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Abstract 
 
With increase in the usage of CFRP parts, automation industries are moving towards 
non-destructive clamping techniques in the form of suction technology. By 
integrating a suction cup in a robotic manipulator, numerous operations can be 
performed. A vacuum gripper or an end effector is an important part of the clamping 
system, that decides the positioning accuracy in machining operations. In case of 
handling irregular objects, the flexibility of the vacuum gripper plays an active role in 
optimal positioning of the part to be machined. 

This study puts forth a method for developing contour specific vacuum suction cups 
by additive manufacturing process for positioning CFRP parts, in an attempt to 
increase machining accuracy. The product of this thesis is designed to position the 
component with the help of support structures inside the suction cup. A novel sealing 
lip concept using a thermoplastic polyurethane was developed and manufactured by 
Fused Deposition Modelling process and was compared with standard O-rings. 

Non-linear models were set up in Abaqus CAE to simulate the deformation of the 
sealing lip with different materials and was compared with the experimental values 
obtained through testing of the suction cup prototypes.
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Summary 
 
An optimal clamping system is an important device that decides the accuracy in 
machining operations. In aircraft industries, where the CFRP parts are expensive, 
non destructive clamping solutions in the form of vacuum suction cups are preferred 
in machining processes. A vacuum suction cup works on the principle of negative 
pressure, where clamping is achieved by removal of air in the cavity between the 
suction cup and the part which results in vacuum creation. In order to prevent air 
entering the cavity again, a sealing lip made of elastomer is employed. Hence, the 
sealing lip is perhaps the most important part of a vacuum clamping system. 

This study is a product development process which focusses on the development of a 
vacuum suction cup for positioning CFRP components. A new design is proposed to 
ensure the positioning of the part with the help of support walls which also allows for 
vacuum passage. The groove of the suction cup is designed in such a way, that after a 
certain level of deformation of the sealing lip, the part comes in contact with the 
support walls and resists further movement.  

Since the study focusses in developing a vacuum device for irregular contours, a 
demonstrative component with complex contour was chosen to design the suction 
cup. The prototypes of the suction cups were manufactured using polylactic acid 
(PLA) filaments by Fused Deposition Modelling method.  

In addition, a new concept of sealing was also developed and manufactured by 
following various design guidelines and was compared with existing standard O-
rings. Finite element analysis of the models were performed in Abaqus CAE to 
simulate the deformation of different sealing lip materials. Finally, the simulated 
results were compared with the experiment results of the prototypes. 

The findings of the study indicate that the deformation values obtained through the 
simulations are in the same range compared to the experimental values. Also, the 
tolerance values of the manufacturing facility has a major influence on the groove 
design of the suction cup. 

Keywords: Product development, Sealing lip, Groove design, O-ring, L-ring, 
Labyrinth walls.
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1  Introduction 

Increase of automation in industries has expanded the use of clamping systems in 
various fields of engineering. Robotic grippers play an important role in automation 
since they employ an end-effectors for robotic hand manipulation and come in direct 
contact with the work piece to be handled [12]. Different kinds of robotic end 
effectors have been developed for grasping by different clamping methods such as 
mechanical clamping, magnetic clamping and piercing clamping [10]. The selection 
of gripping method is influenced by the properties of the work piece to be grasped 
such as weight, shape, surface properties and rigidity, etc. [11]. The problem with 
mechanical gripping is that it can damage the components while handling. In 
piercing grippers, the work piece has to be pierced and is used only in the 
construction industries and magnetic clamping is limited to ferrous components [2]. 
There are different non-destructive clamping solutions available, such as dissolvable 
adhesives and vacuum gripping. In case of adhesives, it requires time to be effective 
and also there is a risk of the adhesive not penetrating into the adjoining surfaces for 
good adhesion.  

Vacuum gripping provides a cheaper solution without the need of expensive 
equipments [6]. Vacuum clamping method requires a suction cup and an effective 
sealing to resist vacuum leakage. In recent times, use of vacuum gripping method has 
gained popularity with the development of wall climbing robots that are employed in 
environments which may be hazardous for humans such as tall structures of airplane 
fuselages and nuclear reactors [7]. By integrating the suction cups at the end of the 
robotic hand, numerous forms of work such as pickup and maneuvering operations 
can be realized [13]. Suction cups work on the principle of negative pressure where 
the difference in atmospheric pressure and the pressure inside the suction cup results 
in the creation of vacuum, which is used to lift work pieces of different shapes and 
materials [1]. Though vacuum creation is inexpensive, the method is prone to failures 
because of vacuum leakage due to misalignments of the suction cups, which does not 
achieve optimum sealing [4]. Also, most of the vacuum gripping applications are 
component specific and is less flexible to the shape of the work piece. This is the 
primary reason, why most of vacuum gripping method is limited only to packaging 
industries and surveillance operations using suction cups that are made of 
polyurethane or any other rubber material [3].  

In order to expand the use of suction cups to other industries and also to employ in 
high precision applications, the concept of “formed” suction cup is developed in this 
study, which is about developing a suction cup designed to the shape of the work 
piece at a specific position. Since the shape of the work piece at a specific position can 
be irregular, the suction cup will be manufactured by additive manufacturing 
method. Initial idea is to develop a suction cup that is made of a hard polymer and 
sealing of the vacuum is done by a thin lining of an elastomer. Existing application of 
this approach employs a static clamp bench (which is also the suction cup) with 
number of grids where the sealing material is manually placed according to the 
dimensions of the part. The clamp bench is less flexible and has a vacuum connection 
by which the part is clamped by negative pressure.  

This study focusses on the development of a formed suction cup for holding 
aerospace Carbon Fibre Reinforced Plastic (CFRP) components for milling 
applications. The suction cup will be experimentally tested, optimized for sealing lip 
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and its groove design in accordance to Deutsches Institut für Normung (DIN) and 
International Standard Organization (ISO) standards. The vacuum force of the 
suction cup will be calculated and the sealing lip deformation will be analysed by 
means of finite elements and practical experiments. 

1.1 Background 

Currently employed mechanical clamps in industries are less flexible and robust. In 
case of machining a CFRP part, a mechanical clamping system also has the danger of 
damaging the part due to process forces which invariably increases the cost [8]. With 
companies investing more on non-destructive clamping solutions for material 
handling, a project like “FLEXOMAT” offers an inexpensive solution in machining 
operations. In this project, a flexible actuator system is developed for holding 
aerospace CFRP parts during milling. The system consists of an actuator bed with 
number of actuators that are controlled by positioning sensors. The actuators can 
move linearly and offers high degree of flexibility. As a part of the project, formed 
suction cups that are operated by vacuum will be the end-effector of the actuators. 
The design procedure of the suction cup is automatized for further designs which will 
reduce the development time. The project have three demonstrative parts, namely, 
“FlexoStoel”, “FlexoSpant” and “FlexoPanel”. The suction cups are to be developed 
for a specific position, using the demonstrative parts as guidelines, which means the 
final design procedure should be applicable to the demonstrative parts as well as to 
other CFRP parts in broader sense.  

1.2 Problem Description, Purpose and Research Questions 

Problem description: Accuracy in milling is an important quality characteristic in 
aerospace industries. It depends on the ability of the clamping system to resist 
movements and vibrations due to machining forces [9]. In case of vacuum clamping, 
holding forces of the suction cup defines the strength and accuracy of clamping. High 
holding forces can be achieved by having a larger surface area that is in contact with 
the component. In order to reduce the vacuum leakage for maintaining the holding 
force, sealing lip has to be optimized [15]. However, this results in conflict of 
objectives between the longevity of the sealing lip, which is achieved by a hard and 
abrasion resistant material and optimum sealing, which influences the maximum 
holding force and is achieved by a material with lower shore hardness.  

Aim and Goal: The aim of the study is to compare the deformation of different 
materials of standard O-ring sealing lips and a new sealing lip concept for the suction 
cup prototypes. The goal is to develop different working models of suction cup by 
additive manufacturing process with different sealing lips to position aerospace CFRP 
parts during milling process. 

Purpose: The research objective is to develop a new sealing lip concept by additive 
manufacturing that is easy to deform and to develop a support structure in the 
suction cup that can position the component. 

Research questions: 

1) How to develop a vacuum suction cup that ensures the positioning of the part 
during machining process ? 
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2) Can a suction cup with a thin walled 3D printed sealing lip clamp the CFRP 
component? 

1.3 Delimitations 

1. This study is limited for the components that will be clamped in vertical directions. 
For horizontal holding, the acceleration of the actuator on which the suction cup will 
be placed and the friction co-efficient between the sealing lip and the CFRP part plays 
an important role in the vacuum force.  

2. Since the project “FLEXOMAT” is at it’s initial stage, informations about the 
milling forces and their vibration effect on the component are not available and are 
not considered in this study.  

1.4 Outline 

The thesis report is organized in the following sections; 

Chapter 1: Introduction 

This chapter provides an introduction to clamping systems and also about the 
different methods. Furthermore, it gives insight about the currently existing methods, 
description of the problems in the existing approach, the purpose of the study, 
formulated research questions and the scope of the study along with the 
delimitations. 

Chapter 2: Theoretical background 

This chapter elaborates on the literature that were reviewed during this study and 
contains information about the various design theories and philosophies that were 
adopted; it also includes theoretical explanation for certain terms and methods 
related to the content of the study. 

Chapter 3: Method and Implementation 

This chapter gives an account of the methods that were used, the various design 
tools/aids that were employed in the study and how they were implemented. The 
chapter also provides an account on how the final result of the thesis arrived. 

