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Abstract
This thesis presents the proof-of-concept of a flexible end-of-arm-tool (EOAT) for the automation of loading
and unloading of 8+ parts in the lacquering line at Philips Drachten. While multi-purpose universal EOATs
are expensive to implement in a flexible manufacturing line, part-specific EOATs require a change-over
when switching between parts, and hence do not meet the cycle time requirements. The EOAT presented
integrates multiple grasp configurations with spring elements and flexible jaws to obtain the required
flexibility. The design was experimentally validated against the functional requirements of grasp stability,
part alignment and (dis)mounting success, along with a FEM stress and displacement study, and a fatigue
analysis simulation. The financial and temporal validation of the design was achieved through a comparison
of the estimated CAPEX and payback period for the flexible EOAT against a standard part-specific EOAT,
as well as the current manual (un)loading. The flexible EOAT has an estimated €900k CAPEX (savings of
about €900k relative to a part-specific EOAT) with a payback period of 1.75 years.
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Introduction

1. Introduction
1.1.

Industry 4.0

The global economy is undergoing a massive phase transition to the fourth industrial revolution (I4) led by
new socio-economic formation caused by technological innovations (Melnyk et al., 2019). The essential
characteristics for transitioning to I4 - considered as the integration of modern technologies to achieve
higher industrial performance (Dalenogare et al., 2018; Frank et al., 2019) - include the following:
1.

Self-behavior (Oztemel and Tekez, 2009): Further minimization of human intervention to generate
automated manufacturing systems using intelligent and collaborative robots.

2. Adaptability and flexibility (Popkova et al., 2019): Improving the responsiveness of the system to
adapt to quick changes in specialization and the introduction of new product types (speed), and the
flexibility of the production processes to adjust to variation in product types and volumes (scope) to
generate flexible manufacturing systems.

Figure 1. The technological innovations and phase transitions through the industrial revolutions (Farahhanis, 2021)
and the role of automation (self-behavior) and flexibility (and adaptability) characteristics of the smart
manufacturing technologies in the transition towards Industry 4.0 (Frank, Dalenogare and Ayala, 2019)

1

Introduction

1.2.

Flexible Automation

Automation improves the consistency of product quality while eliminating human ergonomic constraints
and other health and safety issues, saving time, and avoiding wasted human potential which can otherwise
be utilized for creative work and strategic thinking tasks (Bouchard, 2018). Automation in manufacturing
systems is generally classified into 3 types based on the flexibility of the system to handle the speed and
scope of products (Custodio and Machado, 2020):
1.

Fixed automation: fixed and hard to change program of instructions used in extensive production
of the same product with little or no flexibility to accommodate product variety type.

2. Programmable automation: time consuming changeability of program of instructions to allow
flexibility at the cost of lower production rates.
3. Flexible automation: cost-effective response to changes in volume and product-mix requirements.
Flexible automation directly improves the industrial performance with immediate beneficial effects on
internal efficiency measures like machine utilization and defect rate, and their reflections in the performance
indicators of growth in sales and ROI (Parthasarthy and Sethi, 1992).
Automation of manufacturing tasks generally involve industrial robot arm manipulators (IRAMs) with
application-specific end of arm tools (EOATs) which attach to the end of the IRAM (as seen in Figure 2) and
perform the required function. While the function of the arm is to bring the tool to the required location and
orientation without colliding with external objects, the function of the tool depends on the manufacturing
operation like machine (un)loading, part inspection, bin picking, (dis)assembly (Löfving et al., 2018).

Figure 2. Conventional parts of a robot arm manipulator including the end of arm tool (EOAT) depicted using an
example image of a UR5e Universal robot (2021).

Several studies have been conducted on EOAT problems in flexible automation contexts such as car body
component assembly, hose insertion (Landuré, J. et al., 2021), batteries (Schumacher and Jouaneh, 2013),
and (semi-)destructive electronic components disassembly (Feldmann, K. et al., 1998). EOAT for the flexible
automation of non-destructive snap-fit assembly/disassembly of fragile parts has a wide range of
applications from reuse/recycle of end-of-life (EOL) products in circular economy business models to
Industry 4.0 transition (Blunck and Werthmann, 2017), to which this study aims to contribute.
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1.3.

Philips Drachten

Royal Philips is an industry leading health technology company headquartered in Amsterdam, focused on
improving people’s health through innovative products including grooming, diagnostic and monitoring, and
other healthcare products. Philips-Drachten (DTN) is the development, industrialization, and production
center of Philips shavers located in the north of the Netherlands. DTN focuses on future product
development and state-of-the-art production processes including the I4 technologies of additive
manufacturing and intelligent robotics, with system architects and process engineers working on embedding
these technologies (Philips, 2021).
With the electric shaver market forecasted to grow significantly (about 4.6%) in the next decade (NMSC,
2021), DTN plans to utilize this growth to increase the market share by competing strongly, both internally
(with other Philips production sites in China and Indonesia) as well as externally (with rival shaver
manufacturers). Market share goals are primarily decided by product pricing which in turn are affected by
production costs and labor costs. Netherlands has one of the highest unit labor costs (average cost of labor
per unit of output produced) - considered a measure of price competitiveness - in the OECD countries
(OECD, 2021) with an increasing trend in the unit labor costs, which is in stark contrast to Asian countries
like China and Indonesia, which have a significantly lower unit labor cost with a decreasing trend (Trading
economics, 2021).
Shaver manufacturing at DTN follows the sequence of 1. injection molding -> 2. lacquering -> 3. assembly > 4. customization, of which 1 and 2 are largely automated, while 3 and 4 are still heavily dependent on
Labor (Philips, 2021). Recent internal investigations found an opportunity to automate the lacquering line,
which currently employs 5 operators working across 3 shifts, earning about €50,000 per year incurring labor
costs of about €750k per year. This led to the beginning of a new project to automate the lacquering line
using I4 technologies, led by production system architects and process engineers.

1.4.

Report outline

This report is split into:
1.

Problem analysis: The problem is introduced through system diagrams and analysis models to then
arrive at the problem statement. The research question, goals, and stakeholder requirements are
also briefed here.

2. EOAT design elements: The design considerations for an EOAT are detailed through literature
review.
3. Methods and tools: The functional requirements of the flexible EOAT are defined, and the methods
and tools used to design the flexible EOAT and validate it against those requirements are elaborated.
4. Results: The results of the validation tests described in the previous section along with their
interpretation.
5.

Conclusion: The methods and results are summarized in the context of the problem, along with the
limitations and their potential solutions.
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2. Problem analysis
2.1.

Lacquering

Lacquering is the process of applying lacquer (paint) onto a part, for aesthetic (color and texture) as well as
protective (stain/dust resistance) reasons. The visible surfaces of components of fully assembled Philips
shavers are lacquered using spray-painting to get the required properties. The sequential steps in the
lacquering line can be summarized into four primary functions:
1.

Loading: The parts to be lacquered - arriving in trays from the previous production step - are
collected and mounted - by 2 operators - onto jigs (Figure 3), which in turn are mounted onto
spindles fixed on a conveyor line.

Figure 3. Representation of the components of the jig assembly on which the lacquering parts are mounted.

2. Lacquering: The lacquering function includes dust removal step to remove contaminants from the
part surface followed by multiple layers of spray-painting (Figure 4), followed by heat treatment to
bond the lacquer to the parts. The conveyor belt is designed to rotate the spindles at specific
positions in the spray-painting chambers, where a robot sprays the required lacquer.

Figure 4. Robotic lacquering in the spray-painting chamber at Philips Drachten (Philips, 2021).

3. Unloading: The lacquered parts are manually dismounted from the jig by 2 operators.
4. Visual inspecting: The lacquered parts are visually inspected by 1 operator to check for the quality
and consistency of lacquer.
4
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Figure 5. Schematic representation of the lacquering line showing the sequential activities and performers, with the
project scope shown in the green dashed box.

Due to the functional difference in the manual steps of loading/unloading and the visual inspection, the
lacquering automation project was split into two investigations:
1.

Inspection automation led by the senior process engineer, who is investigating a laser-based droplet
detection system to replace the post-lacquer check requiring 1 FTE.

2. Loading and unloading automation led by the senior architect of the production systems.
The loading and unloading steps are considered labor intensive due to the following reasons:
1.

Part variation: 8 different parts varying in their geometrical and material properties, are currently
processed in the lacquering line with more variations to be potentially added in the future.

2. Part fragility: The plastic parts are decorative sub-assembly components prone to damage and have
critical-to-quality features visible to the end consumer.
3. Complexity of part loading and unloading: The part loading involves identification, collection, and
movement of the part, followed by mounting of the part onto a work-holding device.
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2.2.

System description

The lacquering line receives injection molded parts in trays fed by the tray-feeder. The part-specific jig is
selected and mounted onto the spindle before loading the parts. The parts then go through the lacquering
steps and then unloaded and inspected before being sent to the assembly line.

Figure 6. High-level system diagram depicting the sequential phases of the lacquering functions.

The loading and unloading functions begin with the operators picking the parts from the trays and mounting
them to the jigs, which is split into 4 functions for the automated setup: part alignment to achieve repeatable
grasping, part grasping and releasing, part movement between the tray and the jig, and (dis)mounting of the
part. The robot arm does the part movement while the rest of the functions are done by the EOAT.

Figure 7. Low-level system diagram depicting the sequential sub-functions of the loading and unloading functions.

2.3.

