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in a practical set up: applied on high-speed case packing of packaged food

by Bram CLEIJPOOL

The detachment of a product from a suction cup gripper is a challenge that emerged
in recent years in the high-speed case packing of packaged food. In this industry
suction cups are used to temporarily attach a product to a case packing robot. The
detachment of products from the suction cup gripper threatens throughput. In, some
cases, the industry notes robots to operate at only 40 picks per minute. This is 30 %
of their maximum throughput.
This study aims to gain a better understanding of the dynamic grasping strength
of suction cups. This was done by reviewing the state-of-the-art from industry and
state-of-the-practice from literature. It was found that suction cups are the best over-
all gripper class, and that actuation time poses the main limiting factor for other
grippers to perform well in this industry.
Secondly, a six-axis force moment sensor that passes airflow for gripper actuation
and without limiting the pull-out load measurement performance was designed,
fabricated, and validated. With the current sensor technology, the vacuum hose
must be placed over the sensor, leading to the generation of parasitic loads. Passing
the airflow through the senor structure is essential to eliminate loads otherwise in-
duced by the stiff vacuum hose. The sensor was designed using strain gauges and
a Maltese cross sensor. Finite Element Modeling and optimization using sequential
quadratic programming was used to determine the dimensions of the sensor. The
sensor validation showed a maximum measurement error of 8% in the Fz direction.
Lastly, with the validated sensor, the dynamic grasping strength of compliant and
stiff suction cups was measured using motion paths and products that are typically
seen in the packaged food industry. For both the stiff and compliant suction cups,
the moment around the axis perpendicular to the plane of motion showed to be a
leading factor in detachment of a product from a suction cup gripper. The failure of
stiff suction cups is explained by impulse loading, this results in peaks in the load in
the horizontal direction and the moment perpendicular to the plane of motion. For
the compliant suction cups, the detachment was found to be caused by accelerating
downwards while the product was not in the center of the gripper.
These results have led to the recommendation of two gripper designs. The first, is a
suction cup-underactuated hybrid gripper. The second design intently provides ro-
tation freedom to reduce the moment loading on the suction cup. The second design
requires input-shaping to reduce the vibrations at the end of the motion cycle.
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Preface

In front of you lies the thesis "Experimental quantification of gripper limits deter-
mined by product detachment in a practical set up: applied on high-speed case
packing of packaged food". Detachment describes the loss of contact between a
gripper and a product. This project has been preformed to fulfill the graduation re-
quirements for the master High Tech engineering at Delft University of technology. I
was engaged in researching and writing this thesis from September 2020 to Novem-
ber 2021.
The implementation of robots in the agriculture and food (agri-food) industry is a
rapidly growing market, which, according to literature, has a large and growing
amount of research funding [1], [2],[3].
The agri-food industry operates as a chain consisting of three main steps; growing
and harvesting of food; processing food into products; packing of processed food
products. The packing step can be split up into two separate processes; the packing
of unpackaged processed food into a container, and packaging containers into card-
board boxes or crates, making the food product ready to be shipped. This research
will solely focus on case packing of pre-packaged food, which is often automated
with robots.
The case packing of packaged food products has already made large steps towards
automation. Nevertheless, the challenge of products detaching from the robotic
grippers still remains. To ensure practical relevance while addressing this challenge
this study was conducted in collaboration with BluePrint Automation (BPA) as part
of the FLexCRAFT project. FlexCRAFT is a Dutch research initiative which aims to
strike a collaboration between industry and academia. This research is funded by
BPA as part of their contribution to the FlexCRAFT project. The results of this study
are intended to guide engineers in the designing of robotic gripper for high-speed
case packing of flexible products.
Knowledge on detachment of flexible products from robotic grippers is limited,
making this project challenging. Setbacks as investigating dead-ends in search of a
good study strategy in combination with the corona pandemic proved to be a unique
personal challenge. Fortunately, fellow graduation students and engineers at BPA
were always willing to help me, keeping me motivated and giving me inspiration to
spark new ideas.
I would like to thank my supervisors ir. V. Peter, ir. A.E. Huisjes and Prof.dr.ir J.L
Herder for their guidance and their excellent support. Knowing that there was some-
body to turn to at TU Delft and BPA when enduring challenges, was paramount for
the completion of this thesis.

To my other colleagues at BPA and the staff at TU Delft involved in fabrication of the
six-axis force moment sensor, I would like to thank you for your help and amazing
cooperation.

Debates with friends also benefited me in resolving challenging issues. Especially
ing. Rick Koolmees, ir. Lucy Bennett and Jos van Driel deserve thanks for their help.
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I would like to thank Rick for helping me with writing the software required for
the final part of the research and Lucy for teaching me a lot about scientific writing.
The help Jos provided with gluing the strain gauges, setting up the data acquisition
system and teaching me how to use the amplifier was essential in the fabrication
process of this study.

My girlfriend, family and parents are deserving of particular note. They supported
me throughout the entire year of research, from celebrating the ups together to help-
ing me get up again during the downs. Their kind words, thoughts and council have
always served me well.

I hope reading this thesis makes you a little wiser.

Bram Cleijpool

Woerden, 26 November, 2021
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Introduction

In recent years, a problem regarding detachment of products from robotic grippers
during case packing of packaged food has emerged. The high-speed pick and place
(P&P) motion induces a dynamic loading which the grippers are not able to with-
stand, meaning that the product detaches from the gripper [4]. Industry observed
that detachment occurs when the case packing robots only operate at 30% of their
maximum operating speed. Solving this challenge could lead to a throughput in-
crease of 200%.
There are multiple ways of solving the detachment challenge. For example, the robot
path could be optimized for holding capabilities, which has already been done for
serial robots considering rigid objects [5]. Extending this work to parallel robots
would certainly increase the maximum throughput and would decrease error rate.
However, results presented in literature do not show a 200% performance increase
[5]. Another option could be to add an extra actuator to the robot platform orient-
ing the object in the most desirable direction, essentially creating a controlled mass-
spring-damper system integrated into the robot platform. However, this solution
would add moving mass to the robot platform, which is undesirable for high-speed
dynamic motions. These two solution directions will therefore not be considered in
this work. Another possibility is to change the robot’s gripper so that it better suits
the requirements for high-speed case packing considering packaged food. This limi-
tation will be the scope of this research because it considers the source of the product
detachment from a gripper.

To temporarily attach a product to a robot, suction cup grippers are typically used
in the packaged food industry, an example of which is shown in Figure 2a. Suction
cups are primarily used in this industry, because they are light and economical, and
have an easy on-off control.

To keep up with the increasing demands of the food chain, P&P robots should be op-
erating at their maximum throughput. The maximum throughput is defined as the
highest amount of pick and place cycles that can be obtained by one case packing
robot per minute without product detachment. In reality, achieving zero detach-
ments is impossible. Therefore, a detachment rate of 0.1% is deemed as an accept-
able error rate by industry. To achieve these demands, BPA and other case packing
companies typically use delta robots as is shown in Figures 1 and 2b. For these delta
robots, a maximum throughput of 120 picks per minute can be achieved for a 1.0 kg
load with a P&P distance of 400 mm. To accomplish such a high throughput, grip-
pers on the case packing line accelerate with 100-120 m/s2 and move with speeds
between 5-10 m/s. This performance is comparable to the commercially available
and well known ABB flexpicker [7].

The packaged food industry observed that this maximum throughput is rarely achieved.
Some products detached from the gripper at relatively low P&P speeds of 30 to 40
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FIGURE 1: Photo of robotic case packing at BluePrint Automation [6]

(A) Image of a standard suction cup based end
effector

(B) A drawing of the robots used by BPA

FIGURE 2: Figures show the currently used system

PPM. This effect has also been observed in literature and limits the throughput of
case packing lines [5], [8]. An explanation could be the wider application of robots
in the food industry [9]. Objects previously packed by dexterous human hands are
now packed by robots.

In light of this challenge, this study aims to identify the limitations of robotic grip-
pers under dynamic conditions, including flexible products. The main contribution
of this study is a structured approach to determine the pull-out load of grippers in a
practical experimental setting. This pull-out load is defined as the load which causes
detachment between the gripper and its product. The pull-out load is in this study
for the first time considered as a combination of the forces and moments.

This thesis is structured in the following way. Chapter 1 reviews the state-of-the-
practice and state-of-the-art grippers. The reviewed grippers are classified and graded
to identify their limitations. Chapter 2 details the design, fabrication and validation
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of a sensor designed to pass airflow without influencing the measurement perfor-
mance. This sensor addresses the knowledge gap identified in Chapter 1. Chapter
3 presents measurements into the dynamic grasping strength of suction cups, ob-
tained using the sensor designed in Chapter 2. In the final two sections, the results
are discussed and the overall conclusion from all three previous chapters is drawn.
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Chapter 1

State-of-the-art robotic grippers
and their limitations when applied
in the packaged food industry
during high-speed case packing

Abstract

A literature review was started in light of an emerging challenge in the case packing
industry for packaged food: detachment. The detachment issue was observed by the
industry, and it was noted that certain food products detached from the robotic grip-
per at 30% of the robots maximum operating speed. To address this issue, a review
of the state-of-the-art literature and state-of-the-practice by the industry has been
performed. This review set out to answer the question: What are the limitations of
state-of-the-art robotic grippers when applied in the packaged food industry during
high-speed case packing? By creating a gripper classification graded according to 10
criteria found during the state-of-the-art literature review, the main limiting factors
of each gripper class were determined. Actuation time showed to be the largest lim-
iting factor consisting of 20.8% of the average limitation. Notably, research focusing
on reducing the actuation time is very limited. The other most prominent limita-
tions are the capability to hold force, operate in a confined space and the capability
to hold moment, contributing to 16.2%, 15.4% and 15.0% of the average limitation
respectively. The best overall gripper was selected to be used as the suction cup
gripper.
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1.1 Introduction

Research in case packing has focused on improving throughput by decreasing cycle
times of case packing robots [10]–[12]. This has been achieved through improvement
of mechanical design and control of the used robots, for which an assortment of
literature exists [11], [13]–[15]. Efficient path planning in combination with advances
in motor and robotic vision technology [10], [16], [17] have reduced the cycle times
for industrial robots.

An emerging challenge in the automated case packing industry is now seen: detach-
ment of products during manipulation. Detachment is where grippers lose contact
with their product before the maximum operating speed is achieved. Detachment
threatens throughput; in the worse case, industry notes robots to operate at only 40
picks per minute. This is 30 % of their maximum throughput [4]. However, whilst
many challenges in the case-packing industry are clear - such as the combination of
very low cycle times and flexible products - research has only very recently identi-
fied detachment as a limiting factor [5], [8].

In pursuit of higher throughput, grippers specifically for the application of high-
speed packing have been researched by industry. For example, a recent study pre-
sented the structured design of an array of suction cups able to pack multiple drug
boxes at once [18]. This method reduced the amount of motion cycles a robot had
to perform in order to reach the same amount of picks, and is known as ’multi-pick’
in the industry. The effectiveness of this strategy is only limited because of the in-
creased robot loading.
Other strategies for dealing with detachment found in the industry include increas-
ing vacuum level, adding more robots to a case packing line and trial-and-error grip-
per selection. These solutions are not ideal and have limited effectiveness, because
they lead to product wrapper damage, increase case packing line cost, and lack struc-
ture for guaranteed improvement.
The lack of research about grippers in combination with demands for the high-speed
packing of food and the lack of structured implementation of state-of-the-art ad-
vances by industry could be the reason for the emergence of the detachment issue
[19].
The literature and knowledge on grippers and gripping is, however, extensive. Re-
search is driven by other fields such as fruit and vegetable harvesting, low speed
food handling, prosthetic hand design, general industrial automation, marine envi-
ronment gripping, soft robotics and many more [18], [20]–[25].
The knowledge and designs from these studies can help during development of
grippers for high-speed case packing of food. To review the available literature in
a structured manner, grippers are grouped by unifying features, creating a gripper
classification. Depending on the field of study, these classifications are based on dif-
ferent aspects.
In literature, many classifications fitting the specific needs of certain fields of inter-
est have been presented [20], [26]–[29]. By using a classification, grippers can be
compared and graded on a fundamental level. Nevertheless, a gripper classification
specially focused on the high speed case-packing of packaged food does not yet ex-
ist.
This Chapter focuses on the review of state-of-the-art grippers in literature and state-
of-the-practice in industry. This review is used to answer the following question:
What are the limitation of state-of-the-art robotic grippers when applied in the
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packaged food industry during high-speed case packing? By answering this ques-
tion, the limiting factors for grippers improvement addressing packaged food for
the high-speed case packing industry were identified, enabling the determination of
knowledge gaps that require further research. In addition, insight was gained into
the implementation of state-of-the-art advances by the industry.
This study is performed in three parts: the state-of-the-practice is reviewed to gain
a better insight into the problems seen in industry, the literature study is performed
to make a gripper classification, and a set of grading criteria is set up with the
knowledge gained from reviewing the state-of-the-practice. The different gripper
classes are graded with Analytical Hierarchy Process (AHP) using data collected
while studying literature required to create gripper classification. By using a grad-
ing system, limiting factors for all gripper classes in the high speed case packing
of packaged food are determined, thereby answering the research question. Subse-
quently, the most suited gripper class is determined according to the grading system.
The remainder of this paper is structured as follows: in section 1.2 the state-of-the-
practise is reviewed, followed by a literature review considering the state-of-the-art
in section 1.3. The gripper grading system is presented in section 1.4. The results of
these three study steps is discussed in section 1.5. Finally, concluding statements are
presented in section 1.6.

1.2 State-of-the-practice review

1.2.1 State-of-the-practice review method

To gain insight into the state-of-the-practice of high-speed case packing for packaged
food three questions were answered by reviewing the available data from industry.
In this section the method used to answer the questions will be provided.

1. What is the current method of case packing packaged food products?
This question was answered by reviewing the modern case packing lines found
in the packaged food industry.

2. For which products does detachment occur?
This question was answered by considering the performance data from ap-
proximately 200 case packing lines made available by industry. Product groups
were determined according to these data. A product group has unifying me-
chanical characteristics which influence their behavior for high speed case pack-
ing. The pick and place speed for each product group was determined accord-
ing to the considered case packing lines.

3. At what part of the motion path does the error occur?
By review high-speed footage of products breaking off the gripper the error
sensitive areas were determined. This insight is used to help set up grading
criteria in section 1.4.

1.2.2 State-of-the-practice review results

What is the current method of case packing packaged food products?

The current state-of-the-practice product handling in the packaged food industry is
done using parallel robots [9], [30], [31]. Parallel robots, such as delta robots shown
in Figure 1.1b, are known for their high rigidity and low moving mass desirable for
high speed motion.
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Figure 1.1a shows a typical gripper for P&P in the packaged food industry. In this
gripper, suction cups are used because they are light, cheap and have an easy on-off
control. In addition, they have been used because of tradition. Suction cups have
been used in the P&P industry for the past decade without many issues. In lower
speed food packing applications other simple one degree control grippers are also
found [12], [31], [32].

(A) image of a standard suction cups
based gripper

(B) Photo of robotic case packing of packaged food
from industry [6]

FIGURE 1.1: Figures showing the system currently used by industry

For which products does detachment occur?

From the considered industrial applications five different product groups were de-
termined. The mechanical properties of each product group is distinctly different.
The product groups are listed and explained below.

1. Solid products, a well defined shape which does not change under load

2. Elastically deformable products, a well defined shape in static equilibrium
but allows for some elastics deformation under load.

3. Liquid pouches, a sealed deformable membrane containing a liquid

4. One mass in a foil, a sealed deformable membrane containing one large mass
which is able to move freely inside the foil

5. Masses in a foil, a sealed deformable membrane containing multiple small
masses which are able to move freely inside the foil

For each product class the surface of the object can either be smooth or rough result-
ing in 10 different product classes. Nowadays, the handling of products with rough
surfaces is rare within the high speed case packing industry. Therefore, this study
will not consider the requirements for handling products with a rough surface in
detail.
Table 1.1 shows the result of the performance data analysis of case packing packaged
food products by suction cups from industry. It can be seen that the solid class is the
only class that can be moved at the maximum robot operating speed of 120 PPM.
Masses in a foil can be moved close to the maximum speed, 100 PPM. One mass in
a foil already shows a slight decrease in throughput achieving 80 PPM. The elastic
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deformable products and solids seem to behave similarly. A slight decrease in per-
formance is expected due to the flexibility of the product. However, not enough data
was available to determine a reliable P&P speed.

Product group Example
Expected maximum
P&P speed (PPM)

Solid 120

One mass in a foil 80

Masses in a foil 100

Elastic deformable not enough data

Liquid pouch 40

TABLE 1.1: showing the product classification that was made and the
average maximum P&P speed by handling with suction cups, source

BPA

At what point in the motion path does the error occur?

By reviewing slow motion footage failure, sensitive regions at the motion path were
identified. The first observation is that all product classes detach at the same area.
In Figure 1.2, the error sensitive areas are shown in red. The regions rarely showing
errors are indicated with green.
Secondly, during the determination of the error sensitive regions two phases were
noted: A grasp and a holding phase. The grasp and holding phase have distinct re-
quirements and can be viewed separately. A good performance in the grasp phase
requires a fast actuation time with high precision operating in a confined space. The
gripper does only carry the gravity load of the object. In the holding phase the
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gripper is required to hold the exerted load generated by the high-speed motion.
Following this observation, the case packing manipulation process is categorized by
seven consecutive steps that are labelled in Figure 1.2. The first step of the case pack-
ing manipulation process starts with a grasp phase. The division of the case packing
process of seven steps with two phases helps with the determination of grading cri-
teria presented in section 1.4.

1. Grasp phase, an object has to be picked from a conveyor belt, labelled 1 in Figure
1.2.

2. Grasp phase, the object is moved up horizontally to avoid collision with neigh-
boring objects, labelled 2 in Figure 1.2. Now the object is free from its sur-
roundings, completing the grasp phase and starting the holding phase.

3. Holding phase,the robot moves through a curved spline to ensure a smooth tran-
sition to horizontal motion, labelled 3 in Figure 1.2.

4. Holding phase, a horizontal motion moves the object near the box, where it
needs to be placed, labelled 4 in Figure 1.2.

5. Holding phase, the object follows a downward curved spline and is moved
above the box, labelled 5 in Figure 1.2. At this stage the object enters the con-
fined space of a box starting another grasp phase

6. Grasp phase, the object has to be placed and released in the box, labelled 6 and
7 in Figure 1.2 respectively.

FIGURE 1.2: An overview of a standard the P&P procedure. The line colors
show the error sensitive areas of the motion path. The blue circle indicates the grasp
phases. The numbers indicate the steps in a P&P procedure: 1 indicates the picking of
the object, 2 indicates the obstacle avoidance, 3-5 show the steps achieve the horizontal

motion, 6 indicates the movement into the box and 7 indicates the placing
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1.3 Literature review

1.3.1 Literature review method

The literature review was performed primarily using the Scopus search engine. Us-
ing the the main search query shown in table 1.2. The search was limited to literature
in the English language with one of its focus areas labelled as engineering. Further-
more, all micro or nano scale gripper were not considered, because these grippers
might not work on a large scale due to scaling laws. These extra filters were added
to ensure only relevant literature was reviewed.
The resulting literature was selected based on title, abstract and conclusion. Litera-
ture deemed relevant was studied in more detail. The literature presenting relevant
data for grading were stored and used during the grading scheme presented in sec-
tion 1.4.

AND→
OR ↓ "end effector" underactuat* food gripp*

"end-effector" under-actuat* industr* grasp*
gripper adaptive packing
grasper flexible "P&P"

"robotic hand" soft prosthetics
"scution cup" industrial agri*

agro

TABLE 1.2: A table showing the main query used to search literature using
the Scopus search engine

1.3.2 Literature review result

Gripper classification

Current gripper literature already presented some classifications. However, con-
sidering the high-speed case packing of packaged food an adjusted overview is re-
quired to serve the application-field [20], [26]–[29]. Therefore, a new classification
considering high-speed case packing for the packaged food industry was made and
is shown in Figure 1.3. The classification consists of 5 main branches: Rigid me-
chanical grippers, Compliant grippers, Pneumatic grippers, Hybrid grippers and
Infeasible grippers. Main branches have sub-branches leading to gripper classes.
The gripper classification is briefly explained below. The full details of the gripper
grading including exemplary pictures can be found in appendix B.

1. Rigid mechanical grippers
All mechanical robotic grippers consisting of rigid links and non-compliant
parts are placed under this main classification branch. Most traditional robotic
gripers fall under this category, which are well established in industry due to
their predictability, reliability and availability [33]–[35]. Knowledge and liter-
ature on this type of grippers is radially available, due to the many years of
research that have already been performed [36].
This gripper type is further subdivided in three gripper classes: Rigid 1 DOF
(degree of freedom) grippers [33], [34], rigid fully actuated grippers [37]–[40]
and underactuated rigid grippers [23], [41]–[43].

2. Compliant mechanical grippers
Compliant mechanical grippers consist of one single compliant structure and
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does not contain any traditional rotational or linear joints. In the general classi-
fication of compliant mechanisms two main classes are distinguished, lumped
and distributed compliance [44]. This classification is also followed in this
work resulting in two gripper classes in this main branch: Lumped compliant
mechanical grippers [45]–[51] and distributed compliant mechanical grippers
[52]–[56].

3. Pneumatic grippers
Grippers relying on pneumatic whilst not requiring a mechanical support struc-
ture to connect to the object are gathered in this class. This definition was
picked to exclude all mechanical grippers using pneumatic cylinders as their
actuator from this class.
This gripper type is further divided in vacuum grippers and pressurized air
grippers. Vacuum grippers are subdivided in suction cups [26], [57] and struc-
ture jamming [58]–[61] gripper classes. Under pressurized air grippers, Bernoulli
grippers [62]–[64] and pressurized bellows (also known as soft robotics grip-
pers) [20]–[22], [65]–[67] are classed.

4. Other grippers
The literature available on gripping and grippers is more extensive than the
gripper classes shown previously. Some other grippers classes were deter-
mined but deemed infeasible for high-speed case packing. The gripper classes
deemed infeasible are Electro-magnetic grippers [68]–[70], heat based grip-
pers,[71], chemical or nano-scale adhesion based grippers [72], hydraulic grip-
pers [73], [74], and piercing grippers[75]. For a more detailed explanation for
their exclusion, see appendix B.

5. Hybrid grippers
A hybrid gripper is a combination of two or more of the above mentioned
gripper classes [76]–[82].The goal of a hybrid gripper is to counteract the weak
points of one gripper class by combining it with another gripper class that has
opposite strength properties. The operating principles of infeasible grippers
could even find their place here. In grading the gripper classes, a hybrid grip-
per can not be placed in one of the other gripper classes. Therefore, this gripper
class is excluded from grading. Nevertheless, the importance of this gripper
method design should not be underestimated.
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FIGURE 1.3: An overview of the presented gripper classification

1.4 Gripper Grading

To answer the research question, the grading outcome of the different grading classes
will be presented here. Important performance criteria noted in literature are: actu-
ation speed, holding capabilities, mass, grasping range, and product damage [83].
These general grading criteria for the packing of food are combined with the insights
gained from reviewing the state-of-the-practice in section 1.2.

Ideally, all grippers would be validated using the same or comparable performance
metrics. Many gripper development and validation studies do however not report
all performance criteria. This is potentially due to a focus on gripper specific metrics
rather than a standardised approach. Some steps towards generalizing performance
metrics have already been taken [43], [84]. However, this has currently not devel-
oped far enough to create a grading system of the gripper classes based on the same
or similar performance metrics.
Therefore, the grading outcome will require some approximations and engineering
judgement. Where possible, the grading will be based on data available in literature.
Improvements for the grading will be discussed in section 1.5.
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An asterisk (*) is used to show the grading criteria requiring the authors engineer-
ing’s judgement or an approximation. Furthermore, different pieces of literature
needed to be combined to create a full picture of a gripper class performance. Only
literature presenting grippers deemed capable of handling a product of typical size
for the packaged food industry were considered. This was done to eliminate the ef-
fects of scaling on gripper performance.
For the gripper grading, a four point Harris profile like grading system is used [85],
[86]. The gripper classes were graded based on a Harris profile rather than a quanti-
tative point based grading, because common metrics to make a general quantitative
comparison are lacking.

The four points on the scale were divided as follows:

1. ++, Exceeds what is required for high speed P&P in the packaged food indus-
try

2. +, Meets what is required for high speed case packing in the packaged food
industry

3. -, Requires a slight improvement to meet what is required for high speed case-
packing in the packaged food industry

4. - -, Does not meet what is required for high-speed case packing in the packaged
food industry

1.4.1 Grading criteria

Following literature and the determined holding and grasping phase, ten grading
criteria were determined. The grading criteria will be presented in thee categories:
Criteria specific to the grasp phase, criteria specific to the holding phase and criteria
considering the overall packing process. The full reasoning behind the determina-
tion of the grading criteria and their grading can be found in appendix C.

For the grading, one main reasoning was used regarding improvement of the current
system. For any significant improvement of the current system, the amount of robots
required to do a task should be reduced with at least one. The maximum P&P speed
of one robot with an easy product is 120 PPM as shown in section 1.2. Achieving
the same PPM for most challenging products that are limited to 40 PPM due the
end defector limitations, 3 robots are required. A significant improvement could be
made if two robots operating at 60 PPM could be used to achieve the same result.
This would require an increase of 20 PPM. This train of thought will be the leading
consideration for the grading.

Grasp phase grading criteria

A Actuation time: the actuation time of the gripper is graded as the sum of the
opening and closing time of the gripper. Since the robot performance is known
and will not be altered in this research, the actuation time determines the the-
oretical maximum P&P speed considering a perfectly connected load. This
knowledge was used to calculate the actuation time that still allows a case
packing speed to increase to 60 PPM.
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B Grasping range, the grasping range in this works is considered as the theoreti-
cal maximum object range that can be picked by the gripper. This is calculated
as the difference of the maximum and minimum object size that can be picked.
In an industrial setting gripping range is required to correct for possible errors
in robot accuracy. The robots considered in the state-of-the-practice review en-
ter an error mode when the measured and expected position deviate more than
5mm. This value is used for grading the gripper classes.