Chapter 4: Findings and Analysis 

This chapter constitutes the output of this research study; it explains the findings and 
briefly analyses the results obtained with respect to the methods used in the study. 

Chapter 5: Discussions and Conclusions 

This chapter focuses on answering the research questions and explains the outcome 
that was achieved through this study. It also includes alternative suggestions on 
methods from the author that could have an effect on the results and provides a 
summary of the  whole study by ending with a conclusion.
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2  Theoretical background 

In the current business environment, for a company to be successful, they have to 
constantly improve and modify their existing products. In addition, they have to 
innovate new products from time to time to satisfy their customers and also to 
expand their product portfolio. The process of creating new ideas, developing them 
into tangible concepts, designing and manufacturing them efficiently is called as 
“Product Development” [19]. 

2.1 Product Development 

A new business activity in the field of product development is always initiated with a 
pre-step that involves information on the customer needs, how much they are willing 
to pay, what are the desirable features, what is the scope for modularity, who are the 
potential competitors and a detailed market analysis on the existing products. This is 
followed by product development process which involves a sequence of steps that an 
organization follows to design, develop and commercialize a product (Figure 2. 1). 
Many well established organizations have dedicated product development teams and 
invest lot of resources in them for their new product, but not all of their products 
emerge successful in the market. This fact makes it clear that a product’s success is 
not dependent on the profile of the company [26]. The key attributes that determine 
the success of a product are Uniqueness, Cost effectiveness, Quality, Development 
time and Know-how. However, a shorter development time should not be a target at 
the expense of quality. In the event of a poorly structured product development 
process, the failure of the product in the market increases by a factor of 3. Initial 
stages of the developmental process, that is, the work that precedes the actual 
product design, is very critical in determining the product’s success. Studies have 
revealed that only 7% of developmental cost is devoted to critical activities of the 
product development process [20]. Products those make good profit in the market 
are a reflection of meticulously planned and executed product development process. 
Product development process is very extensive and each step involves a number of 
sub steps which are outside the scope of this study. However, the important steps that 
are related to this study are further discussed.  

 

Figure 2. 1: Product development process, modified from [18]. 
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2.2 Customer Requirements 

An important pre-work for a product development process is to clearly define the 
customer requirements. Inadequate understanding of customer requirements is the 
major reason for the failure of a product [16]. A detailed analysis using qualitative or 
quantitative techniques can help in understanding the customer needs. Qualitative 
techniques include methods like group interviews, in-home visits or one-on-one 
interviews. These methods will help getting a raw data about the needs of the 
customer from the customer themselves. Quantitative techniques provide more 
reliable details and employ methods like brand image research - where a scale 
ranging from “important” to “not important” is used in determining the importance 
of attributes in the product or segmentation research - where the customers are 
grouped into segments and their response patterns are examined [19]. 

2.3 Concept generation - Brain Storming 

Concept generation comes at an “early stage” in the product development process and 
the goal of this stage is to generate new ideas, which might give solutions to the 
requirements of the product [22]. Brainstorming, a method developed by Osborn, is 
the most preferred way for obtaining new and creative ideas. The method requires a 
small group (4 - 8) of people for idea generating activity. The procedure requires that 
the participants of the session are informed about the problem and rules of the 
session in advance. Rules for a productive brainstorming session are [23]; 

1. No criticism - Makes the participants insecure and reduces productivity. 

2. Out of the box ideas are welcome. Diverse thinking increases productivity. 

3. Adding to other ideas to improve on them is welcome. 

4. The session goal is to generate as many ideas as possible. 

2.3.1 Concept Evaluation - Weighted Selection Matrix 

In the event of more than one conceptual solution for a given problem, it is always 
necessary that each of these concepts should be evaluated to select a suitable one for 
further progression. An evaluative procedure is required, that can help the 
development team to arrive at a solution which is appropriate for the company’s 
business strategy [19]. Weighted Selection Matrix (WSM) developed by Stuart Pugh is 
a tool that helps in comparing the concepts with a ‘datum’ or ‘reference’. The criteria 
in this method are basically the requirements from QFD and is given a weight 
number corresponding to its importance. If a solution is going towards improvement 
when compared to ‘datum’, it receives a plus, otherwise a minus, and if it brings no 
changes it receives ‘S’ meaning ‘same’. To find the final score of a design solution, the 
weights of its corresponding criteria are multiplied by their respective signs and 
added [28]. 
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2.4 Product Design 

At initial stages, design is just an idea in the form of informal drawings or sketches 
leading to a final electronic data by using any Computer Aided Design (CAD) systems 
[19]. In engineering, product design can relate to both engineering design and 
industrial design. An engineer is concerned about the design of parts, their mechanics 
and their working when put together, while an industrial designer is more concerned 
about aesthetics. In developing consumer products, both functionality and 
appearance are equally important for the final information from which the final 
product is derived. The cost for engineering design is 10 to 100 times more than that 
of industrial design due to its complex nature [25]. Product design is a sequence of 
problem solving activities undertaken to come up with a design solution and there are 
various models that give guidelines on them. Figure 2. 2 shows the guidelines for 

design procedure developed by the German Professional Engineers’ Body (VDI). In 
this model, the bigger problem is analyzed in detail and then is divided into 
numerous sub-problems. The resources are focused on creating solutions for the sub-
problems and final solution is the combination of all the solutions of the sub-
problems [24]. 

 

Figure 2. 2: Engineering design procedure [24]. 
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2.5 Current vacuum clamping methods for material handling 

In aerospace industries, clamping of a component is a parameter which is 
proportional to the accuracy of the machining process. With strict regulations and 
very high tolerance requirements, any small deviations will result in wastage of the 
component and machining time. The current mechanical clamping methods offer 
high holding forces (accuracy) but the whole system is less flexible due to the robust 
nature of the mechanical clamps. Even with the highly flexible CNC machines that are 
available in the market, it is difficult for the machine to access all the regions of the 
component which is at a fixed position with the same accuracy [8]. This requires the 
component to be clamped in an alternative position to have high accuracy of 
machining from the CNC machines. This re-clamping of the component requires 
manual work and extends the production time. Besides, high clamping forces in the 
mechanical clamping system could damage the parts and hence it is only applicable 
to components made of metal, wood or hard polymer [9]. 

Clamping forces in a vacuum system are much lower when compared to a mechanical 
system but the problem of damaging the component is negated. Furthermore, it is 
applicable to all parts (except those of very small thicknesses), from metals to brittle 
parts made of glasses. Currently, vacuum clamping is employed majorly in packaging 
industries in the form of suction cups with elastomeric or foam sealing lip (Figure 
2. 4) [4]. The vacuum clamping methods employed in mechanical industries for 
machining processes are very much similar to the mechanical clamps. It consists of a 
metal clamp plate that will be fixed and functions as the suction cup. The grooves 
present in the base plate accommodates the sealing lip made of elastomer. The 
circumference of the sealing lip can be varied according to the size of the component. 
The clamp plate is connected to a vacuum supply whose pressure can be altered 
manually (Figure 2. 3). Once the component is clamped, the machining process 
will be started [30]. 

Though the current vacuum clamping methods offer flexibility in terms of the range 
of materials that can be clamped, presence of elastomeric sealing lip vibrates the 
component during machining process. This is not a huge problem for general 
mechanical applications where the tolerances could be low. But in case of aerospace 
industries, this is an important hurdle which should be addressed. Additionally, the 
primary problem of flexibility in terms of machining process is still present, as the 
base plate of the vacuum clamping system is fixed. 

Figure 2. 3: Vacuum suction cups in packaging industries [30]. 
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2.6 Working of a suction cup 

A suction cup works on the principle of low pressure. When a suction cup is pressed 
against an object, the air in the cavity between the suction cup and the object is forced 
out, which creates a low pressure in the cavity. This low pressure helps the suction 
cup to adhere to the object with a force called as suction force (FS) [1], which is given 
by; 

 FS = ΔP x VA (1) 
 
ΔP = Difference in atmospheric pressure and pressure inside the suction cup (Pa – Pi) 
in Pascal 

VA = Vacuum contact area of the suction cup (πr2 for circular suction cup) in m2 

The magnitude of the suction force depends on the vacuum area and the pressure 
difference inside the suction cup. In industrial applications, pressure difference is 
created using a vacuum pump or vacuum generator. In practicality, there can never 
exist absolute vacuum and hence it is more logical to increase the vacuum contact 
area for higher suction force. 

2.6.1 Factors influencing the holding force 

There are many factors that has significant influence on the holding forces of the 
suction cup such as operation temperature, weight of the object, acceleration during 
machining, number of suction cups etc., [2]. The most significant factors related to 
this thesis are; 

1. Direction of holding 

2. Surface finish of the object 

Direction of holding 

i) In vertical holding (Figure 2. 5), the suction cup and the sealing lip experience 
compression stress due to the weight of the object and the theoretical holding force is 
given by [30]; 

Figure 2. 4: Vacuum clamps in mechanical industries [30]. 
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where 

FN = m × g in N 

FS = Suction force in N 

m = mass of the object in kg 

g = acceleration due to gravity   

S = Safety factor = 2 (according to DIN) 

 

 

 

 

ii) In horizontal holding (Figure 2. 6), the suction cup and the sealing lip 
experience shear forces due to the weight of the object and the theoretical holding 
force is given by; 

 

where 

µ = Co-efficient of friction between the suction lip and the object 

a = acceleration, when moved from vertical position to horizontal position, in ms-2 

 

 

 

 

 

 

 

 

 FTv = (FN + FS) × S (2) 

 FTH = (m/µ) × (g + a) × S (3) 

Figure 2. 5: Vertical holding [30]. 