Stakeholder analysis

The various stakeholders affecting (or affected by) this research along with the qualitative comparison of
their power is shown in the Figure 8. The problem owner: Eric Sloot, Senior production systems architect,
along with the lacquering line process engineer and cost engineer, decide the primary constraints and
requirements of the project, listed in Table 1.
Table 1. Stakeholder requirements classified into quality, cost and time aspects

Aspect
Quality

Requirement
Process repeatability
Part Safety

Cost

Budget = €1.2M (2 years or lesser payback time)

Time

CT requirement = 2 seconds / part
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Figure 8. Schematic representation of the 5-tier hierarchical structure of stakeholders.

2.4.

Conceptual model

2.4.1. 5W2H
The 5W2H analysis asks questions to quantify the project specifications, as seen in the table below:
Table 2. 5W2H analysis for the flexible EOAT design problem

What?

EOAT setup for flexible automation of part loading/unloading

Why?

Economically automate labor intensive steps to reduce labor costs

Who?

Eric Sloot, Senior production systems architect -> Problem owner

Where?

Lacquering line

When?

Proof of concept by end of December 2021; to be implemented in a few years

How?

Propose solutions, critique for constraint satisfaction, modify to meet design goals

How much?

~€1.7M budget with a break-even-period of 2 years

2.4.2. What-why
Next, the problem is analyzed through what-why analysis model developed by Annamalai et. al., (2013) to
understand the causal relationships between interlinking problems. The original problem of the automation
of lacquering part (un)loading arises due to high labor costs which in turn increase the factory cost price
(FCP). This leads to a decrease in the integral gross margin which has 2 potential outcomes: 1. The noncompetitive product pricing could force the management to replace the process or 2. The increased FCP
could force the management at headquarters (HQ) to move the production to a lower FCP facility like Batam,
Indonesia, or look for alternative manufacturing processes to reduce the FCP.
The automation of lacquering part (un)loading is an issue due to the expensive implementation of partspecific EOAT (due to change-over times) and inaccuracies of a universal EOAT, elaborated in Section 3.4.
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Figure 9. What-Why analysis of the EOAT design problem (Annamalai et. al., 2013).

2.5.

Problem statement

Increasing labor costs in the Netherlands has made the production line at Philips Drachten uncompetitive,
causing the management to investigate automation opportunities. The flexible automation of laborintensive steps in the lacquering line has been expensive due to high costs of end-of-arm-tools (EOATs).

2.6.

Goal statement

To develop a proof of concept of a flexible EOAT - by the end of December - capable of grasping 8+ (to be)
lacquered parts without damaging them - while fulfilling financial constraints (to meet cycle time
requirements) - to economically automate the loading/unloading steps of the lacquering line.

2.7.

Research question

How can a flexible EOAT be designed for pick and place, and non-destructive snap-fit (dis)assembly of
fragile parts varying in geometry while meeting cycle time and financial requirements?
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3. EOAT design elements
In this section, the EOAT design parameters are explained through a literature review of types of end-ofarm tools and their selection, prehension strategy defining the robot and EOAT movement, and grasp
synthesis to determine the contact points and their analysis.

3.1.

Gripper classification

Monkman et al., (2007) classified grippers (generic term for pick and place EOATs) based on the grasping
methods into the following types:
1.

Impactive: also called mechanical gripper since it uses impact forces against the object surface,
examples of which include jaws, tongs, or clamps.

Figure 10. (a) Schematic representation of impactive gripper forcing the object into prehension.
(b) Example of an impactive friction jaw gripper (Tameson, 2021).

Impactive grippers are further classified based on
a.

Object enclosure:
i. Form closure: object is fully restrained through the shape of the set of contacts
irrespective of the force magnitude.
ii. Force closure: any motion of the object is resisted by the forces exerted by the set
of contacts.
iii. Combined closure: both the shape of the fingers and the forces exerted by them
are used to resist external force/torque.

Figure 11. Schematic representation of form, force, and combined methods of gripper closure (Bajd et al., 2010).
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Form closure is generally used for grasping heavy (relative to the gripper mass and robot
payload) objects and/or when the object being grasped has delicate surfaces, while force
closure allows secure grasping, especially when the object needs to be re-oriented for the
next operational step.
b. Finger movement relative to the gripper axis
i. Angular: The jaws pivot about the gripper normal axis to open/close the fingers.
ii. Parallel: The jaws move parallel to each other to open/close the gripper fingers.

Figure 12. Schematic representation of opening and closing of angular and parallel jaw grippers (Omega, 2021).

Angular jaws are preferred when the operation requires clearance in front of the gripper,
while parallel grippers are preferred when the operation requires the space around the
grippers to be empty.
c.

Finger movement relative to the object:
i. Internal: The gripper finger jaws grasp the object surface by opening against
internal edges of object surfaces like holes. The grasping is achieved by opening of
the gripper fingers i.e., the fingers moving away from each other.
ii. External: The gripper finger jaws grasp the object by closing against the external
surfaces of the object. The grasping is achieved by closing of the gripper fingers i.e.,
the fingers moving towards each other.

Figure 13. Schematic representation of external and internal gripper using a parallel jaw gripper example (Omega,
2021).

The selection of internal/external type of gripper depends on the availability of holes in
the object and the location of grasp-feasible surfaces on the object.
10

EOAT design elements
2. Ingressive: permeates the object surface by
a.

intrusion of sharp features (intrusive)

b. hooking to loops within the object surface (non-intrusive)

Figure 14. (a) Schematic representation of ingressive gripper forcing the object into prehension.
(b) Example of an ingressive needle gripper (Schmalz, 2021).

Ingressive grippers are preferred to grasp objects like fabrics stacked on top of each other.
3. Astrictive: requires the use of binding forces (vacuum suction/magneto adhesion/electro
adhesion) produced by a field to grasp the object.

Figure 15. (a) Schematic representation of astrictive gripper forcing the object into prehension.
(b) Example of a vacuum suction gripper (Schmalz, 2021)
(c) Example of a magnetic gripper (OnRobot, 2021).

Astrictive grippers are used to grasp objects with non-porous, flat surfaces.
4. Contigutive: makes direct contact with the object surface to achieve prehension.

Figure 16. (a) Schematic representation of contigutive gripper forcing the object into prehension.
(b) Example of a fluid (capillary action) gripper (Arai, Chaillet and Martel, 2021; Lenders, C. et al, 2008)
(c) Example of a thermal (shape-changing) gripper (NC state, 2019).

Contigutive grippers are used to grasp objects capable of reacting with the gripper to allow
prehension, such as objects which change properties upon the application of heat or chemicals
(active), fluids which allow the gripper to use the capillary or surface tension properties of the fluid
for prehension.
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3.2.

Gripper selection

Fantoni G. et. al. (2014) developed a system for the selection of robot grippers based on grasp rules defined
by stakeholder requirements and parameters describing the problem:

Figure 17. Gripper selection framework developed by Fantoni et al. (2014).

The authors classified the parameters into
1.

Object parameters: physical and geometrical properties of the workpiece to be handled.

2. Operation (process) parameters: properties of the pick and place, as well as any additional
functions required to be performed by the gripper, listed below:
a.

Feeding: Events leading up to the pick function.

b. Handling: Events after the pick function, including moving to the place location,
reorientation of the object, and additional functions.
c.

Placing: Events leading to the place function.

Similar gripper selection strategies, rules and frameworks are also found in the works of Pham and Yeo,
1988 and 1991; Pedrazzoli, Rinaldi and Boer, 2001.
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3.3.

Gripper design guidelines

Causey and Quinn (1998) described design guidelines for grippers to improve system throughput and
reliability of modular manufacturing work cells, summarized below:
1.

Minimize gripper footprint: The minimum empty (obstruction-less) 3-dimensional space around
the gripper to satisfy the approach clearance constraint - collision-free approach and grasp of the
part located in the part-feeder – is called the gripper footprint (Causey and Quinn, 1998).

2. Chamfer finger exterior: This helps the gripper to approach the part without crashing into a
misaligned part or a neighboring part not satisfying the approach clearance.
3. Align grasped parts using fingers: The gripper should have an additional functionality of aligning
the parts before or during grasping, to repeatably grasp irregular shaped parts.
4. Grasp securely: The gripper should ensure that the grasped part is not dropped, or its orientation
is not changed during high-speed robot movements.
5.

Grasp safely: The gripper should not damage (defined based on the object and operation
parameters) the part during grasping.

6. Avoid tool changes: Changing the grippers while switching from a particular object (or operation)
to a different one increases the change-over time, irrespective of whether the tool changing is
manual (stoppage time) or automatic (additional robot movements). Alternative ways of handling
a range of different parts without compromising on the cycle time include:
a.

Multiple grippers on a single wrist: Object or operation specific tools could be mounted on
the same wrist by compromising on the accuracy of high-speed robot movements by ensuring
the total weight still falls below the robot payload capacity, and the gripper footprint still
allows sufficient approach clearance.

b. Multi-functional grippers: The other alternative is to design the gripper fingers such that
they can handle multiple parts or perform multiple operations.
7.

Minimize finger length: Longer gripper fingers are generally not preferred due to deflections
during grasping, which can destabilize the grasp, and reduce the life of the fingers.

3.4.

Grasping flexibility

Based on the range of parts that can be grasped, grippers can be classified into
1.

Specific grippers: custom designed to handle specific objects with a small degree of variability.

2. Universal grippers: wide clamping ranges designed to handle diverse object shapes.

Figure 18. Schematic representation of a universal (jamming) gripper developed by Amend et al., (2012)
showing three different operational modes for handling objects of varying geometrical properties.

13

EOAT design elements
Although specific grippers are customized to handle each part and hence have a high accuracy, multiple
grippers to handle multiple parts not only increases the cost of EOAT, but also that of robots, since additional
robots would be required to mitigate the gripper changeover time. On the other hand, Universal grippers
are expensive to begin with and have a low accuracy to accommodate a range of different parts, requiring
additional sensors and feedback systems to increase the accuracy, further increasing the expenses. The
dynamic relationship between the part specificity and the expenses of automation, is shown in Figure 19.