C Operating in confined space*, to achieve a faster case packing speed products
are often not placed inside a box, but are dropped as the robot hovers above
a box. This is only possible for impact resistant objects. Not all packaged
food products are impact resistant, some packaged food products will break
or crack when dropped. These products need to be carefully placed inside the
box instead. This in turn means the gripper has to be able to operate in the
confined space of a box.
All grasping gripper are assumed to use an enveloping grasp during the hold-
ing phase. A pinch type grasp does not give the required holding force during
the holding phase. In the grasp phase, a pinch grasp is allowed since the forces
are significantly lower compared to the holding phase. The ability transition
behavior between the grasp and holding phase are used to grade this criteria.

Holding phase grading criteria

D Force holding capabilities, the pull-out force is defined as the maximum force
that is required to fully detach a product from the gripper considering the
weakest loading direction. This grading criteria is well documented in liter-
ature. In literature, different performance metrics for holding capabilities for
finger based grippers can be found [43], [87]. The applicability of these per-
formance metrics are usually limited to a specific gripper class and not to all
gripper classes. Even though dimensionless performance metrics are available
for some gripper classes there is no dimensionless performance criteria appli-
cable for all gripper classes. Therefore, the pull-out force was used as a grading
criteria in this paper. According to newtons second law the required force was
determined.

E Moment holding capabilities* , in the dynamic load case in high-speed case
packing the moment a gripper can withstand around any axis becomes of im-
portance. First of all, objects have to be rotated 180 degrees during the pick
and place motion, which requires considerable angular acceleration. Further-
more, if there is any eccentricity between the objects center of mass and the
center of the gripping location a purely transnational acceleration will also in-
clude a moment. The measurement of the moment loading causing product
loss is poorly documented in literature and no generalized grading criteria
was found. To still grade this important criteria an approximation based on
the authors judgement has to be made.

F Gripper mass, the gripper mass is defined as the mass of the gripper mea-
sured in kg under standard condition. The gripper mass is an important mea-
surement for the dynamic response of the system. In addition, the maximum
acceleration of the case packing robots is depended on the moved mass. The
moved mass is the combined mass of the gripper, the robot platform and the
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gripper object. The platform and object mass are constant. Therefore, the grip-
per mass determines the theoretical maximum pick and place speed. This was
used to determine what gripper mass still allowed for a pick and place speed
of 60 PPM.

General grading criteria

G Contact pressure, the available data in literature was not sufficient to make
a grading based on literature. Similar to point E, the authors divided four
grading intervals to obtain a fair grading. These intervals were based on the
reduction of contact pressure.
Ideally, the maximum contact pressure of a gripper is of interest when han-
dling fragile products. It would be an ideal measurement outcome to estimate
product damage and it is also used in other fields to estimate wear or failure
[88], [89]. However, measurements of contact pressure were only available for
some gripper classes.

H Life time, a good measurement for the life time of a gripper is the amount of
operational hours that 99% of the grippers are expected to achieve. If a gripper
breaks during operation the case packing line has to be stopped to replace the
gripper. As the case packing stops, the food processing step is also has to be
halted, this will often results in perished food products.
For many gripper classes the lifetime is unknown, making it impossible to
grade this criteria based on literature. Therefore, grading of life time in this
work will be completely done based on the author’s engineering judgment.

I Financial cost *, the financial cost of a gripper is defined as the financial in-
vestment that has to be made to obtain a certain gripper. The financial cost
is interesting from a business point of view. A cheaper gripper with similar
performance will result in higher profits. Moreover, considering replacing hu-
man case packing lines makes the cost of the robotic case packing line and its
gripper to become important. If a robotic line would be more expensive than
a human operating, whilst having the same performance then it would not be
beneficial to invest a robotic line.
The data available on the cost of state-of-the-art grippers is highly limited.
Therefore, the author has set up 4 grading questions for this grading criteria,
which are presented in table 1.3 .

J Control complexity *, when building a case packing line every extra control
variable will create a more complex and error sensitive process. Less control
variables of a boolean data type are desired. For the grading, four levels of
control complexity were determined as is shown in table 1.3. The four levels
of control complexity correspond to the four grading intervals.
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1.4.2 Weight factors

Before finalizing the grading it is important to determine the importance of each
grading criteria. This will be done by introducing weight factors. To ensure all grad-
ing results will yield a positive value, the 4 point grading scheme is ranged from 0
to 3. By using normalized weight factors the score ranges from 0 to 3, low to high
respectively.
No literature on grading criteria and weight factors for high-speed case packing is
available. Therefore, a set of grading factors will be proposed in this chapter. The
well known Analytical Hierarchy Process (AHP) was used to determine the weight
factors [90]. This method was picked because it is easy to understand and because it
is efficient [91]
The weight factors presented here are the result of the average grading of six engi-
neers working in the high speed case packing industry. An easy and efficient method
such as AHP is essential when considering multiple experts. Table 1.4 shows the de-
termined weight factors. Appendix C briefly explains the AHP grading method and
shows the opinion of the interviewed engineers.

1.4.3 Grading

Combining the weight factors and grading criteria, the gripper classes were graded
using data obtained from the state-of-the-art literature. Appendix A.1 shows the
data set that was made for the grading. The result of this grading is shown in table
1.4.
Considering the definition of the four points of the grading scale presented in sec-
tion 1.4, each minus or double minus sign indicates a limitation. For example, a
limitation caused by the grading criteria finical cost indicates that the financial cost
of the gripper class is too high, thereby limiting its application in the field of high
speed case packing. More specifically, the columns of table 1.4 show the degree of
limitation stemming for each grading criteria. Additionally, the limitations for the
specific gripper classes can be seen in the rows of table 1.4.

Actuation
time

Grasping
Range

Operating in
confined space

Force
holding

Moment
Holding

Gripper
mass

Contact
pressure

Life
time

Financial
cost

Control
complexity

Weight average
gripper score

WF 0.138 0.024 0.102 0.181 0.181 0.055 0.162 0.055 0.425 0.060

Rigid 1 DOF + ++ −− ++ ++ + −− ++ ++ ++ 2.0

Rigid fully actuated + ++ − ++ ++ − − −− −− −− 1.8

Under actuated rigid − ++ − + ++ + − + + ++ 1.9

Lumped compliant − ++ − + ++ ++ − − −− ++ 1.8

Distributed compliant − ++ −− + ++ + + + −− ++ 1.8

Suction cups ++ ++ ++ ++ − ++ ++ − ++ ++ 2.5

Structure jamming −− ++ + + + + ++ − + + 1.9

Bernoulli ++ ++ ++ −− −− ++ ++ + − ++ 1.8

Pressurized bellows − ++ −− − − ++ ++ + ++ ++ 1.6

TABLE 1.4: The results of the gripper grading including weight fac-
tors in the second row and the average gripper score in the final col-

umn

To draw any more meaningful conclusions a numerical value describing limitation
has to be determined. This value is named the weight limitation score (WLS) and is
calculated according to equation 1.1. When the gripper scores ++ or 3 points then
there is no limitation posed by that grading criteria. In this case the WLS is 0.

WLS(i, j) = W(j) · (3− GS(i, j)) (1.1)
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Here:

W(j) = The weight factor of the j’th grading criteria
GS(i, j) = The considered gripper class (i) and grading criteria (j)

The degree of limitation for the different grading criteria can be derived from WLS
and can be calculated for each gripper class. This is done by dividing the WLS of
one criteria by the total WLS for that gripper class. This calculation is mathematically
shown in equation 1.2.

degree of limitation(i, j) =
WLS(i, j)

10
∑

k=1
WLS(i, k)

· 100 (1.2)

The degree of limitation is presented in table 1.5. The bottom row of table 1.5 shows
the average calculated limitation.

Limitation for Actuation
time(%)

Grasping
Range (%)

Operating in con-
fined space (%)

Force hold-
ing (%)

Moment
Holding (%)

Gripper
mass(%)

Contact pres-
sure (%)

Life time
(%)

Financial
cost (%)

Control complex-
ity (%)

Rigid 1 DOF 14.0 0.0 31.1 0.0 0.0 5.6 49.3 0.0 0.0 0.0

Rigid fully actuated 14.4 0.0 0.0 0.0 0.0 11.5 0.0 26.2 19.7 28.2

Underactuated rigid 32.9 0.0 12.2 32.3 0.0 3.3 19.3 0.0 0.0 0.0

Lumped compliant 16.8 0.0 12.4 22.0 0.0 0.0 19.7 13.6 15.3 0.0

Distributed compliant 20.8 0.0 23.0 27.3 0.0 12.5 12.2 4.2 0.0 0.0

Suction cups 0.0 0.0 0.0 0.0 82.9 0.0 0.0 17.1 0.0 0.0

Structure jamming 43.5 0.0 10.7 19.0 6.3 5.8 0.0 3.9 4.4 6.3

Bernoulli 0.0 0.0 0.0 45.3 45.3 0.0 0.0 2.3 7.0 0.0

Pressurized bellows 44.6 0.0 49.4 0.0 0.0 0.0 0.0 6.0 0.0 0.0

Average limitation 20.8 0.0 15.4 16.2 15.0 4.3 11.2 8.2 5.2 3.8

TABLE 1.5: The degree of limitation calculated for each gripper class

1.5 Discussion

This work set out to identify the limitations of state-of-the-art robotic grippers when
applied in high-speed case packing for the packaged food industry. The results show
that actuation time, pull-out force, operating in confined space and holding capabili-
ties for moments are the four most prominent limiting factors for the average overall
gripper classes. These four main limiting factors take up 20.8, 16.2, 15.4 and 15.0 %
of the limitations respectively, forming over 65% of the total limitation as can be seen
in table 1.4. The only criteria forming no limitation and achieving a CS of 0 % is the
grasping range, meaning every gripper class is able to achieve the required grasping
range.

Furthermore, when considering the rows of table 1.5 the limiting factors for each
gripper class are identified. For future design of robotic grippers for the high speed
case packing industry this is the most interesting information. The research question
could in that case be answered specifically for one gripper class. For example, for
the rigid 1 DOF grippers shown in the first row of table 1.5 14% of the limitations
come from actuation speed, 31% from operating in confined space, and 49.3% from
contact pressure. Therefore, for future research it would be advisable to focus on
reducing the contact pressure, which has already been tried to some extend [92].
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Additionally, the final column of table 1.4 shows the score of each gripper class.
From this score it can be concluded that suction cups are the overall best solution
with 1 DOF rigid grippers as the second best option. Suction cups are already the
state-of-the-practice showing the choice made by industry is in agreement with the
data from literature.
An interesting notation is that the research effort into suction cups is not as extensive
as the research into other gripper classes. However, in recent years a newly gained
research interest can be noted [5], [93]–[96].
The 1 DOF rigid grippers have also seen some application for packing of naked food.
Some good examples are: A recent gripper made by Marel, designed to handle fresh
fish fillets [31]; An older gripper presented by applied robotics used to handle raw
chicken filets [32]; Or hybrid gripping designs in recent literature combining a 1 DOF
rigid with compliant gripping [97], [98].
Next to answering the research question new insights were also gained during this
literature study. Firstly, when the results are viewed together an interesting and
unexpected observation is made. The best overall gripper class, the suction cup
grippers, does not follow the same limiting factors as other grippers. They perform
excellently for actuation time, holding force and operating in confined space, while
they perform poorly for holding moments.
Secondly, product grouping shows that the mechanical properties of products are of
great influence on the performance during high speed case packing. A factor 3 dif-
ference in throughput is found between the best and the worst performing product
class. Liquid pouches are found to pose the largest challenge and can be considered
as the worst product class to handle via mechanical grippers. Finally, an important
observation in the reviewed literature is that no literature on designing minimal ac-
tuation time for a gripper is available. Only one paper was found that considered
the actuator design to minimize the actuation time [99]. Mechanical design for max-
imizing actuation speed of the gripper is however not considered in this work. This
shows the first literature gap discovered during the literature search. This litera-
ture gap indicates a promising future for the improvement of grippers in the high
speed case packing industry. Actuation time is found as the main limiting factor
for most gripper in this field. Since limited research is performed on this topic a
large improvement can be expected, enabling other gripper classes to become feasi-
ble of high speed case packing. Looking back at the design of a hybrid gripper and
precisely knowing the limitations allow for a minimalist design achieving a better
actuation time.

Considering the trustworthiness of the result several improvements can be made.
Firstly, the grading is not fully based on literature of measured data. Especially the
grading of life time, financial cost and break out load should be looked at critically.
Lack of available information for gripper comparison reveals a second large litera-
ture gap. This is particularly problematic for the criteria with a high weight factor,
such as the force and moment holding capabilities. For finger based grippers the
holding moment is rarely measured. Also, the failure load for suction cups under
dynamic load considering flexible products is not considered in literature. In order
to achieve more trustworthy grading these gaps should be addressed.
Secondly, the state-of-the-practice was also reviewed using limited available data.
This could be improved by considering more companies operating in this field. If the
problems found here do also occur at other companies then the implicating of this
literature becomes more significant. On the other hand, if other companies do not
face this issue then this work has considered an issue that has already been solved
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by industry.
Furthermore, it should be noted that the weight factors presented here are based on
the judgement of a small group of 5 engineers. To obtain a more trustworthy grad-
ing a more thorough stakeholder analysis should be performed in the field of high
speed case packing for food. Each stakeholder should be included in the weight fac-
tor determination to increase the validation of the the grading criteria.
Finally, the AHP method has received some critique in literature, which has also
been contested [91], [100]. The AHP method has certain disadvantages but also of-
fers a simple, justifiable, appropriate, efficient and important technique for settling
on better choices [91]. Because the grading should take into account a large set of
experts in this field, also including mechanics with limited academic experience, a
simple and efficient method is necessary to include many opinions regarding grad-
ing.
The knowledge gained in this study should be used to guide future work aimed at
improving the performance of high speed case packing lines. If no improvements
are made onto the current system then the performance will keep decreasing. More
challenging products that are still handled by dexterous human hands will also be
packed using robotic case packing lines. However, the current system is not capable
of handling these products anywhere near the maximum throughput.
For future work it is recommended to identify the limiting factors of the current
system in more detail. Simultaneous research into improving the actuation time of
all gripper classes is recommended. Looking into a hybrid suction cup gripper is
recommended as the most promising solution direction.

1.6 Conclusion

This study focused on finding the limitation factors for grippers when applied to
case packing packaged food with high-speed by using the reviewed state-of-the-
practice by industry and state-of the-art in literature. A gripper classification has
been made and limitations are identified using performance criteria. Those criteria
are established to different regions of the case packing motion path.
The limitation for different gripper classes were determined. On average 65% of
the limitations were found to come from four aspects. Actuation time showed to
be the largest limiting factor with 20.8% of the average limitation. Interestingly, the
research focusing on reducing the actuation time is very limited. The other most
prominent limitations are the capability to hold force, operating in a confined space
and capability to hold moment, contributing to 20.8%, 15.4% and 15.0% of the aver-
age limitation respectively.
For the grading, limited data was available, reducing the trustworthiness of the re-
sult. Nevertheless, the structured approach that has been used can be extended upon
and has provided new insights. The limitations and strengths of different gripper
classes are better understood. Therefore, the structured selection of hybrid grip-
pers for the high-speed case packing industry considering packaged food products
is possible.
Another main observation is that the usage of suction cups is widespread, while
their research effort into their limitations remain lacking.
Furthermore, the mechanical properties of packaged food products have shown to
have large effect on the maximum case packing speed. A factor 3 deference in
throughput is seen between the easiest and most challenging product to pack. Based
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on these conclusions, practitioners should consider to improve the available data
used for gripper grading and to start with the design of a hybrid gripper.
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Chapter 2

Design, fabrication, and validation
of a six axis force moment sensor
that passes airflow for gripper
actuation and without limiting the
pull-out load measurement

2.1 Abstract

Detachment of a product from a suction cup gripper is a recent challenge during
high-speed case packing of packaged food products. To investigate this limitation,
dynamic load measurements during the case packing process are required. This
study outlines the design, fabrication, and validation of a six-axis force moment sen-
sor that passes airflow for gripper actuation, without limiting the pull-out load mea-
surement performance. With the current six-axis force moment technology the stiff
vacuum hose, used for suction cup actuation, must pass around the senor. The inte-
gration of the airflow passage into the sensor structure eliminates the loads induced
by passing the stiff vacuum hoses around the sensor. In the design process, strain
gauges were identified as the most suited transducer using a Maltese cross sensor
structure. Optimization was used to obtain the final design dimensions, meeting the
requirement of the high-speed case packing industry. When using the fabricated sen-
sor on the case packing system the acceleration at which detachment of the product
from the suction cups occurred did not change. Therefore, the sensor proved to be
able to pass airflow without limiting gripper performance. The airflow integration
is not limited to suction cups, as other pneumatic grippers could also benefit from
this six-axis force moment sensor design. The most notable sensor validation results
showed the sensor achieved a maximum cross-coupling of 25.6%. The maximum
measurement error was measured to be 8% in the Fz direction while striving for 5%,
which is at least in part explained by manufacturing and calibration errors. Only
the Fz direction achieved an unsatisfactory error performance; all other directions
including their cross-coupling achieved an error lower than 5%. Therefore, the sen-
sor was still deemed usable for measuring the dynamic load during high-speed case
packing. Nevertheless, re-fabrication of the sensor is advised to produce a sensor
that entirely falls within design specifications.
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2.2 Introduction

Product throughput is directly affecting the profit made in the high-speed case pack-
ing for packaged food products. To obtain a high throughput with limited factory
space, robot productivity should be maximized. Chapter 1 concluded that for high-
speed case packing, suction cup grippers are highly applicable. However, the de-
tachment of products from the suction cups gripper has shown to be hindering
throughput and robot productivity.

Chapter 1 showed that the mechanical properties strongly influence the packing
speed at which the objects detach from the suction cups gripper. The cause of detach-
ment is not yet well understood; in order to solve this, more information is required
about the failure load just before detachment occurs.
The failure load is poorly documented in literature. Some studies looked at quasi-
static load cases considering rigid products [101]–[105]. The most influential of these
studies, by Mantriota, attempted to model and measure the failure loads for suction
cup grippers in the static case using rigid products [95], [101], [106]. Despite this, de-
tachment is still an issue. This could be because static assumptions are not suitable
for highly dynamic systems in practice, especially when considering flexible prod-
ucts. Therefore, a method is required that measures failure modes of suction cup
grippers used in dynamic systems involving flexible products.
Using a six axis force moment F/M sensor, the interaction between the product and
the gripper can be studied in more detail. F/M sensors, also known as force torque
(F/T) sensors, are devices that are designed and used to measure an applied load
vector. A six-axis F/M senors is a device able to measure force and moment around
all three axis of a Cartesian reference frame, referred to as Fx, Fy, Fz, Mx, My and Mz
respectively. Since the failure is not well understood, it is desirable to measure in all
six load directions during case packing at maximum speed.
The application of a vacuum gripper with the current sensor technology requires
passing a vacuum hose around the sensor, creating a parallel path between the grip-
per and the fixed world, causing part of the load to be received by the vacuum tube.
Furthermore, during dynamic loading, the vacuum tube will exert undesirable loads
to the sensor.
This issue is addressed by the integration of airflow passage into a sensor struc-
ture without influencing the load measuring capabilities. To the best of the authors
knowledge, no F/M sensor proposed in literature or available for sale has consid-
ered this integration of passing airflow in the structure of an F/M sensor. Design
requirements of case packing for packaged food have also not yet been considered
in previous studies on multi axis F/M sensor design.

This chapter is structured as follows: the concept generation and selection is pre-
sented in section 2.3, followed by design process in section 2.4 and 2.6. The fabri-
cated sensor is validated in section 2.8. In section 2.9, the results are discussed and
concluding statements on the final design are given.
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2.3 Concept generation and selection

In this section, design decisions leading up to design process are presented. Firstly,
design requirements and sensor placement are discussed. Secondly, transducer se-
lection is reasoned. Following transducer selection, sensor structure is chosen ac-
cording to available literature on multi-axis F/M design. Next, picked sensor struc-
ture is considered in more detail. Finally, transducer placement on sensor structure
is given. A more detailed discussion of the sensor selection process can be found in
appendix D.

2.3.1 Design requirements

The design of the six axis F/M sensor will have to meet requirements specific to the
high-speed case packing for packaged food. These requirements are listed here and
are briefly explained.

1. Sensor mass, the sensor mass is limited to 450 grams. By adding this much
weight to a standard gripper, the case packing robots are still able to reach
their maximum acceleration. This weight is also typical for light weight F/M
senors in industry [107]

2. Minimum sensor load, the minimum load the sensor has to be able to with-
stand is determined by using simple models that are also used by suction cup
vendors and design studies [18]. Because of the observed detachment chal-
lenge discussed in chapter 1, these methods are known to be off. Therefore,
a safety factor of two is introduced, leading to a minimum sensor loading of
360 N and 36 Nm

3. cross-coupling, the cross-coupling or cross talk of the sensor needs to be low,
allowing for initiative data interpretation. From literature, a cross talk of 5-
10 % is to be expected [108]. Since this research is focused on adding the ad-
ditional feature of passing airflow, a maximum cross-coupling of 5 % is set a
design bound, achieving a performance similar to the best validated state-of-
the-art sensor designs.

4. Manufacturability, The most advanced manufacturing technique available is a
5 axis CNC mill. Using this machine or a traditional lathe and mill, the sensor
should be manufactured. This constraint causes minimum inside radi in the
design.

5. Suitability, the sensor has to fit the robot platform and needs to be able to con-
nect a gripper, resulting in a 25mm axis ending in a 25mm axis connection.

6. Moment to force ratio, a sensor suited for industry is desired to have a moment
to force ratio of 10% for the x and y direction. [109].

7. Transducer overload, the selected transducers should not be overloaded, a
minimum of 108 load cycles at maximum load is set.

The following criteria are based on achieving the same performance as ac-
cepted shelf sensors by industry.



28
Chapter 2. Design, fabrication, and validation of a six axis force moment sensor
that passes airflow for gripper actuation and without limiting the pull-out load

measurement

8. Measurement error, the measurement error obtained by off-the-shelf F/M sen-
sor is > 5% of full scale at maximum load [107]. This bound was also set for
the design in this work.

9. Hysteresis, the hysteresis or the relative repeatable error of the sensor has to be
low [110]. The maximum hysteresis error was set to 2% of the full scale, being
the same value found in the shelf sensors [107].

10. Eigenfrequency, the eigenfrequency of the sensor needs to be sufficiently high
to not cause vibrations during the measurement. The case packing robot has
seen ongoing upgrades, therefore the eigenfrequency is not well known. To set
a generally acceptable level, the eigenfrequency was set to 2000Hz.

11. Robot loading, the addition of the sensor should not overload and damage
the mechanical structure of the test platform, shown in figure 2.1a. The test
platform has not been tested to its failure point. Therefore no exact bound can
be placed on this design requirement.

2.3.2 Sensor placement

Ideally, the sensor should be placed directly at the point where the load needs to be
known. This plain of interest is between the gripper and the product, as shown in
figure 2.1b. Measuring directly at this interface is challenging and will likely influ-
ence the gripper behavior. Also for each gripper class determined in chapter 1 the
plain of plains of interest are different. Leading to a gripper specific sensor design.
Moreover no sensor capable of performing such measurements was found available
on the market or in literature. Placing the senors at another location requires a cor-
rection calculation.

The best practical location to place the 6 axis F/M sensor is the location labelled
2 in figure 2.1b. This location places the sensor directly under the robot platform,
minimizing the additional load added by the mass of the sensor during acceleration.
Moreover the sensor can be designed as an extension of the robot platform. This
allows the connection of any previously designed gripper to the sensor.
Another interesting location to place the sensor is labeled 1 in figure 2.1b, places the
sensor as close as possible to the suction cup grasp plane, minimizing the correction
that has to be made for the sensor displacement. This location will result in a gripper
specific sensor design, making the sensor only applicable to one gripper class.
Placing the sensor in between location 1 and 2 is undesirable. This location would
not gain the benefits of the design as an extension of the robot platform. However,
the amount of correction required caused by the sensor displacement will increase.
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(A) Overview of the measurement set up (B) Overview of the measurement set up

2.3.3 Transducer selection

To measure the applied load to a six axis F/M sensor a transducer is required. Mea-
suring transducers convert one form of energy into another form which is more eas-
ily processed. Transducers used to measure force do that often indirectly by mea-
suring the elastic deformation of a structure. Since this deformation is driven by an
external load, this method can be used to establish this applied load.
Many different available transducers can measure loads or deformations. The con-
sidered transducers for this design have at least a proof of principle in literature.
Examples of considered, but infeasible transducers are force sensitive resistor [111],
[112], capacitive measurements [113]–[115] [116], [117], optical [118] and fluid pres-
sure [119]. Their infeasibility is caused by too large errors, low measuring range,
large deformations, incapability to measure moments and physical size.
Strain gauges were selected as the transducer for the developed force torque sensor.
Strain gauges have a slight change in resistance when they are subjected to a strain.
By measuring the strain of a loaded structure, strain gauges can be used to determine
an external load. Strain gauges are well developed and are accepted in industry due
to their ability to be applied in dynamic and static load cases, their repeat ability,
smallness, low hysteresis and low cost [109].
Other feasible transducers were piezoelectric transducers and piezoresistive trans-
ducers. Piezoelectric transducers generate a voltage when compressed. This effect
has been used to design a multi axis F/M sensor [120]. As apposed to other trans-
ducers, this transducer does not fail under high loads, and is most suited for mea-
surements in the kN range [120]. This is not the load range seen in high-speed case
packing. Piezoresistive transducers behave similarly to stain gauges, their resistance
changes when experiencing a strain. [112], [121]. They can therefore be used as a re-
placement for strain gauges. However, they perform slightly worse than traditional
strain gauges [122].
Appendix D explains selection process, the working principle and usage of strain
gauges in more depth.

2.3.4 Sensor structure

The sensor structure has to be selected according to the design requirements pre-
sented in section 2.3.1. Many different sensor structures using strain gauges have
been designed, fabricated and validated. These sensor structures have not yet been
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considered the requirements for the high-speed case packing of packaged food. How-
ever, the results of previous works can guide the concept selection of this design.
For the selection multi-axis F/M sensor based on the stain gauges transducer pre-
sented in literature were considered. The structure consideration was not limited to
6 axis F/M sensors, because a structure used for lower amount of measuring axis
could be extended to six axis.
The list of considered sensor structures consist of E-type membrane structure [123],
platform based structure [124], [125], a circular spoke membrane structure [126], a
parallel plate structure [127], [128], a parallel beam structure [129], a stack of multiple
load cells [130], [131], T-shaped bars [132], 3 beam structure (commercially available
sensors) [133], multi-spoke wheel structure [134], [135], the Maltese cross structure
[108]–[110], [136], [137] and the sliding joint Maltese cross structure, an adaptation
to the traditional Maltese cross structure [137], [138]. Table 2.1 gives an overview of
all the considered structures.