Figure 2. 6: Horizontal holding [30]. 
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Surface finish of the object 

The surface finish of the object is the main parameter that decides the co-efficient of 
friction between the sealing lip and the object [4]. The object that will be gripped in 
this project are aerospace CFRP parts and so they are expected to be of highest 
quality due to the requirements in aerospace industrial standards. In addition to this, 
when the component is milled, coolant liquid comes in contact with suction cup and 
the suction lip. Hence, it is decided to use the friction values for oily/watery surfaces 
that is given in the literature [3, 1], that is µ = 0.2. 

Calculation of suction time 

It is the time required for the vacuum generator to remove the air present inside the 
suction cup. It depends on the capacity of the generator. In general, the more the 
volume (depth of the suction cup), the more time is required to achieve vacuum. 
Suction time is calculated as; 

 
where 

q = Volume flow in m3/s 

P0 = Ambient pressure in mbar 

P1 = Pressure inside the suction cup in mbar 

VS = Volume of the suction cup in m3 (truncated cone) 

 
VS = [µ/3]x[(rc)2 + ((rc)2 × (ri)2) + (ri)2] × d × 1000 (5) 

 
where 

rc = contact radii in m 

ri = inner radii in m 

d = depth of the suction cup in m 

2.7 Engineering Seals 

Development in material world also expanded the usage of seals from simple 
household applications to complex space applications. Depending upon the fluid to 
be sealed, sealing component can be a metal, ceramic, polymer or even elastomer. In 
case of vacuum applications, elastomeric seals are widely employed [32]. In vacuum 
clamping system for material handling processes, sealing of vacuum is an important 
criteria for safe working. An optimal vacuum clamping system is the one which can 
retain its holding force for a long time. This means, vacuum leakage through the 
system should be as low as possible [31]. Apart from design of the seal, its 

 TS = VS/q x log(P0/P1) (4) 
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manufacturing method also influences the leakage of vacuum through the sealing, as 
it is directly related to the permeability of the seal component. Selection of material 
for vacuum sealing depends on factors such as; 

i) Temperature and pressure of the application 

ii) Co-efficient of friction 

iii) Environment 

iv) Life expectancy 

v) Cost  

 
Advent of elastomers, have certainly opened a new research direction with regard to 
sealing fluids. The properties of flexibility, resistance to electricity and low cost have 
made elastomeric seals to be very popular in modern engineering applications. 
Elastomeric seals range from a simple O-ring contours to very complex contours 
which are usually manufactured by injection molding process [31]. Depending on the 
nature of application and installation direction, elastomeric seals are classified as in 
Figure 2. 7. Designing of elastomeric seals for an application involves some basic 
steps to be followed, that will be explained in following chapter. 

2.7.1 Sealing lip design considerations 

There are some important design parameters that should be taken into account when 
selecting a sealing or when designing a new sealing for a specific application. The 
critical part for optimal function of a suction cup is, design of the groove, design of 
sealing lip and determination of the deformation of the sealing lip when the suction 
force is applied [32]. For deformation calculations, the Young’s modulus property 
plays an important role. According to Hooke’s law of elasticity, the deformation for a 
given material is given by; 

   E = σ/ε (6) 
 
where 

E = Young’s modulus of the sealing lip in N/mm2 

Figure 2. 7: Classification of elastomeric seals, modified from [32]. 

Elastomeric seals

Static

Axial Radial

Dynamic

Axial Radial

Rotary Reciprocating
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σ = FT/CA in N/mm2 

ε = Change in length / Original length in mm2 

Therefore, 

 

where 

ΔL = L1 - L0 in mm 

CA = Cross section area (O-ring) in mm2 

L1 = Original length of the sealing lip in mm 

L0 = Final length of the sealing lip after compression in mm 

 

Groove fill 

When the suction force is applied, the sealing lip expands inside the groove due to the 
compressive force. Hence, a small excess volume of groove space should be allowed 
for expansion of the sealing lip. Usual design standard is that the volume of the 
sealing lip is 75% to 85% the volume of the groove for a given cross section [31]. 

Groove fill (in %) = (Sealing lip volume/Groove volume) × 100 

 

Compression set 

The parameter which determines the flexibility of the sealing lip is called 
compression set (CK). It determines the ability of an elastomer to return to its original 
shape after loading. For an experimental test, the initial height of the elastomer is 
measured and after that it is compressed under constant load for a period of 22 hours 
at 70° C. At the end time, the elastomer is allowed to return to its original shape for 
about 30 minutes in room temperature and the height of the elastomer is measured. 
An elastomer that has a compression set within 10% to 20% is a good solution for 
sealing applications [32]. The compression set of the elastomer is given by; 

CK (in %) = (d0 - d1)/d0 × 100 

where 

d0 - Initial length of the elastomer in mm 

d1 - Final length of the elastomer in mm 

 E = (FT/CA) / ΔL / L1 (7) 
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Sealing installed stretch 

For optimal performance of the sealing lip, the groove diameter should be larger than 
the sealing lip diameter [31]. This means that the sealing lip will be slightly stretched 
(0 to 5%) during installation. 

Installed stretch (in %) = {(Groove diameter – Sealing lip internal diameter)/Sealing 
lip internal diameter} × 100 

 

Squeeze compression 

In case of seals for mechanical elements, it is required to have an initial compression 
of the sealant before application of load. This percentage of compression varies for 
static and dynamic seals [32].  

Squeeze compression (in %) = {(Sealing cross section – Groove depth)/Sealing cross 
section} × 100 

 

Sharp corners 

Sharp corners in the groove should be avoided so as to not damage the sealing lip 
during installation. For this, the sharp corners of the groove can be chamfered. Other 
factors such as groove design, surface finish of the groove, fluid to be sealed, nature of 
application and material of the sealing lip should also be considered during selection 
of a sealing lip. This topic, however, is outside the scope of this study. 

 

Shore hardness 

Hardness of any material is measured using indentation methods. In case of 
elastomers, hardness is measured using a Durometer and is mainly classified into 
Shore A and Shore D hardness [31]. Shore A hardness is measured for softer 
elastomers and Shore D is for harder elastomers. Typically, an elastomer of Shore 85 
A is of the same hardness as that of an elastomer with Shore 40 D. It is to be noted 
that the Young’s modulus of an elastomer varies with the shore hardness.  

2.8 Finite Element Analysis 

Finding the consequences of the loads acting on a solid body was of great interest for 
Scientists for the past two centuries. Loads applied on a body creates stresses 
resulting in deformation of the structure called strain. Robert Hooke was the first one 
to propose the linear relationship between stress and strain for an isotropic material. 
In matrix form it is given as; 

 [σ] = [C] [ε] (8) 

 
where 

C = Fourth order tensor called as stress or elasticity tensor. It is represented by a 
matrix of 81 real numbers (Cijkl), where i, j = 1,2,3. 



Theoretical Background 

25 
 

Finite element method (FEM) is the popular numerical method to solve differential 
equations. The method emerged from structural mechanics and soon was expanded 
to the fields of solid mechanics, heat transfer and electromagnetism. It is very 
efficient, since it requires minimal training along with the aid of computer programs 
for solving practical problems. In this method, the whole of the domain is divided 
into sub-domains or the finite elements. These elements are connected to each other 
through nodes. The solution that is obtained from a single finite element is 
approximated to the complete domain by a polynomial form [17].  

Computer programs provide solutions in a relatively less time for complex systems. 
There are many FEM programs available and almost all of them follow the same 
procedure (Figure 2. 8) in solving a finite element problem. 

 

2.9 Additive Manufacturing 

Additive Manufacturing (AM) process, which is also referred as 3D printing, is a layer 
by layer fusion of material to create a solid three dimensional object. The process 
requires creation of a CAD model of the object to be printed, followed by the 
conversion of the CAD file into a Stereo lithography (STL) file which uses triangles to 
describe the surfaces. Then the STL file is imported to the software of the AM 
machine which converts the STL file into processable Numerical Control (NC) codes 
[29]. Some of the commonly used AM methods are; 

 

Figure 2. 8: FEM procedure [17]. 
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1) Fused Deposition Modelling 

2) Selective Laser Sintering 

3) Selective Laser Melting 

4) Electron Beam Melting 

5) Stereo lithography 

2.9.1 Fused Deposition Modeling 

Fused Deposition Modeling (FDM) or Fused Filament Fabrication (FFF) is a process 
of AM method in which the layer by layer deposition is done by extrusion (Figure 2. 
9). This is the most widely used AM method, since the advantages such as low 
production time and cost is unmatched when compared to other AM methods [29]. It 
consists of a printing bed and an extruder connected to the spool of thermoplastic 
filament. Before the start of the process, the extruder is heated to the melting 
temperature of the thermoplastic filament. The extruder is also connected to a 3 axis 
kinematic system which allows it to move in X, Y and Z directions. To print an object, 
the extruder moves multiple times depositing the molten filament. Once one layer is 
completed, either the printing bed goes down or the extruder head moves to deposit 
the next layer. The solidification of the printed object is done by cooling.  