Figure 19. The dynamic relationship between the EOAT specificity and expenses incurred to meet cycle-time and
positional accuracy requirements.

3.5.

Grasp synthesis

Grasp synthesis is the determination of finger parameters including grasping contacts and the fingertip
profile for required properties (Shimoga, 1996).

3.5.1. Grasping contacts
Nguyen, (1987) presented algorithms for stable force closure grasp-synthesis based on the object shape and
the friction cones at the points of contact. The friction cone for force closure contacts is the cone formed by
the normal force at the center of the cone and the lateral surface area formed by the components of the
normal force along the friction angle. Frictional fingers are classified into the following types based on their
ability to constrain the object displacements and/or rotation:
1.

Hard finger: can constrain the normal and tangential displacements of the object.

2. Soft finger: can constrain normal rotation as well as the normal and tangential displacements.
For a 2-jaw soft finger gripper, a stable grasp is achieved when the angles between the planes of contact is
less than the angle of friction cone i.e., twice the friction angle (Nguyen, 1987; Pham and Yeo, 1988). This in
turn can be achieved by lowering the angle between the planes of contact by choosing appropriate surfaces,
or by increasing the angle of friction by choosing a gripper material with a higher static coefficient of friction.
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The author also described the relationship between the points of contact and their friction cones, and how
complex (line, area, or surface) contacts can be described as the sum of primitive point contacts, as seen in
Figure 20. Due to the large friction cones formed at the sharp corners and edges, the surfaces of the object
having those features are preferred for stable grasping.

Figure 20. Complex contacts and their primitive equivalents Nguyen (1987).

3.5.2. Fingertip (jaw) profile
Pedrazzoli, Rinaldi and Boer, (2001) developed a rule-based fingertip type determination framework (Figure
21) which categorized fingertip profiles into flat, V, C, and non-standard types and their selection rules based
on the surface of the object being grasped (grip site). The C fingertip profile provides the most contact surface
of the standard profiles resulting in a larger discharging surface and lower surface pressure and is hence
preferred over the V-profile for delicate materials.

Figure 21. Fingertip profile selection rules developed by Pedrazzoli, P., Rinaldi, R. and Boer, C.R., (2001)

While Nguyen (1987) explained the selection of gripping point for a stable force-closure grasp based on the
object material and shape, Pedrazzoli, Rinaldi and Boer, (2001) explained the shaping of the finger-tip
profiles based on the surfaces of the object being grasped.
15
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3.6.

Prehension strategy

Once the gripper components are selected, a gripping procedure must be strategized to program the
autonomous implementation of prehension as described by Monkman et al. (2007):
1.

Preparation for contact: Aligning the spatial orientation of the gripper with that of the object to
repeatably grasp the object at the gripping point with the required positional accuracy using sensor
systems like robot vision to match the gripper orientation with that of the object, or by using the
gripper or an external device to re-align the object orientation to match that of the gripper.

2. Prehension: Establishing contact between the gripper and the object surfaces to achieve
autonomous implementation of prehension based on the programmed prehension strategy:
a.

Gripping point (pick location): The location of the feeder from which the object is grasped:
i. Fixed: Static feeder location.
ii. Moving: Pre-determined feeder movement such as conveyor feed.
iii. Unknown: Variable feeder and object location determined by sensors.

b. Location of prehension: The surfaces of the object which could potentially be used for
grasping constrained by the accessibility of the location, and the object parameters. The
authors defined object handling zones to arrive at the prehension location:
i. Forbidden zones: Surfaces of the object which are constrained by object parameters such
as fragility or sensitivity of the object toward prehension.
ii. Reserved zones: Surfaces of the object which are already held by other operational
devices.
iii. Support zones: Surfaces of the object which are partially or completely in contact with
the pick or place location.
iv. Prehension zones: All the surfaces not overlapping with the other zones.

Figure 22. Handling zones of a workpiece (Monkman, G.J., et. al., 2007):
1. Safety margin, 2. Chuck, 3. Gripper jaw, 4. Centre of gravity, 5. Workpiece,
6. Gripper, 7. Magazine, A. Support zone, G. Prehension zone, S. Reserved zone
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c.

Gripping force: The force required to ensure that the grasped object does not reorient due to
their weight or inertia. The effective gripping force depends on the object parameters,
grasping method, active surfaces, and jaw profiles.

d. Active surfaces: The number of contact points or surfaces between the object and the gripper
jaw(s). The effective gripping force can be reduced by increasing the active surfaces through
the increase of number of jaws, or the increase in the contact area of jaw profile.
e.

Jaw profile: the shape and contour of the jaw surface that come in contact with the object.
The extent of matching between the jaw and object profile is directly proportional to the grasp
stability.

3. Retention: Maintaining the grasp on the object through the robot movement from/to the pick, place,
and additional (if any) locations.
4. Release: When the object is moved to its destination, the grasping forces need to be decreased to
release the object.
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4. Methods and tools
4.1.

Strategy

Based on the gripper selection framework by Fantoni et al. (2014) and finger-design flowchart by
Honarpardaz et al. (2017), a design strategy was formulated (Figure 23). Object and operation parameters
obtained from the part and process study; functional requirements defined from the stakeholder analysis
formed the constraints around which the EOAT was designed. Literature review, market study, and
interviews with relevant people at Philips, were used to determine off-the-shelf components suited for the
application. Components which were not readily available in the market were designed, iterated, and
prototyped to validate against the functional requirements to obtain the proof of concept.

Figure 23. EOAT design strategy based on the components of finger-design flowchart by Honarpardaz et al. (2017)
and the gripper selection framework by Fantoni et al. (2014), depicting the sequential chain of events leading to the
proof of concept.

The design iteration followed the modeling and analysis of the gripper fingers, jaws, and interfacing
components using NX12 CAD modeling software. The designs were then prototyped in Polyamide (PA) 12
(Appendix A), and Agilus30 (Appendix B) materials, using HP multi-jet fusion (MJF) (Appendix C) and
Stratasys j750 (Appendix D) 3D printers, respectively. The experimental validation was performed by
attaching the flexible EOAT to a Universal UR5 robot arm (Appendix E). The tools used were selected based
on their ease of availability at DTN.

Figure 24. The design iteration for gripper components not available readily in the maket.
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4.2.

Part and process study

The parts that are currently lacquered in the lacquering line at DTN are listed and picturized in Figure 25. 2
sets of parts – 2 variants of Hera s3000 front panel; Poseidon and Atlas chests - have similar dimensions
and shape and hence considered equivalent for grasping. The parts are referred to by their numbers
throughout the report for ease of readability.

Figure 25. Pictorial representation of the list of all the parts that are currently lacquered in the lacquering line at
DTN with the similarly shaped parts considered equivalent for grasping and their material properties

The generic material properties of the parts are listed in the table within Figure 25, with part-specific
properties discussed in later sections, as and when they are used. The material data sheet for the part as well
as the lacquer materials are given in Appendix F.

(Dis)mounting mechanism
The (dis)mounting of the parts on/from the jig is achieved through 2 jig-features:
1.

Place: The pivoting feature on which the part is initially placed, and then pivoted about.

2. Click: The cantilever beams which deform to snap-fit the beams on the part.
The part is initially placed on the “place” feature of the jig before pivoting about it to then “click” it.

Figure 26. Pictorial representation of the (dis)mounting mechanism for Part 2 (example) showing the place (pivot)
and click (snap-fit cantilever beam) features of the part and the jig.
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4.3.

Gripper selection

The suitability of each grasping method was checked for each of the part against the functional requirements
and part and process constraints to find the method(s) suitable to most or all of the parts, as explained below
and summarized in the selection matrix in Table 3:
1.

Contigutive type of grasping is not feasible for any of the parts because of unsuitability of the part
material for the reactive grasping method.

2. Non-intrusive hook and loop type of ingressive grasping would be difficult due to the varying hole
dimensions of the part as well as the use of the hole edges in certain part-jig assemblies and the
fragility of Part 5.
3. While magnet and electro-adhesion based astrictive grasping methods are not possible due to the
nature (non-magnetic, non-conducting, and curvature) of the parts, vacuum suction is difficult due
to the lack of a sufficiently large feasible suction area – non-porous flat surface - on the parts.
4. Impactive grasping is possible for all the parts without much difficulty, and hence most suitable for
the problem context.
Table 3. Grasping method selection matrix based on the feasibility of grasping each part.

A similar selection matrix was drawn-up (Table 4) for the selection of the type of impactive gripper based
on the following parameters:
1.

Type of closure: Force closure is difficult due to the curved edges of the Chest, and the dimensional
constraints and fragility of the deco-panel and button. Although form closure is possible for all the
parts, combined force closure is selected since it allows for a more secure grasping of the object.

2. Jaw movement relative to gripper axis: Angular movement of the jaws is not preferred due to the
larger footprint potentially colliding with the parts placed beside the one being grasped, as well as
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those in the jig. Parallel movement of the gripper fingers offers a better approach clearance and
hence parallel gripper with position control is selected.
3. Jaw movement relative to part features: Internal gripping is limited due to the varying hole
dimensions of the parts and hence external gripper type is selected.
Table 4. Gripper type selection matrix based on the feasibility of grasping each part.

The selected gripper is thus described as a mechanical gripper with the following parameters:
1.

Suitable drive to allow parallel movement of the fingers.

2. Force control to allow combined form and force closure.
3. Position control to allow collision-less approach.
4. Jaw positioning of the fingers to facilitate external gripping.
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4.4.