From the considered sensor structures, one has to be selected for further detailed
design. The final sensor structures was selected based on 5 criteria defined according
to the design criteria presented in section 2.3.1. The selection of the sensor structures
was done using simple questions, a full grading scheme was not required, because
the Maltese cross sensor structure clearly outperformed the other sensor structures.
The 5 criteria are explained below and the review of the sensor structures can be
found in table 2.1. The 6’th and 7’th column provides information on the publishing
year and the source of the most recent publication.

1. Passing airflow
Passing airflow through the sensor structure is unique and has to the best of
the author’s knowledge not yet been implemented in a multi-axis F/M sensor
and can therefore not be directly reviewed from literature. The author’s engi-
neering judgement will be used to label this criteria either likely of unlikely.
Where likely means the sensor structure is expected to be modifiable to allow
the passage of airflow, and where unlikely indicates the opposite.

2. Coupling
Coupling cause strain to be measured in a measuring direction while no load is
applied on that direction. Mechanical decoupled sensors measure stain in only
one transducer bridge when a pure load is applied in one of the principle mea-
suring directions. Mechanically coupled sensors on the other hand measure
strain in multiple bridges if a load is applied in one of the principle measur-
ing directions. Mechanical decoupled sensors require less complex calibration
procedures, but have more complex mechanical designs [108], [139]. More in-
formation on the difference between coupled and decoupled sensors, and the
studies performed to obtain decoupled sensors can be found in Appendix D.
The remaining cross-coupling of mechanically decoupled sensors tend to be
too large to truly be decoupled, making them slightly coupled [108], [139],
[140].
The coupling review criteria checks whether a sensor structure is slightly or
strongly mechanically coupled. Mechanically decoupled or slightly coupled
sensors are preferred over strongly mechanically coupled sensors.

3. Detailed design
For the detailed design, a literature review was performed to find a structured
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and proven design method for each sensor structure. The availability of a
structured and proven design method will lead to an easier and more feasi-
ble design.

4. Case packing compatible
The case packing compatible criteria considers if the sensor structure is com-
patible for usage during high-speed case packing. Sensors that are designed
to be attached to or integrated in a robot are labeled compatible, while sen-
sor structures designed to function as a stationary multi-axis scale are labeled
incompatible.

5. Error
Commercially available multi-axis sensors are expected to measure loads with
a maximum error of 3-5% at their rated load [107], [109]. This review criteria
will look at the maximum measurement error for each sensor structure. A sen-
sor is deemed usable if the error rate at its rated load is below 5%. In specific
load cases much larger errors can be found, which is one of the driving factors
for active research into the multi-axis F/M sensor [109]. Nevertheless, 3-5%
cross-coupling error is what can be expected from a fully developed and com-
mercially available multi-axis F/M sensor. Designing a sensor with a lower
error rate than the industrial average is highly unlikely and is not expected.

Sensor Structure Coupling Design method Passing airflow P&P compatible Error Year
E-type membrane slight available likely yes >5% 2010

Platform strong available unlikely no >5% 2016
circular spoke strong available unlikely yes >5% 2014
parallel plate slight available unlikely yes >5% 2002
parallel beam slight available unlikely yes >5 2007
load cell stack unknown available unlikely yes >5 2005
T-shaped bars strong available unlikely yes Unknown 2002

3 beam structure strong available likely yes >5% 2021
Multi spoke wheel strong available likely yes >5% 2016

Maltese cross slight available likely yes >5% 2021
Sliding joint Maltese cross near perfect available unlikely no >5% 2021

TABLE 2.1: A summary of the considered sensor structures and their
considered criteria

The Maltese cross structure is expected to assumed to be able to pass airflow dur-
ing and is shown in Figure 2.2. It was first proposed by B.Shimano V. Scheinman in
1971 [141]. In 1977, B.Shimano and B. Roth further extended on the previous work
outlining the mathematics and calibration process of a Maltese cross sensor [110].
This sensor structure is very close to being mechanically decoupled and is still part
of active research. Furthermore, it is inherently sensitive for forces, it is sufficiently
strong and compact, and has a low weight and low non-linear, non-repeatable and
hysteresis errors. [109], [110]. This performance is explained by its symmetric and
monolithic design.
As shown in figure 2.2 the sensors structure consists of 4 strain measuring beams,
4 thin plates, a central connection block and a connection rim. By measuring the
strain of the strain measuring beams, the applied force can be determined. Unre-
stricted relative motion between the central block and connecting rim is required for
proper functioning of this sensor. A more detailed explanation of the working prin-
ciple of the sensor can be found in Appendix D.
All other considered sensors were either not suited to pass airflow, were too large
to be added to a dynamical moving robot platform or were discarded noticing other
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research with better performing sensor structures.

FIGURE 2.2: An overview of a Maltese cross sensor structure

2.3.5 Transducer placement

The determination of the strain gauge arrangement was done in three steps: Select-
ing measuring circuit, arranging strain gauge and positioning strain gauge.

Measuring circuit

Different measuring circuits can be used to measure loads using strain gauges. The
Wheatstone bridge is a typical circuit used to measure deformations using strain
gauges [109]. In literature, full bridge Wheatstone circuit are most often used [109].
Half Wheatstone bridges have also been used sometimes [133], [140]. This is for
example done to allow for the integration of a small scale data accusation system
(DAQ) into the sensor [133]. This however resulted in a decrease in performance,
because less strain gauges are used to measure the strain. In this research, the DAQ
system will be placed next to the robot, so that space is not an issue, allowing the
usage of a full Wheatstone bridge circuit.

Stain gauge arrangement

In literature, different strain gauge arrangements can be found. Some strain gauge
arrangement use more measurement bridges than load directions, which almost al-
ways result in mechanically coupled sensors by design [110]. In more modern re-
search, effort nearly managed to mechanically decouple senors with one measure-
ment bridge per load component [108], [109], [139], [142].
Two of these works critically noted that the previously attempted strain gauge ar-
rangements did not maximize the sensitivity for measuring moments, but only for
measuring forces [108], [142]. Measurement sensitivity is related to the location of a
strain gauge on the strain measuring beams. In previous works, strain gauges were
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placed behind each other, placing the force measuring stain gauge in the most sen-
sitive location. Using double parallel strain gauges, such as the DY43-3/350 strain
gauges from HBM, a novel arrangement was proposed, as shown in figure 2.3. In
this novel arrangement, the strain gauges can be placed next to each other, posi-
tioning both the force and moment measuring sensor in the most sensitive location.
Hence, this arrangement will be used in this study as well.

FIGURE 2.3: The strain gauge arrangement proposed and numbering
used in [139]. Red indicates stain gauges which are not used, black
indicates active stain gauges, square brackets indicate stain gauges on

the opposite side of the beam

This strain gauge arrangement uses 16 double parallel DY43-3/350 strain gauges
from HBM of which 24 strain gauges are active. This arrangement creates a theo-
retically nearly decoupled sensor with one measurement bridge per load direction.
Because of the chosen sensor structure, the cross-coupling terms C51 and C42 remain
significant [108], [109], [139]. This cross-coupling effect is mostly caused by the be-
havior of this sensor structure and not by the placement of the strain gauges.
The cross-coupling term C51 refers to the measurement in strain in the Fx direction
when a moment purely around y is exerted. The deformation mode of a pure mo-
ment around the y axis is shown in figure 2.4. The C42 is the same cross-coupling
effect, only in that case between Mx and Fy. A more detailed explanation on cross-
coupling and the the measurement principle of this sensor can be found in appendix
D.
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FIGURE 2.4: The deformation mode for a moment around the y axis

Equation 2.1 shows the equation used to calculated measured strain specific to each
of the load direction [108]. These equations can be set up following the explanation
presented in appendix D section D.4.1.

εFx =
1
4
((ε28 − ε31) + (ε15 − ε12))

εFy =
1
4
((ε8 − ε3) + (ε19 − ε24))

εFz =
1
4
((ε1 − ε6) + (ε18 − ε21))

εMx =
1
4
((ε25 − ε30) + (ε13 − ε10))

εMy =
1
4
((ε17 − ε22) + (ε5 − ε2))

εMz =
1
4
((ε32 − ε27) + (ε16 − ε11))

(2.1)

Stain gauge placement

The location of a strain gauge on the strain measuring beams determines the sensi-
tivity of the sensor. The closer the stain gauges are placed to the central block, the
higher the measured strain. However, the deformations near the ends of the strain
measuring beams are known to show non-linear effect from literature [108]. Placing
the strain gauges in this non-linear area will result in loss of linearity of the sensor.
Figure 2.5 shows the measured strain in the bridge circuits for different locations of
the strain gauge. This figure was made for the most compliant version of the sensor
which is expected to show the most non-linear effects.
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FIGURE 2.5: Measured strain for different positions of the strain
gauge on the strain measuring beams

Because of the the manufacturing process, the inner corners can not be cut at 90 deg.
For this reason, the strain gauges can not be placed directly against the central block,
as can be seen in figure 2.5. Only the first point, which places the strain gauge di-
rectly against rounded corners, shows a slight deviation from the linear line. The
deviation from the linear line is however not as strong as the effects found in litera-
ture [108], [129], [143]. This is likely because the strain gauges can physically not be
placed close enough to the central block to cause the non-linear effects. The strain
gauges will be placed at the smallest distance from the central block where no devi-
ation from the linear line is observed. This is at 4mm from the central block.

2.3.6 Detailed design

Before starting the design of the sensor, the design method and goal have to be de-
termined. This was done by considering the design methods and goals of previous
studies

Design methods

Some researchers in this field critically observe a division in research methods con-
cerning the structural design of the multi-axis F/M sensors. They classify two groups
of research [109], [124], [139]. The first group considers case specific designs follow-
ing a trial-and-error design strategy based on the designers experience, resulting in
a sensor with high production cost. This is not or hardly generalized for other fields.
The second group aims to create a general and structured design method, aiming to
create a generally applicable sensor with low production cost. Other researches and
industries can follow the proposed design methods to create a sensor fitting their
needs.
In the structured design method, two focus areas can be distinguished. The first
method attempts to model the sensor using analytical models. Strain is for example
modeled, based on Timoshenko beam theory [126], [137], [143]–[145]. Also, analyt-
ical models to calculated the eigenfrequency have been proposed [146].The second
method follows a numerical approach using finite elements method (FEM) models
[108], [109], [139].
The analytical models are computationally less expensive compared to FEM mod-
els. However, the errors with respect to reality are larger [143]. Furthermore, when
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another design requirement is added an analytical model for this requirement has to
be determined. In standard FEM software this is often already implemented.
Both structured design methods used optimization to obtain the final design pa-
rameters. Particle swarm optimization has seen some usage [147]. However, in this
case the optimization problem is constrained and expected to be non-linear. For such
problems SQP is often used [148]. In literature, SQP has also proven to be well suited
for this type of optimization problem [108], [109], [134], [139], [143].

The FEM analysis and optimization using the SQP algorithm has proven to be most
successfully in recent literature and was also followed in this work. Using this
method, sensor designs with near zero cross-coupling, low measurement error, high
moment to force ratio and a good sensitivity were considered [109], [139]. This de-
sign method will also be used in this design.

Optimization objective

All design criteria found in literature can be used with the chosen design strategy,
FEM and optimization. However, considering only one design aspect during opti-
mization is viewed as too trivial for the application in the the high-speed case pack-
ing. Because of, for example, the highly dynamic motion during measurements, not
only the cross-coupling error, but also sensor sensitivity, sensor resonance frequency,
mass and stiffness are of importance. If one of these aspects does not meet the re-
quired criteria, the designed sensor will lose its usability. A combination of design
criteria is needed to ensure that all design aspects are taken into account. This design
will extend on what has been presented in literature by combining different design
criteria in one optimization scheme.
The objective of the optimization will be to maximize sensor sensitivity while setting
constraints to the other important design aspects. The constraints were set according
to the design requirements presented in section 2.3.1. In descending order of prior-
ity the constrains are: maximum stress, cross-coupling error, maximum strain, min-
imum strain, eigenfrequency and sensor mass. During optimization all constrains
will be treated as equally important. However, during validation it is valuable to
know which constrain are most important. Separately these objectives have been
considered in literature for both FEM and analytical modeling [108], [109], [139],
[140], [142], [143], [146], [147], [149]–[151].

2.4 Design process

The design process of the sensor was performed in two separate parts. Firstly, the
airflow passage was designed. Secondly, the dimensional design, largely influential
for the sensor performance, was designed. This separation was made to ensure a
decoupling between the airflow passage properties and the measuring capabilities.
Furthermore, the viability to modify the sensor structure in order to pass airflow is
checked a priory. This section will firstly go into the design of the airflow followed
by the structural design of the sensor.

2.4.1 Airflow passage

This section explains the train of thought and the design steps taken to design the
airflow passing part of the sensor design. The design starts at the minimal sensor
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structure as depicted in figure 2.6a. The first step in the design is the connection of
the sensor to the robot platform. The robot platform is used for testing connects to
its various end effectors using a round hollow steel tube. This tube is used to pro-
vide the airflow required for the suction cup grippers. A hole with the correct fit is
inserted in the central block of the sensor, as can be seen in Figure 2.6b. A seal is
required here to ensure there will be no leaks in the system. A rod type seal with
an o-ring compression of 20% was designed for this seal, the o-ring is depicted as a
black rim in Figure 2.6b. This design enables the sensor to be connected to the robot
in a similar manner as the robotic grippers.

(A) basic sensor structure (B) connection of the sensor to the robot

FIGURE 2.6: Showing the starting point and first step of the design of
the airflow passage

The second step in the design of the airflow path is to connect the central block and
connection rim for airflow. To allow for a maximum measurement sensitivity and
minimal cross-coupling the sensors, the connection rim and central block should
only be connected by the strain measuring beams and thin plates. These observa-
tions lead to the conclusion that the air passage should ideally be passed through
the measuring beams, as shown in Figure 2.7.

The area of these tubes is much lower than the area of a normal vacuum hose. This
raises the question, what diameter is sufficient to pass enough air through to ensure
that a fair measurement can be performed. The main reason for having a large area
in a vacuum tube is to allow for a fast actuation time. During testing, this is not of
interest. If a suction cup requires a longer time to create a proper seal, the load dur-
ing the P&P motion can still be studied. However, since no suction cup will create
a perfect seal, every product has a certain amount of leakage flow. If the integrated
airflow passage is not able to pass this amount of flow, the vacuum pressure will de-
crease, leading to an unfair comparison of the load during the motion of the robot.
To check if this design constraint could be met, four small pieces of Festo pneumatic
tubing with a length of 30 mm and a diameter of 4mm were connected to a typical
end effector. This set up simulated the 4 strain measuring beams in the senor design.
This set up was able to hold the product without any noticeable decrease in perfor-
mance. As long as holes in the strain measuring beams are at least 4 mm in diameter
with a length of less than 30 mm, the senor structure is expected to allow sufficient
airflow passage.
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(A)

(B)

FIGURE 2.7: Connection of the vacuum flow from central block to
connection rim

In the third design step, the supplied vacuum pressure was sealed in 4 separate
chambers by adding a ring around the sensor as is depicted in Figure 2.8b. This ring
is made as a separate part and will be press fitted to the main sensor body. An end
stop for this ring was created by adding a small protruding rim. To ensure an air
tight seal, two piston type seals were added to the connection rim. The o-rings were
designed to have an o-ring compression of 20% and a 5% o-ring diameter stretch to
keep the o-ring located in its groove. The two piston seal o-rings are depicted in
black in Figure 2.8a.

(A) The a ring piston seals
(B) The vacuum sealing ring pressed around

the sensor.

FIGURE 2.8: The addition of a vacuum sealing ring using two position
seals. This vacuum sealing ring ensures no unwanted opening for the

air flow.

In the fourth step, four slots were added to the bottom part of the main sensor body.
The slots are depicted in Figure 2.9 and are used to pass the airflow to the final parts
of the airflow integration design.
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(A) Overview of the 4th step in the airflow de-
sign (B) figure showing the addition of the re-

quired o-rings

FIGURE 2.9: Addition of slots to the senor design to pass the air flow
to the gripper connection platform

In the final step of the design, a new chamber consisting of two parts is designed.
This chamber connects to the four slots added in step four and the robotic grippers,
joining the sensor and robotic gripper together. The bottom part of the chamber,
depicted in Figure 2.10a, ends in a hollow tube similar to the tube coming from the
robot platform. To this tube, all previously designed grippers can be attached. To
complete the chamber, the top part is added, which consists of a simple plate that
functions as a lid for the bottom part. The top part and the designed chamber are
shown in Figure 2.10c and 2.10d respectively. To ensure an air tight seal between
the bottom and top parts, an o-ring is added, shown in black in Figure 2.10b. The
same is applicable for the seal between the top part and the main sensor body. This
seal requires four o-rings as is depicted in Figure 2.9b. To ensure sufficient stiffness,
spokes were added to the bottom plate. As a final addition, four supporting blocks
are added to the bottom plate. These support blocks create the required o-ring seal-
ing pressure for the o-rings between the top plate and the sensor main body.
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(A) View of the gripper connection axis of the
sensor

(B) View of the milled structure and seal in the
bottom connector

(C) The vacuum sealing plate

(D) The combination of the bottom connector
and the top vacuum sealing part

FIGURE 2.10: Overview of the two elements of the bottom vacuum
chamber

This finalizes the design of the airflow passage integration into the sensor structure.
A visual summary of the design steps can be found in Figure 2.11. Because of the
addition of the additional parts required to pass the airflow through the sensor, the
design is theoretically no longer monolithic. However, the strain measuring main
sensor body remains monolithic in design and will keep the beneficial effects asso-
ciated with monolithic designs.
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(A) basic sensor structure (B) connection of the sensor to
the robot

(C) Connection of the vacuum
flow from central block to con-

nection rim

(D) Sealing the sensor structure
with a sensor ring

(E) Addition of 4 air flow pass-
ing slots

(F) Overview of the final air flow
integration design

FIGURE 2.11: A step by step overview of the design process of inte-
gration of the air flow tubing into the sensor structure

A cross sectional view of the sensor is shown in Figure 2.12 and will be used to ex-
plain the sensor combined sensor operation. For extra clarity, the sensor components
have been colored. The sensor is attached to the robot platform in a similar manner
as a robotic gripper. The tube from the robot platform is inserted in the connec-
tion hole, labeled 1 in Figure 2.12. This connection requires a separately designed
clamp, which is also depicted in Figure 2.12. The connection interface to the senors,
labeled 2 in Figure 2.12, is designed as a copy of the connection interface of the robot
platform. Due to this design decision all previously design robotic grippers can be
measured using this sensor. The separate vacuum chamber required for the connec-
tion interface is attached to the sensors main body using 4 bolts. These bolts clamp
the bottom plate, labelled 3 in Figure 2.12, to the main sensor body.
The blue arrow indicate the airflow through the sensor structure. To create an air
tight seal o-rings were added at each interface with the outside air. The selection
and design of the o-rings and their grooves are essential to ensure a proper seal and
require special design effort.



42
Chapter 2. Design, fabrication, and validation of a six axis force moment sensor
that passes airflow for gripper actuation and without limiting the pull-out load

measurement

FIGURE 2.12: The cross sectional view of the designed sensor. Label
one shows the connection point to the robot, label 2 shows the con-
nection point for a gripper, label 3 shows the vacuum chamber that
has to be clamped to the sensors main body. The blue line indicates

the airflow path.

2.5 Structural Design

In this section, the structural design of the sensor is explained while using the se-
lected SQP optimization technique. This section will start with explaining the op-
timization scheme, cost function and constraints to meet all the set requirements.
The neglect of the design aspects important for dynamic robot motion in literature
is addressed here. After the explanation of the optimization scheme, the used FEM
model is briefly discussed Then the optimization outcome is presented after which
the final design is validated using the FEM model.

Design variables

For the optimization, five design variables are selected. Some designs in literature
have considered nearly all possible parameters as a design variable, while other de-
signs only considered a few variables [109],[139]. Choosing more design variables is
expected to result in a better functioning sensor since more aspects of the sensor can
be optimized. However, this will drastically increase the computational effort of the
optimization scheme.
Due to the available manufacturing method of CNC milling as apposed to edm wire
cutting, some curvatures were set a priory. In this work, only the most influential de-
sign parameters were considered as shown in Figure 2.13. These parameters directly
influence the stiffness of the sensor. Figure 2.13 shows the Maltese cross sensor in its
original shape. In the optimization, the airflow passing aspects are included.

The design variables are grouped in vector ~X = [b, h, H, L, t]. Here, the first variable
(b) is the strain measuring beam width. The second variable (h) is the strain beam
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Design variable Upper bound Lower bound
b 8 mm 15 mm
h 8 mm 21 mm
H 15 mm 25 mm
L 13 mm 25 mm
t 0.7 mm 3 mm

TABLE 2.2: Table showing the design variable bounds used during
optimization

FIGURE 2.13: A visual overview of design variables of the mechanical
sensor design

height. The third variable (H) is the height of the thin plate. The fourth variable is
the length of the strain measuring beams (L). The fifth and final design variable is
the thickness of the thin plates (t).

Table 2.2 shows the bounds set for the design variables. Most of the upper and lower
bounds were set according to physical constraints or literature. The bounds for H
and the the upper-bound for L and t were set to limit the range of the optimizer
because no meaning-full physical limitation could be defined. If the optimizer hits
one of these bounds, the bounds should be adjusted accordingly.

Optimization work flow

The work flow of the optimization scheme is shown in Figure 2.14. The optimization
scheme used in this work is inspired by the successful designs presented in literature
[108], [109], [139]. Some changes have been made to have an easier implementation
in industry. For example, Solidworks was used to model the sensor structure, the



44
Chapter 2. Design, fabrication, and validation of a six axis force moment sensor
that passes airflow for gripper actuation and without limiting the pull-out load

measurement

software package COMSOL for FEM analysis, and Matlab for optimization calcula-
tions. These software packages offer training and costumer support, are well estab-
lished in industry and offer many options for extension on the optimization scheme.
By using the appropriate professional software packages, the optimization scheme
is applicable in a wider part of industry without requiring extensive knowledge of
mechanical design theory or optimization.

An optimization sequence starts by picking a set of starting dimensions stored in
COMSOL. The model is build by Solidworks and passed on to COMSOL. COMSOL
runs the FEM analysis and calculates the quantities required to calculate the cost
function and constraints. These values are passed on to MATLAB, which calculate
the cost function and constraints, if the optimization stop criteria are not met, Mat-
lab updates the design variables which are passed to COMSOL, which updates the
Solidworks model, starting the next optimization loop.

FIGURE 2.14: Overview of the optimization method

Optimization problem

To perform the optimization in Matlab, the optimization problem should be fully
determined. This is done by determining the cost function and constrains. The op-
timization goal will be defined as the average sensor sensitivity over six measuring
bridges when the combined maximum load is applied. The combined maximum
is defined as the load case where all 6 load directions are at their maximum. The
cost function is physical defined as the negative average absolute strain measured at
the maximum load. Minimizing this function will maximize the average measured
strain at combined maximum load. To limit the magnitude of the cost function to be
around one, the cost function was divided by 200 to obtain fopt(~X), which is shown
in equation 2.2 and was used during optimization.

fopt(~X) = −
| εFx | + | εFy | + | εFz | + | εMx | + | εMy | + | εMz |

6 · 200
(2.2)

In this calculation it is assumed that the coupling effects are small compared to the
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true measured strain. The measured stain in one bridge under the combined maxi-
mum load will be nearly identical to the measured strain in this bridge when a pure
load in its measuring direction was applied.

Next to the cost function, constraints are added to the design to take other impor-
tant design considerations into account. These design criteria are deliberately not
added to the cost function to prevent any priority issues in a combined cost func-
tion. The constraints for the cross-coupling, sensor mass, life time, eigenfrequency
and stiffness were set according to the design requirements. Additional constraints
were added to ensure no geometrical errors would occur in the sensor structure. The
mathematical overview of the optimization problem is shown in equation 2.3
To ensure a sufficient signal in each measuring direction, a minimum strain was
set to each of the six measuring bridges. The minimum strain εmin is set to 300 µm

m ,
which is slightly lower than values used in literature [139]. Since more constraints
are added compared to other designs, less strict bounds have to be set to find a de-
sign that meets all constraints.
To provide sufficient life time, a maximum strain at the strain gauges and maximum
stress constraint had to be set. The life time constraints were set to the 6 individual
loading conditions and not the combined maximum load. The combined maximum
load rarely happens in practice. Setting the life time constraint of the sensor to this
level will result in an unnecessary decrease in measuring performance.
To provide sufficient life time, a maximum strain was set according to the data sheet.
A maximum cyclic strain of± 900 µm

m is allowed for the desired fatigue life [152]. It is
assumed that all 4 strain gauges in the Wheatstone bridge measure about the same
strain. Following this reasoning, this constraint is set for all 6 measurement bridges
and not for each strain gauge individually.
The maximum stress was set to 150Mpa to limit the fatigue of 7075 T6 aluminium
[153], ensuring sufficient life time.

min
x

fopt(~X) (2.3)

subject to: 8 mm < b < 15 mm
8 mm < h < 21 mm

15 mm < H < 23 mm
15 mm < L < 25 mm
0.7 mm < t < 3 mm

εmin < εF(i) < εmax i = 1, ..., 6

2000 Hz < ωn

0.9 · h < H
m < 450 g
CC15 < 5%
CC24 < 5%
σmaxF(i) < σFatigue i = 1, ..., 6
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FEM and mesh setting

Similarly to picking the correct optimization algorithm, the FEM analysis should
should also be considered carefully. Firstly, the model excluded geometric nonlin-
earities because the deformations are very small. The validity of this exclusion was
validated by preforming a test calculation with and without geometric nonlineari-
ties. No significant difference was found between the test calculations.
Secondly, the correct material and boundary conditions have to be selected. The ma-
terial 7075-T6 aluminium is part of the standard COMSOL material library. For the
boundary conditions, either the central block or the outer rim has to be fixed. The
part that is not fixed is used to be applied with the external load.
The connection rim was constrained using a fixed boundary condition. The central
block is used to exert the external loads, because in COMSOL only forces can be ap-
plied, while moments have to be created by applying two anti parallel forces. As the
length of the strain measuring beam changes, the position of the mounting holes in
the connection rim change accordingly. The location of the connection holes in the
central block do however not change position. The holes in the central block provide
a constant moment arm for the anti parallel forces.