 

2.9.2 Design considerations in FDM process 

The main advantage given by all the AM processes is the freedom for design 
engineers. Though the initial cost of an industrial AM facility, that has similar 
tolerance values as that of a traditional manufacturing facility is much expensive, the 
positives such as requirement of no human intervention, low production time and 
low material wastages have proved to be profitable in long term [27]. 

Figure 2. 9: Fused Deposition Modeling Process [29]. 
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One of the main concerns in a product development process is the question of, how to 
manufacture a prototype as cheap and fast as possible to have first look at the 
concept. The FDM process provides a suitable solution for this question. Though 
FDM allows design engineers to be more creative, practically there are some common 
aspects in Design for Additive Manufacturing (DFAM) that a designer should 
consider while modelling [14]. 

 

Overhangs 

An FDM printer requires a previous layer on which it has to print the current layer. 
Overhangs are the regions in a 3D printed model that has little support by the 
previous layer or not supported at all (Figure 2. 10). There is an angle limit in the 
FDM process below which it is not possible to print the model without support 
material. This angle is usually 45° and also the regions where the models were in 
contact with support materials will have a rougher surface. 

 
 

Warping 

Warping is one of the commonly overlooked point by the designers. The printed 
material undergoes thermal stresses while printing and this will have a physical effect 
in the model in the form of shrinking (Figure 2. 11). This can be reduced by 
calibrating the FDM machine and also by having optimal adhesion between the part 
and the print bed. It is always good to avoid large flat surfaces and to add round 
corners to the part. 

 

Bridging 

If the printer is required to deposit or ‘bridge’ between two support structures, then 
initial layer has to be built in air with no support. In this case, the bridge tends to sag 
and requires a support material. But it is more advisable to have bridge length less 
than 5 mm. 

 

Figure 2. 10: Illustration of overhangs [14]. 

Figure 2. 11: Illustration of warping [14]. 
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Build orientation 

If the model has holes in the horizontal axis direction, it is better to change the build 
orientation of the model by 90°, so that the holes in the horizontal axis of the model 
becomes vertical holes when printing the model. This is done because, horizontal 
holes require support material which is also difficult to remove after printing. 

 

Corners 

It is not possible to obatin a model that has a perfect square or rectangle outer 
surface, since the nozzle of the FDM extruder is circular. The first layer of the print is 
always important and the second layer will be pressed on the first layer to have good 
adhesion. This often flares the first layer and would cause an ‘elephant foot’ in the 
printed part (Figure 2. 12). Hence it is good to include a chamfer of 45° for all the 
edges and corners. 

  

Advanced model 

In case of a complex model, it is always recommended to split in to several parts and 
assemble for the complete prototype. This will reduce the printing time and also 
reduces the use of support material. 

2.10 Current research prospects 

Safety and accuracy are the two words that are widely used in the aircraft industry. 
The current research fraternity is also primarily focussing on this area to reduce 
flying mishaps and also to increase the service life of an aircraft. The kinematic 
systems present in the aircrafts have well established testing methods for decades. 
For testing aircraft surfaces for cracks, thickness variations, bond quality in 
composite structures, joint analysis, etc., NDT methods are primarily employed.  

The most commonly used NDT methods are Radiography and Ultrasonic inspections. 
In case of radiography, there is a danger of exposure to hazardous radiation and also 
the method requires additional processing and viewing equipments [34]. Ultrasonic 
inspection provides a faster solution when compared to radiography and has portable 
equipments. It is based on the principle of transmitting an high frequency wave to the 
part to be examined and monitoring the received signal. The inspection procedure 
requires human operation of the equipment and the operator should go around the 
aircraft which is time consuming and also not all the regions of an aircraft is 
accessible [33]. On the other hand, it is also not possible to examine each panels of an 
aircraft fuselage or wing structures in a laboratory.  

Figure 2. 12: Illustration of a corner [14]. 
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This difficulty in accessibility, led to the development of wall climbing robots with the 
help of suction pads [12]. With this development, the involvement of human labour 
was reduced but the time for inspection is still high due to mishits of the robots. So 
there was a need to integerate a system which can track the robotic movements. A 
simple solution is integration of an RFID chip to the suction cup which can send 
information about the co-ordinates of the suction cup during safety check and also 
during the clamping of an aircraft part during machining process. But the integration 
of an electronic chip during 3D printing process such as FDM is difficult due to the 
high temperature when extruding. This area in FDM printing is very much open to 
research activities.  

Furthermore, there are ongoing research activities regarding the printability of 
elastomers. Printability is the measure of susceptibility of a material that is being 
manufactured by AM process. The sealing lip of suction cup is the most important 
part which decides the accuracy in clamping. A simple O-ring is very cheap but its 
purpose is very important and can be fatal if it goes wrong (Space shuttle challenger). 
Generally, the elastomeric sealing lip are manufactured by plastic moulding process. 
In practical applications, usually there is more than one reason for a sealing lip 
failure. These failure modes are mainly related to the elastic strength, compression 
strength and abrasion resistance of the sealing lip.  

A Polyurethane (PU) sealing lip manufactured by plastic moulding process has 
different mechanical and compression set properties when compared to that of 
sealing lip manufactured by AM process. The presence of pores in the inner 
structures of the polymers during the AM process sufficiently decreases the 
mechanical properties thereby reducing the life of the sealing lip. In addition, 3D 
printing of a polymeric material in X and Y direction is not as accurate as in Z 
direction due to the factors such as shrinkage and warping and could be a defining 
factor for sealing without leakage.  But this determination can only be done by trial 
and error experiments and it should go on until there is sufficient data that indicates 
the difference in values between the part behaviour manufactured by different 
processes.  

Other important factor for vacuum clamping is the co-efficient of friction (μ) between 
the sealing lip and the CFRP component. There is no solid literature background in 
this topic which indicates a specific value to be employed for a study with specific 
material. It is especially difficult to determine and also depends on the internal 
polymeric chains of the sealing lip, matrix material and the surface finish of the CFRP 
component. The best possible way to determine the friction values is through 
practical sliding experiments for all the individual components in contact. Some 
value database from the previously conducted experiments on co-efficient of friction 
between the most commonly employed matrix material and the elastomeric sealing 
lip would be helpful in decision making particularly in case of horizontal clamping. 
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3 Method and Implementation 

The aim of the study was to develop a working model of vacuum suction cup that can 
position the part during milling process. The sealing lip can be a standard O-ring or a 
new concept which should satisfy the requirements. Modelling of the suction cup was 
done in CATIA V5 (Computer Aided Three-dimensional Interactive Application) and 
the simulation of the deformation analysis in Abaqus CAE (Computer Aided 
Engineering). The final prototype design of the suction cup will be manufactured by 
additive manufacturing. The suction cup was tested for different sealing lip and 
groove configurations in atmospheric conditions.  

Figure 3. 1: Process flow. 
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3.1 Requirement Specification 

In order to have an optimal engineering solution for a problem, it is necessary to have 
the requirements of the system during the concept generation activities. The 
requirements for the suction cup and the sealing lip was decided by the stake holders, 
which were very much qualitative. 

3.1.1 Primary requirements - Requirements of the stake holders 

1) Low production time 

2) Low material usage 

3) Low cost 

4) Increased longevity of the sealing lip 

5) Reduced vibrations in suction cup due to milling 

3.1.2 Secondary requirements 

To simplify the problem, primary requirements were further divided into secondary 
requirements (Table 1). For this, the whole system was divided into three sub-
parts; i) Outer body of the suction cup ii) Sealing lip and iii) Support structure to 
withstand the milling vibrations. Then, requirements for each of the sub-parts were 
formulated, which were the secondary requirements.  

Table 1: Secondary Requirements 

Outer body Sealing lip Material of sealing lip Support walls 

High suction 
force 

Easy deformation  Resistance to Ozone, UV, 
Weathering 

Contact with the 
component 

Low suction 
time 

More contact area Water & mineral oils 
compatibility 

Minimum gap 
between walls 

 Low manufacturing 
cost 

Operating temperature -
20° to 50° C 

 

 Retainable in goove Resistance to wear, tear, 
impact and abrasion 

 

 Easy assembly and 
disassembly 

Good compression Set at 
70° C  

 

 Applicable for curved 
and flat contours 

Low cost  

 Return to original 
position after load 
removal 

  

 Applicable for lighter 
and heavier parts 
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In addition, the material requirements of the sealing lip was also formulated to make 
an optimum choice.  

Since the suction cup will be employed in a machining process, it is expected to be in 
contact with coolant liquids. Also, for a long life, the sealing lip should also have 
better abrasion resistance and compression set properties. On evaluation of all these 
criteria, either NBR or Silicone (Table 2) was chosen to be used as O-ring material 
for the prototypes. 

 

3.2 Concept generation 

Once all the requirements were formulated and approved by the partners, the concept 
generation activity was focussed primarily in three directions. 

