2.2. Technical concept

The robot for the installed HRC system is mounted on a
passively moveable platform to enable flexible placement of
the automated assembly station within the production line. A
screwing unit with an automated screwdriver is mounted to the
flange of the robot. The screwdriver is extended by a 140 mm
long screwing spindle. The screwdriver with the spindle is ad-
ditionally mounted on a linear guidance which is actuated by
compressed air. With this so-called extra stroke it is possible to
reach all screwing holes on the workpiece.

Fig. 1. Robot system for assembly with automated screwing unit.
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The robot platform is enhanced by a so-called ”backpack”
platform. It hosts the electrical and pneumatic cabinets for con-
trolling the mounted screwing unit and can be mechanically
connected to the robot platform. A safety PLC for controlling
the process logics and the controller of the screwdriver are in-
stalled in the electric cabinet, while the pneumatic circuits are
placed in the pneumatic cabinet. The complete robot system
with the two passively mobile platforms is illustrated in Fig. 1.

The screws are provided by an external separation unit in-
stalled next to the robot platform. The screws are loaded via
a tube to the tip of the spindle by a blow feeding system. The
screw is fixed to the tip by vacuum. The blow feeding system
for automatic reloading of the screws during robot positioning
reduces process time by saving the movements to a pick posi-
tion for the screw.

The screwing process for each screw is divided into six sub-
process steps, as described below and depicted in Fig. 2:

1. Robot movement to approach position
2. Robot linear movement in z-direction
3. Linear actuation of screwing spindle
4. Screwing
5. Screwing spindle back to home position
6. Robot movement to approach position

Fig. 2. Screwing process sequence.

3. Safety Concept

After the technical concept and hardware and control com-
ponents have been defined possible hazards within the auto-
mated screwing application will be identified to perform the
corresponding risk analysis.

3.1. Overview of hazards

The safety principle for the screwing application follows
the requirements as provided by [6] as the collaboration type
”Force and power limiting”. Thereby it has to be ensured that
potential collisions between the robot and the human during
robot motion have to be limited up to the proposed force and/or
surface pressure limit. Due to the nature of the underlying ap-
plication the main injury here has to be expected during con-
tact with the moving robot system or clamping between moving

robot system parts and stationary equipment. The specific body
regions and collision configurations affected within the applica-
tion have to be examined for this purpose.

When the robot executes the movement to the approach po-
sition above the workpiece, impacts with an operator in free
space have to be considered as potential hazards. The accord-
ing safety measure is to limit the speed of the robot motion
and to cover all possible contact surfaces at the tooling to damp
the contact effect. To estimate the safe robot speed for motion
in free space (for blunt surfaces and without clamping hazards)
during HRC [12] provides the following estimation for the max-
imum velocity:

vmax =
Fmax√
µ k (1)

This maximum speed depends on the required force limit
Fmax of the specific body region, the reduced mass µ of the
robot arm with additional load on the contact location and the
contact stiffness k (resulting from the stiffness of the body re-
gion and the robot part surface). For the underlying applica-
tion this results in a maximum speed of 400 mm/s under the
pre-assumption that contact with the head is excluded. Further
bumper material might be applied to further reduce the impact
energy and therefore enhance the limit for safe speed.

Another hazard can be identified for unexpected robot mo-
tion when the screwing spindle is not stored in its home posi-
tion. The safety measure in this case provides a safe monitoring
of the home position of the screwing spindle provided by a con-
tact switch. If the safety switch is not contacted, the robot mode
changes to standstill monitoring. An unexpected start of robot
motion would result in a stop category 0, according [6].

All hazards that are related to clamping of body parts with
parts of the robot system are holding a higher injury risk for the
operator. If clamping occurs the robot system has to detect this
situation in due time to stop all hazardous robot motion before
critical force and/or surface pressure limits as given in [12] are
exceeded. Thus, these hazards again directly effect the robot
speed and the resulting cycle time of the application. While
safe speed for contact in free space can be reliably estimated as
presented above the maximum speed for which clamping limits
can be met highly depends on the configuration dependant stop-
ping behaviour of a specific robot system. As generically valid
simulation tools are not yet available (see e.g [16]) force and
pressure measurements have to be conducted which can only
be provided for the installed application (if other experimental
data is not yet available).