Thirdly, a proper mesh should be created. The model is changing in size and shape
with each iteration of the optimizer. The mesh needs to be automatically generated
for any set of design variables. The mesh was designed for the most demanding set
of design variables ~X = [b, h, H, L, t] = [8, 8, 25, 0.7, 25] mm. When values of strain
measuring beams length and thin plates height were taken as small as possible, a
finer mesh was required. When values of strain measuring beam length and thin
plate height were picked as large as possible, a larger thin plate and slender longer
beams were created that required harder geometries to mesh properly. A mesh suffi-
cient for the most demanding design variables is expected to also achieve the desired
performance on less demanding design variables.
To mesh the sensor structure, the sensor was divided in 6 domains. Each domain has
its own mesh size. Areas requiring more detail are meshed finer than areas which
do not require the same level of detail. In this manner each domain can be meshed
with just the right amount of detail. The selected domains from fine to course are the
thin plate, the strain gauge surface, the milled corners, the strain measuring beams,
the central block and the connection rim.
To study which level of detail was required, a mesh convergence and quality study
was performed. In this study the mesh is iterative refined. At each iteration the
strain matrix was calculated [139]. COMSOL also offers a mesh quality statistic, this
was used as a second check for the selected mesh. To determine the mesh quality,
a quality measure had to be picked. For this work, the standard skewness measure
was picked, but other quantities can also be used [154]. Appendix E gives a more in
depth explanation and shows the results of these studies.

Lastly, the measured strain can be compared to designs found in literature. The
strains calculated using the model were compared to those found in literature as is
shown in Table 2.3. For this comparison only the diagonal terms of the strain matrix
were considered. The load applied and dimensions to the sensor were similar to the
load applied in literature. It is concluded that the result of the simulation is likely
to be correct, because the calculated strain and the strain from literature are in the
same order of magnitude.
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Measuring direction strain from design µ m
m strain from [139] µ m

m strain from µ m
m [143]

εFx 429.1 350.0 174
εFy 428.1 350.1 174
εFz 301.3 437.8 1872
εMx 1302.3 859.9 1375
εMy 1302.1 859.9 1375
εMz 734.26 486.2 1486

TABLE 2.3: Comparing the diagonal elements of the strain matrix
strain

As an extra conformation, the mesh quality and the convergence study were also
studied for several different sets of design variables.

2.5.1 Optimization results

For illustration purposes, Figure 2.15 shows the results of three optimization calcu-
lations all considering different starting variables. In the design of the sensor many
more optimization runs were performed, showing similar behavior to the plots in
2.15 Figure 2.15a through 2.15e, and showing the convergence of the design vari-
ables. Figure 2.15f shows the corresponding value of the cost function. The infeasi-
ble design points are labelled with an x in Figure 2.15f. From these calculations the
final sensor dimensions were picked as ~X f inal = [8, 8.75, 23.25, 19.5, 0.7] mm. The re-
sults show that multiple design variables sets achieve nearly the same cost function
as is reported in literature [109].
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(A) The change of the design variable b for five
different optimization runs. A different set of de-
sign variables is used for each optimization run

(B) The change of the design variable h for five
different optimization runs. A different set of de-
sign variables is used for each optimization run

(C) The change of the design variable H for five
different optimization runs. A different set of de-
sign variables is used for each optimization run

(D) The change of the design variable L for five
different optimization runs. A different set of de-
sign variables is used for each optimization run

(E) The change of the design variable t for five
different optimization runs. A different set of de-
sign variables is used for each optimization run

(F) The change of the cost function for five differ-
ent optimization runs. A different set of design

variables is used for each optimization run

FIGURE 2.15: Results of the optimization runs

2.6 Analysis of the final design

To compare to the fabricated sensor and to verify if the most important constrains
were met, the final design was analysed to determine mass, maximum stress, eigen-
frequency, strain matrix and cross-coupling matrix. The evaluation of these con-
strains was done using the FEM model. The results are shown below and indicate
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that the most important criteria are met.

2.6.1 Maximum von Mises stress

The maximum von mises stress was found under a My and Mx loading. For this
load case, a maximum stress of 149MPa was calculated using the FEM model. The
maximum stress calculated under the six different load cases are shown in Figure
2.16

(A) The maximum von Mises
stress calculated as 56.1MPa us-
ing the FEM model under a pure

Fx load of 400 N

(B) The maximum von Mises
stress calculated as 55.5MPa us-
ing the FEM model under a pure

Fx load of 400 N

(C) The maximum von Mises
stress calculated as 60.9MPa us-
ing the FEM model under a pure

Fx load of 400 N

(D) The maximum von Mises
stress calculated as 144MPa us-
ing the FEM model under a pure

Fx load of 400 N

(E) The maximum von Mises
stress calculated as 149MPa us-
ing the FEM model under a pure

Fx load of 400 N

(F) The maximum von Mises
stress calculated as 71.4MPa us-
ing the FEM model under a pure

Fx load of 400 N

FIGURE 2.16: The von Mises stress for the six load conditions at max-
imum intensity, calculated using the FEM model

2.6.2 Mass and eigenfrequency

Following the COMSOL model, the total senor mass, including the airflow integra-
tion parts, was determined to be 449.6g. The eigenfrequency of the sensor while
constraining the central block was found to be 2006Hz. More details on the deter-
mination of the eigenfrequency can be found in appendix E. Figure E.7c shows the
corresponding eigenmode.
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FIGURE 2.17: The first eigenmode calculated by COMSOL, consider-
ing the sensor main body with connection points fixed on the central

block

2.6.3 Strain and cross-coupling matrix

From the FEM analysis, the theoretical strain and cross-coupling matrix can be cal-
culated. During sensor validation, these results can be compared to see if the fab-
ricated sensor matches the design. The method for calculation the cross-coupling is
well documented in literature and is also explained in appendix D [109], [139]. This
comparison gives insight into the error sources of the fabricated sensor. The strain
matrix from the FEM model is shown in Table 2.4. For the strain matrix it can be seen
that the minimum and maximum strain constraints, 300 and 900 µ m

m respectively, are
met.

Applied pure load Fx Fy Fz Mx My Mz
Bridge circuit Sij(µm/m) Sij(µm/m) Sij(µm/m) Sij(µ/m) Sij(µm/m) Sij(µm/m)
SFx 313.5 0.0 0.0 0.0 -10.9 0.0
SFy 0.0 312.6 0.0 -11.0 0.0 -0.1
SFz 0.0 -0.4 363.2 -8.0 0.0 0.0
SMx 0.0 0.0 0.0 895.0 0.0 -0.5
SMy 0.0 0.0 0.0 0.0 895.0 -0.5
SMz 0.0 0.0 0.0 -0.1 0.0 543.6

TABLE 2.4: The strain matrix calculated by the FEM model for the
final sensor design

Applied pure load Fx Fy Fz Mx My Mz
Axis of reading CCij(%) CCij(%) CCij(%) CCij(%) CCij(%) CCij(%)
Fx - 0.0 0.0 0.0 -3.5 0.0
Fy 0.0 - 0.0 -3.5 0.0 0.0
Fz 0.0 -0.1 - -2.2 0.0 0.0
Mx 0.0 0.0 0.0 - 0.0 -0.1
My 0.0 0.0 0.0 0.0 - -0.1
Mz 0.0 0.0 0.0 0.0 0.0 -

TABLE 2.5: The cross-coupling matrix determined from the FEM
model for the final sensor design

2.7 Sensor Fabrication

Now the sensor is validated and all design requirements are met according to the
FEM Model, the sensor was fabricated according to the optimized design vector
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~X f inal = [8, 8.75, 23.25, 19.5, 0.7] mm. Figure 2.18 shows the designed sensor in Solid-
works attached to the case packing robot after fabrication.

FIGURE 2.18: The designed sensor in Solidworks and the sensor at-
tached to the case packing robot after fabrication

2.8 Sensor validation

In this section the steps taken to validate the sensor are explained. The sensor starts
off with calibration of the sensor and is followed by the validation of the design
requirements.

2.8.1 Calibration

For sensor usage, a calibration process is required. Despite design efforts, the cre-
ation of a decoupled sensor was unsuccessful. Initial testing showed that the sensor
had significant coupling as can also be seen in Table 2.6. The method for cross-
coupling calculation is well documented in literature and is also explained in ap-
pendix D [109], [139].

For coupled senors the least squares (LS) method is the main calibration method
used to combat cross-coupling errors [108], [110], [155]. This method was also the
basis of the calibration process used in this study and is further explained in section
2.8.1.
For the calibration a set up calibration jig was designed and fabricated. The goal
of this calibration jig is to repeatably apply six independent loads. For an intuitive
calibration process, applying a pure load is preferable. In literature, some examples
of calibration jigs for Maltese cross sensors can be found [108], [156]. Figure 2.19a
shows the fabricated calibration jig. The central block of the sensor is fixed to the
center of the calibration jig. To the outer-ring a load applying cross was connected,
which can be seen in Figure 2.19b. The load applying cross and the rollers on the
calibration jig are used to exert a load on the sensor. One end of a metal cable is
attached to the calibration cross, while the other end is passed over a roller. By
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attaching a known mass to the cable, the sensor can be loaded as desired.
To reduce damage risk, the sensor was loaded to at most 75% of its maximum load
capacity during calibration.

(A) Visual overview of the cal-
ibration jig

(B) Figure showing the load
applying cross

Applied pure load Fx Fy Fz Mx My Mz
Axis of reading CCij(%) CCij(%) CCij(%) CCij(%) CCij(%) CCij(%)
Fx - - -0.1 ± 0.8 0.5 ± 1.0 4.8 ± 1.3 5.6 ± 1.7 -1.9 ± 2.7
Fy -2.1 ± 0.8 - - 5.1 ± 3.5 -15.7 ± 0.8 16.5 ± 1.4 25.6 ± 2.7
Fz -0.6 ± 1.8 -1.5 ± 0.5 - - 5.4 ± 1.1 -7.8 ± 7.2 9.5 ± 1.0
Mx 0.9 ± 0.2 0.9 ± 0.7 0.2 ± 1.2 - - 0.3 ± 0.4 0.1 ± 0.5
My -1.6 ±0.7 0.0 ± 0.3 -0.3 ± 5.2 -0.6 ± 0.3 - - -2.3 ± 0.8
Mz -0.2 ± 2.5 1.8 ± 1.9 1.0 ± 0.8 4.7 ± 0.6 -0.7 ± 1.5 - -

TABLE 2.6: The cross-coupling matrix determined from the fabricated
sensor that is used to check the requirement of the least squares cal-
ibration method. The data is presented as the average value and is

followed by its standard deviation taken over 24 measurements

Least squares calibration method

The basic principle and an additional suggested method of implementation of the LS
method was already suggested by the first design papers on Maltese cross sensors
[110]. The LS method requires applying six independent loads to the sensor that re-
solve in a single point of which the location is known [110]. From these six loads, the
six columns of the compliance matrix are calculated. The compliance matrix (C) for
this sensor is a six by six matrix, which is used to translate the sensors output volt-
age to a measured load as is shown in equation 2.4. This error reduction technique
will only be capable of performing linear error reduction.

~F = C−1 · ~V (2.4)

For each of the six applied load vectors, equation 2.4 has to apply. Re-writing this
equation results in the matrix equation required for this calibration method. During
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the calibration process, three indices i,j and k are used to distinguish different forces,
strain gauge voltages and compliance matrices entries.

Cjk = the component of the compliance matrix that will be solved for

vij = the ampliefied output voltage the j’th strain gauge bridge,

due to the application of the i’th load
fik = the k’th component of the i’th independent load

For the designed sensor:
i = (1, ..., 6)
k = (1, ..., 6)
j = (1, ...6)

As an example, take i = 2 and j = 1, referring to the output voltage of the Fx strain
gauge bridge due to a load in the Fy direction. This output voltage is only a function
of the second row of the compliance matrix and the applied load vector according to
equation 2.4. This insight can mathematically be written as the relationship shown
in equation 2.5 [110].

vij = Cj1 fi1 + ... + Cj6 fi6 (2.5)

This equation can be summarized as a matrix equation shown in equation 2.6, which
has to be solved 6 times to find the compliance matrix [110].



v1j
v2j
v3j
v4j
v5j
v6j

 =



f11 f12 f13 f14 f15 f16
f21 f22 f23 f24 f25 f26
f31 f32 f33 f34 f35 f36
f41 f42 f43 f44 f45 f46
f51 f52 f53 f54 f55 f56
f61 f62 f63 f64 f65 f66





Cj1
Cj2
Cj3
Cj4
Cj5
Cj6

 (2.6)

Proposed improvements

In this study several improvements are proposed with respect to the state-of-the-art.
Firstly more measurements are preformed to calculate the cross-coupling and error
matrix the with respect to literature. Most papers using the LS calibration method
only present one cross-coupling and error matrix [108], [157]. By presenting the data
in this manner, it is implicitly assumed that there is no deviation from the mean
measurement, which is an invalid assumption. The LS method even has a relatively
high standard deviation compared to other calibration methods [155]. In this work,
the error of the sensor will be considered as a mean error with a standard deviation.
The maximum error will be considered as the largest absolute bound on the 95%
confidence interval. The same holds for the cross-coupling and measurement error
after calibration.
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In literature, the calibration jig is often assumed to exert a pure load [108], [139].
This is however not true for most of the time and will result in the introduction of
unnecessary errors. The focus of the calibration process in this work is to determine
the applied load more precisely, reducing the errors introduced by the calibration
setup. This is possible because the non-pureness of the applied loads should not
and does not have to be neglected using the LS method. Using this improvement,
the necessity of precise weight calibration is also eliminated.
For the application of each of the six loads two attachment points are used. Figure
2.20 shows the manner in which calibration loads are applied.
Since the weights are precisely measured, the error caused by a difference in mass
can be calculated. The weight difference between the two points of load application
is indicated using ∆mi.
Furthermore, the load applying cross is attached to the top of the sensor, displaced
in z direction with respect to the measuring frame of the sensor. This displacement
is labeled rz and causes a moment to be applied simultaneous to the application of a
force in x and y direction. Both the error due to difference in calibration masses and
non-pureness of the load are reduced via this proposed method. The loads applied
during calibration are shown in equation 2.7
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(A) The application of a load mainly in the Fx
direction

(B) The application of a load mainly in the Fy
direction

(C) The application of a load mainly in the Fz
direction

(D) The application of a load in the mainly Mx
direction

(E) The application of a load in the mainly My
direction

(F) The application of a load in the mainly Mz
direction

FIGURE 2.20: Figures showing how the 6 different loading conditions
are obtained using the calibration table. Equation 2.7 shows how the

loads are considered during the calibration process.

FxSensor =



F
−
−
−

F ·rz
∆F · rFxy

 FySensor =



−
F
−
−
−F ·rz

∆F · rFxy

 FzSensor =



−
−
F

∆F · rFxy
−
−

 (2.7)
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Under the assumption that the total load on the sensor F is mostly divided evenly
over the two cables.

MxSensor =



−
−
∆F

F ·rMxy
−
−

 MySensor =



−
−
∆F
−

F ·rMxy
−

 MzSensor =



−
∆F
−
−
−

F ·rFxy


Finally, the LS method is know as a manual and labor intensive process [155], mostly
because the sensor has to be loaded and unloaded manually. This is often done in a
step wise manner, required to determine the linearity of the sensor [108], [139]. Since
the cross-coupling is defined at the sensor’s rated load, only one of the loading in-
tervals is used to calibrate the sensor.
As mentioned in section 2.3.4, the Maltese cross sensor is known for a good linear
behavior, this was also validated for this sensor. As an example, Figure 2.21 shows
that the linear behavior of the sensor in the Fx direction is excellent. The other direc-
tions show the same behavior.
Because of this excellent linear behavior, any load can be linearly scaled to the sen-
sor’s rated load. With this insight, any sensor load can be scaled to the sensor’s
rated load enabling the calibration, cross-coupling calculation and measurement er-
ror determination. This reduces the amount of calibration process that has to be per-
formed before a meaningful standard deviation and mean can be calculated. A step
wise overview of the calibration process is shown below. Measurements 2 through 7
were performed three times in positive and three time in negative direction resulting
in a total of 24 calibration measurements.

FIGURE 2.21: Showing the excellent linear behavior of the sensor in
Fx direction

Because of the excellent linear behavior of the sensor, each load interval is used to
calculate the compliance, cross-coupling, and measuring error matrix. Apposed to
only using the maximum load for these calcualtions.

1. The zero offset of the amplifiers need to be adjusted so that the 0 volt measure-
ment is placed at the unloaded position.
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2. The maximum calibration load has to be applied to the sensor. The amplifica-
tion factor of the amplifier is set such that the design load will still be measur-
able by the sensor.

3. Different load intensities ranging from 0 to the calibration load have to be
added to the sensor. The voltage at each load intensity level is precisely regis-
tered.

4. Apply a calibration load in a step wise manner to the sensor and note the direc-
tions that will be effected by ∆mi and rz. In this work, four load intervals were
used to apply moments and six loads intervals were used to apply a force.

5. For each load interval note the applied load and the achieved voltage levels at
the corresponding load.

6. For each load interval scale the applied load to the maximum load and scale
the measured voltage accordingly.

7. Use this data to populate the voltage vector and force matrix from equation
2.6.

8. Repeat step 2 to 4 for all six load directions to complete the data acquisition
process of the calibration method.

9. With the gathered data four cross-coupling matrices can be made because only
four load intervals were used for the application of moment.

2.8.2 Fabricated sensor validation

In this section the measurements performed to validate the design requirements are
presented. A brief explanation of the method used to validate each design require-
ment is given, a more detailed explanation is given in appendix E. The design re-
quirements that were validated are the measurement error, the strain, the mass, the
hysteresis, final dimensions and strain gauge placement.

Passing airflow

The passage of airflow through the sensor was validated by measuring the cycle
time at which product detachment occurred. If the sensor negatively influences the
suction cup gripper performance, the cycle time causing product detachment will
increase. A lower cycle time will required a higher acceleration and velocity, in-
creasing the loading of the suction cup gripper. In this test is no difference in cycle
time of the critical path was found. Figure 2.22 showed the test setup that was used
to determine the cycle times.
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FIGURE 2.22: The test set up used to validate the airflow passage
through the sensor structure. The test compared the cycle time with
and without the addition of the sensor and found no difference in

cycle time of the critical path.

Measurement errors

The error is calculated as the difference between the measured load and the applied
load with respect to the sensor’s rated load. The corrected measurement error is
shown in Figure 2.7. For the sensor without correction, the error was expected to be
at least as large as the cross-coupling presented in Table 2.6.

Applied pure load Fx Fy Fz Mx My Mz
Axis of reading CCij(%) CCij(%) CCij(%) CCij(%) CCij(%) CCij(%)
Fx 0.1 ± 1.6 0.0 ± 0.4 0.0 ± 0.56 0.1 ± 0.9 0.1 ± 0.9 0.0 1.5
Fy 0.0 ±0.3 0.1 ± 1.4 0.1 ± 0.44 0.0 ± 0.53 0.2 ± 0.5 0.1 ± 1.47
Fz 0.0 ± 0.3 0.0 ± 0.2 0.4 ± 3.3 0.0 ± 0.75 0.3 ± 1.6 0.1 ± 0.7
Mx 0.0 ± 0.1 0.0 ± 0.6 0.0 ± 0.63 0.1 ± 2.8 0.1 ± 0.3 0.0 ± 0.4
My 0.0 ± 0.5 0.0 ± 0.1 0.1 ± 4.0 0.0 ± 0.2 0.1 ± 1.6 0.0 ± 0.4
Mz 0.0 ± 1.4 0.0 ± 1.2 0.0 ± 0.5 0.0 ± 0.3 0.0 ± 0.9 0.1 ± 2.2

TABLE 2.7: The reaming errors after the LS calibration method. The
data is presented as the average followed by its standard deviation

taken over 24 measurements.

Strain matrix

The design of the sensor considered the strain of the strain gauges, during the mea-
surements, amplifier output voltages were measured. To compare the designed and
the fabricated sensor, the relationship between voltage and strain has to be deter-
mined. This was done using a shunt resistance on one of the strain gauges. Table
shows the relationship between voltage and strain for each of the six measuring



2.8. Sensor validation 59

bridges. Table shows the resulting average diagonal terms of the strain matrix. The
error in the measured strain stems from the errors already made during the voltage
measurements.

Measuring bridge direction strain
voltage

µ m
m V measured strain µ m

m

Fx 36.7 296.5 ± 18.3
Fy 33.6 265.1 ± 16.8
Fz 42.2 417 ± 10.5

Mx 93.0 916.4 ± 46.5
My 89.9 888.0 ± 44.9
Mz 39.8 502.8 ± 19.9

TABLE 2.8: The relationship between measured voltage and strain

Sensor mass

The mass of the sensor was measured to be 480 grams, with a precision of ±1g.

Hysteresis

The hysteresis was calculated by considering the difference between the measured
load before and after applying calibration loads measuring. The hysteresis is defined
with respect to the rated load (FS). Table 2.9 shows the hysteresis measurements for
the six calibration measurements.

Measuring bridge direction Upper bound of the 99.7% Hysteresis error confidence interval
Fx 1.5 % FS
Fy 2.4 % FS
Fz 1.6 % FS

Mx 1.6 % FS
My 1.5 % FS
Mz 1.3 % FS

TABLE 2.9: The relationship between measured voltage and strain

Final dimensions and strain gauge placement

The final dimensions and strain gauge placement were measured using a caliper
and micrometer. Figure 2.23 shows the measured variables, their measured value is
shown in table 2.10. The strain gauge placement is shown in Figure 2.24 and Table
2.11
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FIGURE 2.23: The measured variables the fabricated sensor using a
caliper and micrometer

variable Designed (mm) Beam 1 (mm) Beam 2 (mm) Beam 3 (mm) Beam 4 (mm)

b 8.0 8.2 8.2 8.2 8.2
h 8.75 8.75 8.75 8.75 8.75
H 23.25 23.25 23.25 23.25 23.25
L 19.50 19.50 19.50 19.50 19.50
t 0.70 see figure 2.23 see figure 2.23 see figure 2.23 see figure 2.23

TABLE 2.10: Dimensions of the design variables of the fabricated sen-
sor
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FIGURE 2.24: Showing the possible strain gauge placement errors. A
placement error is only possible in two directions, because the strain

gauges are constraint to the surface of the strain measuring beam.

Strain Gauge Nr. Intended position (x,y,z) mm Measured position (x,y,z) mm
1 and 2 (4.0,0,-) (2.8,0,-)
3 and 4 (4.0,-,0) (3.9,-,-0.3)
5 and 6 (4.0,0,-) (3.8,0,-)
7 and 8 (4.0,-,0) (3.8,-,-0.3)
9 and 10 (0,4.0,-) (0,3.5,-)
11 and 12 (-,4.0,0) (-,3,-0.3)
13 and 14 (0,4.0,-) (0,2.65,-)
15 and 16 (-,4.0,0) (-,4.5,-0.3)
17 and 18 (4.0,0,-) (3.6,0,-)
19 and 20 (4.0,-,0) (3.5,-,-0.3)
21 and 22 (4.0,0,-) (3,0,-)
23 and 24 (4.0,-,0) (3,-,-0.3)
25 and 26 (0,4.0,-) (0,2.7,-)
27 and 28 (-,4.0,0) (-,3.4,-0.3)
29 and 30 (0,4.0,-) (0,3.1,-)
31 and 32 (-,4.0,0) (-,4.1,-0.3)

TABLE 2.11: The intended and achieved strain gauge location after
fabrication measured using calipers in the frame of reference shown
in Figure 2.24. A bar (-) is used to indicate the constraint coordinate.
The location which this table refers to is the mid point of the side
facing the central block. The rotational error was not included in this

table

These errors were added to FEM model, for the model including the fabrication
error the following cross-coupling matrix was calculated. The rotational error were
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not included in this model because they were to challenging to measure.

Applied pure load Fx Fy Fz Mx My Mz
Axis of reading CCij(%) CCij(%) CCij(%) CCij(%) CCij(%) CCij(%)
Fx - 0.1 1.8 9.0 7.3 1.0
Fy 0.6 - 4.4 -3.5 19.5 8.3
Fz 0.5 0.8 - 2.3 -2.3 0.7
Mx 0.3 -1.7 0.0 - 0.0 0.5
My 1.4 0.1 3.0 0.1 - -0.1
Mz 0.3 -1.4 -1.1 1.5 0.1 -

TABLE 2.12: The cross-coupling matrix calculated by the FEM model
for the final sensor design

2.9 Discussion and Conclusion

In this study a sensor that can pass airflow in sake of gripper actuation was designed,
tested, and validated. The integration of airflow into the sensor structure did not di-
minish the sensors capability to measure loads. The throughput at which products
detach from the gripper is unchanged with the addition of the sensor. The fabricated
sensor showed a maximum cross-coupling and measurement error of 31% and a 8%
respectively, in which the error is determined as the largest absolute bound of the
95% confidence interval. This large cross-coupling is, at least partly, explained by
error made during fabrication.
This work was performed in three parts. In the first part, the design criteria, ap-
propriate transducer, sensor structure and design strategy was was selected. In the
second part the sensor is designed using SQP optimization and FEM simulation ac-
cording the design criteria. In the second section, the FEM simulation is used to val-
idate the final design dimensions. In the third and final part the fabricated senor is
calibrated and validated. In the discussion, the three steps are considered separately.