 

Table 2: Properties of elastomers 

Materials NBR EPDM Silicone Neoprene PU 

Operating 
temperature 

-51° C - 
149° C  

 

-54° C - 
150° C  

 

 -100° C - 
250° C 

 

-29° C - 
177° C  

 

-40° C - 
82° C  

 

Resistance to 
UV and Ozone 

Poor 

 

Excellent  Excellent 

 

Good  

 

Good  

 

Water & 
mineral oil 
compatibility 

Excellent 

 

Bad Excellent 

 

Good 

 

Good 

 

Compression 
Set at 70° C  

Good - 
excellent 

 

Good - 
excellent 

 

Fair - good 

 

Fair 

 

Fair - good 

 

Resistance to 
wear and 
abrasion 

Good  -
abrasion 

Poor - wear 

Good - 
abrasion 
Excellent - 
wear 

Good - 
abrasion & 
wear 

 

Excellent - 
abrasion 
Good - wear 

 

Good - 
abrasion & 
wear 

 

Cost Low -
Moderate 

Low - 
Moderate 

Moderate – 
High 

 

Low 

 

Low - 
Moderate 

 

Figure 3. 2: Concept generation. 
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3.2.1 Outer body 

The outer body of the suction cup was decided to be regular shaped contour, which 
helps in calculating the suction force and suction time. On further evaluation it was 
decided that the outer body will be either in circular or rectangular/square shape 
(Figure 3. 3). Having a rectangular shape has three main problems; 

i) Requirement of more supporting walls (Material wastage) 

ii) No availability of ‘Rectangular/square O-ring’ 

iii) The possibility of the sealing lip to be damaged at the edges of the groove. 

On considering these issues a circular outer body for the suction cup was decided. 

 

3.2.2 Sealing lip 

Since the vertical deformation of an O-ring requires more vacuum force, an 
alternative sealing lip concept was also developed that will require low force for 
deformation of the sealing lip in the groove. Hence, after the requirements of the 
sealing lip was formulated, brain storming was followed, which resulted in five 
different concepts for the sealing lip. In order to select the optimum concepts that 
also satisfies the requirements, “Weighted Selection Matrix” was employed (Figure 
3. 4a). Each of the requirements were given a weight according to its importance and 
was compared with the datum, which is the O-ring.   

As indicated by the matrix, the concept 1 (L-ring), shown in Figure 3. 4b was 
selected to be manufactured and tested. Since the L-ring is angled, it is much easier to 
deform it when compared to standard O-ring sealing lip.

Figure 3. 3: Square outer body (left) and Circular outer body (right). 
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Figure 3. 4: (a) Weighted Selection Matrix; (b) L-ring sealing lip model; (c) Dimensions of L-ring 
sealing lip concept; (d) Illustration of deformation of O-ring; (e) Illustration of deformation of L-
ring. 
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3.2.3 Support walls 

The main purpose of the support walls were to get in contact with the component 
after vacuum was applied and ensure the position of the component during the 
process. For this purpose, the support walls were at offset to the surface of the outer 
body. When vacuum was applied, the sealing lip deforms into the groove and the 
support walls which were offset from the outer body will get in contact with the 
component. By this way, when the component makes contact with the walls, the load 
on the sealing lip will be transferred to the support walls.  

  

With the straight walls concept (Figure 3. 5a), it was required to have holes 
through the walls in order to facilitate the flow of vacuum throughout the suction cup. 
This can either be done by; 

i) Drilling of holes after the manufacturing of the suction cup 

ii) By printing the suction cup model with holes in the support walls. 

The first case increases the production time and in the second case, it is difficult to 
print holes along the axial direction by 3D printing and requires support material 
which leads to more wastage of material.  

The labyrinth concept (Figure 3. 5b) overcomes these short comings. It does not 
require holes in the walls as the inherent labyrinth structure allows for passage of 
vacuum throughout the suction cup. 

3.3 Trial model 

In order to validate the parameters of the in-house manufacturing facility, a trial 
suction cup with a flat geometry was initially manufactured to check if the FDM 
printer could manufacture a working model. This was done to the check the 
permeability of the sample model, when testing in real conditions. If this model did 
not work, the parameters of the 3D printer such as nozzle diameter, flow rate and the 
layer thickness were planned to be varied. 

Figure 3. 5: Support walls with (a) straight walls; (b) labyrinth walls. 

a b 
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3.3.1 CAD modelling 

The trial model consisted of only one set of labyrinth walls so as to save material and 
printing time (Figure 3. 7). A standard dovetail groove structure (Figure 3. 8) 
was used for which an NBR O-ring (Figure 3. 9) was bought from an online 
website. This groove design is advantageous when retention of the sealing lip in the 
groove is a primary criterion. On the other hand, due to the complex contour of the 
groove, it difficult to be manufactured by conventional methods and usually requires 
post machining processes to achieve the necessary surface roughness values.  

The design procedure of the trial model followed the below procedure. 

  

 

Specifications of the trial model 

1. Depth of the suction cup, Ds = 5 mm 

2. Inner radius of suction cup, Ri = 38.75 mm 

3. Outer radius of suction cup, Ro = 46.25 mm 

4. Thickness of the suction cup, T = 5 mm 

 

Figure 3. 6: Design procedure. 

Start

Design of groove

Design of sealing lip

Design of suction cup

Design of supporting 
walls

Final processing

End
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5. Offset of labyrinth walls from the groove surface, Os = 0.25 mm 

6. Maximum suction force (Pi = 0.1 bar), Fm = 425 N 

 

Dovetail groove specifications 

1. Depth of the groove, Dg = 2.8 mm 

2. Angle between the surfaces, θ = 66° 

3. Machining radius, R1 = 0.25 mm 

4. Machining radius, R2 = 0.80 mm 

5. Middle diameter of the groove, Dm = 82 mm 

Figure 3. 7: Design of trial model. 

Figure 3. 8: Dovetail groove dimensions (left) and dovetail groove design (right). 
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O-ring specifications 

1. Inner diameter of the O-ring, Id = 83 mm 

2. Cross-section of the O-ring, Cs = 3.5 mm 

3. Outer diameter of the O-ring, Od = 90 mm 

4. Offset of O-ring from the groove surface, Ot = 0.70 mm (Cs - Dg) 

5. Material = NBR (Nitryl-Butyl Rubber) 

6. Compression set = 18% 

7. Required deformation (Rd) of the O-ring for optimal sealing is given by; 

Rd = Ot – Os = 0.45 mm 

 

This value interprets, that on application of vacuum pressure, the O-ring has to be 
deformed vertically up to 0.45 mm, so that the component will come in contact with 
the labyrinth walls. 

3.3.2 Finite Element Analysis 

A non-linear model was set up in Abaqus CAE to simulate the vacuum load in the 
trial model. The software provides step by step setting up of the model as shown in 
Figure 3. 10. Two simulations for the trial model was carried out by the changing 
the materials of the sealing lip. The main purpose of the FE analysis in this study is to 
observe; 

i) If the flat plate comes in contact with the labyrinth walls after applying vacuum 
load 

ii) To make finite element displacement comparison between NBR and Silicone 
sealing lip 

Figure 3. 9: NBR O-ring. 
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iii) To compare the experimental displacement and finite element displacement of the 
NBR sealing lip 

 

Part 

Since there was no license for direct import in the available Abaqus software, the 
CAD files were which were in CATPart was converted into Step format and then was 
imported into Abaqus as a merged single component. A flat plate that comes in 
contact with the sealing lip was also designed and imported as a discreet rigid body, 
since no output is required for that part. In order to save simulation time, all the 
parts were cut into half through a symmetrical plane. 

Figure 3. 10: Analysis tree. 
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Materials and Properties 

Once the parts were created, materials for each of the parts were assigned. The 
suction cup was manufactured from 3D printing PLA filament and an NBR O-ring 
was purchased. The properties given by the respective manufacturers were used as 
input in Abaqus (Table 3). It should be noted that Abaqus works without units and 

so in order to maintain uniformity all the units were used according to SI system 
(Table 4). 

 

Table 3: Material properties 

 

 

 
 
 

 

Table 4: SI Units 

 
 
 
 
 
 
 
 
 
 
 

 
Sections 

Three sections were created as solid homogeneous with materials NBR, Silicone and 
PLA respectively. No sections were applied to the flat plate, since it is a discreet rigid 
body. Then each of these sections were assigned to their parts selected from the 
analysis tree. 

Assembly 

In the assembly module, the suction cup, the sealing lip and the flat plate was 
selected in instances, so that all the parts were assembled as shown in Figure 3. 11. 

Constraint 

A reference point was created in the flat plate and rigid body constraint is created on 
the reference point to arrest the motion of the flat plate. 

Material Young’s modulus 

(N/mm2) 

Poisson’s ratio 

PLA 4000 0.39 

NBR 5  0.48 

Silicone 3.3 0.48 

NinjaFlex 15 0.48 

Quantity Symbol Unit Unit name 

Length L m Metre 

Mass M Kg Kilogram 

Young’s modulus E N.mm-2 - 

Pressure Pa N.m-2 Pascal 

Poisson’s ratio υ - NU 

Figure 3. 11: Assembly of instances in the trial model. 
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Interaction 

Interaction properties are created in a FE model whenever there is a contact between 
two surfaces. In this study, two rough contacts were present and so two “surface to 
surface” contact interactions (Figure 3. 12), with tangential, normal and geometric 
properties were created.  

In order to speed up the computation process the software employs the concept of 
defining the surface types which are in contact. Therefore, whenever defining the 
interaction properties, the type of surfaces should also be defined. There are two 
surface types in Abaqus namely: Master and slave surface. 

Guidelines in defining the master surface; 

 The surface, which is a rigid body (not deformable) 

 The surface in which a coarser mesh is employed  

 The larger of the contacting surfaces  

 When both the contact surfaces are deformable, the harder surface should be 
the master surface  

The surfaces which do not fall under any of these categories are made a slave surface. 

In this study, the first interaction property was between the flat plate, top surface of 
the labyrinth walls and the O-ring. The flat plate was the master surface since it was a 
rigid body and the top faces of the labyrinth walls and the O-ring were the slave 
surfaces.  