Grasp synthesis and analysis

In this section, the handling zones – the allocation of each surface and edge of the part to a particular
function – are defined for the 6 lacquering parts. The gripping points are then defined as the points lying on
the axis of symmetry of the parts, along the feasible grasp configuration for part picking and (dis)mounting.

4.4.1. Handling zones
1.

Forbidden zone: Surfaces of the parts which should not be used for grasping in order to prevent
potential part damage.

2. Reserve zone: The surfaces of the parts reserved for mounting and dismounting i.e., the place and
click feature surfaces on the parts.
3. Support zone: Inaccessible or difficult to access surfaces of the parts when they are placed on the tray
or when mounted on the jig.
4. Prehension zones are the surfaces of the parts where they can be potentially grasped while
meeting the object and operation constraint i.e., the zones which do not overlap with the other
handling zones.

Part 1 (Figure 27)
For Part 1, the pick and place features, and the surfaces in contact with the tray (during feeding) or jig (during
assembly/disassembly) form the red zones. Hence, the surfaces of the part at the top and bottom of the part
(along its length) are selected as the prehension zones, with the gripping points along the axis of symmetry
of the part.

Figure 27. Pictorial representation of the handling zones depicting the prehension zones for Part 1 (Hera s1000
front panel) and the gripping points selected within the prehension zones.
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Part 2 (Figure 28)
Part 2 has similar surface shapes as Part 1 and hence similar prehension zones and gripping points are
chosen.

Figure 28. Pictorial representation of the handling zones depicting the prehension zones for Part 2 (Hera
s3000 front panel) and the gripping points selected within the prehension zones.

Part 3 (Figure 29)
The positioning of part 3 in the tray makes it difficult to grasp the parts in the upper row of the tray with
little to no clearance between the parts. This was solved by defining a pick sequence which ensures the parts
in the lower row of the tray are picked first, thus ensuring collision prevention during the picking of parts in
the upper row.

Figure 29. Pictorial representation of the handling zones depicting the prehension zones for Part 3
(Poseidon s7000 front panel) and the gripping points selected within the prehension zones. The part
positioning in the tray causing potential collision during part picking is circled in red, and the part-picking
sequence which solves the problem shown alongside.
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Part 4 (Figure 30)
Due to the smooth curved bottom surfaces of Part 4, a part of the place feature with sharp edges is included
within the prehension zone of the part. Since this part feature is inaccessible when placed in the tray (see
red marking in the tray picture), 2 sets of gripping points, marked 1 and 2 in the picture, are defined for
(dis)mounting and part picking, respectively.

Figure 30. Pictorial representation of the handling zones depicting the prehension zones for Part 4 (Atlas
chest shown in picture) and the gripping points selected within the prehension zones. The tray hole used for
part placement and the smooth curvature of the bottom surface of the part are circled in red.

Part 5 (Figure 31)
Part 5 is limited to a small prehension zone – at the groove within the jig - due to the dimensions of the part
as well as the jig design.

Figure 31. Pictorial representation of the handling zones depicting the prehension zones for the Hera
s3000 deco panel and the gripping points selected within the prehension zones.
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Part 6 (Figure 32)
The prehension zone for Part 6 is limited by the dimensions of the part, clearance at the tray, as well as the
jig features.

Figure 32. Pictorial representation of the handling zones depicting the prehension zones for the Hera
s3000 on/off button and the gripping points selected within the prehension zones.

4.4.2. Grip configuration
The grip configuration is the axis of grasp i.e., the axis of movement of the parallel fingers. The three
configurations for a grasp and their suitability for part picking and (dis)mounting are explained below:
1.

Vertical configuration is selected for both part-picking and (dis)mounting of the parts: 1,2, and
3, due to the un-hindered availability of sharp corners and edges in the prehension zone along their
vertical axis. The jig features facilitate vertical (dis)mounting of parts 1,2,3, and 4.

2. Horizontal configuration: Due to the tray placement of part 5 on a feature located on the vertical
axis, as explained in the previous section, horizontal configuration is selected for part-picking of 5.
Horizontal configuration is also the preferred choice for the part-picking an (dis)mounting of parts
5 and 6, due to the location of prehension zones along the horizontal axis.
3. Distal configuration is not feasible due to the reservation of those surfaces for part placement as
well as (dis)mounting.
Table 5. Grasp configurations for each of the parts for part-picking from the tray and (dis)mounting.

Figure 33. Pictorial representation of grasp configurations: vertical, horizontal, and distal, along the part length,
width, and height, respectively, with the gripper fingers.
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4.5.

Prehension strategy

4.5.1. Grasp procedure
Based on the selected gripper selection and grasp synthesis, a procedure of steps depicting the sequence of
steps to be followed to achieve the (un)loading processes - termed as the grasp procedure - is defined below:
1.

Loading:
a.

Approach: The robot arm moves the gripper towards the part placed in the tray.

b. Align: The part is aligned with the gripper fingers.
c.

Grasp: The gripper closes the fingers to grasp the part.

d. Transport: The robot arm moves the grasped part to the location of the jig while re-orienting
the part to align with the jig.
e.

Mount: The gripper performs snap-fit assembly to mount the part onto the jig.
i. Place: The robot arm moves the part to the place feature of the jig; the gripper
fingers open to release the part.
ii. Click: The robot arm pushes the part using the fingers to perform snap-fit assembly.

f.

Release: The gripper fingers open to release the part mounted on the jig.

2. Unloading:
a.

Grasp: The gripper fingers close to grasp the part.

b. Dismount: The gripper performs snap-fit disassembly dismount the part from the jig.
c.

Transport: The robot moves the grasped part to the tray location, while re-orienting the part
to align with the tray.

d. Release: The gripper fingers open to release the part in the tray.

4.5.2. Robot arm programming
The programming of a robot arm involves the definition of the following primary parameters to achieve the
grasp procedure:
1.

Waypoints: the positions and orientations of the EOAT relative to the robot.
a.

Home: A roughly equidistant position from the tray and the jig was chosen as the waypoint
from/at which the robot arm begins and ends the program.

b. Tray: The position at the center of the gripping points of the part when aligned and placed
in the tray with the orientation of the gripper aligned with the grasp configuration.
c.

Place: the position and orientation of the gripper which aligns the part with the jig at some
distance from the place feature such that when the part is released at this waypoint, the part
maintains the alignment with the jig.

d. Click: The gripper position at which the snap-fit assembly is achieved.
e.

Tray safe, f. Pre-place and g. Pre-click are the positions at a distance from the tray,
place, and click positions respectively, such that there is no collision during joint
movements of the robot from/to these positions, while the orientations match that of the
tray and jig waypoints respectively.

2. Mode of movement between the waypoints. The 2 modes used for the purpose of (un)loading:
a.

Joint movement (Mov J): takes the fastest possible path between waypoints.
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b. Linear movement (Mov L): ensures linear movement of the tool between the waypoints
and is hence used for collision prevention.
3. Output signal to the EOAT controller to open/close the fingers.
a.

Grasp: The fingers move towards each other until a pre-defined finger-distance is reached,
to grasp the object. The finger-distance (distance between the parallel fingers) is
determined by the distance between the gripping points

b. Release: The fingers move away from each other to release the object.
c.

Align: The fingers move towards each other to re-orient the part and then away from each
other.

The robot programs for each part are given in Appendix G. The generic robot-arm program parameters for
the loading and unloading functions are summarized in Tables 6 and 7, respectively:
Table 6. Robot-arm program for the loading function with part-specific waypoints

Step

Movement

Mode

Waypoint

1

Robot arm

MovJ

Home

2

Robot arm

MovJ

Tray safe

3

Gripper

Open

Distance between gripping points + releasing allowance

4

Robot arm

MovL

Tray

5

Gripper

Align

Part dimension along the alignment axis

6

Gripper

Close

Distance between gripping points – grasping allowance

7

Robot arm

MovL

Tray safe

8

Robot arm

MovJ

Jig safe

9

Robot arm

MovL

Place

10

Gripper

Open

Distance between gripping points + releasing allowance

11

Robot arm

MovL

Pre-click

12

Griper

Close

Distance between gripping points – grasping allowance

13

Robot arm

MovL

Click

14

Robot arm

MovJ

Home

Table 7. Robot-arm program for the unloading function with part-specific waypoints

Step

Movement

Mode

Waypoint

1

Robot arm

MovJ

Pre-click

2

Robot arm

MovL

Click

3

Gripper

Close

Distance between gripping points – grasping allowance

4

Robot arm

MovL

Pre-click

5

Robot arm

MovL

Place

6

Robot arm

MovL

Pre-place

7

Robot arm

MovJ

Tray safe

8

Robot arm

MovL

Tray
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9

Gripper

Open

Distance between gripping points + releasing allowance

4.5.3. Approach clearance
The 3-dimensional space around the parts located in the tray available for the gripper to approach the part
located in the tray (Tray safe -> Tray) without colliding with any of the parts or the tray, is called the
approach clearance, and is defined using the dimensions of the part and those of the tray, seen in Table 8.
Table 8. Approach clearance in terms of the part and tray dimensions (in mm)

Least distance from the
Part

Length

Width

Height

Neighboring part along

Tray boundary along

length

width

length

width

x

y

z

xp

yp

xt

yt

1

35-55

140

25

15

22

19

50

2

20-48

127

20

22

25

18

50

3

20-35

142

35

11

0

21

22

4

30-45

60

30

15

10

22

20

5

30-45

55

5

25

20

20

20

6

10

50

3

15

15

8

20

Figure 34. Dimensional legend for Table 8 depicting the length (y), width (x), height (z), distance between the
neighboring objects (𝑥_𝑝 and y_𝑝), and the distance between the tray boundaries (𝑥_t and y_t) of Part 1 (example)

The dimensional constraints posed by the approach clearance for the 2 grasp configurations is summarized
below:
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Table 9. Constraints posed by the approach clearance on the dimensions of the fingers and jaws for (a). Vertical
grasp and (b). Horizontal grasp

Dimension
Longitudinal (finger)
Lateral (jaw)
Orthogonal (finger and jaw)

Vertical grasp (V)

Horizontal grasp (H)

Maximum

Minimum

Maximum

Minimum

-

z = 35

-

z = 35

xt = 8

-

yt = 20

-

y + yp = 152

y = 50

x + xp = 66

x = 10

Figure 35. Constraints posed by the approach clearance on the dimensions of the fingers and jaws for (a). Vertical
grasp and (b). Horizontal grasp

4.6.