The most critical hazard of the described screwing applica-
tion occurs when the system is in the sub-process step 2 (see
Fig. 2). While the robot executes the linear downward move-
ment an operator can reach between the small tool tip and the
workpiece. Clamping of a hand, an arm or a finger can thereby
be possible. State of the art robot systems – even with inte-
grated force-control – have to reduce their safe speed – maxi-
mum monitored speed – to a very low level to compensate for
this hazard. Higher safe speed can only be achieved by ad-
ditional (external) contact damping, which is realised here in
form of the developed balanced decoupling unit, as described
in the next chapter.
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3.2. Development of balanced decoupling unit

It has been stated in several scientific contributions (such
as [11,15]) that speed reduction without additional force-
sensitivity of the robot is a reliable mean to minimize the col-
lision risk at transient – non-clamped – contact. In the case of
clamping a contact-reaction is required to respond to the exerted
force during contact, as e.g. provided by integrated or external
force-controls for robots. Such force-controlled robot systems
trigger a stop of the robot which results in a remaining clamp-
ing of the affected body part which is then exposed to a constant
clamping force. A safety strategy is required to release the op-
erator. For most cases the resulting safe speed of the robot can
thereby not exceed 50 mm/s to meet the maximum allowed
forces and pressure.

To overcome this speed limitation which has been experi-
enced for several real-world installations of HRC the paper in-
troduces a decoupling unit to detect a clamping situation for the
most critical movement, the movement in downward direction.
The decoupling unit is realized as a linear slider between the
robot flange and the tool, in this case the screwing unit. The
principle of the decoupling unit is shown in Fig. 3.

Fig. 3. a) Linear approach downward b) Displacement of balanced decoupling
unit during clamping.

The decoupling unit has to fulfil two functional require-
ments. The displacement has to be detected and furthermore,
during screwing, the decoupling unit has to be locked for a
stable screwing process. In Fig. 4 the functional components
which realize these requirements are shown. A position sensor
at the tool mounting position is integrated to detect the displace-
ment of the plate. The sensor sends a stop signal to the robot
controller. It acts comparable to a classical protective door lock-
ing switch.

The plate is guided on two linear slides and is connected
to a pneumatic cylinder. The pneumatic cylinder in the top of
the unit is responsible for locking the decoupling unit with the
locking pressure p1.The locking is only actuated when the robot
is at its final approach position and while standstill of the robot
axes is monitored.

The decoupling unit has the essential advantage that a
clamped person can release its trapped body part by pushing the
tool away from the clamping position. The stopping distance of
the robot after receiving the stop signal from the position switch
is buffered within the linear guidance. It can be expected, that
the remaining constant clamping force in the quasi-static case
is equal to the weight of the screwing unit.

The screwing unit itself has a weight of about 10 kg, which
leads to a constant clamping force of about 100 N. Thus, to

Fig. 4. a) Sketch of functional components (front view) b) CAD model decou-
pling unit (side view).

reduce the force, the decoupling unit is provided with an ad-
ditional functionality. The pressure p2 in the lower chamber
of the pneumatic cylinder is used to balance the weight of the
screwing unit. The principle is sketched in Fig. 5. The force Fp

can be set equal to the weight force FG of the tool and the fric-
tion force within the pneumatic cylinder. In reality Fp shall be
chosen in a way that the unit is not set into a swinging motion
due to movements of the robot arm.

Fig. 5. Principle of internal balancing.

The principle of an external balancer is introduced in [17].
The external balancer described in the patent is used to reduce
the payload of a tool. Thereby a heavy tool can be mounted
to a robot providing a lower payload only. In case of the de-
coupling unit developed for safe HRC an internal balancer with
compressed air is designed to reduce the clamping force. It is
expected that the safe velocity of the robot can thereby be in-
creased and that the constant clamping force converges to zero.
According to the requirements for functional safety in [18] with
a required performance level (PL) d with structure category 3
for robot applications (see [6]) the pneumatic cylinder is safety
relevant and has to be monitored.

Therefore the two pressures in the pneumatic cylinder are
monitored by a safe sensor system. Redundancy is enabled by
implementation of two different pressure sensors. If a pressure
in the chamber is out of range or the two sensors have differ-
ent outputs the robot is blocked from motion. For an industrial
application it can be required to check the functionality of the
balanced unit in certain time steps.
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3.3. Implementation of safety program

Beside the mechanical design and construction several
safety measures control the activities of the robot system. A
fail-safe PLC collects all safety sensor signals and processes the
information to the robot controller. The robot controller is con-
nected via ProfiSafe to the fail-safe PLC. The robot controller
provides several safety functions [19] for position and speed
which have to be activated according to the sensor signals of
the safety components.