The second interaction property was between the bottom of the groove and the O-
ring. Since the O-ring was the slave surface in the first intereaction property, it was 
not possible to define the O-ring as a slave surface again in the second interaction 
property. Hence, the O-ring was the master surface and the groove surface was made 
the slave surface.  

 

Figure 3. 12: Interactions in the trial model. (a) Interaction property 1 (Flat plate hidden) 
and (b) Interaction property 2. 

a b 
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Meshing 

Since the suction cup had several curved regions, only tetrahedral elements were 
used for meshing. The flat plate was meshed with the hex elements. The critical parts 
for this study was the sealing lip, groove of the sealing lip and the walls of the suction 
cup and so a finer mesh were employed in these regions, whereas the outer regions of 
the suction cup was coarser (Figure 3. 13). In order to get a better refinement, the 
edges of the support walls and the groove surface were locally seeded. In total, the 
trial model had 200,000 elements. 

 

 

 

 

 

 

 

Figure 3. 13: Meshing assembly of the trial model. (a) Trial model; (b) Refinement of walls; (c) 
O-ring; (d) Refinement of O-ring; (e) Refinement of dovetail groove; (f) Refinement of flat plate. 

a b 

c 
d 

e 
f 
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Loads 

A pressure load of negative 0.1 bar was created on the inner surfaces of the suction 
cup along with the wall surfaces for load application (Figure 3. 14). 

 

Boundary conditions 

Two boundary conditions (BC) were created. In order to arrest the movement in the 
flat plate, reference point (RP) was created at the node and a displacement BC was 
applied in all the degrees of freedom. Another X-symmetry BC was applied to the cut 
surface of O-ring and the suction cup as shown in Figure 3. 15. 

 

 

3.3.3 Manufacturing 

The material used to manufacture the trial model was Polylactic Acid (PLA) at a 
temperature of 220° C with a first layer thickness 0.2 mm, the remaining layer 
thickness of 0.1 mm and 25% in-fill. The nozzle diameter of the extruder was 0.4 mm. 
The total manufacturing time was 1 hour and 15 minutes. 

Figure 3. 14: Illustration of vacuum load. 

Figure 3. 15: Illustration of boundary conditions. 

Figure 3. 16: In-house 3D Printer. 



Method and implementation 

44 
 

 

 

3.3.4 Testing 

The trial model was tested for its holding capability with a CFRP plate made of Epoxy 
matrix (Figure 3. 18). The thickness of the plate was 2 mm and had a rough side 
and smooth side. The trial model was tested on both the sides and was successful in 
its operation. The prototype was able to hold the CFRP plate comfortably and had 
good vaccum retention ability, which indicates that the model is less permeable. 
Hence the same printing parameters was used in manufacturing of the other 
prototypes. 

 

3.3.5 Measurement of displacement 

It was not possible to directly measure the deformation of the O-ring in the suction 
cup. An alternate possibility was to measure the displacement of the suction cup 
before and after the application of vacuum using a vernier caliper. The difference 
between the two values will give a rough idea about the deformation of the O-ring 
inside the groove.  

For this, four reference points in the trial model was chosen namely A, B, C and D 
(Figure 3. 19). Three set of measurement were made for each of the points. The 
first set is the height of the suction cup without the O-ring. The second set is the 
height of the suction cup including the O-ring without the application of vacuum. The 
third set is the distance between the suction cup and the flat plate after the 
application of vacuum. In order to have considerable reliability, for each points three 
readings were measured and the average was taken as the mean value. 

Figure 3. 17: FDM printed trial model. 

Figure 3. 18: Testing of suction cup. 



Method and implementation 

45 
 

 

3.4 Model 1 – Suction cup with O-ring sealing lip 

The project FLEXOMAT has three demonstrative components namely “FlexoStoel”, 
“FlexoSpannt” and “FlexoPanel”. Due to the complexity of its geometry “FlexoStoel” 
(Figure 3. 20a) was selected for designing the suction cup. “FlexoStoel” was the 
seat component that belonged to the football stadium “Werder Bremen” and is the 
only non-aerospace demonstrative component in the project. From the project 
partners, information about the position of the actuators in the part during milling 
was obtained. One position of the actuator was selected (Figure 3. 20c) to design 
the suction cup. The coordinates for the selected position was also given by the 
partners. 

Figure 3. 19: Measurement setup for trial model. 

Figure 3. 20: (a) FlexoStoel; (b) Position of actuators and (c) Selected position of the suction 
cup. [35] 

a 

c 

b 
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3.4.1 CAD modelling 

Design of the Model 1 (Figure 3. 21a) followed the same procedure as trial model. 
The groove design and the offset of the labyrinth walls were also same as trial model. 
Only difference was, since the FE analysis of the trial model indicated that the 
deformation of the silicone was higher than that of NBR, a silicone O-ring was used 
as a sealing lip for Model 1.  

Model 1 was bigger in size than the trial model and the vacuum force was almost 
twice as the trial model. The groove axis was inclined and it was expected that the 
groove depth will not be the same throughout the suction cup due to machine 
tolerances, which will in turn affect the offset of the O-ring (Figure 3. 22a). These 
innaccuracies cannot be replicated in the FE model. Therefore, FE analysis for Model 
1 was not initially performed. The experimental dimensions measured of the 
prototype of Model 1 was planned to be compared with the design values in order to 
validate the ability of the in-house printing facility to manufacture a complex model. 
If the dimension were within at acceptable deviations (upto 0.20 mm), then the FE 
simulation for Model 1 was planned to be performed. 

Suction cup specifications 

1. Depth of the suction cup, Ds = 17.5 mm 

2. Inner radius of suction cup, Ri = 52.35 mm 

3. Outer radius of suction cup, Ro = 61.40 mm 

4. Thickness of the suction cup, t = 7 mm 

5. Maximum suction force (Pi = 0.1 bar), Fm = 800 N 

6. Offset of labyrinth walls from surface, Os = 0.25 mm 

 

 

 

Figure 3. 21: (a) Design of Model 1; (b) Position of Model 1 in FlexoStoel. 

a b 
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Dovetail groove specifications 

1. Middle diameter of the groove, Dm = 113.70 mm 

Other specifications of the groove were same as the trial model. 

O-ring specifications:- 

1. Inner diameter of the O-ring, Id = 108 mm 

2. Cross-section of the O-ring, Cs = 3.5 mm 

3. Outer diameter of the O-ring, Od = 115 mm 

4. Offset of O-ring from the groove, O1 = 0.90 mm (Cs - Dg) 

5. Middle diameter of the O-ring, Om = 111.5 mm 

6. Sealing lip installed stretch = 2% 

7. Groove fill = 83% 

8. Material = Silicone 

9. Compression set = 18% 

8. Required deformation (Rd) for optimal sealing is given by; 

Rd = O1 – Os  = 0.45 mm 

Similarly like in trial model, the O-ring has to be deformed vertically up to 0.45 mm, 
so that the component will come in contact with the labyrinth walls. 

 

 

 

a b 

Figure 3. 22: (a) Illustration of O-ring offset; (b) Silicone O-ring. 
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3.4.2 Manufacturing 

As mentioned in Chapter 3.3, the same FDM parameters were used to 3D print Model 
1 (Figure 3. 23) and the total printing time was 15 hours. It is also very essential to 
mention that, during the assembly of the silicone O-ring with the Model 1, it was 
evident that the offset of the sealing lip was inconsistent as anticipated due to 
variation of the depth of the groove at certain regions. This was mainly due the 
inclination of the groove structure, which was not possible for the machine to 
accurately print. 

 
 
 

3.4.3 Testing 

The CFRP model of the “FlexoStoel” was manufactured by hand lay up method with 
Epoxy matrix. The Model 1 with silicone O-ring was tested in the chosen position 
(Figure 3. 24). Model 1 successfully clamped the “FlexoStoel”. 

 

 

 

 

 

 

 

 

3.4.4 Measurement of displacement 

The deformation measurements for Model 1 followed the same procedure as trial 
model, except for the number of reference points. Only two reference points, A and B 
were used, because the other positions were not flat enough to provide a reliable 
result. 

Figure 3. 23: FDM printed Model 1. 

Figure 3. 24: Testing of Model 1. 
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3.5 Model 2 - Suction cup with L-ring sealing lip 

In the L-ring concept, instead of compressing the complete volume of the sealing lip 
in Z axis, only a part of the sealing was required to be compressed. Such a seal design 
implies that most of the vacuum force is used in clamping the component and not in 
deformation of the sealing lip. Since a new sealing lip concept was developed, a new 
groove design was also developed simultaneously. The position of the suction cup was 
the same in “FlexoStoel” as in Model 1. 

3.5.1 CAD modelling 

The design procedure of Model 2 was same as Model 1, but the radius of the Model 2 
was reduced around 5 mm so as to reduce the deviations between the design values 
and the experimental dimensions due to machine tolerances. 

Groove specifications:- 

1. Depth of the groove, Dg = 4 mm 

2. Total width of the groove, Wg = 6 mm 

 

 

 

 

 

 

 

Suction cup specifications:- 

1. Depth of the suction cup, Ds = 12.5 mm 

2. Inner radius of suction cup, Ri = 43.50 mm 

3. Outer radius of suction cup, Ro = 56 mm 

Figure 3. 25: Mesurement setup for Model 1. 