Flexible EOAT design

In this section, the design of the flexible EOAT is explained in terms of the following primary components
of a mechanical gripper drive which achieve the required finger movement:
1.

Prime mover converts a form of energy (source) to mechanical energy.

2. Force convertor to convert the mechanical energy to the required finger translation.
3. Fingers move to bring the jaws in contact with the object.
4. Jaws achieve grasping by exerting force on the object through direct contact.
5.

Collision prevention system to avoid collision of one set of fingers when the other is in use.

The conflicting dimensional constraints on the gripper fingers and jaws for the vertical and horizontal grasp
facilitate the need for 2 parallel sets of fingers and jaws for the 2 grasp configurations. Since such an EOAT
- with 2 parallel sets of fingers with independent movement control for each set - was not readily available
in the market (not part of the portfolio of 3 of the largest gripper manufacturers in the world: Schunk, Festo,
and Gimatic) as of 16/12/2021, the 2 sets of fingers and jaws were custom designed to meet the
requirements. The drive components designed/selected for each set of fingers is summarized in Table 10
and elaborated in the following sections.
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Table 10. Components of the flexible EOAT for vertical and horizontal grasp configurations.

Drive components

Vertical grasp

Horizontal grasp

Prime mover

Electromechanical (Motor)

Pneumatic

Force convertor

Rack and pinion

Cylinders

Fingers

Designed in NX 12, 3D printed in PA-12
material
Designed in NX 12, 3D printed in

Jaws

Agilus30 material

Collision prevention
system

Fixed (primary fingers)

Designed in NX 12, 3D
printed in PA-12 material;
single component
Pneumatic cylinders

4.6.1. Vertical grasp
The vertical grasp is considered as the primary configuration since it is feasible for more parts than the
horizontal one and hence does not require a collision-prevention system. A force and position control
electric gripper - hand-e manufactured by Robotiq (Appendix H) - was chosen as the drive system for the
vertical fingers. The hand-e gripper has an electric motor driven rack and pinion mechanism for opening
and closing the fingers, as seen in Figure 36. The vertical fingers were designed such that the dimensional
constraints for the vertical grasp were met while being able to mount onto the racks of the hand-e gripper.
The vertical fingers have the following features:
1.

Base with 4 screw clearance holes to mount the fingers onto the racks of the hand-e gripper.

2. Column with an offset to align the jaws of the 2 parallel fingers.
3. Spring element to provide flexibility.
4. Jaw mounting pin for a press-fit with the slightly smaller jaw hole.
The jaw was separated from the finger to allow different materials for the finger and the jaw, so as to achieve
soft-finger contact with a flexible material jaw.

Figure 36. Schematic representation of (a) Vertical finger and jaw assembly mounted onto a Robotiq gripper (b)
vertical finger features including mounting base with 4 screw-clearance holes, offset column for alignment of
parallel fingers, and a spring-element at the jaw-mount (c) Rack and pinion mechanism of the Robotiq hand-e
gripper with mounting holes on the racks.
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4.6.2. Horizontal grasp
The horizontal grasp was the secondary configuration and hence required a collision prevention system
(CPS) to avoid the collision of 1 set of fingers when the other is in use. A pneumatic mechanism was chosen
for actuating both the fingers as well as the CPS. 2 sets of Festo mini slide pneumatic cylinders (Appendix I)
each were used for the fingers and the CPS, providing vertical and horizontal translation, respectively, as
seen in Figure 37. The CPS was mounted to the Hand-e using a mounting block, while the cylinders driving
the fingers were mounted to a platform which rested on the groove of the mounting block. The cylinders
were controlled using a Festo solenoid valve (Appendix J) with digital inputs from the Robot. A digital input
of “high” for the CPS extends the cylinders while “low” retracts them back. A digital input of “high” for the
fingers closes the fingers i.e., moves them towards each other, while “low” digital output retracts them to
open the fingers i.e., moves them away from each other.

Figure 37. Schematic representation of the (a) horizontal finger (b) pneumatic mechanism for collision protection and
actuation of horizontal fingers (c) extended cylinders for CPS in the top image and for the fingers in the bottom image.

The horizontal fingers were designed to meet the dimensional requirements of the horizontal grasp, with
the 2 fingers each having 2 parallel jaws built-in to achieve horizontal part-alignment.
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4.6.3. Integration
The vertical and horizontal fingers were integrated together to arrive at the flexible EOAT assembly, as seen
in Figure 38.

Figure 38. Flexible EOAT assembly design depicting the vertical and horizontal fingers, and their drive and
mounting components.

4.6.4. Jaw profile
Based on the object parameters, approach clearance constraints, and the flexibility requirements of the
gripper, a C-shaped fingertip profile was selected to facilitate the stable grasping of the parts. The jaws for
the vertical fingers (vertical jaws) have chamfers corresponding to the angles of the grasping surfaces are
made of a flexible material (to achieve soft finger contact) and then mounted onto the fingers.

4.6.5. Flexibility
The parameters of the gripping points affecting the flexibility of the gripper to achieve a stable grasp for all
the parts are explained below:
1.

Distance between the gripping points: The gripper fingers need to be opened for a minimum value of
the part dimension along which the gripping points are defined, plus an allowance based on the
approach clearance of the gripper. The appropriate gripper stroke (distance between open and closed
gripper fingers) is determined by the difference between the maximum and minimum distances between
the gripping points for all the parts. The minimum gripping stroke is calculated based on the distances
seen in Table 11, as 118.8568 – 10.7986 = 108.0582 mm without allowance.

2. Angle between the gripping surfaces: The angle between the gripping surfaces needs to be matched by
the angle of the gripper jaw. The maximum angle between the gripping surfaces of all the parts is 34.50 ,
as seen in Table 11. The angle match is achieved by a cantilever flat spring feature in the vertical finger
providing an angular compliance of about 230 along the axis normal to finger column.
3. Contour of the gripping surface: The contour of the surface needs to be matched with the jaw profile to
maximize the contact area. This is achieved by using a flexible material with the selected fingertip profile
for a stable grasp.
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Figure 39. Pictorial representation of the angular compliance introduced by the spring element in the vertical jaw.

Table 11. Distance and angle between the gripping points defined for the 6 representative parts.
Distance between

Angle between the

gripping points

gripping surfaces

(in mm)

(in degrees)

1

119

8

2

116

34

3

127

28

4

58

7

5

53

21

6

11

2

Part

4.6.5. Prototype
The flexible EOAT was prototyped by 3D printing the vertical and horizontal fingers in the 3D printers at
the Philips Drachten site, the particulars of which are seen in Table 12, and then assembling them with the
Robotiq hand-e gripper.
Table 12. Specifications of the 3D printed components

Component

Material

3D Printer

Vertical finger

PA-12

HP MJF

Vertical jaw

Agilus30

Stratasys j750

Horizontal finger & jaw

PA-12

HP MJF
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4.7.

Validation

The artifact of the project – proof of concept of the flexible EOAT – is validated using experimental and
simulative analysis of the prototype by checking for the following parameters:
Table 13. Parameters and tests for each validation function

Function

Parameter

Grasp stability

Part position relative to finger

Grasp safety

Part damage (scratches/stains/pollution)

(Dis)mounting success

Place and click features

Part alignment

Part position relative to tray

Finger/jaw life

Stress, displacement, and fatigue study

Test
Repeatability
Cross-cut test, visual quality
check
Drop during spindle rotation,
conveyor movement
Repeatability
Simulation

Check if budget > cost of [the no. of robots + EOATs required to meet

Cost and time

Cycle time requirement (<2 seconds/part) + out of scope components]

4.7.1. Experimental setup
The experimental setup (Figure 40) for the validation included a Universal Robots UR5 robot arm mounted
on a T-slot table-top and a fixturing assembly (Appendix K) - representing the spindles in the lacquering
line – to hold the jig, at the robotics lab of the innovation cluster Drachten (ICD) facility at Philips, Drachten.

Figure 40. Experimental setup at the ICD robotics lab at Philips, Drachten.
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4.7.2. Grasp stability
The stability of the grasp is the ability of the gripper to firmly hold the object to prevent changes in the
object’s position or orientation during the robot movements after grasping and before releasing the object.
This was tested by programming a full-speed robot movement with linear and circular movements of the
gripper to check the position of certain part features relative to those of the finger for each representative
part before (once) and after (each) 5 repetitions of the following robot movements:
1.

Translation of the EOAT: the tool was moved between 3 waypoints with the first 2 in the vertical plane
and the next 2 in the horizontal plane, as seen in Figure 43 (a).

2. Rotation of the EOAT: The tool was rotated in the same waypoint through 1800 rotation of the 3 wrist
joints seen in Figure 43 (b).

Figure 41. (a) Tool movement between 3 waypoints (b) Tool re-orientation through rotation of the 3 wrist joints

The positional changes measured by the distances between part and jig features were then compared with
the positional inaccuracies allowed by the jig design (chamfers), measured by the distance between the part
and jig features at extreme positions of the part (Figure 44) which still allow successful mounting of the part
onto the jig. The grasp stability was considered successful if the largest value of the positional changes were
less than the smallest value of the allowable positional inaccuracy.