Reflecting on the design decision, the transducer, sensor structure, design method
and design criteria worked well. The strain gauges are capable of measuring the
load to a sufficient degree. The measurement error stemming from position error of
the strain gauges would also be an issue for other feasible transducers. The sensor
structure passed airflow through the structure without influencing the cycle time
at which a product detaches from the gripper, while also achieving sufficient load
measuring capabilities. The design strategy of FEM simulation resulted in the cal-
culation of a optimized sensor structure in one to two hours, using a decent laptop
(Lenovo YOGA 730-15IWL, 16 GB ram). The FEM model also allowed the effects of
fabrication errors to be taken into account during the validation process, as shown in
Table 2.12. Analytical models would have achieved faster optimization times. Since
the optimization of a sensor structure has to be computed a limited amount of times
this benefit is small.
The design criteria can be improved upon for future sensor design. Firstly, one of the
design criteria enforced that the sensor had to be fabricated using the manufacturing
technique that was available, 5 axis CNC milling. In future work this manufactur-
ing technique should be avoided. Due to end mill deflection, the sensor had to be
manually turned during manufacturing. This caused miss alignment in the sensor
structure, decreasing the sensors performance. EDM wire cutting is advised for fu-
ture work.
Secondly, some design criteria were set similar to of the shelf available sensors. This
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was done because not enough information was available about the robotic system
the sensor was designed for. This knowledge gap can be filled using the sensor
validated in this work. For example, the eigenfrequency of the robot has been deter-
mined using this sensor. With this knowledge the eigenfrequency of the sensor can
be set to ten times the robot frequency [151].

In the second step of this study, the design step, some key observations were made.
First, the optimization scheme was calculated for several different starting condition.
Firstly, different starting points of the optimization resulted in different final design
variables, with nearly the same objective function. In literature, the design proposed
by H. Akbari et al. also presented this behavior [109], while another design by M.
Kang et al. [139] showed the optimizer ending at the same design variables for dif-
ferent starting point. One main difference between these studies is the introduction
of the strain measuring beam length as one of the design variables. This might in-
dicate that the introduction of strain measuring beam length causes multiple local
minima with nearly the same objective function. Further evaluation of the convexity
of this problem is required to verify this explanation.
Secondly, an observation was made which can be used to reduce the computational
time of the optimizer. The design variables b and t converged to their lower bound
for every optimization run that was performed. The change of b and t for three
different sets of starting design variables are shown in Figure 2.15 Since the design
variables b and t are optimal at their upper and lower bound, these design variables
can be made fixed in the optimization scheme. Removing two out the five design
variables is expected to reduce the computational time by 30-40%.
During the validation of the sensor using the FEM model points worth special at-
tention were noted. In the analysis of the FEM model the cross-coupling is far lower
than expected during the design stage. Initially it was expected that the 5% cross-
coupling would he challenging to obtain. The paper presented by Kebede et al.
proposing the strain gauge arrangement used in this design, reported a principle
cross-coupling error of 10 − 11% for C15 and C24 [108]. For this design the cross-
coupling is calculated to be 3.5%. The paper presented by kebede et al. does not
go into detail about the design process of their sensor. However it is stated that the
structural design was based on the structured design method proposed by Kang et
al. [139]. Kang et al. were the first to identify the principle coupling terms and min-
imized C15 and C24 in there design.
An explanation could be the addition of strain measuring beam length to the set of
design variables. In literature designs using beam length as a design variable have
also achieved low cross-coupling [109]. The added holes in the center of the beams
and the milling radii were not influential. These features were removed from the
FEM model, which show not to cause an increase in performance.
Compared to the work presented by Kang et al., which uses a different strain gauge
arrangement and focuses on minimization of the cross-coupling terms the results
are more logical. Kang et al. found a cross-coupling of 2.5% for C15 and C24, in this
design 3.5% is found which is logical since optimizer did not focus on minimization
of cross-coupling [139].
Also notable, is the CC34 is non zero and not the same as CC35 in the FEM model
are not the same. Due to the symmetrical sensor structure these two terms were ex-
pected to be the same, as can be seen in table 2.12 this is not the case. After further
investigation this difference was cause by the asymmetrical strain gauge arrange-
ment. The strain gauges used to measure the force in the z are deformed by a twist
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when a moment is applied around the x axis. When a moment is applied around the
y axis this is not the case.
One of set unused of strain gauges, SG6, SG14 ,SG26 and SG29 could also be used to
measure the force in the z direction. When this set of strain gauges is used the to
measure the force in the z direction the CC35 and CC34 switch their cross-coupling
value. This is in agreement with the explanation presented above. Even when sup-
pressing the air flow passing passage changes, essential restoring the sensor to its
originally shape, this cross-coupling factor is still apparent. Because the two strain
gauge bridges can be used to measure the force in the z direction this cross-coupling
might be combated by taking the average over these two measurements.
In the final step in this study the sensor was calibrated and validated. During the
calibration is was noted that the LS method is sensitive to human error. The error
in the calibration table and its human operator might be larger that the error in the
sensors measuring capabilities. However, since these error are part of the calibration
these also carry over to the performed measurements. When applying a load to the
sensor the cables used to apply the load need to be perfectly perpendicular to the
load applying cross. If this is not the case the load is not applied as expected, this
causes error in the calibration process. After having re-performed the calibration the
standard deviation in the cross-coupling terms and measurement was reduced by
1-3%. Yet this issue still remains and explains the maximum measurement error of
8%.
Furthermore this study proposed three improvements to the calibration process with
respect to literature. In this study the known non-pureness of the applied loads is
including in the sensor calibration. When this improvement is removed, not taking
into account the non-pureness, the cross-coupling terms increase drastically. The
second improvement uses the linearity of the sensor to reduce the amount of mea-
surements required for a good calibration. The effect of this improvement can be
seen in the average measurement error presented in table 2.7. Since the sensor be-
havior is strongly linear using a linear correction method no average error is ex-
pected. In literature however often only one measurement is performed for cali-
bration and another for the error determination. This method essential takes two
samples from a random pool. This gives a unfair view of the sensor performance.
A more fair view of sensor measurement error and cross-coupling the mean and
standard deviation should be considered. Defining the error and cross-coupling as
absolute maximum bound of the 95% confidence interval is the third proposed im-
provement. If the error would have been computed using method presented in lit-
erature instead of proposed method, odds are that the sensor would have appeared
to meet the requirements.
When considering the sensor validation results it can be seen that the design con-
straints are not met. The design requirements that are not met are the minimum
strain, the mass, cross-coupling and the measurement error. The design mass is
exceed by 30 gram because the vacuum sealing ring had to be manufactured with
twice the designed thickens. The bolt required for the sensor assembly were also
neglected during the design stage. The validation of the remain requirements can be
at least partly explained by errors made during fabrication. Figure 2.23 shows the
measurements of the design variables after fabrication. The most influential milling
errors can be found in the thickness of the thin plates. These errors are caused by
rotating the senor half way trough the milling process. This rotation is required be-
cause of end mill length limitations. Another error was made during the placement
of the strain gauges. The strain gauges were not placed at the intended location as
can be seen in figure 2.24 and table 2.11. Due to a relative location difference of the
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stain gauges in a measuring bridge cross-coupling is inevitably introduced. A dif-
ference in measured strain is also explained by misplacing the strain gauges. For
future work a strain gauge placement guide is recommended, placing strain gauges
at an exact distance by hand requires expertise. The placement guide should provide
straight reference surfaces at the strain measuring beams. A "U" shaped part could
be milled with the inner dimensions of the strain measuring beams. This placement
guide can be slid over the strain measuring beams and is placed against the central
block. The length of the "U" shaped guide determines where the strain gauges are
placed. The straight reference edge at a fixed location helps placement.
When the measured error’s are included in the FEM model the errors seen in re-
ality are also introduced in the FEM model. The errors are not identical, however
the direction and location at which the cross-coupling matrix changes is the same
as seen in the fabricated sensor. Measuring the strain gauge placement and dimen-
sional errors exactly is challenging, an exact corresponds to reality is therefore also
not expected. The rotational errors are for example not taken in account.
The design constraint coinciding eigenfrequency was not measured because the re-
quired equipment was not available. This design requirement is however checked
because, no sensor vibration issues were faced during on machine testing. The vio-
lation of the error, hysteresis and mass constraint is only small and well known. The
main sensor loading can be oriented in a the most favorable direction. Furthermore,
the most important design criteria of passing airflow is met. This lead to the con-
clusion that this sensor has sufficient performance for load measurements during
high-speed case packing.
For future research it is recommended to re-fabricate the sensor to achieve a sensor
within design specification. This sensor could however already be used to measure
the failure mode of suction cups under the dynamic loading seen in high-speed case
packing.
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Chapter 3

Experimental determination of the
dynamic grasping strength of
suction cups when applied in
high-speed case packing

3.1 Abstract

In this study, the dynamic grasping strength of a suction cup gripper was experimen-
tally studied for the first time. The limit of the dynamic grasping strength is defined
as the load at which a product detaches from the suction cup gripper under dynamic
motion paths. The product and motion path considered were based on case packing
operations in the food industry. This was determined by measuring the load exerted
on suction cups during high-speed case packing operations in the packaged food
industry. The limit of the dynamic grasp strength was determined using an earlier
designed six-axis force moment sensor. This sensor was specially designed to pass
airflow through the sensor structure without limiting the pull-out load measure-
ment capabilities. During the robot motion, the load on the sensor was measured.
To transform this measured load to the load on the suction cup, the load measure-
ments were combined with Apriltag tracking from captured high-speed video im-
agery. This tracking was required to measure the product displacement and rotation
induced by the high-speed motion during case packing. From the resulting mea-
surements, the dynamic grasping strength limit for stiff and compliant suction cups
was determined. Remarkably, the location where detachment occurred in practice
does not comply with the current understanding and current models of suction cup
grippers. Compliant suction cups performed better than stiff suction cups because
of their ability to rotate the product. The rotation of the product results in a more
desirable load in the suction cups. The measurements on stiff suction cups showed
force peaks in the horizontal direction and the moment perpendicular to the plane
of motion. These peaks occur after changing the direction of robot acceleration. The
change in acceleration causes the product to rotate from one side of the gripper to the
other. Due to the stiffness of the suction cup, this rotation stops suddenly, resulting
in an impulse loading. For compliant suction cups, the detachment of the product
is caused by an increased moment loading. As the object is decelerated in the hor-
izontal direction, it swings past the gripping center of the suction cup gripper. At
this point, a downward acceleration is started to place the object. This combination
causes for an increase in moment loading perpendicular to the plane of motion.
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3.2 Introduction

Measuring the load during the high-speed case packing of flexible food products
provides the limits of suction cups in a dynamic case. The capability to hold a
product under a dynamic load is referred to as dynamic grasping strength in this
study.Knowing the dynamic grasping strength is required to improve the design of
suction cup based grippers in a structured manner.
The research effort into suction cup modeling and grasping strength measurements
have mainly coincided quasi-static load cases of rigid objects. The research is driven
by interests such as general industrial application, wall climbing robots, robotic vac-
uum gripper design and gripper pose planning. [101], [158]–[162].

In the early 2000’s, Mantriota observed that the models and measurements into suc-
tion cups failure loads was lacking compared to their widespread use in industry
[101]. In response, a suction cup model was proposed considering the two most
prominent suction cup failure modes, namely sliding of an object over the suction
cup surface and full detachment of the object from the suction cup [90], [102]. This
model only considered the suction cup edge to be load bearing, but this model was
later extended to also include a contact surface and was validated by performing
measurements on the grasping strength of a suction cup on different materials [101],
[106], [163]. The largest deviation between a measurement and a model was 15%
for slightly porous cardboard sheets. Other more extensive research on the failure
of passive suction cups also concluded that Mantriota proposed model and assump-
tions are likely to be valid [104]. Mantriota’s models has been considered, directly
used, or adapted in later studies [95], [164].
In more recent studies, more complex and promising models and simulations of
suction cup grasping strength have been presented [5], [160], [165]–[167]. The val-
idation of these models is however lacking, because often only the axial loading is
considered during validation if any validation is preformed at all.

These studies have brought the failure load estimation of suction cups a long way.
However, from the available literature a gap can be identified which limits the struc-
tural improvement of suction cup based robotic grippers. The measurements of
failure load of suction cups has not considered dynamic loads. Induced by for ex-
ample the case packing flexible products, this work aims to fill this literature gap.
The current literature on modeling and model validation of suction cups grasping
strength only consider quasi-static loading. These results and conclusions found for
the quasi-static load cases are assumed to be directly applicable for dynamic load
cases simply by taking newtons second law into consideration [101], [159]. Mod-
els or measurements of suction cups failure have not yet focused solely on dynamic
load cases.
Furthermore, previous work showed that mechanical properties of packaged food
products strongly influence the maximum throughput. This study will therefore
consider the products found in the packaged food industry. These products are
vastly different from the products considered in previous suction cups modeling or
measurement literature. In current literature, plates, slabs or blocks of stiff materials
such as glass pains, concrete blocks or stamped sheet metal are considered [5], [101],
[160], [165]–[167]. As concluded in chapter 1 these products behave very differently
under dynamics loading compared to the flexible food products that are most often
contained is a loose foil.
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This study will focus on measuring the grasping strength on suction cups grippers
using the sensor of chapter 2. This study sets out to answer the following question:
What is the failure mode of suction cups under dynamic load while case packing flexible food
products ?
Section 3.3 outlines the method. Section 3.4 presents the measurements results. In
section 3.6 the results are discussed. Concluding statements are given in section 3.7.

3.3 Method

To determine the dynamic grasping strength, the measurement procedure will be
presented, where after the correction calculations are given, after which the consid-
ered products and grippers are explained.

3.3.1 Measurement set up

To determine the dynamic grasping strength of suction cups, the load on the suc-
tion cups during the high-speed case pacing motion has to be determined. For these
measurements the novel six-axis force torque sensor from chapter 2 was used in com-
bination with high-speed imagery. This sensor can pass airflow without influencing
the load measuring capabilities of the sensor. Details on the design, fabrication and
validation of this sensor can be found in chapter 2. For capturing high-speed im-
agery the PROMON U1000 color camera made by company AOS was used at a
frame rate of 250 FPS. An overview of the complete measurement setup is shown
in figure 3.1b.

(A) Sensor and gripper placement during the
measurements

(B) Overview of the complete measurement set
up

FIGURE 3.1: Overview of the setup used during the measurements
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The six-axis F/M sensor is mounted between the robot platform and the robotic grip-
per, as shown in Figure 3.1a. During the motion of the robot the load is measured at
the measuring frame of the sensor.
By performing two separate measurements the load on the suction cups is deter-
mined. In the first measurement a delta robot is used to move a product using a
predetermined test path. In the second measurement only the sensor and selected
gripper are moved. The difference between these two measurements is the contri-
bution of the product to the measured load and can be used to find the load on the
suction cups.

For a fair comparison all measurements were preformed using the same robot path.
The path picked for the measurements resembles the motion paths of practical in-
dustrial implementations.
As shown in Figure 3.2 the shape of the path is determined according WPath, HPath
and RPath, the width height and radius of the path respectively. The review of the
case packing industry as presented in chapter 1 was used to determine these pa-
rameters as WPath = 700 mm, HPath = 100 mm and RPath = 100 mm. The motion
constraints consist of a jerk, acceleration limit.
The delta robot is controlled using a Beckoff PLC with Beckoff AX8000 series motor
drivers. In the control software, a robot path is generated according to three path
shaped parameters and three motion constrains.

FIGURE 3.2: The robot path taken during all tests. The parameters
used to determine the path are the width, WPath = 700 mm, the height,
HPath = 100 mm and the radius of the path RPath = 100 mm. The
labels Pick and Place are used to indicate pick and place locations

respectively.

Measurement procedure

The measurement procedure starts with the selection of a product that will be stud-
ied. Hereafter, a gripper design has to be selected. Testing different grippers on
the same product can give meaningful insight into different failure modes. Many
aspects are influential on the detachment load of suction cups. One of the main con-
tributions is expected to be the compliance of the suction cup gripping surface. A
more compliant suction cup gripping surface is able to conform to the surface of the
product better. This is expected to increase the holding capabilities.
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At the start of a measurement the product is manually attached to the gripper at the
location, shown as pick in Figure 3.2. The attachment is done manually to ensure
the sensor will not be overloaded when the robot experiences first contact with the
product. Next, the motion constraints, which cause the product to break away from
the gripper, are determined. For each combination of product and gripper, mea-
surements just below the critical motion constraints and above the critical motion
constraints are tested. During these tests the load at the sensor is measured and
high-speed imagery is recorded. These two measurements together determine the
transition from subcritical to supercritical gripper load. Furthermore, the accelera-
tion recorded by the motion control is stored to verify the correct motion constraints
that were achieved during the measurements.
To ensure that the required frame transformations can be applied correctly, the load
measurements without product, the load measurements with product, and the high-
speed footage are manually synchronized. The rising edge of the load was synchro-
nized with the first frame in which motion was detected. After the transformation
the data can be interpreted by comparing the measured load with and without the
product.

Measurement procedure described in a step-wise manner:

1. Select a product to be studied

2. Select one or more grippers for the selected product

3. Determine the critical load for each product and gripper combination

4. Measure the load and record the high-speed video for the subcritical path with
a product attached to the gripper

5. Measure the load for the subcritical path without a product attached to the
gripper

6. Measure the load and and record the high-speed video for the supercritical
path attached to the gripper

7. Measure the load for the supercritical path without a product attached to the
gripper

8. Synchronize the data, the first video frame is synchronized on the rising edge
of the measuring loads

9. Perform the required transformations to translate the measured force of the
suction cup frame of reference.

10. Interpret the resulting load

Considered products and grippers

In this study, 2 products were measured according to the procedure. Chapter 1 found
that the product classes showing the most challenges were the liquid pouches and
the single mass in a foil. From both product classes one product was selected to
study.
For the liquid pouches, soup in a pouch was selected because of its high weight
that enables it to achieve a large signal to noise ratio during measurements. From
the single mass in a foil, single serve ice cream was selected due to its industrial
relevance. A single mass in a foil is challenging to case pack because its height to
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width ratio is large. This reduces the amount of vacuum force compared to the
product mass. Furthermore, the center of mass is located further below the suction
cup increasing the moment loading during acceleration
Two different grippers are used in their industrial applications. For liquid pouches
an array of compliant suction cups is used and for single masses in a foil a stiff rim
of Linatex is used. In this study, this difference is further explored by using both
types of grippers for both the liquid pouch and the single mass in a foil, resulting
in 4 different gripper and product combinations. In Figure 3.3 the four considered
grippers and their products are shown.
The compliant suction cup grippers use PIAB BL40-5 suction cups in this study. For
the soup, eight suction cups are used and for the single serve ice cream, 2 suction
cups are used.
The stiff suction cup for soup consists of two vacuum surfaces of 60 X 55 mm with
round corners and for the single serve ice cream a vacuum surface of 25X95 mm with
rounded corners is used.

(A) Stiff gripper for the soup in a pouch (B) Stiff gripper for the single serve ice cream

(C) Compliant gripper for the soup in a pouch (D) Compliant gripper for the single serve ice
cream

FIGURE 3.3: The four considered grippers and their respective prod-
ucts

3.3.2 Required transformations

Since the load at the suction cups is of interest, the load measured in the sensor’s
frame of reference should be transformed to the suction cup’s frame of reference.
Figure 3.4 shows the sensor’s frame of reference in blue and the suction cup’s frame
of reference in red. When considering an array of suction cups the reference frame
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is placed in the center of the array.

The transformations required to obtain the load of the suction cups consist of three
consecutive steps [110]. Firstly, the sensor output voltage ,Vsensor, was converted to
a measured load. This was done using the calibration matrix, determined in chapter
2. Secondly, the origin of the sensor’s frame of reference is translated to the origin of
the gripper’s frame of reference. Finally, for compliant suction cups the translated
frame of reference is also rotated to achieve the suction cups frame of reference. For
the stiff suction cups the rotation angle is set to 0 degrees.

Furthermore, translation and rotation of compliant suction cups are affected by the
motion of the robot. For the stiff grippers the translation is constant and the rotation
is zero. To track the translation and rotation of the compliant grippers, high-speed
video footage was recorded during the pick and place motion. To automate the de-
termination of translation and rotation Apriltags were used. These tags are shown
in Figure 3.4. The position and rotation of these tags can be automatically detected
in video frames.
This results in a displacement vector ~d = [dx, dy, dz]T and a rotation angle θ. Here, dx,
dz and θ are time varying and dy could be a constant displacement out of the plane
of motion. dy was 0 for all performed measurements in this study. The standard
output from the tag tracking software is the rotation angle and pixel location of the
Apriltags’ center. For small rotations this data can directly be used to determine the
rotation angle and displacement vector as shown in Figure 3.4a. For larger rotations
the compliant suction jams and loses its compliance. At this maximum rotation an-
gle, θmax, the suction cup’s reference frame of rotation stops following the products
rotation angle and remains equal to θmax. After the measured angle exceeds θmax, the
angle used in the correction calculation was set equal to θmax.
Finally, the data is filtered using a low pass filter, for which the requirements will be
discussed in section 3.6
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(A) Showing the determination of the rotation
angle and displacement vector for small rota-

tions following the Apriltag location

(B) Showing the effectors of large deformation
during the determination of the rotation angle

and displacement vector.

FIGURE 3.4: Figure showing the measurement frame of the sensor
and the reference frame of interest at the suction cup

For each of the transformations a matrix is used. These matrices are labelled C−1,
D and R respectively. Equation 3.1 shows the full transformation. For compliant
grippers the translation and rotation matrices are time varying. Their definition and
determination does however not change from the method presented by B.Shimano
and B.Roth [110]. Equation 3.2 and 3.3 show the translation and rotation matrix. The
total rotation matrix is made up of two rotations. The first rotation, R1, aligns the
sensor’s frame of reference with the robot’s frame of reference. The second rotation,
R2, is the rotation of theta around the y-axis. The displacement dtotal is measured in
the robot’s frame of reference. Therefore, the multiplication with the displacement
correction matrix D has to be preformed after R1 and before R2

F′ = R′2 D R′1 C−1 Vsensor (3.1)

D =



1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0
0 -dz dy 1 0 0
dz 0 -dx 0 1 0
-dy dx 0 0 0 1

 (3.2)

R′1 =

[
R1 0
0 R1

]
and R′2 =

[
R2 0
0 R2

]
(3.3)

Where:
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R1 =

1 0 0
0 −1 0
0 0 −1

 , R2 =

 cos(θ) 0 sin(θ)
0 1 0

−sin(θ) 0 cos(θ)


To determine the load on the suction cup, equation 3.1 has to be calculated twice,
once for the measurement with product and once for the measurement without
product. The difference between these load measurements is the contribution of
the product to the total measured load expressed at the suction cup’s frame of refer-
ence. These loads expressed in the suction cup’s reference frame are filtered with a
low pas filter placed at 30 Hz.

3.4 Results

For each product-gripper combination the subcritical and supercritical load were
measured 3 times. During these measurements the same trends were seen. There-
fore, only one measurement for each product-gripper combination is presented here.
In the plots showing the measured loads and the set acceleration, three dashed lines
are shown. These lines are used to discuss the results in section 3.6. The line labelled
0 refers to the state before motion, label 1 refers to the state where models predict
detachment of a product from the suction cup gripper, and label 2 refers to the state
where detachment of the product from the gripper occurs in practise. The lines are
used for explanatory purposes, their exact position is not of importance.

The measurements are presented in the following manner:

1. The motion constraints for the gripper-product combinations are provided in
table 3.1.

2. The set acceleration, and the uncorrected and unfiltered load measurements
are presented for the compliant soup gripper. The robot acceleration is pre-
sented in Figure 3.5a and Figure 3.6a. The corresponding load measurement
with and without a product attached to the gripper are presented in Figure
3.5b and Figure 3.6b. These figures show that the measured force follows the
expected acceleration path shape. Additionally, the misalignment between the
sensor’s and robot’s frame of reference can be seen in Figure 3.5b. For the other
grippers the same behavior was seen and are therefore not presented.

3. The corrected load measurements expressing the force exerted on the suction
cup gripper by the product is presented for all 8 motion paths. In these figures,
3 lines are marked for discussion in section 3.6. The product orientation at the
lines is shown here as well.
To present the data more clearly not all six load measurements are presented.
Only the force in Fx, Fy, and Fz are shown.
The grippers were oriented such that their weakest side was placed in the di-
rection of horizontal acceleration. Therefore, the forces in the y direction and
moments around the x axis are less influential and are small. Because the axial
rotations are introduced in pick and place motion cycles, the moment around
the z axis is also introduced in these motion cycles.
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4. The remaining vibration after performing a pick and place motion without
applying a low pass filter are shown in Figure 3.11

3.4.1 The motion path parameters

Gripper Product Path type Jerk m
s3 Acceleration m

s2 Velocity m
s

Stiff Soup Subcritical 2250 23 10
Stiff Soup Supercritical 2500 30 10

Compliant Soup Subcritical 2500 27 10
Compliant Soup Supercritical 2500 45 10

Stiff Ice Cream Subcritical 2500 35 10
Stiff Ice Cream Supercritical 3000 50 10

Compliant Ice Cream Subcritical 2500 35 10
Compliant Ice Cream Supercritical 3000 50 10

TABLE 3.1: The motion constraints for the gripper-product combina-
tion. This table show the transition from subcritical to supercritical

motion constraints.
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3.4.2 Unfiltered and uncorrected load measurements

Unfiltered and uncorrected subcritical load measurements for the compliant soup
gripper and the corresponding acceleration path

(a) The acceleration path generated by the Beckoff motion controller for the subcritical motion path of the compliant soup gripper.

(b) Showing the subcritical load measurement with and without soup attached to the compliant gripper. The measured load at the sensor is not corrected
and not filtered. It can be seen that the measured force follows the acceleration path as expected. Furthermore, there exists an misalignment in the axis.

Figure 3.5: Showing the subcritical robot acceleration path and the measured loads for
soup with a compliant gripper. For a subcritical motion path the dynamic grasping
strength of the gripper is just sufficient to hold the object. The labels 0, 1, and 2 refer
to the state before motion, the state where models predict detachment between the
gripper and the product, and the state where the product detaches from the gripper in

practice respectively.
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Unfiltered and uncorrected supercritical load measurements for the compliant
soup gripper and the corresponding acceleration path

(a) The acceleration path generated by the Beckoff motion controller for supercritical motion path of the compliant soup gripper.

(b) Showing the supercritical robot load measurement with and without a product attached to the gripper for soup with a compliant gripper. The
measured load at the sensor is not corrected and not filtered. It can be seen that the measured force follows the acceleration path as expected. However
there exists an misalignment in the axis. After the line that is labelled 2, the dynamic holding strength of the gripper is insufficient and the product

detaches from the gripper. After this point in time the measured load with and without product overlap as expected.