The main safety circuit contains the monitoring of the dis-
placement of the decoupling unit and the pressures within the
chambers of the pneumatic cylinder. If one of the three safe sen-
sors detect a deviation to safe state the robot receives a stopping
signal, a stop of category 1.

Motion of the robot arm in free space has a higher safe speed
than the linear downward movements towards the workpiece.
Both velocities are implemented in the robot program, but have
to be monitored by the safety controller. In a workspace with a
defined distance between the robot system (tool or robot arm)
and other parts (e.g. the workpiece) in a range between 120-
300 mm the velocity is allowed to be up to 400mm/s (safe speed
in free space). This is due to the fact that this gap does provide
enough clearance for arm, hand and finger of a person as stated
in [20].

Below 120 mm clamping of arm, hand and finger is possible
and safe speed for clamping has to be selected. If the gap is
wider than 300 mm a reach in of the head is also excluded. To
derive the safe speed for clamping, which is needed as the robot
tool has to reach to screwing holes force and pressure measure-
ments have to be conducted.

Fig. 6. Measurement setup for clamping situations.

4. Validation

After set-up of the HRC robot screwing assistant, it is re-
quired to analyse the possible clamping positions on its forces
and surface pressure during the robot process. Thereby the safe
speed for the downward motion close to the workpiece can be
determined and documented for the risk assessment. In addi-
tion, the cycle time for the screwing process sequence can be
measured to quantify the productivity of the application.

The measurement set-up is demonstrated in Fig. 6. The
robot executes linear downward movements with different ve-
locities against a stiff dummy workpiece. The evaluated speed
ranges from 25-250 mm/s. The maximum allowed force for the
evaluated arm, hand or finger collision in transient contact is
280 N and in quasi-static contact 140 N. The pressure limits are
180 N/cm2 (quasi-static) and 360 N/cm2 (transient).

As a force measure device the KMG-500 [21] is used and it
is positioned for the measurement on the workpiece. The pro-
vided Fuji Prescale foil to measure the maximum surface pres-
sure during contact is placed on the measurement device. Ap-
propriate damping material to account for the body part stiffness
and to smooth deviations in the metal-metal contact are placed
between the contacting parts.

The results of the measurement with different robot veloc-
ities are provided in Fig. 7. The contact forces are not crit-
ical compared to the quasi-static limit until a linear speed of
200 mm/s. The diagram plots the maximum transient contact
forces achieved in the measurement over the robot speed. As a
limit, the transient force limits are selected, due to the fact that
the force-time curve – see Fig. 8 – shows that the contact force
falls back to zero within a few milliseconds, thereby revealing
the characteristics of a free impact. The expected advantage of
the balanced decoupling unit is therefore verified. At a colli-
sion speed of 250 mm/s the displacement of the decoupling unit
reaches its mechanical limit. Thus, a constant clamping force is
indicated to the force measurement device.

Fig. 7. Contact forces and surface pressure for different linear velocities.

In fact the surface pressure is more problematic and reaches
already for a linear speed of 75 mm/s the safety critical zone
for HRC as illustrated in Fig. 7. The pressure thereby de-
pends on the minimum size of the contact area in the clamping
event. Thus, with the current installation a maximum speed of
75 mm/s for the downward motion is considered as safe speed.
The force and pressure limitation for static clamping situations
is a function of balancing pressure p1, linear velocity of the
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3.2. Development of balanced decoupling unit

It has been stated in several scientific contributions (such
as [11,15]) that speed reduction without additional force-
sensitivity of the robot is a reliable mean to minimize the col-
lision risk at transient – non-clamped – contact. In the case of
clamping a contact-reaction is required to respond to the exerted
force during contact, as e.g. provided by integrated or external
force-controls for robots. Such force-controlled robot systems
trigger a stop of the robot which results in a remaining clamp-
ing of the affected body part which is then exposed to a constant
clamping force. A safety strategy is required to release the op-
erator. For most cases the resulting safe speed of the robot can
thereby not exceed 50 mm/s to meet the maximum allowed
forces and pressure.

To overcome this speed limitation which has been experi-
enced for several real-world installations of HRC the paper in-
troduces a decoupling unit to detect a clamping situation for the
most critical movement, the movement in downward direction.
The decoupling unit is realized as a linear slider between the
robot flange and the tool, in this case the screwing unit. The
principle of the decoupling unit is shown in Fig. 3.