Figure 42. Pictorial representation of the allowable positional inaccuracy (API) measurement for Part 2 (example)
depicting the distances measured between the part and jig features at jig chamfers.

4.7.3. Grasp safety
The safety of the grasp tests the effect of the EOAT on the quality of the lacquering process measured as:
1.

Damages to the parts visible as scratches, stains, or dents caused by the force exerted by the gripper
validated by a visual check by quality personnel.

2. The effect of the gripper material on the quality of lacquer adhesion validated by a cross-cut test.
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Cross-cut test
The lacquering quality parameters include the consistency of the lacquer which is largely dependent on the
adhesion of the lacquer to the substrate (part). In the manual (un)loading process, the operators use gloves
with a moisture repellent aqua-polymer foam coating to prevent contamination (and hence improve
adhesion) of the Poseidon parts (3 and 4) which are lacquered with the Ultra-deep-shine lacquer (UDSL),
which is most vulnerable to contamination.
To check for the UDSL adhesion for gripper loaded parts, Philips ISO 2409 standard cross-cut test was used.
The test assesses the resistance of the coating (lacquer) to substrate (part) separation by cutting a lattice
structure (2 perpendicular cuts repeated 6 times) through the coating using a blade, and then using
(applying and removing) a pressure-sensitive adhesive tape over the lattice structure to remove any loose
paint. Additionally, the UDS lacquered part is first placed in a hot (40 0) water bath for 24 hours to build up
tension in the lacquered surface, to get accurate results.

4.7.4. (Dis)mounting success
The jigs with the gripper loaded parts were driven through the conveyor line to check for the mounting
success. The mounting success was measured as the number of parts falling out during the rotation of the
spindle or the movement of the conveyor line, with 0 being a success and a higher number indicating failure.
Dismounting success was checked visually.

4.7.5. Part alignment
The horizontal jaws were used to align the parts while picking the parts from the corresponding trays to
ensure grasp repeatability and hence mount repeatability. The part alignment using horizontal jaws was
checked by measuring the consistency of the distance between the part features and tray features after
grasping. The boundary of the aligned part was marked with a ball-point pen with the visibility of the
markers indicating the success of the part-alignment. The parts were placed in extreme positions (picturized
in Appendix L) - such that the part would cover some of the markers - to simulate potential inaccuracies in
part positioning, and then grasped with the horizontal jaws and released.

Figure 43. Pictorial representation of the part-alignment test for Part 3 depicting (a) the potential extreme positions
of the part where the 4 markers are not visible and (b) the aligned part with the 4 markers visible.
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4.7.6. Simulation
The vertical finger and jaw designs were simulated in SolidWorks 2019 software for stress, displacement,
and fatigue failure analysis. A linear static study was performed for the stress and displacement analysis
with the following parameters:
1.

Material: Agilus30 and PA-12 material were assigned to the jaw and the finger, respectively.

2. Contact set for the assembly: A shrink-fit was defined for the jaw-finger attachment to simulate the
press-fit.
3. Fixtures: While fixed geometry was applied to 2 of the mounting holes and the surface of the finger
which rests on the rack, the other bottom surfaces which slides on the surface of the Robotiq Hande gripper, were defined as sliding fixtures.
4. External loads: a normal force of 55N (determined from compression spring force calibration) was
applied to the surfaces of the jaw.

Figure 44. SOLIDWORKS simulation parameters for the linear static study of the vertical finger and jaw depicting
the material, contact sets, fixtures, and external loads assigned to the study.

The parameters for the fatigue analysis include – apart from the ones carried over from the static study - a
stress-life cycle (S-N) curve for the materials. The S-N curves of SLS-PA 12 components (Van Hooreweder
et. al., 2013) and S-N curves for rubber materials (Luo, R.K. et. al., 2003) were used as an approximation
for the finger and jaw materials, respectively.

Figure 45. S-N curves for (a) PA-12 (Van Hooreweder et. al., 2013) and (b) rubber material (Luo, R.K. et. al., 2003)
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4.7.7. Force calibration
The Robotiq hand-e allows force control of the fingers from 20 N to 185 N, with the force being exerted
displayed in percentage values in the UR5 display. Since the force exerted on the finger jaws is lesser than
the force generated, the force readings were calibrated to get the force values in N for force increments in
steps of 5%. The gripper fingers (and hence the jaws) were closed with a calibrated compression spring in
between the fingers, as seen in Figure 48. The displacement of the spring for every 5% force increase was
measured using digital calipers. The tests were repeated for 2 Tevema D12680 compression springs
(Appendix M) with 5 readings each to minimize reading errors. The average of the 5 readings for the 2
springs for 100% force exertion was then considered as the maximum force at the jaws and was used for the
simulation study. The force calibration was also used to define the force applied for grasping each part, in
its robot program.

Figure 46. Pictorial representation of the Robotiq hand-e gripper force calibration using Tevema D12680
compression spring with a spring rate of 6.68N/mm.

4.7.9. Cost and time
Due to the interdependency of the financial and temporal constraints, the number of robots (with a flexible
EOAT each) required to meet the cycle time (CT) requirements were first calculated. The expenses for these
components were then compared to the project budget as well as the cost of a part-specific gripper and robot
setup to meet the CT requirements. The costs were estimated using the CAPEX estimate tool available at
Philips (generated by experts). The net present value (NPV) for the flexible EOAT was then compared against
the part-specific EOAT and the manual loading costs to estimate the returns on the investment (ROI). The
CAPEX estimate break-down is given in Appendix N.
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5. Results
5.1.

Grasp stability

The grasp stability was measured as the difference between the allowable positional inaccuracy and the total
positional variance. The grasp stability was considered successful i.e., the grasp was stable enough to get
repeatable (dis)mounting of the parts since the grasp stability values were significantly greater than the
repeatability of the robot arm (0.06 mm for the UR5).
Table 14. Grasp stability (API – TPV) for each part

Part

Allowable positional

Total positional variance

Grasp stability

inaccuracy (API)

(TPV)

(API – TPV)

1

2,80

0,26

2,54

2

2,56

0,30

2,26

3

1,26

0,21

1,05

4

1,25

0,13

1,12

5

0,97

0,19

0,78

6

0,65

0,29

0,36

Allowable positional inaccuracy (API)
The chamfer dimensions of the jig click and place features compensating for the positional inaccuracies of
the part were measured (Appendix O) for each representative part, as listed in Table 14.
Table 15. Allowable positional inaccuracy (API) for the 6 parts

Part

Allowable inaccuracy on each side left/right (+/-)

API =

Position (in mm)

Orientation (in mm)

min (position, orientation)

1

2.80

6.07

2.80

2

2.56

7.36

2.56

3

1.26

1.27

1.26

4

1.25

1.60

1.25

5

0.97

3.95

0.97

6

0.65

0.65

0.65

Positional variation (PV)
The positional variation was calculated as the difference of the maximum and the minimum values of the
average (of the 5 readings) variation measured. The PV readings for each part is given in Appendix P.
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5.2.

Visual check

The results of the visual check performed for the part-damage (scratches/stains/dents) tests for both loading
(pre-lacquer) and unloading (post-lacquer) and the (dis)mounting success are summarized in Table 16:
Table 16. Visual check results showing the number of samples checked for each part and the number of parts that
successfully prevented part damage (pre-and post- lacquer), mounted on the jig, and dismounted from the jig.

Part

Sample

Part-damage prevention

Mounting

Dismounting

size

Pre-lacquer

Post-lacquer

success

success

1

6

6

6

6

6

2

6

6

6

6

6

3

6

6

6

6

6

4

6

6

6

6

6

5

6

6

6

6

6

6

12

12

12

12

12

1 spindle size (6 each for parts 1 to 5; 12 for part 6) of parts were loaded using the flexible EOAT and then
checked for scratches/stains/dents. All the samples were accepted by quality personnel and hence, prelacquer part damage prevention was considered successful. They were then processed in the lacquering line,
following which the number of parts remaining on the jig were counted and since all the samples were found
on the jigs, mounting was considered successful. The parts were then unloaded from the jigs and placed on
the tray. Since all the parts were placed on the tray, dismounting was also considered successful. The parts
were then checked by the quality personnel and all the parts were accepted and hence, post-lacquer part
damage was considered successful.

5.3.

Cross-cut test

12 samples each of Parts 3 and 4 were loaded with the flexible EOAT before lacquering with UDS lacquer for
the cross-cut test. Since no loose paint was observed on the tape used on the cuts, the adhesion resistance
was considered to be not affected by the jaw material.

40

Results

5.4.

Part alignment

The part alignment test was conducted for parts 1 to 5 since the tray design already aligns part 6 sufficiently.
Both the variants of Part 4 – Poseidon and Atlas – were tested since the tray designs differ for the 2 variants.
The number of markers before and after alignment is seen in Table 17, with multiple readings indicating
multiple extreme positions, and the alignment considered successful if the number of markers visible after
alignment matches the total number of markers. It was found that part alignment for Part 4 Poseidon was
not feasible due to the tray design with the horizontal jaws not being able to reach the part when placed in
the extreme positions. All the other parts were successfully aligned.
Table 17. Part-alignment results measured as a success if all the markers are visible after alignment.

No. of markers visible
Part

Total markers

Before
alignment

1

2

3

4 (Poseidon)
4 (Atlas)
5

Alignment

After alignment

success

4

2

4

Yes

4

2

4

Yes

4

2

4

Yes

4

2

4

Yes

4

2

4

Yes

4

2

4

Yes

4

2

4

Yes

4

2

4

Yes

4

2

4

Yes

4

2

4

Yes

4

1

4

Yes

4

1

4

Yes

2

1

1

2

1

1

2

1

2

Yes

2

1

2

Yes

2

1

2

Yes

2

1

2

Yes

Error
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5.5.