Figure 3.6: Showing the supercritical robot acceleration path and the measured loads
for soup with a compliant gripper. For a supercritical motion path the dynamic grasp-
ing strength of the gripper is just insufficient to hold the object. The labels 0, 1, and
2 refer to the state before motion, the state where models predict detachment between
the gripper and the product, and the state where the product detaches from the gripper

in practice respectively.
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3.4.3 Stiff soup gripper

(a) The corrected and filtered force and moment measured for the stiff soup gripper with a subcritical acceleration path.

(b) The corrected and filtered force and moment measured for the stiff soup gripper with a supercritical acceleration path. In the picture showing the
orientation labelled 2, the product just detached from the gripper. Note the arrow placed between the 0 line and Fz, indicating the loss of the product.

Figure 3.7: The corrected and filtered force and moment measured for the stiff soup
gripper with a supercritical acceleration path. The labels 0, 1, and 2 refer to the state
before motion, the state where models predict detachment between the gripper and the
product, and the state where the product detaches from the gripper in practice respec-
tively. In the picture showing the orientation labelled 2, the product just detached from

the gripper.
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3.4.4 Compliant soup gripper

(a) The corrected and filtered force and moment measured for the compliant soup gripper with a subcritical acceleration path.

(b) The corrected and filtered force and moment measured for the compliant soup gripper with a supercritical acceleration path. In the picture showing
the orientation labelled 2, the product just detached from the gripper.

Figure 3.8: The corrected and filtered force and moment measured for the compliant
soup gripper with a supercritical acceleration path. The labels 0, 1, and 2 refer to the
state before motion, the state where models predict detachment between the gripper
and the product, and the state where the product detaches from the gripper in practice
respectively. In the orientation labelled 2 the product just detached from the gripper.

Note the arrow placed between the 0 line and Fz, indicating the loss of the product.
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3.4.5 Stiff ice cream gripper

(a) The corrected and filtered force and moment measured for the stiff ice cream gripper with a subcritical acceleration path.

(b) The corrected and filtered force and moment measured for the stiff ice cream gripper with a supercritical acceleration path. In the picture showing
the orientation labelled 2, the product just detached from the gripper.

Figure 3.9: The corrected and filtered force and moment measured for the stiff ice
cream gripper with a supercritical acceleration path. The labels 0, 1, and 2 refer to the
state before motion, the state where models predict detachment between the gripper
and the product, and the state where the product detaches from the gripper in prac-
tice respectively. In the picture showing the orientation labelled 2, the product just
detached from the gripper. The mass of the ice cream is so small that the loss of the

product can not be seen at the scale of the plot.
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3.4.6 Compliant ice cream gripper

(a) The corrected and filtered force and moment measured for the compliant ice cream gripper with a subcritical acceleration path.

(b) The corrected and filtered force and moment measured for the stiff ice cream gripper with a supercritical acceleration path. In the picture showing
the orientation labelled 2, the product just detached from the gripper. The mass of the ice cream is so small that the loss of the product can not be seen at

the scale of the plot.

Figure 3.10: The corrected and filtered force and moment measured for the stiff ice
cream gripper with a supercritical acceleration path. The labels 0, 1, and 2 refer to the
state before motion, the state where models predict detachment between the gripper
and the product, and the state where the product detaches from the gripper in practice
respectively.In the picture showing the orientation labelled 2, the product just detached

from the gripper.
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3.4.7 Remaining vibrations after a pick and place motion

(a) The remaining vibrations after finishing a pick and place mo-
tion measured for the stiff single serve ice cream gripper, using the
subcritical motion path without filtering. It can be seen that the the
addition of an object to the gripper has dampened the remaining vi-
brations. This is not expected because the product adds additional

load to the system.

(b) The remaining vibrations after finishing a pick and place motion
measured for the stiff single serve ice cream gripper, using the sub-
critical motion path with filtering. It can be seen that the the filtering

has removed the remaining vibrations.

(c) The remaining vibrations after finishing a pick and place mo-
tion measured for the stiff single serve ice cream gripper, using the
supercritical motion path without filtering. It can be seen that the re-
maining vibrations overlap nicely. In the supercritical motion path
the product has detached from the gripper, resulting in a loss of the
dampening effects as seen in Figure 3.11a. Additionally, the change
of force in the z direction due to detachment of the product can be

seen.

(d) The remaining vibrations after finishing a pick and place motion
measured for the stiff single serve ice cream gripper, using the super-
critical motion path with filtering. It can be seen that the the filtering
has removed the remaining vibrations. Additionally, the change of

force in z direction due to detachment of the product can be seen.

Figure 3.11: The remaining vibrations of the single mass in a foil gripper. These fig-
ures show why filtering is required for the proposed method. It was assumed that the
addition of product to the gripper would not affect the behavior of the robot. In reality,
the addition of the product to the gripper has a damping effect on the vibration of the
robot structure, as can be seen in Figure 3.11a. Taking the difference between the load
case with and without product will no longer result in a fair comparison. Therefore,
filtering is used to remove the vibrations. A limitation introduced by filtering is the

fact that the forces induced by the robot vibration are no longer taken into account.

3.5 Interpretation of the results

Before discussing the findings of this study the results will be interpreted and com-
pared to the current understanding of the grasping strength of suction cup grippers.
The load at which failure occurs can be found in Figures 3.7b, 3.8b, 3.9b, and 3.10b
and is of interest for industrial application. For a better understating of the dynam-
ical behavior of suction cup grippers a more general understanding of the differ-
ent failure modes is valuable. The interpretation leading to a description of failure
modes of the stiff and compliant gripper is also presented in this section. The results
will be interpreted in the same order as they are presented in section 3.4.

3.5.1 Method validation measurements

The robot acceleration path presented in Figures 3.5a and 3.6a in combination with
the unfiltered and uncorrected load measurements presented in Figures 3.5b and
3.6b are considered first. These load and acceleration measurements were used to
validate the measurement procedure.
The motion planner always planned a path within the set motion constraints shown



84
Chapter 3. Experimental determination of the dynamic grasping strength of

suction cups when applied in high-speed case packing

in table 3.1. However, for certain combinations of dynamic constraints the accel-
eration path showed steps and peaks. The steps and peaks were not investigated
further because they did not occur at the product detachment point from the grip-
per.
In addition, the shape of the measured loads resembles the shape of the acceleration
path well. By comparing Figure 3.5b to 3.6b it can be seen that increasing the accel-
eration simultaneously increases the load on the sensor as expected. However, the
force in the z direction is in the wrong direction. Since the suction cup exerts the
force required to accelerate the product, the force on the suction cups is expected to
be in the opposite direction of the robot’s acceleration. To correct for this misalign-
ment in the reference frame of the sensor and the robot, R1, also presented in Figure
3.4a, was introduced.
Furthermore, the point of detachment is well captured by the sensor. In Figure 3.6b
it can be seen that after the product detaches from the gripper, indicated by the line
with label 2, the measurement with and without product overlap. This is expected
because there is no difference between the two load cases after product detachment
from the gripper.

3.5.2 Expected point of insufficient dynamic holding strength

To emphasize the findings of this study it is important to understand where the cur-
rent models and their validation measurements predict the occurrence of product
detachment from the gripper. As stated in section 3.4, the line labelled 1 is used to
indicate this position in the force and acceleration plots. For the explanation, Figure
3.5a will be used. For the other figures showing acceleration of force plots the same
reasoning holds.
In the current models the acceleration of a robot, as shown in Figure 3.5a, is directly
used to determine the point of lowest dynamic grasping strength. With the path
planner used in this study, the maximum acceleration in z and x direction is the
same. Since the in plain force that a suction cup can withstand is depended on the
normal force exerted on the suction cup, a combined acceleration in z and x will
result in the lowest dynamic grasping strength. Only in the corners of the robot
path, shown in Figure 3.2, there is a combined loading in theory. In the first corner,
the robot accelerates upwards while simultaneously accelerating in horizontal direc-
tion. This results in a combined loading of an axial pulling and in plane force on the
suction cup. In the second corner, the object is accelerated downwards while simul-
taneously decelerating in horizontal direction. This results in a combined loading of
an axial pushing and in plane force on the suction cup.
The loading in the first corner will in theory result in the lowest dynamic grasping
strength. However, in practise, product detachments are seen at the second corner.
This point is labelled 2 in all figures showing a force or acceleration plot.
The current models and their validation measurements not only wrongly estimate
the acceleration at which detachment of the product from the gripper occurs, but
also incorrectly estimate the location of this detachment.

3.5.3 Soup grippers

In this section the measurement results from the stiff and compliant soup gripper,
shown in Figures 3.7 and 3.8, will be interpreted and their main differences will be
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discussed. The transition from the sub- to supercritical motion path will be the cen-
ter of the measured load interpretation. This transition captures the point where the
dynamic gripping strength becomes insufficient.
When comparing Figure 3.7a to 3.7b and Figure 3.8a to 3.8b it can be seen that the
measured load for the supercritical motion path is higher than that of the subcritical
motion path. The entire motion path seems to be be scaled by the same factor, with
the exception of the load at the detachment point. At the the point of detachment,
labelled 2 in Figures 3.7 and 3.8, the load increases more compared to the rest of the
measurement.
Furthermore, for the supercritical load cases shown in Figures 3.7a and 3.7b the de-
tachment of the product can be seen as an increase of load in the z direction. The
load is increased because the load is set to 0 at the beginning of the load measure-
ment.

Stiff soup gripper

Considering the stiff soup gripper in more detail, the transition from acceleration to
deceleration in x is most interesting. Before the change of acceleration to decelera-
tion the load follows the same shape as the set acceleration. At the same time, the
product rotates slightly, as can be seen in the picture labelled 1 in Figures 3.7a and
3.7b. When the robot starts decelerating, the force in x direction and the moment
around the y axis rapidly change direction. During this change from acceleration to
deceleration the product rotates from one end of the gripper to the other end. This
rotation can be seen in the picture labelled 3 in Figures 3.7a and 3.7b. Due to the
stiffness of the suction cup the product suddenly stops rotating as the foil is pulled
tight. This impulse loading causes a peak in the force in x direction and moment
around the y axis.
This peak occurs before the second corner, while the robot is not accelerating in the
z direction. This can best be seen in Figure 3.3a.

Compliant soup gripper

For the compliant soup gripper a few key differences can be seen. The dynamic
grasping strength is significantly better. The compliant soup gripper is able to achieve
higher accelerations while still holding the product. The transition from sub- to su-
percritical is much larger than for the stiff soup gripper. This will later be explained
when considering the difference in failure mode.
The differences between the stiff and compliant gripper start in the first corner. For
the compliant gripper, the suction cups grasping plane can rotate, resulting in a
higher normal load in z direction and a smaller load in x direction. This is bene-
ficial for holding the object because the friction coefficient is smaller than 1.
Another effect of this compliance is a greater rotation of the product. This can be
seen in the pictures labelled 2 in Figure 3.8a and Figure 3.10b. The rotation of the
product is limited, once the bellows of the suction cups compress together the com-
pliance is decreased, limiting further rotation.
The second difference can be seen when looking at the change from acceleration to
deceleration in the x direction. For the compliant soup gripper this change is much
more gradual compared to that of the stiff suction cup. Due to the compliance of the
gripper, no peaks in the force in x direction or moment in y direction can be seen
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right after the start of the deceleration. The picture labelled 2 in Figure 3.8a shows
the product orientation at this point.
The point of failure for the compliant gripper is different than that of the stiff gripper
and can be explained by considering two observations. Firstly, the downwards accel-
eration starts while the product is still oriented as shown in the picture labelled 2 in
Figure 3.8a. In this orientation, the center of mass is left of the center line of the grip-
per. Secondly, the gripper has lost its rotational compliance due to a compression of
the suction cup bellows caused by the previous deceleration. This combination re-
sults in an increase in moment around the y on the suction cups as can be seen in the
line labelled 2 in Figure 3.8a and Figure 3.10b, causing the failure of the compliant
soup gripper and placing the point of detachment of the product from the gripper at
the start of the second corner.
Because of the failure is depended on the product orientation when entering the sec-
ond corner a large difference in acceleration between a sub- and supercritical path is
explained.

3.5.4 Single serve ice cream gripper

Stiff ice cream grippers

For the stiff ice cream gripper the same behavior as for the stiff soup gripper is seen.
The peaks in the force in the x direction and the moment around the y axis are even
more clearly visible in Figures 3.9a and 3.9b. Right before and right after the peaks,
the force in x direction is the same as in the first half of the motion cycle. This can be
seen before and after the line labelled 2 in Figure 3.9a
For the supercritical load case the peaks of force in the x direction and the moment
around the y axis are also seen in the first corner, right after the point labelled 1 in
Figure 3.9b.

Compliant ice cream gripper

Similar to the soup grippers, the compliant gripper also performs better than the stiff
gripper for the single serve ice cream. Table 3.1 shows that the compliant ice cream
gripper achieves the same maximum acceleration as the stiff ice cream gripper. The
maximum acceleration is a direct indication of cycle speed, which is the most impor-
tant performance criteria for high-speed case packing. However, the compliant grip-
per achieves this performance with a smaller surface area. Therefore, the compliant
gripper performs better than the stiff gripper for single serve ice cream. However,
due to the single row of suction cups the product has reaming motion after the pick
and place cycle has finished. This is a large downside creating a trade of between
holding capabilities and position certainty.

The behavior of the compliant ice cream gripper also resembles that of the compliant
soup gripper. Because of the larger rotational freedom, the measured load plots look
different. The most notable difference is the low load in x direction after the first
corner, which can be seen in Figure 3.10a. The low load in the x direction is a direct
effect of the suction cup rotation. When the acceleration changes to deceleration in
the x direction, the product swings to the other side, causing an increase of load in
the x direction. When the motion in the z direction is finished there are still load
forces measured in x and z direction. These forces are the damped oscillation of the
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mass-spring-damper formed by the suction cup and the gripped product.
When comparing Figure 3.10a and Figure 3.10b it can be seen that the failure mode
of the compliant ice cream grippers is the same as the failure mode of the compliant
soup gripper. The downward acceleration of the second corner causes an increase in
moment perpendicular to the plane of motion.

3.6 Discussion

Besides, finding the load case that leads to product detachment and interpreting
the results explaining the failure mode of stiff and compliant suction cups, other
interesting observations were also made during this study. These observations, the
limitation of the proposed method, and the recommendations for future work are
discussed in this section.

The proposed method worked well to find the load at which product detachment of
the suction cup grippers occurred. However, a significant limitation of this method
is the fact that the data has to be filtered before the first eigenfrequency of the robot.
The load on the suction cups is considered as the difference between the measure-
ment with and without an attached product. This assumes that the addition of the
product to the gripper does not change the behavior of the robot. In reality, this
is not the case, during measurements it was noted that the vibrations of the robots
structure were damped due to the addition of a product to the suction cup. The
effects of this damping and filtering are shown in Figure 3.11. Since the two load
cases are coupled, subtracting the measurements will not result in a fair compari-
son. To remove the vibration all together, a low pass filter was added. However, in
reality, the product will experience the loads induced by the vibrations of the robot
structure as well. These loads are not taken into account using this method. With
the current state-of-the-art understanding of the dynamic gripping strength, the ne-
glected forces only pose a minor error.
In the proposed method, the synchronisation of the load measurements, video frames
and acceleration profiles was all done manually. This is a time consuming process
prone to human errors. For future studies it is recommended to synchronise all mea-
surements with one start button.
The final improvement concerns the robot control and acceleration measurement. In
this study, the motion planning and acceleration measurement are handled by the
Beckoff motion controller. The source code for the motion planner and acceleration
measurements are not available. This results in a "black box" in the measurement
setup.
The motion planner is simple to use, but provides limited freedom in the design
of the acceleration path. Furthermore, the acceleration calculated by the motion
planner using the motor encoders is expected to be strongly filtered. The measured
acceleration profiles presented in Figure 3.6a and Figure 3.5a show smooth lines.
On the other hand, the measured load shows vibrations in a fixed frequency range.
When directly measuring the output of the motor encoders, vibrations at the same
frequency can be seen. After further investigation it was determined that the mea-
sured frequency was the eigenfrequency of the case packing robot. The measured
frequency is depended on the location of the robot in its working space. During
the load measurements, eigenfrequencies around 30 Hz were found. To gain more
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design freedom in the acceleration path and to obtain a better acceleration measure-
ment of the robot platform, it is recommended to design these parts separately from
software packaged provided by Beckoff.

During the dynamic grasping strength measurements, some interesting observa-
tions were made. Firstly, during the measurements with a supercritical acceleration
path, the product detached at the back of the gripper first. The reason for this trend
is hypothesized to be caused by an uneven distribution of mass and volume in the
foil. Soup is packaged in a tapered pouch placing most of the mass on the front half
of the gripper. Single serve ice cream has a popsicle stick on one end of the ice cream,
which was always placed in the same direction during measurements, placing it’s
mass and volume continuously on the front half of the gripper.
Considering the failure modes found for stiff and compliant grippers the detachment
of the product at the back of the grippers can be explained. As example, the reason-
ing is given for the stiff ice cream gripper. The failure mode of the stiff grippers was
a sudden stop of the angular motion, leading to a peak of force in the horizontal di-
rection and in the moment perpendicular to the plane of motion. The volume of the
single serve ice cream is located at the front of the gripper. When this part of the ice
cream hits the stiff suction cup a small moment is also measured around the axis in
the direction of horizontal motion. This moment is counteracted by a pushing force
at the front of the gripper and a pulling force at the back of the gripper. The point
of highest pulling load is in that case located at the back of the gripper. A similar
reasoning can be made for the other gripper-product combinations.
These observations lead to the recommendation to reconsider the grasping position
of the product. Now, the gripper is always placed centred of the product’s surface.
The throughput could possibly be increased when the gripper is placed above the
center of mass of the product.

Secondly, the compliant suction cups showed the ability to re-seal the suction cups
after a partial detachment of the product. This observation was made while review-
ing the high-speed footage. The re-sealing effect is explained by the idea that a small
leak in the seal of a compliant suction cup will cause a rapid increase in airflow.
This flow sucks the foil and the compliant suction cup rim back together, closing
the seal again. Different frames from the high-speed recording show the re-sealing
effect presented in Figure 3.12. The re-sealing effect could be part of the reason that
compliant suction cups outperform stiff suction cups.
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(A) In this frame a leak starts to form at the front
of the compliant suction cup gripper. The leak is

encircled in yellow.

(B) The following frames show that the gap
slowly grows. One of these frames is shown in

this picture.

(C) In this frame the suction cup gripper has re-
gripped the products. This is remarkable be-
cause the product has continued to move in the
direction that originally caused the leak. The
rotation of the product did not assist in the re-

sealing of the product to the suction cup.

FIGURE 3.12: Three pictures showing the re-sealing capabilities of
the compliant suction cups. This video was taken using 800 frames
per second using the same camera as for the force measurements. By
reducing the amount of pixels that are captured per frame, the frame

rate was increased.

Also worth mentioning, in this study only suction cups based grippers were con-
sidered. However, the setup and measurement procedures could also be used to
study other gripper classes or hybrid grippers. The airflow integration into the sen-
sor structure could be used for the actuation of any pneumatic based gripper.
For compliant or underactuated finger based grippers an additional change should
be taken into account. When a product is added to the gripper the grasp changes
compared to the situation where no product is added to the gripper. The loads in-
duced by the acceleration of the robot will exaggerate this difference. For these type
of grippers the method proposed in this work has to be extended.
Finally, two type of suction cups and two products have been considered in this
study. For future research it is recommended to use the improved method to extend
the study including a wider variety of products and grippers.

3.7 Conclusion

In this study, the dynamic grasping strength of suction cup grippers while handling
flexible products was measured in an experimental setting. The robot paths and
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products used in the measurements of the dynamic grasping strength were picked
to resemble high-speed case packing for packaged food. The considered products
consisted of soup in a pouch and single serve ice cream. Both products were packed
using compliant and stiff suction cup grippers, which was done to identify the dif-
ference in their behavior.
For the measurement of the load, the six-axis force moment sensor from chapter 2
that passes airflow through the sensor structure is used. Passing the airflow through
the sensor structure eliminates the parasitic forces coming from the stiff vacuum
hose.
By taking the difference from a measurement with and without a product attached
to the gripper the load on the suction cups was calculated. For this calculation a cali-
bration, rotation and translation matrix were used to transform the load measured at
the senor to the load on the suction cup. To also take the time varying position and
angle of the compliant suction cups into account, Apriltag tracking was preformed
on recorded high-speed videos.
From the calculated loads on the suction cups, the failure mode of compliant and
stiff suction cups were determined. The failure modes found were not influenced by
the gripped product. For stiff suction cups the failure load is a peak of force in hori-
zontal direction and a moment around the axis perpendicular to the plane of motion.
These peaks are caused by an impulse loading when the foil of the product is pulled
tight right after the robot path changes from acceleration to deceleration. Compli-
ant suction cups accelerating downwards, while the product is not centred on the
gripper, causes the detachment of the product. Accelerating downwards while the
product is not centered at the gripper causes an increase in moment perpendicular
to the plane of motion, the suction cups are not able to withstand this moment load-
ing.
Interestingly, the moment around the axis perpendicular to the plane of motion is
influential for both the stiff and compliant gripper. Literature has not considered
this moment before, when measuring the load at which detachment occurs between
the product and a suction cup.
Furthermore, the models currently found in literature predict that a product de-
taches from the gripper in the first corner of the robot path. In reality, the detachment
of the product from the suction cups occurs in the second corner. The current mod-
els not only predict the acceleration at which a product detaches wrongly, but also
predict the location of product detachment incorrectly. This illustrates the lack of
understanding of the dynamic grasping strength of suction cups. Finally, compliant
bellow suction cups outperform stiff suction cups and are able to hold product at
higher accelerations. At this higher throughput the product has a large remaining
damped vibration. Because of the remaining vibrations a product can not be placed
in a container, leading to the observation that further improvement of suction cups
based grippers is limited because there seems to be a trade-off between holding ca-
pabilities and position certainty.
For future research it is recommended to change the measurement process by cre-
ating a single start button for the load, acceleration and high-speed video measure-
ment. This button will automatically synchronise all the measured data, speeding
up the measuring process significantly. Automatic synchronisation will also reduce
the change of human errors during the now manually performed data synchronisa-
tion process.
After speeding up the measurement process the conclusions presented here should
be validated by extending the study to include more products and grippers.
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Discussion

The aim of this study is to gain a better understanding of product detachment from
suction cups, an effect observed in the high-speed case packing for packaged food.
Detachment of products is defined by the loss of contact between the robotic suction
cup gripper and the gripped object.

Besides the conclusions drawn in the separate chapters, other chapter overlapping
conclusions and insights were also gained.

Combining the knowledge gained from the three chapters two gripper designs are
proposed. The first design is a hybrid gripper as shown in Figure 3.13. This design
uses suction cups combined with an under actuated gripper. These griper classes
showed to complement each other, which is described in chapter 1. The under ac-
tuated gripper will limit the range of motion of the product, thereby eliminating the
impulse loading that causes the foil to suddenly pull on the suction cup. For this
gripper design, the actuation speed of the under actuated gripper is the main con-
cern.
Low inertia design, high actuation power, low joint friction and gripper-robot syn-
chronisation should be considered to obtain lower actuation times. For the mechan-
ical design, inspiration can be taken from the 100g gripper, designed to catch object
using a robot hand [168]. High actuation power could for example be achieved by
storing energy in a spring using a lower power actuator, which can store energy
during the robot motion that is then released at the pick and place location. An ex-
ample for such a design can be found in the design of an aerial gripper [99]. Finally,
from chapter 3 it is concluded that the second corner in the robot path contains the
main limitation. The vertical acceleration and the beginning of the first corner in the
robot path can be used as extra time to fully close the gripper. This requires a good
synchronisation between the robot and the gripper.
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(A) The proposed hybrid gripper design using
under actuated gripping with suction cups

gripping in the open position

(B) The proposed hybrid gripper design using
under actuated gripping with suction cups

gripping in the closed position

FIGURE 3.13: The proposed hybrid gripping design combining under
actuated gripping with suction cups

The second proposed gripper design uses the observations of rotational freedom
that is paramount for better holding capabilities. This design is shown in Figure 3.14
and has the necessary rotational joint added close to a stiff suction cup. All rotational
freedom is caused by the added joint for stiff suction cups, resulting in a well defined
pendulum. This pendulum will show significant remaining vibrations after a motion
cycle. However, because the pendulum is well known, the input shaping can be used
to suppress its eigenfrequency reducing the residual motion at the end of a motion
cycle. The sensor presented in chapter 2 can be used to determine the input shaping
parameters.
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(A) The proposed rotational freedom gripper
design requiring input shaping (B) The proposed hybrid gripper design using

under actuated gripping with suction cups
gripping in the closed position

FIGURE 3.14: The proposed rotational freedom gripper design requir-
ing input shaping during motion

Additionally, with the designed sensor, other fields of research such as critical load
path planning, suction cup model validation and suction cup hybrid gripper vali-
dation have also been enabled. Critical load path planning has already been proven
to work for parallel robots [5]. In this study, solid objects are bin picked at a critical
speed using a single suction cup. In this work the critical speed was defined as the
speed at which either sliding or full detachment of the object from the suction cup
occurred. By including a model of the grasping strength limit to the path planner,
the suction cup was never loaded supercritically. Using the designed sensor and
measurement procedure proposed in chapter 3 this work could also be extended to
include the limit of the dynamic grasping strength for flexible products. This will
ensure the suction cups are always critically loaded for any motion path, improving
the certainty in the path planning.
The more advanced grasping strength suction cup models in literature lack the abil-
ity to validate the proposed models. Using the sensor from chapter 2 and the method
from 3 the more sophisticated models from literature, lacking validation, can now be
validated. It is recommended to first validate the position at which detachment oc-
curs before validating the exact load at product detachment. The currently validated
models also predict the location of failure wrongly. Checking the point of failure is
easier than checking the exact load, which already improves the current models.
Finally, the validated sensor and proposed method can also be used to validate the
grippers proposed in this section. When the dynamic failure load of the proposed
grippers has been measured, the amount of improvement can be quantified. With
this newly gained knowledge the design can be improved upon again, resulting in
a method for the structured improvement of grippers in the high-speed case pack-
ing industry. A particular challenge that remains for studying finger based grippers
is the change in orientation of the product during the high-speed case packing mo-
tion. The measurement without a product will not suffer from the same change in
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gripper orientation. However, when this technical challenge has been dealt with the
structured improvement of hybrid finger based grippers is made possible.
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Conclusion

In the high-speed case-packing of prepackaged food the detachment of products
from the suction cup gripper has recently became a prominent challenge. This study
consisted of three parts which all aimed to increase the understanding of the product
detachment from suction cups.
In chapter 1 the state-of-the-practice in the case-packing for packed food and state-
of-the-art of robotic gripping was reviewed. From this review a classification was
made, which was followed by a gripper grading used to determine the limiting
factors of all gripper classes for the high-speed case packing considering packaged
food. It was concluded that actuation time, holding capabilities and operating in
confined space formed 65% of the limitations. Interestingly, the research into reduc-
ing actuation time of grippers is very limited. Furthermore, suction cups showed to
be the overall best gripper for the packaged food industry. However, the data avail-
able for the grading was found to be limited.
Chapter 2 set out to fill this literature gap. In this chapter a six-axis force moment
sensor capable of passing airflow without influencing the measurement capabilities
of the sensor was designed. The design, fabrication, and validation of the sensor
resulted in a sensor with sufficient performance for usage in measuring loads dur-
ing high-speed case packing. The maximum measurement error of the sensor was
found to be 8% in the Fz direction.
In Chapter 3 the validated sensor was used to measure the dynamic grasping strength
of stiff and compliant suction cups. These measurements showed that the moment
perpendicular to the plane of motion are the leading limitation of the dynamic grasp-
ing strength of suction cups. For stiff suction cups this moment is caused by an
impulse loading when the foil is suddenly pulled after a change in acceleration. For
compliant suction cups this moment is induced by accelerating downward while the
product is not centered under the gripper.
Combining the knowledge of the three chapters, two gripper designs were proposed
to directly improve the end effectors in the high-speed case packing of packaged
food. Furthermore, future research suggestions were done, it is recommenced to
look into expanding the considered product and suction cups, load critical path
planning, improving actuation time of mechanical grippers and hybrid gripper de-
sign.
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Appendix B

Gripper Classification

B.0.1 Gripper classification

In this appendix the gripper classification is discussed in full detail. The main con-
tent is the same as presented in chapter 1, some section are even identical. This
appendix is only intended to give a more detailed explanation.