Fig. 3. a) Linear approach downward b) Displacement of balanced decoupling
unit during clamping.

The decoupling unit has to fulfil two functional require-
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the unit is responsible for locking the decoupling unit with the
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is buffered within the linear guidance. It can be expected, that
the remaining constant clamping force in the quasi-static case
is equal to the weight of the screwing unit.

The screwing unit itself has a weight of about 10 kg, which
leads to a constant clamping force of about 100 N. Thus, to

Fig. 4. a) Sketch of functional components (front view) b) CAD model decou-
pling unit (side view).

reduce the force, the decoupling unit is provided with an ad-
ditional functionality. The pressure p2 in the lower chamber
of the pneumatic cylinder is used to balance the weight of the
screwing unit. The principle is sketched in Fig. 5. The force Fp

can be set equal to the weight force FG of the tool and the fric-
tion force within the pneumatic cylinder. In reality Fp shall be
chosen in a way that the unit is not set into a swinging motion
due to movements of the robot arm.

Fig. 5. Principle of internal balancing.

The principle of an external balancer is introduced in [17].
The external balancer described in the patent is used to reduce
the payload of a tool. Thereby a heavy tool can be mounted
to a robot providing a lower payload only. In case of the de-
coupling unit developed for safe HRC an internal balancer with
compressed air is designed to reduce the clamping force. It is
expected that the safe velocity of the robot can thereby be in-
creased and that the constant clamping force converges to zero.
According to the requirements for functional safety in [18] with
a required performance level (PL) d with structure category 3
for robot applications (see [6]) the pneumatic cylinder is safety
relevant and has to be monitored.

Therefore the two pressures in the pneumatic cylinder are
monitored by a safe sensor system. Redundancy is enabled by
implementation of two different pressure sensors. If a pressure
in the chamber is out of range or the two sensors have differ-
ent outputs the robot is blocked from motion. For an industrial
application it can be required to check the functionality of the
balanced unit in certain time steps.
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In fact the surface pressure is more problematic and reaches
already for a linear speed of 75 mm/s the safety critical zone
for HRC as illustrated in Fig. 7. The pressure thereby de-
pends on the minimum size of the contact area in the clamping
event. Thus, with the current installation a maximum speed of
75 mm/s for the downward motion is considered as safe speed.
The force and pressure limitation for static clamping situations
is a function of balancing pressure p1, linear velocity of the
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robot and the size and shape of the contact area.

Fig. 8. Time behavior of contact force during collision.

Therefore a maximum robot speed of 400 mm/s in free space
and 75 mm/s for the downward movement is implemented in the
robot program and as the monitored safe reduced speed for the
safety controller. As a result one complete screwing cycle takes
about 7 s. Consequently, only four screws can be assembled to
the molds within the required cycle time of 30 s. At this point of
development there is still a potential for optimization in terms
of cycle time. Increasing the surface with a cover around the
tool tip, a speed of 100 mm/s for linear approach is expectable
and realistic.

5. Summary and outlook

The article presents an automated screwing system with
direct HRC. To compensate for potential collision risks safe
speeds have been derived for free motion and clamping areas.
The safety controller of the robot, round shaped tooling and
the developed balanced decoupling unit have been presented to-
gether with its integration into a safety reliable process control.
The robot system is able to execute four screwing operations
within 30 s while keeping safe force and pressure limits as pro-
vided by robot safety standards. The derived safe speeds are
validated by the presented collision measurements.

As a summary for the development of the decoupling unit it
can be stated that the system component fulfils the expectations
in reducing constant clamping forces to zero. Thereby trapped
body parts can easily be released while sufficient stiffness can
be sustained for the screwing when the appropriate position is
reached. The unit is deployable for different types of robots
which provide a safety controller with position and speed mon-
itoring functions. The robots safety functions can be extended
thereby with a highly reactive one-directional clamping detec-
tion functionality. The unit is also usable for other assembly
processes like pick and place operations or assembly tasks with
small forces, e.g. a gripper can be mounted instead of the screw-
ing unit.

To achieve a higher productivity in the next step the appli-
cation can be extended by external workspace monitoring, e.g.
a laser scanner to monitor human access. When no human is
close to the robot, the robot can move with higher speed ac-
cording to minimum safety distances. If a worker enters the
monitored space, the robots slows down to the speed configu-
ration introduced in this paper. The screwing process can then
still be performed with the lower productivity.
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