Simulation study

5.5.1. Force calibration
The results of the compression spring displacement test to calibrate the force exerted by the Robotiq hande at the finger jaws are displayed in Table 18, showing the force values (in N) at 5% (UR5 display) increments.
The maximum value of force of 110N was input as the load at the vertical finger jaw for the simulation study.
Table 18. Force calibration results: Force (in N) for every 5% increase in Force% displayed in the UR5

Figure 47. Force calibration test graph depicting the relationship between the force % displayed on the UR5 and the
actual force exerted by the fingers.

5.5.2. Stress and displacement analysis
The von Mises stress results indicate maximum stress induced in the fingers at the spring elements with a
value of 38 MPa, which is lower than the yield strength (53 MPa) of the finger material (PA-12). The other
vulnerable points of the design include the points at which the finger column is attached to the base and
parts of the column due to the nature of the load applied, fixtures, and the design of the fingers.

Figure 48. SolidWorks simulation results depicting (a) von Mises stress and (b) static displacement
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The displacement plot shows the nature of displacement of the jaws at maximum force, which meets the
requirement of contact area maximization during grasping for stable grasp.

5.5.3. Fatigue failure analysis
The fatigue-life plot shows the least life of the assembly at a jaw location at 100k cycles. Although the value
is an approximation due to the material properties assigned being of a similar material, it serves as a good
reference point for the number of cycles for the repeatability test. The fatigue-damage plots show maximum
damage occurring at the valley of the C-shape jaw profile due to the repetitive stressing and displacement of
the jaw during contact.

Figure 49. Fatigue plots showing the fatigue (a)life and (b)damage of the finger-jaw assembly locations.

The least life of 1e5 (100k) cycles is seen at the jaw, indicating that the jaw needs to be replaced after grasping
every 100k parts, if the maximum force is used. Since the force used for the parts averages at about 50% (81
N), the fatigue life can be estimated to be about twice the simulated result i.e., 200k parts. Similarly, the
finger has a life of about 3e6 (3M) cycles which can be estimated to be about 6M parts before it needs
replacement. The material and printing costs for the replacements needed per year are also considered in
the NPV calculations.

5.6.

Cost and time

The average cycle time for loading and unloading using the flexible EOAT with the UR5 parameters listed in
Table 19, was determined to be 8.35 seconds per part. To meet the cycle-time requirements of 2 seconds per
part a minimum of 5 robot arms with flexible EOATs are required. The estimated capital expenditure
(CAPEX) for the flexible EOAT compared with that of a complex (capable of pick and place + (dis)assembly),
part-specific gripper is given in Table 20. To account for the change-over time for a part-specific EOAT, 2
additional robot arms (7 in total) are considered with 8 EOATs per robot (for the 8 parts).
Table 19. Robot arm parameters of speed and acceleration of the joint for MovJ and tool for MovL

Movement mode

Speed

Acceleration

MovJ (joint parameters)

180 °/s

2292 °/s2

MovL (tool parameters)

3000 mm/s

150000 mm/s2
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Table 20. CAPEX estimate of the automation components for a flexible EOAT compared to that of part-specific EOAT

Parameter

For part-specific EOAT

For flexible EOAT

17

7

7

5

56

5

= 8x7 (1/part x 1/robot)

=1x5 (1/robot)

Individual EOAT cost (in k€)
Number of robots required to meet cycle time
requirement (max. 2 seconds per part)
Number of EOATS required to meet CT
requirement

7

No. of tool change systems

0

(1/robot)

CAPEX estimate of total automated setup (in k€)

1500

(Robots + EOATs + tool and jig handling + engg.)

900

Net Present value (NPV)
The NPV was calculated (graphed in Figure 58) using the Philips tool and was assessed by the Problem
Owner, Eric Sloot, and the cost engineer, Oeds van der Wijk. The CAPEX estimate (€900k) as well as the
payback period (1.75 years) meet the financial requirements (budget = €1200k, payback period < 2 years).
Table 21. Net Present Value particulars for the 3 alternatives.

Payback period

Alternatives

Cumulative NPV

ROI

(in years)

(in k€)

CAPEX
(in k€)

Manual (un)loading

Ref.

Part-specific EOAT

3

1.58

865

1500

Flexible EOAT

1.75

2.62

1461

900

Cumulative NPV (Delta to Reference)
Reference = Alt. 1 REF manual (un)loading
2.000

1.500
1.000

K.Euro

500
0

Alt. 1 REF manual (un)loading
-500

Alt. 2 Automatic (un)loading specific grippers

-1.000

Alt. 3 Automatic (un)loading generic gripper

-1.500

2028 Q1

Q4

Q3

Q2

2027 Q1

Q4

Q3

Q2

2026 Q1

Q4

Q3

Q2

2025 Q1

Q4

Q3

Q2

2024 Q1

Q4

Q3

Q2

2023 Q1

-2.000

Figure 50. Cumulative NPV for the period 2023 Q1 until 2028 Q1 with the manual (un)loading as reference.
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6. Conclusion
A flexible – capable of handling 8 part-families - EOAT was designed for the loading and unloading
processes of the lacquering line at Philips, Drachten. The design was achieved through a framework of
gripper selection, grasp synthesis and analysis, and prehension strategy, formulated through literature
review. The design was prototyped using 3D printers at Philips, Drachten, and was validated against the
functional requirements (defined through part and process study, and stakeholder analysis). The validation
is summarized in Table 22. The part-alignment and EOAT life requirements were not completely validated
due to the tray-design of Part 5 (Poseidon) and assumptions made for the vertical jaw material, respectively.
The potential solutions to these issues are discussed in the following section.
Table 22. Validation of the flexible EOAT design against the functional requirements, along with the tests used for
validation and their results.
Requirement

Test
Grasp
stability
Part
alignment

Process

Mounting

repeatability

success
Dismounting
success

Quality

robot movement at max speed
Visibility of marker on the tray before
(extreme inaccurate part positions) and
after alignment

Scratch/stain
/dent
Part Safety

prevention

spindle rotation during lacquering
Number of parts on the tray relative to the

TPV<<API

Success

Fingers unable to
reach Part 5
(Poseidon variant)
Successful
(dis)mounting
Max. stress <

displacement and fatigue life of vertical

Material strength;

finger and jaw for maximum load (55N)

50k load cycles

Visual check by quality personnel for
loaded and unloaded parts
Cross-cut test (Philips ISO 2409) adhesive

adhesion

resistance to blade cut
Avg. loading and unloading cycle time
Estimated CAPEX

Cost

Validation

number of parts on the jig

Lacquer

Cycle time = 2 seconds / part

Result

Number of parts on the jig before and after

FEM analysis to check for stress,
EOAT life

Time

Grasped part position before and after

All samples
accepted

(all except Part 5)
Success
Success
Success
(with assumptions)

Success

No loose paint ->
good adhesive

Success

resistance
8.35 seconds / part
€900k

Budget = €1.2M

Payback period

1.75 years

(< 2 years payback time)

Estimated ROI

2.62

Estimated cumulative NPV (scope: 5 years)

Success

Success
(CAPEX< budget,
payback period <
required)

€1461k
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Conclusion

Limitations and future work
The limitations of the flexible EOAT design and potential solutions to reduce (or eliminate) them are:
1.

Flexibility: the range of parts the EOAT can handle is limited by
a.

Part design: the dimensions of the lacquering parts need to satisfy the distance and angle
limitations of the gripping point to achieve a stale grasp with the same EOAT design.

b. Jig design: the chamfers provided on the jig should ensure a larger allowable positional
inaccuracy (API) than the total positional variation (TPV) of the part when grasped by the
EOAT. The ease of automated (dis)mounting of parts on/from the jig should be included as
a parameter for future jig designs.
c.

Tray design: The tray dimensions should allow the same (if not larger) approach clearance
for collision-free flexible EOAT (un)loading. The current design of Poseidon chest does not
allow part-alignment for certain part positions in the tray, which can be solved by
redesigning the Poseidon chest tray, or by using the Atlas chest tray for the Poseidon chest.
Future tray designs should consider the reachability of the EOAT as well as the positional
accuracy of the part within the tray.

d. EOAT stroke: The range of movement of the fingers is currently limited to 50mm due to the
choice of the gripper, which requires the finger mounting positions to be changed when
switching between a shorter part family (4, 5, 6) and a longer part family (1, 2, 3). This can
be solved by increasing the rack length to get a larger stroke.
2. Finger and jaw material: The life of the EOAT is limited by the material properties of the fingers and
jaws. The fatigue simulation was performed with assumptions made on the jaw material due to the
non-availability of S-N curves for the Agilus30 material. While the assumed material is similar to
Agilus30 and the fatigue analysis serves as a good estimate, extensive tests are required to get
accurate results. The materials themselves were chosen based on availability, which facilitates the
need for further material tests.
3. Lack of position and force control of horizontal grasp: One of the ways to get around the constraints
posed by the part, tray, and jig designs, is to control the position and force of the horizontal finger
movement, which is not possible with the current solenoid valve used to control the pneumatic
cylinders. The addition of a control system for the actuation of horizontal fingers needs
consideration.
4. Jig and tray positioning accuracy: The repeatability of the automated (un)loading process is
dependent on the repeatability of the tray and jig positioning (outside the scope of this project). Tray
and jig handling which allow the positioning of the tray and jig, within the required positional
accuracy for successful (dis)mounting needs to be researched.
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8. Appendices
Appendix A: PA-12 material datasheet
Table 23. PA-12 MJF printing properties and material datasheet (GetDocument.aspx (hp.com))
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Appendix B: Agilus 30 material datasheet
Table 24. Agilus30 material datasheet (Agilus 30: A Flexible Photopolymer 3D Printing Material | Stratasys)
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Appendix C: HP MultiJet fusion 3D printer specifications
Table 25. HP MJF 3D printer specifications (GetDocument.aspx (hp.com))
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Appendix D: Stratasys J750 digital anatomy 3D printer specifications
Table 26. Stratasys j750 3D printer specifications (J750 Digital Anatomy 3D Printer for Lifelike Medical Models |
Stratasys)
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Appendix E: Universal robots UR5 specifications
Table 27. UR5 robot arm specifications (ur5_en.pdf (universal-robots.com))
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Appendix F: Mechanical properties of the lacquering parts
Table 28. Mechanical properties of the lacquering parts (Philips)
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Appendix G: (un)loading robot (UR5) programs
UR5 programs attached in supplementary document.
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Appendix H: Robotiq Hand-e gripper specifications
Table 29. Robotiq hand-e gripper specifications (Specifications (robotiq.com))