Figure 3. 26: Dimensions of the groove. 
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4. Thickness of the suction cup, t = 9 mm 

5. Maximum suction force, Fm = 650 N 

6. Offset of labyrinth walls from the surface, Os = 0.25 mm 

 

L-ring specifications 

1. Inner diameter of L-ring, Di = 96 mm 

2. Outer diameter of L-ring, Do = 108 mm 

3. Middle diameter of L-ring, Dm = 100 mm 

4. Offset of “L” lip from the surface (Figure 3.26), O1 = 0.90 mm 

5. L-ring installed stretch = 1.6% 

6. Material = NinjaFlex (Thermoplastic Polyurethane) 

6. Required deformation (Rd) for optimal sealing is given by; 

Rd = O1 – Os = 0.45 mm 

 

 

 

 

 

 
 

Figure 3. 28: Illustration of L-ring offset. 

Figure 3. 27: Design of Model 2. 
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3.5.2 Finite Element Analysis 

Same as Model 1.  

Since the L-ring was manufactured from a Thermoplastic polyurethane (TPU) called 
as NinjaFlex, the same material properties were given to it (Table 3). 

Meshing 

In total there were approximately 400,000 elements present in Model 2 (Figure 3. 

29). 

 

 

 

 
 
 
 

Figure 3. 29: (a) Meshing of suction cup; (b) Refinement of walls; (c) Refinement of 
FlexoStoel; (d) Refinement of groove and (e) Meshing of L-ring. 

a 

e 

d 
c 

b 
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3.5.3 Manufacturing 

Total printing time for the Model 2 and the L-ring (Figure 3. 30) was 13 hours and 

1 hour respectively. The wall thickness of the L-ring was 1 mm. 

 

It can be clearly seen from the image that the model was failed during printing even 
with the support structure due to excessive overhangs. Hence a design optimization 
of the L-ring was performed and manufactured. The basic principle of deformation 
was same with a slight difference in geometry of the sealing lip. The corner of the 
sealing lip was tapered to reduce the overhang in the geometry. Since the offset for 
making contact with the labyrinth walls was same as the previous version, the new 
optimized version (Figure 3. 31) was not analysed using finite elements. The 
manufacturing time of was 1.5 hours and required more support material. 

 
The assembly of the optimized L-ring to groove was also not completely fitting, 
primarily due to the shrinkage of the NinjaFlex while printing and also because of the 
inaccuracies in the groove depth. 

3.5.4 Testing 

The Model 2 failed to clamp the “FlexoStoel

Figure 3. 30: FDM printed Model 2 (left) and L-ring (right). 

Figure 3. 31: Dimensions of the optimised L-ring (left) and the FDM printed optimised L-ring 
(right). 
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4 Findings and analysis 

4.1 Trial Model 

In analogous with the reference points chosen for the experimental displacement 
measurements, two nodes that would approximately represent the reference points A 
and B were chosen for each of the model (NBR and Silicone) from the respective 
ends. Then the experimental values were compared with the FE displacement values 
of the nodes. Since the FE model was cut into a half, the reference points C and D 
were not considered for comparison and analysis.  

4.1.1 FEM 

Displacement analysis - NBR 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. 1: U profile of trial model with NBR O-ring, t = 1 s 
Max U at node A = 0.406 mm and at node B = 0.408 mm 

(U Magnitude scale units: mm). 
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Displacement analysis - Silicone 

 

 
 

 

Contact pressure analysis – NBR 

 
 
 

 

 
 
 

 

 

 

Figure 4. 2: U profile of trial model with silicone O-ring, t = 1 s 
Max U at node A = 0.4512 mm and at node B = 0.4515 mm 

(U Magnitude scale units: mm). 

Figure 4. 3: Contact pressure profile of trial model with NBR O-ring, t = 1 s 
Max CPRESS on the O-ring = 2.58 N/mm2 (CPRESS scale units: N/mm2). 
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Contact pressure analysis - Silicone 

 

 

 

 

 

 

 

 

 

 
 
 
 

 

4.1.2 Experimental displacement values 

 

Table 5: Experimental measurements of trial model 

Parameters Reference point A Reference point B 
Mean height of the suction cup 
(without O-ring) 

10.15 mm 10.15 mm 

Mean height of the suction cup 
(with O-ring) before vacuum 
application 

10.85 mm 10.86 mm 

Mean distance between the suction 
cup and the flat plate after vacuum 
application 

10.51 mm 10.49 mm 

Actual deformation of the O-ring  0.34 mm 0.36 mm 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. 4: Contact pressure profile of trial model with silicone O-ring, t = 1 s 
Max CPRESS on the wall = 2.95 N/mm2 (CPRESS scale units: N/mm2). 
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4.1.3 Comparison between finite element and experimental 
displacement values 

The nodal displacements and the reference points displacements were plotted against 
time (Figure 4. 5 and Figure 4. 6). 

 

 
 

 
 

 
 
 

Figure 4. 5: Displacement comparison at reference point A. 

Figure 4. 6: Displacement comparison at reference point B. 
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4.2 Model 1 

It should be noted that the deviation in height values between the CAD data and the 
prototype of the Model 1 for the reference points A and B was about 0.90 mm, where 
as, for the trial model it was 0.10 mm. 
 

4.2.1 Experimental values 

Table 6: Experimental measurements of Model 1 

Parameters Reference point A Reference point B 
Mean height of the suction cup 
(without O-ring) 

21.34 mm 21.22 mm 

Mean height of the suction cup 
(with O-ring) before vacuum 
application 

22.52 mm 22.43 mm 

Mean distance between the 
suction cup and “FlexoStoel” 
after vacuum application 

21.67 mm 21.55 mm 

Actual deformation of the O-ring  0.85 mm 0.88 mm 
 
 
 

4.3 Model 2 

Since the model was cut into a half in the FE model, only the node that would 
represent the reference point A was analysed. Similarly like in trial model a node A 
which would approximately represent reference point A was choosen. 
 

4.3.1 FEM 

 

Displacement analysis – NinjaFlex 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 7: Displacement profile of Model 2 with NinjaFlex L-ring, t = 1 s 
Max U at node A = 0.451 mm (U Magnitude scale units: mm). 
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Contact pressure analysis - NinjaFlex  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 

Figure 4. 8: Contact pressure profile of Model 2 with NinjaFlex L-ring, t = 0.25 s 
Max CPRESS on the L-ring = 7.25 N/mm2 (CPRESS scale units: N/mm2). 

Figure 4. 9: Contact pressure profile of Model 2 with NinjaFlex L-ring, t = 1 s 
 Max CPRESS on the walls = 8.18 N/mm2 (CPRESS scale units: N/mm2). 

Figure 4. 10: Nodal displacement of Model 2 at reference point A. 
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5 Discussions and Conclusions 

5.1 Discussion of method 

It is very necessary to discuss about the sources of inaccuracies or the difficulties in a 
certain method, to help future researchers. Potential user of this methodology should 
be aware of the approximations in this study, in order to negate it and to achieve 
higher reliability.    

5.1.1 FEM 

Difficulties in method 

Setting up an FEM model was the most challenging phase and there were three major 
problems navigated  through the course of the study.  

The first problem was the unconnected geometry in the CAD model when importing 
into Abaqus. There is an “Auto Repair” option in the Abaqus software which can 
repair the geometry, but the effectiveness of this option is unknown. This is due to the 
irregular contour and can be reduced by dividing the model into two or three parts by 
using planes. By this way, not only the number of elements is reduced, but the 
discontinuities in the model is also reduced. If the models were directly created in 
Abaqus, this problem can be completely avoided, but the design module of the 
software is not as sophisticated as CATIA V5 or any other dedicated CAD systems. 

The second problem was the establishment of contact between the interacting 
surfaces. The interaction properties are non-linear in nature and also the suction cup 
was aligned in both the X and Z planes. Therefore, moving of the component 
manually using “translation” command in one axis will also have an effect on the 
other planes. Most common warnings included, either the components in the 
assembly were unconnected or the mesh between the components were overlapping. 
The first warning means, that the software is unable to find the contact between the 
surfaces, since the distance is too high. The second warning means, there is  high 
overlapping of meshes between contacting surfaces, which makes the volume of some 
mesh elements to be zero or negative. These warnings can be solved by three 
methods. The first method is to select “automatically adjust to remove overclosure” 
check box and to provide a tolerance adjustment value in the interaction property tab. 
This way, the user can direct the software to automatically make adjustments to 
establish contact or adjust the overlapping. The software will adjust the irregularities 
automatically, if the adjustment value is less than 1 mm (in experience). The second 
method is by manually using the translation command in the assembly module. It is a 
time consuming solution, since an optimum position can only be achieved by trial 
and error. When the user feels that he/she has established contact between the 
master and slave surface, it is advisable to perform “data check” of the FEM model 
rather than running it. This process will show either the model has unconnected 
regions or overlapping regions. If the error still exists, then  it is adviced to make the 
necessary changes in the CAD model and import again into Abaqus. 

The third problem was the convergence problem in the model due to conflicting 
boundary conditions or due to several severe discontinuities (SDT), which means that 
the software makes more than one iteration to find an equillibrium. It is hard to 
completely avoid this problem, but some suggestions to reduce SDTs are, in case of 
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contact simulation, it should also be kept in mind that it is optimal to make the 
master surface a rigid body, not to define a boundary condition at the interacting 
surfaces and to have a fine mesh without analysis warnings. 

Other general suggestions include, not to load the database with all the information 
in the first attempt. It is suggested to try the model without including the effects of 
non-linear geometry and also by using a frictionless contact. Once the user gets an 
idea of how the model behaves, other properties important for the simulation can be 
added to the database. 