Current gripper literature already presented some classifications, however for our
purpose a new adjusted overview is made to serve the application-field [20], [26]–
[29]. Therefore, a new classification considering high speed P&P for the packaged
food industry is made and is shown in figure B.1. The classification consists of 5
main branches rigid mechanical grippers, compliant grippers, pneumatic grippers,
hybrid grippers and infeasible gripper. A main branch has sub-branches leading to
gripper classes. The gripper classification is discussed in further detail below.
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FIGURE B.1: An overview of the presented gripper classification

1. Rigid mechanical grippers
All robotic grippers consisting of rigid links and non-compliant parts are placed
under this classification. Most traditional robotic gripers fall under this cate-
gory and are well established in industry due to their predictability, reliability
and availability [33]–[35]. Knowledge and literature on this type of grippers
is radially available, due to the many years of research that have already been
preformed [36].This gripper type can be further subdivided in three gripper
classes: fully rigid 1 DOF (degree of freedom) grippers, fully rigid actuated
grippers and under actuated rigid grippers.

a Rigid 1 DOF grippers, this gripper class is the simplest rigid gripper and
is defined by having one actuated degree of freedom and no compliant
parts. This degree of freedom can be achieved by linear or rotational
motion, shown in figure B.2a and B.2b respectively [34]. The path this
gripper takes is well defined, features simple control and can be bought
"off-the-shelf" [33]. A fully rigid 1 DOF gripper could be classed as a fully
rigid actuated gripper, but since its design and defining features are very
different its deserving of a separate class.

b Fully rigid actuated grippers, grippers in this class have multiple DOF which
are each individually controllable. This defining feature results in high
adaptability, each phalanx of the gripper can be adjusted as desired. This
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however requires as much actuators as DOF and often many more sen-
sors. Making this gripper class heavy, challenging to control and expen-
sive [37]. Reducing weight, cost and control complexity are therefore one
of the main focus areas of research topics for the fully rigid actuated grip-
pers [38]–[40]. Figure B.2c shows a gripper form this class.

c Underactuated rigid grippers, grippers with rigid links and more DOF than
degrees of actuation (DOA) are placed in this class. Grippers in this class
are not able to actuate each phalanx of the gripper individually. However
when a phalanx comes in contact with the object a DOF is constrained by
the object, the phalanx in contact with the object stops moving while the
other phalanges remain in a closing motion. The grasp is completed when
all phalanges a constrained in some way. This behavior gives underactu-
ated gripper the ability to grasp around an object, with only limited actu-
ators and no sensors. To maximize the gained benefit from removing the
actuators designs often strive to use only one DOA [23], [41]–[43]. Under
actuation can be achieved by a linkage driven design as shown in figure
B.2e or by a nature inspired tendon driven hand shown in figure B.2d.

2. Compliant mechanical grippers
Compliant mechanical grippers consist of one single compliant structure and
do not contain any traditional rotational or linear joints. In the general classi-
fication of compliant mechanisms two main classes are distinguished, lumped
and distributed compliance [44].

a Lumped compliance, for lumped compliance the deformations take place
locally in a structural member and is often used to replace traditional ro-
tational joints [44]–[51]. This way rigid mechanical grippers can be trans-
formed to compliant grippers. A lumped compliant gripper is shown in
figure B.2f.

b Distributed compliance, for distributed compliance the deformation takes
place in a larger region of the structural member [52]–[56]. When neglect-
ing the mass of a the gripper and only considering external loading strain
energy can be used as a measure for stiffness [199], [200]. Distributed
compliant mechanisms generally have a large strain energy compared to
similar size lumped compliant mechanisms, resulting in a higher stiff-
ness. An example of a distributed compliant gripper is shown in figure
B.2g.

3. Pneumatic grippers
Grippers relying on pneumatics yet not requiring a mechanical support struc-
ture to connect to the object, are gathered in this class. This definition was
picked to exclude all mechanical grippers using pneumatic cylinders as their
actuator is from this class. This gripper type is further divided in vacuum
grippers and pressurized air grippers.

a Vacuum gripping: suction cups, the most common vacuum gripper which
is often used in industry, is the suction cup [26]. By applying a negative
pressure difference inside a volume enclosed, a force is exerted on the
object. This working principle is the unifying feature of this gripper class.
Their grasp for radial forces and axial moments is based on friction.
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b Vacuum gripping: structure jamming, structure jamming grippers are made
by loosely packing powder, layers or wires in a deformable enclosed vol-
ume. By reducing the volume in which the jamming material is enclosed
the jamming material is compressed and does not allow for free move-
ment of the particles anymore [58], [59]. This gripper class must be pre-
shaped before actuation, usually done by firmly pressing the jamming
gripper against the object to be picked. When a lose shape has been
formed the gripper is actuated jamming the particles, increasing the stiff-
ness and gripping of the object. Actuating the gripper can result in a 180
times increase in stiffness [60], [61]. figure B.2i and B.2h, show layer jam-
ming and particle jamming respectively.

c Pressurized air gripping: Bernoulli, Bernoulli grippers use high speed air-
flow around an object to generate a lifting force. A lower velocity air
stream has a relatively higher static pressure compared to a high velocity
air stream [64]. By careful design, the air stream above the object is forced
to have a higher velocity creating a lifting force. There is no contact be-
cause of the airflow. Delicate, clean or sterile object such as silicon wafers,
solar panel cells and sliced fruit or vegetables are best suited for Bernoulli
grippers [62], [63]. Figure B.2k shows a Bernoulli gripper.

d Pressurized air gripping: Pressurized bellows, Pressurized bellows consist of
a bellow with a semi-rigid spine. By applying pressure inside the bel-
low the semi-rigid spine bends due to a difference in material extension.
Pressurized bellows are designed for the handling of fragile and delicate
objects such as fruit, pastries or meat [67].This type of gripper has been
a research topic of great interest in recent year [20]–[22], [65], [66]. Espe-
cially hybrid grippers using pressurized bellows see a large research ef-
fort [76]–[82]. Furthermore pressurized bellow grippers are readily avail-
able on the market at companies such as, Soft Robotics and SoftGripping.
Figure B.2l show a typical pressurised bellow gripper.

4. Hybrid grippers
The goal of a hybrid gripper is to counteract the weak points of one gripper

class by combining it with another gripper class. The field of hybrid grippers
is rapidly growing and is deserving of a more detailed look. Furthermore in
grading the gripper classes a hybrid gripper can not be placed in one of the
other gripper classes.

While studying literature it became evident hybrid gripping is a well estab-
lished method to improve the performance of a gripper preforming a prede-
fined task. It is also noted all hybrid gripping solutions yielding a feasible
combination of gripper classes have been tried already. The main trends for
combating the limitation are presented here.

a Increasing holding capabilities
The limiting factor for holding capabilities for some gripper classes such
as compliant grippers, pressurized bellows and underactuated grippers
can be contributed to limited stiffness. A solution to this would be in-
creasing the joints or structure stiffness of the gripper. Considering the
same actuator this however also increases the closing time. To main-
tain the original closing time an actuatable or highly non-linear stiffness
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change is desired. With a low stiffness in the open position and a high
stiffness in the closed position. In hybrid gripping this is often done
by combining a gripper that needs improvement with structure jamming
[60], [77], [78], [81], [201], [202]. The original gripper class is used to pre-
shape the structure jamming gripper, which is than either locked activity
or passively increasing the stiffness tremendously. An increase of stiffness
of 180 times and a load capacity increase of 30 times has been achieved
using active stiffening of a lumped compliant gripper[60]. Using passive
stiffening a 6 fold stiffness increase has been achieved using a particle
jamming and pressurized bellow hybrid gripper [77]. The holding capa-
bilities of suction cups considering axial forces have also been increased
using a suction cup layer jamming gripper, increasing the normal pull of
force by a factor of 5.8 [96].

b Working in confined spaces
Grippers sometimes are used in confined spaces when preforming bin
picking tasks, placing products into a box or when harvesting fruit and
vegetables. In confined spaces a suction cup hybrid gripper is often used
to make contact and hold the object at a fixed position in the confined
space. The second part of the gripper than slowly closes around the pre-
fixed object completing the grasp. This is a slow but reliable method for
gripping for example fruits and vegetables when harvesting.
A gripper with the ability to grip any object, is created using hybrid com-
bination. Using the suction cup to pick smooth objects or to reach into a
confined space and using the other gripper to pick all other objects. This
type of hybrid gripper excels at bin picking tasks [203]–[205].

c Redesign for a compliant gripper
Finally a trend can be seen where traditional rigid mechanical gripper
typologies are converted into compliant grippers. By using lumped com-
pliant joints to replace traditional pin joints. This is done to profit from
the benefits of a compliant mechanisms. Such as low backlash, less parts
and no joint wear. There exist several extensive and well decontamina-
tion methods for the design of compliant mechanism. These methods are
also applicable for the designing grippers [206].
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(A) Picture showing a linear 1
DOF rigid gripper [207]

(B) Picture showing a rotational 1
DOF rigid gripper [208]

(C) Picture showing a rigid fully
actuated griper[209]

(D) Picture showing a tendon
driven underactuated rigid grip-

per [210]

(E) Picture showing a linkage
driven underactuated rigid grip-

per [211]

(F) Picture showing a lumped
compliant gripper [48]

(G) Picture showing a distributed
compliant gripper [212]

(H) Picture showing a particle
jamming gripper [61]

(I) Picture showing a layer jam-
ming gripper [213]

(J) Picture showing a suction cup
[214]

(K) Picture showing a Bernoulli
gripper [62] (L) Picture showing a pressurized

bellow gripper [215]

FIGURE B.2: Showing a picture overview of the gripper classification.
Figure B.2a and B.2b show rigid 1 DOF grippers. Figure B.2c shows
a rigid fully actuated gripper. Figure B.2d and B.2e show a rigid un-
deractuated gripper. Figure B.2f and B.2g show compliant grippers.

Figure B.2h trough B.2l show pneumatic grippers
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(A) an infeasible electro-magnetic gripper [70]
(B) an infeasible hydraulic gripper [73]

(C) an infeasible heat based SMA gripper [216]
(D) an infeasible piercing gripper [75]

FIGURE B.3: Showing some examples of grippers in the infeasible
grippers class

5. Infeasible grippers
The literature available on gripping and end effectors is more extensive than
the gripper classes shown previously. Other grippers that were deemed infea-
sible for high speed case packing are listed below and shown in figure 6.

a Electro-magnetic grippers, the experience of BPA showed that adding a
electrical wire to the fast moving end effector will lead to failure of the
wire shielding due to wear. Grippers based on electro-magnetism, us-
ing operating principles such as electrostatic attraction, electro-conjugate
fluid or ferrofluid grippers were not considered [68]–[70].
Grippers based on magnetism, for example using ferro fluid could strictly
speaking be used without requiring electricity by only using permanent
magnets. Controlling the gripper would become a cumbersome process
resulting in a complex control system not desired for high speed case
packing. For inspirational proposes grippers using electromotor as there
actuator were still considered.
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b Heat based grippers, such as cryogenic gripper or shape memory alloy
grippers have a to slow actuation and risk damaging the packaging. A
actuation time of 5-6 seconds is to be expected for these grippers [71].

c Grippers based on chemical or nano-scale adhesion were not considered
because the adhesive material will transfer to the food product, this con-
tamination is not allowed.

d Hydraulics, grippers using fluid pressure instead of pressurized air were
not considered [73], [74]. These type of grippers are more suited for high
load, quasi-static operation.

e Piercing grippers, grippers that pierce the object to grip the object have
not been considered because they damage the product and foil [75].
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Appendix C

Gripper Grading

In the appendix the grading scheme is elaborated in more detail. The reasoning and
calculations preformed are presented so future research can build upon the ideas
presented here.

To answer the research question a grading of the different grading classes will be
presented here. Important performance criteria noted in literature are: actuation
speed, holding capabilities, mass, grasping range and product damage as important
performance criteria for grippers [83].
Many gripper development and validation studies do not report on all performance
criteria, potential due to focusing on gripper specific metrics rather than a standard-
ised approach.
While searching literature for the required values to complete the grading. It was
surprisingly noted that not all performance criteria are considered during design
or even during validation of the gripper. This could be explained by the fact that
dependent on the application some performance criteria are more important than
others. Less important criteria are mentioned but not considered during design and
often also not tested during the validation phase. This makes comparing a gripper
presented in literature for a different gripper field challenging.
Ideally all grippers will be validated using the same or comparable performance
metrics. Some steps towards generalizing performance metrics have already been
taken [84]. However, this has currently not developed far enough to create a grad-
ing of the gripper classes based on the same or even similar performance metrics.
Therefore, the grading will require some approximations and engineering judge-
ment. Where possible the grading will be based on data available in literature. Im-
provements for the grading will be discuss in section 1.5.

An asterisk is used to show the grading criteria which required the authors engi-
neering’s judgement or an approximation. Furthermore different pieces of literature
have to be combined to create a full picture of the performance of a gripper class.
Only literature presenting grippers deemed capable of handling a product of typical
size for the packaged food industry were considered. This was done to try to elimi-
nated the effects of scaling in gripper performance.

Appendix A.1 shows the data set that was made for the grading. For the gripper
grading a four point, Harris profile like grading system is used [85], [86].
The gripper classes were graded based on a Harris profile rather than a quantitative
point based grading. Since there is a lack of common metric to make a general quan-
titative comparison. This usually is a downside and introduces the authors bias and
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judgement, in this case the authors judgement is required regardless of what grad-
ing scheme is picked.

The four points on the scale were graded divided as follows:

1. ++, Exceeds what is required for high-speed case packing considering pack-
aged food

2. +, Meets what is required for high-speed case packing considering packaged
food

3. -, Requires a slight improvement to meet what is required for high-speed case
packing considering packaged food

4. - -, Does not meet what is required for high-speed case packing considering
packaged food

For any significant improvement of the current system, the amount of robots re-
quired to do a task should be reduced with at least one. The maximum P&P speed
of one robot with an easy product is 120 PPM as shown in chapter 1. Achieving
the same speed for most challenging products limited to 40 PPM due the end effec-
tor limitations, requires 3 robots. A significant improvement could be made if two
robots operating at 60 PPM could be used to achieve the same result. This would re-
quire an increase of 20 PPM. This train of thought will be the leading consideration
in the grading. In studying the stat of the art it was also noted. Most case packing
line also use three or more robots. BPA has vast order history on case packing lines
build using Delta robots. This history was used to determine that three or more delta
robots in a case packing line is a common sight. The proposed minimal amount of
improved thus has practical relevance.

Grading criteria

A Actuation time (ms)
The actuation time of the gripper is graded as the sum of the opening and

closing time of the gripper. Since the robot performance is known and will not
be altered in this research, the actuation time determines theoretical the maxi-
mum P&P speed of the robot considering a perfectly connected load.
This definition was picked because firstly the the opening and closing time
of a gripper does not have to be the same. Secondly during a P&P operation
the gripper has to open and close once. This definition of actuation time (tact)
allows for the easy and intuitive definition of the cycle time of one P&P op-
eration as the sum op the actuation time and the path time (tpath), as seen in
equation C.1. The path time is the time the robot takes to move from a pick
location to a place location and back to a pick location again. During the lit-
erature study it was noted that suction cups have the lowest actuation time of
all gripper classes, see appendix A.1 for the used data. Changing to a different
gripper class or designing a hybrid gripper will therefor always increase the
actuation time. Here the question arises what is the maximum performance
increase that can be achieved given a certain actuation time?
This can be determined by looking at the P&P speed presented in chapter 1.
For the solid products the maximum P&P speed Vpicks of 120 picks/min is
achieved. This speed is know to be only limited by the robots performance and
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not by detachment of the objects from the end effector. Equation C.2 shown
how the cycle time can be determined form the P&P speed (vpicks). Combining
equation C.1 and C.2 with the actuation time found for suction cups in liter-
ature 50 ms [176]. The path time at maximum operating speed can easily be
determined Equation C.3 shows the final calculation to obtain the path time at
maximum operating speed.

tcycle = tact + tpath (C.1)

tcycle =
60

vpicks
(C.2)

tpath = tcycle − tact =
60

vpicks
− tact (C.3)

tpath = (
60
120
· 103 − 50)ms = 450ms

The final assumption that has to be made is that the considered gripper will
fully eliminate the product detachment as the limitation. The robot will be-
come the limiting factor as is also the case for the solid products. For this
limiting case the path time is know to be 450ms as was calculated by equation
C.3. Path time will be used during the determination of the grading intervals.
Considering this assumption equation C.1 can be used to determine the allow-
able actuation time to achieve a certain P&P speed. For the grading 4 separate
grading intervals have to be determined. The path time, C.3, is set constant
according to the speed required to achieve 120 PPM, the actuation time has
become the variable which determines the throughput in this calculation.

Firstly the most ideal gripper which is able to fully remove detachment limi-
tation for more channeling products and shift the limitation back to the robot
again. This would require an actuation speed currently found for suction cups
of 50ms.

1) All grippers achieving a actuation speed of 50ms or faster will be graded
++.
to achieve 60 PPM an actuation time of 550ms or lower is required accord-
ing to equation C.1.

2) Gripper classes achieving an actuation time between 50ms and 550ms are
graded +
According to equation C.1 an actuation speed of 1050ms will have the
robot operating at maximum operating speed yet no improvement in P&P
speed will be made. 40 PPM was used as the current limiting P&P speed.
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3) Gripper classes achieving an actuation time between 550ms and 1050ms
are graded −
Gripper classes with a actuation time of larger than 1050ms can not achieve
the current worse performance.

4) Gripper classes with an actuation time of larger than 1050ms will be graded
−−

Searching literature the actuation speed for all gripper classes with the excep-
tion of Bernoulli grippers and distributed compliant grippers were found, this
data is provided in appendix A.1. Bernoulli gripper under performed on the
other grading criteria and is not considered a good solution for high-speed
P&P in food. The actuation time of this gripper class was therefore not approx-
imated. For the distributed compliant grippers some actuation times where
found in literature but with such a large variation that they were deemed not
usable. To still consider this gripper in grading its strain energy was consid-
ered for approximation of the operating speed. Strain energy is often used in
typology optimization as a measure for stiffness [199], [200]. A stiffer compli-
ant gripper considering the same actuator power will result in a slower grip-
per. Distributed compliant gripper have a higher strain energy than lumped
complaint grippers and will be graded 25% slower.
This results in the following grading for the actuation time:

• Rigid 1 DOF (+), Form the data in appendix A it can be seen that in some
cases the rigid 1 DOF grippers achieve a actuation time below 50ms. In
reality these grippers are to small to be reliably used in the case packing
industry. A actuation time of 200ms to 300ms is to be expected.

• Rigid fully actuated (+), for this gripper class the action time has a large
range and is often defined as the time it takes for the hand to fully open
and fully close. This is often not required to pick an object. The object
limits the required amount of motion. When considering the full exten-
sion of the hand this gripper class would be graded −. More reasonably,
considering a limited required range of motion a gripping speed lower
than 550ms is to be expected. Leading to a + grading.

• Underactuated rigid (−), for this gripper class plenty of action speed data
is available. In general a action speed of 700ms is expected. The fastest
under actuated gripper found in literature however achieve around 50ms
actuation time [168], [188]. This is not the expected speed and requires
special spring loaded action.

• Lumped Compliant (−), actuation speed measurements in this gripper
class are limited. With the data available a grading of −− or + could
be justifiable. The gripper scoring + used a special high power spring
loaded action mechanism. The gripper graded −− fully disregarded the
actuation speed during the design. This leads to a average grading of
−. Considering the fact that compliant grippers have more stiffness than
rigid grippers a slight slower actuation time is to be expected.

• Distributed compliance (−), actuation speed measurements in this grip-
per class are unreliable or lacking in literature. Therefor the grading is
deter 25% slower than lumped compliant grippers. This still resulted in a
− grading.
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• Suction cups (++), this is the benchmark speed set to ++.

• Structure Jamming (−−), Structure jamming grippers with sufficient size
achieve an actuation time of more than 1050ms. Smaller structure jam-
ming grippers a significantly faster. This because the actuation time is
depended on the volume which has to be vacuum sealed. Considering
the design of a hybrid gripper this difference is notable. Structure jam-
ming and stiffening effects should not be disregarded for hybrid gripper
design.

• Bernoulli (++), Not data available, but is near instant, when the air flow
is established the lifting force is generated. The expectancy is that the
actuation time is the same as that of suction cups

• Pressurized bellows (−), A decent size pressurized bellow achieves an
action speed of around 600ms

B Gripping range (mm)
The grasping range in this works is considered as the theoretical maximum ob-
ject range that can be picked by the gripper. This is calculated as the difference
of the maximum and minimum object size that can be picked.
In the packaged food industry it is common to pack multiple products using
one case packing line. A gripper with a large gripping range could be used for
multiple products not requiring to swap the end effector when picking a dif-
ferent product. This train of though is in line with the view of a large gripping
range that can be found in literature. However grippers only work well for
one design point, products outside this design point will have a lower gripper
performance.
This raises the question, what performance decrease is acceptable before swap-
ping to a gripper specifically designed for the new products becomes more
beneficial? Financial cost of making a new gripper could also be a reason to
design one gripper for multiple object. Since the cost of a gripper is low com-
pared to the cost of the rest of the case packing line this reason will not be
coincided in this paper, the focus will be purely on performance.
Considering the time it takes to swap an end effector and the operating time
of the next case packing operation, the allowable performance decrease can be
estimated. This consideration concluded that for a typical use case a perfor-
mance decrease of less than 0.1% is allowable before swapping to a new end
effector will become more beneficial. Further details can be found in appendix
??. Contrary to many other fields of gripping, such as prostheses and bin pick-
ing grippers. Using the same gripper to pick multiple objects is not beneficial
for the high speed case packing industry form a performance point of view of
view and will not be used to determine the grading sceme.
Equation C.4 can be used to determine what performance decrease of the grip-
per performance is still allowed before swapping to a new gripper is more
beneficial. When equation C.4 is true swapping to the new gripper will result
in packing more products in the same time. Here it is assumed that the grip-
pers specifically designed for the product have the same performance for their
designed product.

Pdec > (1− trun

trun + tswap
) · 100 (C.4)
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Here:

Pdec = The relative throughput decrease
when not swapping to a new gripper (%)

tswap = The time required to switch to a new
end effector (s)

trun = The time the new product will be packed (s)

To minimize down time the switching of an end effector is currently done using
a quick change mechanism. Using this system an end effector can be swapped
in less than 30 sec. Assuming the new product will be packed for only half
a day, 12 hours. At a Pdec of merely 0.07% swapping to a new end effector is
already more beneficial. From this calculation it can be reasoned that a larger
grasping range is often not beneficially for using one gripper for multiple prod-
ucts in the high-speed case packing for the packaged food industry.

Another benefit of a large gripping range is that possible errors in robot ac-
curacy can be corrected for. The robots at BPA enter an error mode when the
measured and expected position deviate more than 5mm. This value is used
for grading the grippers. Positioning errors can be on both sides of the ob-
ject. Thus a gripping range of 10mm is required to ensure any rigid object can
be picked. All gripper classes are able to achieve a gripping range of 10mm.
Therefor all gripper classes will be graded ++.

C Operating in a confined space * To achieve a faster P&P speed products are
often not placed inside a box but dropped as the robot hovers above the box.
This is only possible for impact resistant objects. Not all packaged food prod-
ucts are impact resistant, some packaged food products will break or crack
when dropped. These products need to be carefully placed inside the box in-
stead. This in turn means the end effector has to be able to operate in the
confined space of a box.
All grasp type grippers are assumed to use an enveloping grasp during the
holding phase. A pinch type grasp does not give the required holding force
during the holding phase. In the grasp phase a pinch grasp is allowed since
the forces are significantly lower compared to the holding phase. This reason-
ing results in the following grading. A gripper class not able to reconfigure
from an enveloping a grasp type to a pinch grasp will be graded −−. A grip-
per class able to reconfigure form an enveloping grasp to a pinch type grasp
will be graded −. A gripper class using the top edges to grip a product and
having no parts located outside of the gripper surface will be graded +. A
gripper class which does not have any parts located outside of product surface
will be graded ++.
This results in the following grading

• Rigid 1 DOF (−−), this gripper is a grasp type gripper without the ability
to reconfigure its grasp, resulting in a −− grading

• Fully actuated rigid (−), this gripper is a grasp type gripper. Due to the
control of all DOF it gains the ability to reconfigure its grasp to a pinch
grasp, resulting in a − grading
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• underactuated rigid (−),this is a grasp type gripper. Literature has shown
that reconfiguring its grasp type to a pinch type grasp is possible [24], [43]

• Lumped Compliant (−), since the underactuated rigid gripper class can
be converted to a lumped compliant gripper this gripper class will also
be able to reconfigure its grasp type.