60

Appendices

Appendix I: Festo DGSL-4-20-PA mini slide pneumatic cylinder specifications
Table 30. Festo pneumatic cylinder specifications (Mini slide DGSL-4-20-PA (festo.com))
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Appendix J: Festo MEH-5/2-1/8-P-B solenoid valve
Table 31. Festo solenoid valve specifications (Solenoid valve MEH-5/2-1/8-P-B (festo.com))
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Appendix K: Fixturing assembly
The fixturing was made of an aluminum T-slot bar and a 3D printed adapter block interfacing the bar and
the jig, as seen in Figure. The adapter is an assembly of a base with screw holes for mounting onto the bar,
and a shaft with features matching those of the cylinder of the 6-folded cross (of the jig). The adapter base
has a hexagonal pin to align the 6 attachments on the jig by locking the rotation of the shaft.

Figure 51. The fixturing assembly depicting how the 6-folded cross is held in place for the experimental validation.

Figure 52. Top, front, and bottom views of the adapter (a) shaft and (b) base.
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Appendix L: Part-alignment distance measurement images
Part 1 (Hera s1000 front panel)

Figure 53. Images showing the visibility of markers (a) before and (b) after the horizontal alignment of Part 1

Part 2 (Hera s3000 front panel)

Figure 54. Images showing the visibility of markers (a) before and (b) after the horizontal alignment of Part 2
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Part 4 (Poseidon chest)

Figure 55. Images showing the visibility of markers (a) before and (b) after the horizontal alignment of the Poseidon
chest.

Part 4 (Atlas chest)

Figure 56. Images showing the visibility of markers (a) before and (b) after the horizontal alignment of the Atlas
chest.
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Part 5 (Hera s3000 deco panel)

Figure 57. Images showing the visibility of markers (a) before and (b) after the horizontal alignment of Part 5.
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Appendix M: Tevema D12680 compression spring specifications
Table 32. Compression spring specifications (Tevema D12680)
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Appendix M: Force calibration readings
Spring 1:
Table 33. Spring 1 force calibration readings

force (%)
displayed
in UR
0
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
100

Spring displacement measured as the
distance between the fingers
1
2
3
4
5
71
71
71
71
71
66,58 66,66 66,65 66,66 66,68
65,44 65,43 65,36
65,4
65,39
64,2
64,31 64,14 64,25 64,28
63,4
63,06 63,04 63,08 63,21
62,19
62,1
62,26 62,21 62,34
61,5
61,32 61,41 61,47 61,47
61,15 61,06 61,09 61,04 61,09
60,24 60,09
60,2
60,15
60,2
59,39 59,07 59,15
59,2
59,21
58,85
58,7
58,79
58,8
58,9
58,7
58,33 58,18 58,31 58,96
57,89 57,87
57,9
57,97 57,88
57,08 57,19 56,98 57,02 57,08
56,71 56,69 56,72
56,8
56,77
56,38 56,42 56,47 56,45 56,53
56,06 55,96 55,89 55,87 56,06
55,62 55,66 55,17 55,02 55,17
55,05 54,82 54,71 54,79
54,8
54,72 54,76 54,68 54,69 54,73
54,55 54,45
54,5
54,44 54,52

Avg.

Std. Dev.

D_avg

F_avg

71
66,646
65,404
64,236
63,158
62,22
61,434
61,086
60,176
59,204
58,808
58,496
57,902
57,07
56,738
56,45
55,968
55,328
54,834
54,716
54,492

0
0,038471
0,032094
0,067305
0,150732
0,0886
0,071624
0,041593
0,057706
0,117813
0,074632
0,32362
0,039623
0,079373
0,045497
0,056125
0,090388
0,291668
0,127789
0,032094
0,046583

0
4,354
5,596
6,764
7,842
8,78
9,566
9,914
10,824
11,796
12,192
12,504
13,098
13,93
14,262
14,55
15,032
15,672
16,166
16,284
16,508

0
29
37
45
52
59
64
66
72
79
81
84
87
93
95
97
100
105
108
109
110

Spring 2:
Table 34. Spring 1 force calibration readings

force (%)
displayed
in UR
0
5
10
15
20
25
30
35
40
45
50

Spring displacement measured as the
distance between the fingers
1
2
3
4
5
71
71
71
71
71
66,69
66,81
66,81
66,75
66,85
65,5
65,5
65,61
65,55
65,52
64,36
64,32
64,23
64,23
64,37
63,19
63,23
63,26
63,25
63,26
62,33
62,27
62,39
62,28
62,32
61,56
61,57
61,57
61,53
61,54
61,14
61,18
61,23
61,19
61,26
60,17
60,12
60,28
60,21
60,2
59,24
59,29
59,25
59,23
59,23
58,85
58,96
58,88
58,96
58,95

Avg.

Std. Dev.

D_avg

F_avg

71
66,782
65,536
64,302
63,238
62,318
61,554
61,2
60,196
59,248
58,92

0
0,056
0,04128
0,061123
0,026382
0,042615
0,016248
0,041473
0,052383
0,022271
0,046043

0
4,218
5,464
6,698
7,762
8,682
9,446
9,8
10,804
11,752
12,08

0
28
36
45
52
58
63
65
72
79
81
68
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55
60
65
70
75
80
85
90
95
100

58,3
57,96
57,24
56,64
56,5
55,97
55,23
54,82
54,64
54,54

58,32
58
57,24
56,72
56,61
55,93
55,26
54,95
54,88
54,58

58,34
58,03
57,18
56,73
56,53
55,88
55,22
54,87
54,81
54,49

58,61
58,06
57,19
56,72
56,6
55,88
55,15
54,95
54,78
54,57

58,42
57,99
57,17
56,6
56
55,83
55,27
54,88
54,71
54,61

58,398
58,008
57,204
56,682
56,448
55,898
55,226
54,894
54,764
54,558

0,113561
0,034293
0,030067
0,052307
0,227807
0,047917
0,042237
0,05004
0,082608
0,040694

12,602
12,992
13,796
14,318
14,552
15,102
15,774
16,106
16,236
16,442

84
87
92
96
97
101
105
108
108
110
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Appendix N: CAPEX breakdown
Table 35. CAPEX breakdown comparison between part-specific and flexible EOAT for the automated (un)loading
process components and their quantities to meet the cycle-time requirements.

Component
EOAT
Tool change system
Standard frame + line layout +
safety guards + control cabinet
Robot arm + down-holder + servo
Tray-feeder + gripper
Engineering costs
Total estimated CAPEX

Quantity (to meet cycle time
requirements)
Part-specific
Flexible EOAT
EOAT
56
5
7
0

Estimated cost (in k€)
Part-specific
EOAT
230
30

Flexible
EOAT
35
0

7

5

400

300

7
7
1

5
5
1

320
400
120
1500

250
250
65
900

To meet the cycle time requirements of maximum 2 seconds per part, 5 robots with a flexible EOAT - having
a cycle time of about 9 seconds per part – would be required. If using a part-specific EOAT, 8 EOATs (for
the current variation of 8 parts) would be required per robot along with a tool change system to switch
between the EOATs. Considering a similar cycle time as the flexible EOAT, 5 robots plus an additional 2
robots to counter the changeover time, is estimated. Thus, the total number of part-specific EOATs is
estimated to be 56 (8 parts x 7 robots). The other quantities are all considered per robot, with no tool change
system required for the flexible EOAT, and engineering costs estimated for the whole project.
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Appendix O: Allowable positional inaccuracy measurement images
Part 1 (Hera s1000 front panel)

Figure 58. Distances measured for the API calculation for Part 1

Part 2 (Hera s3000 front panel)

Figure 59. Distances measured for the API calculation for Part 2
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Part 3 (Poseidon s7000 front panel)

Figure 60. Distances measured for the API calculation for Part 3

Part 4 (Poseidon/Atlas chest)

Figure 61. Distances measured for the API calculation for Part 4
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Part 5 (Hera s3000 deco panel)

Figure 62. Distances measured for the API calculation for Part 5

Part 6 (Hera s3000 button)

Figure 63. Distances measured for the API calculation for Part 6
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Appendix P: Positional variation measurements
Part 1 (Hera s1000 front panel)
Table 36. Positional variation readings for Part 1

Part 2 (Hera s3000 front panel)
Table 37. Positional variation readings for Part 2

Part 3 (Poseidon s7000 front panel)
Table 38. Positional variation readings for Part 3
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Part 4 (Poseidon/Atlas chest)
Table 39. Positional variation readings for Part 4

Part 5 (Hera s3000 deco panel)
Table 40. Positional variation readings for Part 5

Part 6 (Hera s3000 button)
Table 41. Positional variation readings for Part 6
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