Sources of inaccuracies 

The Poissons’s ratio of the elastomers is 0.49. But for some reason, Abaqus did not 
compute for this value and hence 0.48 was used in the simulations. This could be 
obvious source of inaccuracy. In addition, the Young’s modulus properties used in the 
study was obtained from the manufacturers data sheet, where there can be errors.  

The difference in properties of a product manufactured by different processes is not 
represented in Abaqus. For example, the sealing lip manufactured by injection 
moulding process will behave differently when compared to the sealing lip by FDM 
process. But there is no option to represent this difference in a FE model. 

The mesh elements will always have an influence on the results. The finer the mesh, 
the less is the interpolation and more reliable is the result. But when using 
tetrahedral elements highly refined mesh will make the simulation time much longer. 

5.1.2 Experimental measurement 

Sources of inaccuracies 

The method of measuring the displacement of the suction cup to evaluate the 
deformation of the elastomer will definitely have inaccuracies. This can be due to the 
manufacturing inaccuracies in the form of inconsistent dimensions which will have 
an effect on the magnitude of displacement. Usage of an industrial FDM printer of 
higher tolerance values will help reducing this accuracy. Another source of error 
could be the dimensional inaccuracies in the O-ring brought from online websites 
which will have an effect on the offset of the O-ring. 

Even the measurement of displacement itself can be inaccurate because of the errors 
committed by the experimenter. The position of the vernier calipers should always be 
perpendicular to the measuring direction to get the correct value. By integration of 
digital tracking devices such as RFID (Radio Frequency identification) chip to the 
suction cup, manual measurement of displacement can be avoided. 

Use of any dedicated measuring device such as laser extensometer could provide a 
highly reliable result about the deformation of the elastomer inside the groove. 
Another possible solution could be the usage of 3D laser scanner. By scanning the 
suction cup before and after vaccum applied, the  scanned data can be imported to 
any CAD software and can be re-engineered to get an idea about the actual 
deformation. 
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5.2 Discussion of findings 

The study begun with a set of research questions that were attempted to be answered 
by a newly proposed method. Once the experiments were completed, it is necessary to 
intrepret the results and also to identify the reasons behind the obtained results. 
 
In this section the obtained results are analysed for each models that were tested 
during the course of the study. 
 

5.2.1 Trial model  

In the FE simulation of the trial model, the maximum displacement of the suction 
cup with NBR O-ring at the reference points A and B were 0.406 mm and 0.408 mm 
respectively. The required displacement to make contact with the support walls was 
0.45 mm. It is also evident from the Figure 4. 3, that load was still acting on the O-
ring at t=1 s and so that the flat plate has not made contact with the support walls. 

The average experimental displacement of the trial model with NBR sealing lip for 
the reference point A and B were 0.34 mm 0.36 mm (Figure 4. 5, Figure 4. 6). 
Hence, the difference between FEM displacement and experimental displacement 
was approximately 0.06 mm and 0.05 mm. This difference is very small and gives an 
indication that the displacement results obtained through FEM simulations were 
reliable. 

In the FE simulation of the trial model with a silicone O-ring, the maximum 
displacement at the reference points A and B was 0.4512 mm and 0.4515 mm 
respectively. It can also be seen from the Figure 4. 4,  that the flat plate had made 
contact with the walls, and the load is transferred to the labyrinth walls. It is also 
required to mention that the load was concentrated at the edge of the walls. 

5.2.2 Model 1 

The measurements of Model 1 indicates the limitations of the in-house FDM printer 
for irregular contours. It should be noted that the deviation in height values between 
the CAD data and the prototype of the Model 1 for the reference points A and B was 
about 0.90 mm, whereas for trial model it was about 0.10 mm. 

The suction cup was designed to make contact with support walls when deformation 
of the O-ring is about 0.45 mm. But the experimental value suggests that the Model 1 
had displaced close to 0.85 mm when vacuum was applied, indicating that the groove 
depth was severely affected when manufacturing. Possible explanation is that the 
groove depth was lower than 2.80 mm and this had  caused more offset of the O-ring 
from the groove. Therefore, if in case, when FE simulation was performed for Model 
1, it would not have been a reliable comparison with the experimental results. 

5.2.3 Model 2 

As intended, during the concept development phase, the L-ring deformed only at the 
corners, rather than the whole cross section. The Figure 4. 8 indicates the 
maximum load on the L-ring at t=0.25 s, after which the “FlexoStoel” comes in 
contact with the walls as indicated in Figure 4. 9. The load was much more 
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distributed than the trial model. The nodal displacement at the reference point A 
reached 0.451 mm at t = 0.25 s, after which the displacement was constant over time.   

The experimental  testing of the L-ring did not work. This was mainly attributed to 
the Young’s modulus (E) of the L-ring material. The E value of an injection molded 
silicone is between 3 to 3.5 MPa whereas for NinjaFlex 3D printing filament is 
between 12 to 18 MPa. NinjaFlex being a much stiffer material, failed to deform 
during the application of vacuum. Other factors could also be due to the machine 
tolerances which caused the varying offsets of the sealing lip (but lower than Model 1) 
due to variations in groove depth even after reduction of the radius of the  suction cup. 

5.3 Conclusions 

The study was focussed to answer the research questions: 

1) How to develop a vacuum suction cup that ensures the positioning of the part 
during machining process? 

By providing a support structure inside the suction cup, it can be assured that the 
CFRP part is positioned. When the elastomer deforms inside the groove, the walls are 
the only thing that are in contact with the part, as the elastomer only provides the 
sealing. This establishment of contact will also reduce the vibrations due to process 
forces. 

By setting the walls at an offset to the surface of the suction cup and also by using an 
elastomer with lower E values, contact can be established.  

Whether the walls can maintain the contact throughout the machining process, can 
only be decided by the process forces, holding forces and also by the friction co-
efficient between the walls and the CFRP part. 

2) Can a suction cup with a thin walled 3D printed sealing lip clamp the CFRP 
component? 

The L-ring sealing lip, manufactured in this study, failed. The analogies between 
Model 1 and Model 2 were, both the protoypes were similar in size and were designed 
to the same position of the “FlexoStoel”. But the Model 1 was sealed by a silicone 
sealing lip and the Model 2 by NinjaFlex material.  

Though there were slight inaccuracies in the depth of the groove in Model 2, the L-
ring visibly was at offset above the groove surface. Hence the failure of the L-ring can 
be because of the high stiffness of the material. 

But since the simulation of Model 2 had a different result, in order to conclusively 
answer to this research question, the L-ring should be manufactured by a moulding 
process and also by an FDM printer of higher tolerances and then tested again. This 
way, it will be easy to conclude, whether the experimental failure of L-ring was 
because of the E value or due to the lower  tolerance of the in-house FDM printer.
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6 Future works 

To establish a firm contact between the walls and the component, the offset of the 
sealing lip from the surface of the suction cup can also be reduced. This would mean 
that sealing lip has to deform lower than the value used in this study (0.45 mm). An 
alternate suggestion would be to increase the offset of the walls inside the suction 
cup. But this will result in more usage of material. 

Through this study, it was determined that sealing lip made of silicone deforms 
marginally better than NBR, but in order to attain an optimization between the 
longevity and flexibility, it is now needed to experimentally compare the deformation 
values of silicone O-ring with different Shore A hardness. Also, the 3D printer 
employed in this study was a not an industrial FDM printer. Usage of an industrial 
FDM printer with higher tolerances would allow more freedom in the selection of 
available standard groove designs and also in design of sealing lips. 

Importantly, as the project FLEXOMAT progresses, the suction cup and especially 
the labyrinth walls should be simulated for deformation due to milling forces. In this 
case, it would also be advantageous to simulate the effect of different in-fill structures 
to visualize the stress concentration in the suction cup and the walls. 

The computational time for tetrahedral elements were too high. With the presence of 
non-linearity through contact properties it became even more long. It would have 
been helpful to use another software, especially for meshing, and then importing the 
mesh into Abaqus. There should be status bar in Abaqus, that could indicate the user 
on how much the simulation has completed or will it even be successful. Because 
many simulations got aborted in half way for a certain error, which if notified during 
the start, would have saved simulation time.    

With the increasing number of 3D printed products in recent times, integration of a 
detailed 3D printed material property database for each material families with the 
simulation software is the need of the hour, since literatures in this regard are less.   
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8 Appendix 

Some concepts designed during the course of the study were called off due to various 
reasons that are explained below. 

Suction cup with foam lip 

This concept was created due to wrong understanding of the project. The suction cup 
need not be applicable to all other parts but the “design procedure” should be 
applicable for further automation. The concept has sealing lip made of foam. 

 

Suction cup made of sketches 

In this concept there were two problems – the suction volume was too high and also 
the model was created using sketches that were not flexible for automation. 

Figure 8. 1: Foam suction cup (left) and FDM printed prototype (right). 

Figure 8. 2: Suction cup sketch (left) and FDM printed prototype (right). 
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Support walls by pins 

This concept for support walls was rejected, because the support pins will generate 
high bending moments when in contact with the component. 

 

 

 

 

 

 
 

 

 

Other sealing lip concepts 

 

 a b 

c d 

Figure 8. 3: Pin support walls. 

Figure 8. 4: (a) Whale tail sealing; (b) Modified whale tail sealing; (c) T-ring sealing and (d) 
Spring sealing. 