• Distributed compliance (−−), this gripper class is a grasp type and has
not shown the ability to reconfigure from an enveloping grasp to a pinch
grasp.

• Suction cups (++), this gripper only uses the top surface of the product

• Structure Jamming (+), this gripper class usses the top edge to grip a
product, it could use more but at least the top edge is required.

• Bernoulli (++), only top surface is used by this gripper. More correct this
gripper does not even make contact with the gripper product.

• Pressurized bellows (−−), this gripper grips around the product without
the ability to reconfigure its grasp type reliably.

D Holding Force (N)

When the the maximum acceleration and product mass are known the max-
imum holding force can be determined. An object with a mass of 600g was
found to be the heaviest object still handled at high-speed by case packing
robot. Including the mass of a standard the P&P tool this results in a mass of
1.050kg. At this load the robot is able moving at peak accelerations of 120 m

s2 .
For the calculations of holding force newtons second law of motion is used,
shown in equation C.5.

F = m · a (C.5)

here:

F = The force required to accelerate the rigid object in N
m = The mass of the accelerating object in kg

a = The acceleration of the object in m/s2

To achieve the maximum robot acceleration of 120 m
s2 with a object mass of 0.6kg

a force of 72N is required according to equation C.5. This pull out force will
shift the limiting factor for this grading criteria for the end effector back to the
robot again.
For the next grading interval the minimal holding force to achieve 60 PPM has
to be determined, this will be done according to equation C.5. To use equation
C.5 the maximum acceleration of the path achieving 60 PPM has to be deter-
mined. This was done by modeling the path, in this model the control was
assumed to be jerk and acceleration limited. The path is also assumed to be
have rounded corners. Figure C.1 gives a visual overview of the acceleration
profile.



120 Appendix C. Gripper Grading

FIGURE C.1: An overview of the acceleration path for a full P&P cycle

In practice there are two ideas for setting the return acceleration. The first idea
sets the acceleration equal to the maximum robot acceleration. This maximizes
throughput, however the wear of the robot will increase and more expensive
components are required. The second idea is to set it equal to the acceleration
limit of the pick and place motion. The robot will move with the same limits
with and without product. In practise a middle ground between the two ideas
is often picked.
For the calculations, the maximum acceleration in the case pack step is set
equal to the maximum acceleration in the return trip. This will lead to an over-
estimating of the peak acceleration. Overestimating the peak acceleration will
ensure the grading is on the safe side.
Finally it is assumed that every increase or decrease in acceleration will be
performed in 5% of the total path time. This assumption enforces that 80% of
each motion step will be spend with a constant acceleration. This method was
picked over considering maximum jerk for each motion path because in prac-
tice challenging products need to be placed with limited jerk. Although this
does not directly follow from the model, since jerk limited control is used to
combat vibrations. It is implemented in this manor to stay closer to reality.
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(A)
An overview of the acceleration of half

the P&P cycle

(B)
An overview of the acceleration path

for following a straight line

FIGURE C.2: Overview of acceleration paths used in the modeling of
the robot motion

Equation C.7 through C.11 give a mathematical description of the acceleration
path. The time used stamps refer to the time stamps in figure C.2b. The aim of
this model is to find the required maximum acceleration for any desired P&P
speed. Therefore the input of the model should be desired P&P speed, giving
the output required maximum acceleration.

a1(t) = J · t t0 < t < t1 (C.6)
a2(t) = amax t1 < t < t2 (C.7)
a3(t) = amax − J · (t− t3) t2 < t < t3 (C.8)
a3(t) = amax − J · (t− t3) t3 < t < t4 (C.9)
a5(t) = −amax t4 < t < t5 (C.10)
a6(t) = J · (t− t5)− amax t5 < t < t6 (C.11)

The complete P&P motion consist of 6 similarly shaped acceleration profiles.
Firstly a product is lifted vertical to clear other products on the conniver belt,
secondly the product is moved horizontally to a place location, finally the
product is moved down vertically to place the product. These three steps are
repeated to move the end effector to a new pick location.
Since rounded corners are assumed the complete time of a pick motion can be
determined by a simple addition the time of the horizontal motion and one
vertical motion. See subsection A for the definition of path time. Figure C.2b
shows the acceleration profile of one of the sub steps. Integrating this graph
once will result in the velocity profile during the motion step. Integrating the
velocity profile will result in the distance traveled as a function of time. These
steps are shown in equations C.13 and ??. The constants of integration can be
determined by considering the next sub step has to start where the previous
sup step ended, mathematically shown in equation C.14 and C.15.
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vi(t) =
∫ ti

ti−1

ai dt + Cvi (C.12)

si(t) =
∫ ti

ti−1

vi dt + Csi (C.13)

Cvi = vi−1(ti−1) Cv0 = v(t0) (C.14)
Csi = si−1(ti−1) Cs0 = s(t0) (C.15)

Following the presented acceleration profile the jerk can be determined based
on the maximum acceleration and the time of the segment of the path. This is
shown in equation C.16 and the result of this model is shown in figure C.2.

J =
amax

t6 · 0.05
(C.16)

Now the jerk limit is known the total time of the path can be calculated as
the sum of the actuation time tact, the time spend in horizontal motion (thor)
and the time spend in vertical motion tver. The vertical motion consists of two
identical paths to P&P the product respectively. To calculate thor and tver it is
assumed that the maximum acceleration for horizontal and vertical direction
is set equal.

The calculation of path time has to be preformed twice, once for path taken
to P&P an object (tpath,Place) and again for the path taken to return to a new
pick location (tpath,Return). In this model these paths are assumed to be identical
in shape. In reality the distance traveled will slightly differ based of the loca-
tion of the object on the conniver belt. Nonetheless, taking the average path
length will give a good estimation. When the robot moves from a place loca-
tion to a new pick location there is no product attached to the end effector. The
described steps are shown in equations C.17, C.18 and C.19.

tpath,Place = thor,Go + tver,Go (C.17)

tpath,Return = tpath,Place · tver,Return (C.18)

tpath = tpath,Place + tpath,Return (C.19)

By picking a similar path as used in practical application and setting the de-
sired PPM the distance traveled and available time to move trough the path
are known. Now thor and tver are expressed as a function of only amax. Solving
equation C.19 will yield amax. The path time tpath is determined using equation
C.3. Because the full motion cycle is twitch the considered path only half this
time is taken.
The actuation time of the end effector should be taken into account when de-
termining the path time for the desired P&P speed as shown in equation C.2.
In case of suction cups the actuation time is 50ms according to the literature
presented in appendix A.1. In the calculations the path was considered to be
75mm in vertical direction and 700mm in horizontal direction. The height of
the path is the height without the curvature.
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‘ The validity of the model was checked by calculating the required accelera-
tion for a pick and place speed for a known situation. This situation is the max-
imum operating speed of 120m/s2 for which 120 PPM are achieved. Plugging
120 PPM into the model a required acceleration of 131.5m/s2 is determined. As
expected the required acceleration is slightly overestimated. C.5 the minimum
pull out force was determined.

1) Grippers with a pull out force of 72N or higher will are graded ++. These
grippers are in theory able to withstand 120m/s2 of acceleration
Determining the maximum acceleration for a desired P&P speed of 60
PPM. The required maximum acceleration is calculated to be 30m/s2. Fol-
lowing equation C.5 a

2) Grippers with a pull out force lower than 72N and higher than 18N graded
+
The current maximum P&P speed for the most challenging products was
determined to be 40 PPM. The pull out force required to achieve this accel-
eration was set as the grading bound for the following grading interval.
Grippers achieving this pull out force would not currently not be able
improve the performance. Further research would be required to gain
an improvement. According to the model an acceleration of 13 m/s2 is
already sufficient to achieve 40 PPM

3) Grippers with a pullout force lower than 18N with higher than 8N are
graded −
Lastly grippers with a pull out force lower than 8N will achieve a P&P
speed lower than the current lower bound. These gripper do not meet
what is required for high-speed case packing for the packaged food in-
dustry.

4) Grippers with a pullout force lower than 8N are graded −

All gripper classes were graded according to literature, for which a summary
can be found in A.1. The pull out force in the weakest direction of the gripper
was used to grade this criteria.
This results in the following Holding capabilities for forces

• Rigid 1 DOF (++)

• Rigid fully actuated (++), Weaker grippers exist but 72N should be ob-
tainable with ease.

• underactuated rigid (+)

• Lumped Compliant (+)

• Distributed compliance (+)

• Suction cups (++), if there is sufficient surface area otherwise +

• Structure Jamming (+)

• Bernoulli (−−)

• Pressurized bellows (−)
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E Holding capabilities: moment*

In the dynamic load case found in high-speed case packing the moment a grip-
per can withstand around any axis becomes of importance. First of all objects
have to be rotated 180uring the pick and place motion, which requires consid-
erable angular acceleration. Further more if there is any eccentricity between
the objects center of mass and the center of the gripping location a purely trans-
lational acceleration will also include a moment. If the maximum holding mo-
ment of a gripper is exceeded the gripped product breaks free from the grasp.
The moments a gripper can hold are not well documented in literature. For
suction cups, models considering the moments leading to failure were found
[217]. The validation of these models however only considered one moment,
namely the moment perpendicular to the gripping plane [104]. For all other
gripper classes no measurements were found for the holding capabilities for
moments. When considering the use case and working principles of the grip-
per classes. It can be explained why the holding capabilities of moments are
often not considered.

Suction cups are traditionally used for the handling of thin sheet material such
as glass, sheet metal or cardboard[218].An schematic overview of a typical P&P
product is shown in figure C.3a. In the case packing for the packaged food in-
dustry thin sheets are rarely encounter. Objects displaced in this industry are
generally much higher as shown in figure C.3b. This leads to two mayor per-
formance decreasing aspects compared to moving thin sheet material.

Firstly the surface area to volume ratio in much lower. Figure C.3 shows this
difference graphical. Considering weight scale according to volume and for
suction cups generated force scales according to surface area. Also following
newtons second law the force required to accelerate an object scales linearly
with mass. Therefore the ratio of surface area to volume is a measure for gen-
erated force compared to required force. For the same material and volume a
sheet like material is able to generate more force than an object found in food
industry. Whilst the same force is required to accelerate the object.

(A) schematic overview of a traditional sheet like
object

(B) schematic overview of an easy object in the
case packing industry

FIGURE C.3: Schematic overview different objects in P&P
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(A) Overview of studied acceleration for a thin sheet (B) Overview of studied acceleration for a object of
P&P

FIGURE C.4: Overview of horizontal accelerating objects

Secondly a thin object has its center of mass close to the suction cup gripping
plane as illustrated in figure C.4a. Studying the force required to accelerate
a thin object the moment required to ensure no angular acceleration is negli-
gible. Only the moment perpendicular to the suction cup grasp plain are of
interested in this case. This is also the only moment studied in [102], [103],
[217], and is illustrated in figure C.4a by an orange arrow. Object displaces in
the the high-speed case packing for the packaged food industry have a much
lager height, as shown in figure C.4b. This height adds a required holding
moment to ensure no angular acceleration of the object. This addition to the
load case becomes more significant for higher accelerations. Figure C.5 and
C.6 show the free body diagrams of the a thin sheet and packaged food ob-
ject respectively. considering an pure horizontal (in the x y plane) acceleration.
Adding an additional acceleration in vertical (z) direction will introduce an ex-
tra force required for this acceleration reducing the holding capabilities even
further.

FIGURE C.5: Force analysis of the studied horizontal acceleration
considering a sheet like object
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FIGURE C.6: Force analysis of the studied horizontal acceleration
considering a packaged food object

For any load case on suction cups there are two main and theoretical simple
failure modes. The fist failure mode is the sliding of a product with respect to
the suction cups. This failure mode occurs when the friction required to accel-
erate the object is insufficient. This failure mode is seen for sheet like objects.
The second failure mode is the angular acceleration of the object. This occurs
when the moment required to ensure no-angular acceleration can not be ex-
erted by the suction cups. This is the expected failure mode for products with
a larger height. Other failure modes such as damaging the product, buckling
of the suction cups or plastic deforming the foil will not me considered and
are assumed to be met a priory in this analysis. For typical objects in the food
industry the second failure mechanism is far more prominent. Therefore mea-
surements considering the maximum moment a suction cup van withstand is
of interest in this field. Yet these measurements have not been documented in
literature. A theoretical analysis can be made identifying when which failure
mode is expected.

For finger based grippers no moments are measured typically, this can also be
explained when looking at there working principle. Finger based gripper typ-
ically only grip objects form two sides and are often designed in a 2D plane.
Figure C.7a show the schematic overview of a finger based gripper holding
a cylindrical object object. The 3D implementation of such a gripper requires
stacking multiple planes of the 2D designed gripper, this is shown in figure
C.7a. Imagine a moment was acting about the y axis in figure C.7a, the failure
mode would be slipping of the object inside the fingers of the gripper. Noting
finger based grippers are often designed to grip a cylinder. Slipping inside the
grasp of the gripper does not change the grippers configuration at all. This
failure mode is thus not of interest for researchers in the field of finger based
grippers.
Now imagine a moment acting about the x axis in figure C.7a, a moment acting
in this direction will be countered by forces acting in the z direction. The max-
imum value of this force is often measured as the pull out force in z direction.
Since pull out force is graded separately the moment about the x will not be
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considered during the grading. Also studying this moment will in theory not
lead to any new interesting information. Moreover placing the 2d finger grip-
per planes further apart will also increase the capabilities to hold a moment
about the x axis.
Finally imagine a moment around the Z axis, the moment direction of interest
for suction cups. A moment around this axis will lead to deformation of the
fingers. Testing this load case could lead to damaging or breaking a gripper.
In a research setting, where only one gripper is available, this is a undesirable
outcome. This moment could lead to failure and is not graded simultaneously
at another grading criteria. This moment will be the focus

(A) A schematic overview of a finger based grip-
per designed in a 2D plane (B) A schematic overview of a typical finger

based gripper designed in 3D

Not all finger based grippers are designed in a 2D plane. For the gripper de-
signed in 3D space the common trend is to design the gripper such that 3 fin-
gers are spaced out at 120 degrees apart around a sphere. Figure C.7b schemat-
ically shows a gripper from such a design. These gripper are often design to
grasp a sphere instead of a cylinder. For this gripper design a moment around
any axis will lead to slipping inside the fingers. Assuming a non-spherical ob-
ject plastic deformation would be required to break en object free for a moment
around any action.

To still allow for grading of this important grading criteria an approximation
based on the authors judgement has to be made. Firstly it is reasoned that fin-
ger based type gripper are more suited to withstand moments. This is because
this type of gripper envelops the object. Either plastic deformation or elastic
deformation is required to detach an object from the gripper in this case. Con-
sidering plastic deformation requires more force than elastic deformation. This
distinction results in the two first two grading intervals.

1) Graps type grippers requiring plastic material deformation before leading
to holding failure due to an exerted moment were grade ++.

2) Grasp type Grippers requiring elastic deformation before leading to hold-
ing failure a product were graded +.

Part of the desirable performance of enveloping grippers for holding mo-
ment can be explained by the fact that they do not require friction force
to hold the object. This observation leads to the next grading interval,
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which is valid for any gripper class. If a certain enveloping gripper class
requires friction force to work it will be graded according to this interval

3) Grippers capable of an holding exerted moments requiring friction forces
were graded −.
Finial gripper classes not able to withstand any moment at all were graded
lowest.

4) Grippers not capable of holding an exerted moment were graded −−.

This resulted in the following grading:

• Rigid 1 DOF (++), this gripper class could be made to envelop the object
with rigid beaks. To break an object free form this grasp plastic deforma-
tion is required.

• Rigid fully actuated (++), this gripper class can envelope a grasped ob-
ject and requires plastic deformation do break an object free from a grasp
considering a moment loading.

• Underactuated Rigid (++), this gripper class can envelope a grasped ob-
ject and requires plastic deformation do break an object free from a grasp
considering a moment loading.

• Lumped Compliant(++), this gripper class can envelope a grasped ob-
ject and requires plastic deformation do break an object free from a grasp
considering a moment loading. For some grippers in the class elastic de-
formation might already lead to loss of the object. Yet since most grippers
are expected to require plastic deformation it is graded according to that
result.

• Distributed compliance (++), this gripper class can envelope a grasped
object and requires plastic deformation do break an object free from a
grasp considering a moment loading.

• Suction cups(−), this working of this gripper class is explained to require
friction force as shown in figure C.5 and C.6.

• Structure Jamming(−), this gripper class can either work enveloping or
based on friction. To pick up object used in the packed food industry the
friction based grasp is required.

• Bernoulli (−−), this gripper can not withstand moment, if an object tilt
ever so slightly due to acceleration of the object the air flow gets inter-
rupted losing the object. This gripper class typical is also exclusively used
to handle thin objects [63]. a special gripper geometry has to be designed
to grip non flat object [59].

• Pressurized bellows(−), grippers in this class consist of very flexible bel-
lows. Under a moment loading a griped object will be lost by elastic de-
formation.

F Gripper mass
The gripper mass is defined as the mass of the gripper measured in kg, mea-
sured under standard condition. The gripper mass is a important measure for
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the dynamic response of the system. Further, the mass of the gripper will de-
termine what object mass can still be packed at maximum operating speed.
The three actuators form the delta robot have to provide the power required to
accelerate the gripper and the object. The mass of the gripper will determine
what object mass can still be packed at maximum operating speed. The mass
is a very important property considering dynamic dynamic behavior of a sys-
tem. Nevertheless even something as simple as the mass of a gripper is not
always presented in literature. In other cases a robot platform is included in
the presented mass. This makes a gripper seem significantly heavier than it is
in reality. To correct for this difference the mass of the current robot platform
at BPA is added to any gripper measured not including its robot platform. The
mass attached to the robot platform gives a limitation on the maximum accel-
erations the robot can still achieve.
Following a similar reasoning as in section A. Gripper mass is used as a grad-
ing metric for this grading criteria. The author also considered using a dimen-
sionless grading criteria applicable to any gripper class. Equation C.20 shows
this grading metric, where mgripper is the mass of the gripper and mpayload is the
mass of the payload.

λmass =
mgripper

mpayload
(C.20)

This metric was not picked because the apparent payload changes under dy-
namic condition. Further more including a load in the grading of the gripper
mass would lead to a double grading of the holding capabilities

• A gripper class with an average mass of 0.6kg or lower, still allowing for
maximum robot speed will be graded ++.

• A gripper mass between 0.6kg and 1.5kg able to achieve 60 PPM will be
graded +.

• A gripper class with a mass between 1.5kg and 2.0kg, able to achieve the
current limiting acceleration of 40m/s2 will be graded −.

• A gripper class heavier than 2.0kg will be graded −−.

For this grading criteria sufficient literature was found which was used for the
grading. A summary of the literature used for grading is given in appendix
A.1.

• Rigid 1 DOF (+), all considered gripper fall in the + grading range

• Fully actuated rigid (−), some lighter grippers have been found. These
gripper used external actuators not included in the mass. This is not pos-
sible for case packing.

• underactuated rigid (+)

• Lumped Compliant (++), Compliant grippers are often made of lighter
compliant materials
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• Distributed compliance (+), Distributed compliant gripper often need
more material to function properly.

• Suction cups (++)

• Structure Jamming (+)

• Bernoulli (++)

• Pressurized bellows (++)

G Contact pressure

The contact pressure would be an ideal measure for estimating product dam-
age and is also used in other fields to estimate wear or failure [88], [89]. The
maximum contact pressure of a gripper is of interest when handling fragile
products. However measurements of contact pressure were only available for
some gripper classes. The available data in literature was not sufficient to make
a grading based on literature. Similarly to point E the authors judgements is
required to give a fair grading.
It was decide grade according to the contact type. Distinguishing four contact
types: A contact with three or less contact points, multiple point contacts, a
contact line or a contact surface. The size of the force required to hold an object
is assumed to be similar for all gripper, the amount of contact points or area is
in that case a measure for the contact pressure.
The larger the contact area the lower the chance of damaging the product.
Grippers with a higher contact surface will be graded better. For this grad-
ing the object to be picked is considered to be a rigid beam, resulting in the
grading. Contact surface is graded ++. Line contact is graded +, a contact
consisting of multiple point is graded −, A contact with only three or less con-
tact points −−.

• Rigid 1 DOF (−−), two contact points of a hard object

• Fully actuated rigid (−), multiple contact points on different phalanges

• Underactuated rigid (−), multiple contact points on different phalanges

• Lumped Compliant (−), multiple contact points on different phalanges

• Distributed compliance (+), a contact line due to the a fully deformable
structure is expected. An example would be gripper using the finray ef-
fect [219]. Could also achieve a surface contact in specific cases.

• Suction cups (++), a contact surface

• Structure Jamming (++), a contact surface

• Bernoulli (++), a contact surface

• Pressurized bellows (++), a contact surface due to softness of the bel-
lows.

H Life time
An good measure for the life time of a gripper the is the amount of operational
hours 99% of the grippers are expected to achieve. If a gripper breaks during
operation the case packing line has to be stopped to replace the end effector.
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As the case packing procedure stops a part of the food processing step also
needs to be halted. The production process of the food to be packed can not
simply be haled with out consequence however. For example cookies that are
baked in a industrial setting have to be removed from the oven at a specific
time. If the processing step is halted for only a few minutes these cookies will
burn and have to be discarded.
A solution for this problem such as replacing the end effector primitively or a
regular maintains interval will also increase the cost. Life time could be con-
sidered as part of a finical cost. In this study it is however viewed separately
because the cost are indirect instead of direct and more factors such as cos-
tumer satisfaction play a role as well.

For to many gripper classes the lifetime is unknown, this makes grading this
criteria based on literature impossible. More research considering lifetime has
to be performed before a good grading can be made for this grading criteria.
This testing is time consuming and often out of the scope a research paper. The
grading of life time will be completely done based on the authors engineering
judgment.

• Rigid 1 DOF (++), known for a long life time

• Fully actuated rigid (−−), many actuators and sensor resulting in a larger
chance of failure.

• Underactuated rigid (+),ndustrial applicable grippers exist, yet not par-
ticularly known for high life time.

• Lumped Compliant (−), life time is mentioned as a large challenge in
literature [48].

• Distributed compliance (+), Distributed compliant grippers are expected
to achieve a better life time. This is because the same amount of deforma-
tion is caused by a larger part of the structure. Resulting in lower stress
in the material.

• Suction cups (−), life time a main design challenge for BPA.

• Structure Jamming (−), Wear of the deformable required enclosure is not
well known. It is a material similar to that of suction cups. Thus the same
grading is given.

• Bernoulli (+), industrial applicable grippers exist, yet not particularly
known for high life time.

• Pressurized bellows (+), life time data available form soft robotics. De-
sign to withstand normal industrial loading conditions

I Financial cost*
The financial cost of a gripper is defined as the financial investment that has to
be made to obtain a certain gripper. The financial cost is firstly interesting from
a business point of view. A cheaper gripper with the same performance will
result in higher profits. Moreover considering replacing human case packing
lines the cost of the robotic case packing line and its end effector become im-
portant. If a robotic line would be more expensive than a human operated line
for the same performance. Investing in a robotic line would not be beneficial.
In such a cost estimation many factors play a role, to many factors to consider
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in this grading. In literature the cost per pick has been used as a grading crite-
ria for financial cost.This however considers lifetime or operating time as part
of the consideration of cost. In this grading scheme life time is considered sep-
arately. Including it here would resulting in a double grading of the grading
criteria life time. Therefor the financial cost in euros of a gripper class is con-
sidered a good grading metric.
Data on financial cost is sometimes accessible for commercially available grip-
pers. For state of the art robotic grippers as found in literature it is however
not available. Research is generally not concerned about the financial cost of
a gripper. The lack of data for certain gripper classes makes this a challenging
criteria to grade.

Furthermore determining a grading interval is also not trivial here. Since the
gripper is an integral part of the robots performance, a grading based on a cer-
tain percentage of robot cost was deemed best. However robot manufacturers
do not provide the price of a robot general publicly, a price arrangement is a
confidential agreement between a company and its costumer. The same goes
for certain gripper manufacturers. Similarly to the moment holding capabil-
ities the of financial cost will be grading using 4 grading questions, because
insufficient literature is available.
Grippers widely available on the market. Having a large catalog with different
tested models are graded ++. Grippers used by industry and available form
some vendors are graded +. Grippers available at some vendors, yet still re-
quiring improvement for wide spread application are graded −. Grippers not
available on the market or explicitly known for there high cost are graded−−.
This cost estimation is based on the idea that proven and mass produced grip-
pers are generally cheaper than less developed or even state-of-the-art grip-
pers.

• Rigid 1 DOF (++), this gripper class is commonly used by industry, and
is available form many vendors such as FESTO and SCHUNK to name a
few. Having large catalogs of tested grippers.

• Fully actuated rigid (−−), this gripper is known for its high cost because
if the requirement of many actuators and sensors.

• underactuated rigid (+), some underactuated grippers are available on
the market which achieve acceptable performance. Nonetheless these
also still part of active research.

• Lumped Compliant (−−), no industrial applicable lumped compliant
grippers are available on the market. Literature states there are still nam-
ing reaming issues such as control, service life and grasping efficiently
that have to solved for wider application [48].

• Distributed compliance (−−), Distributed compliant gripper have seen
less research effort than lumped compliant grippers leading to the same
and lowest grading.

• Suction cups (++), this gripper class is commonly used by industry, and
is available form many vendors such as FESTO, Piab, SCHUNK or Coval
to name a few. Having large catalogs of tested suction cups.
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• Structure Jamming (+), some grippers are available on the market which
work as expected and are well validated [179].

• Bernoulli (−), this gripper class is available on the market, however there
usage is limited and active research is still required for broader implemen-
tation.

• Pressurized bellows (++), for this gripper class the same reasoning as
the underactuated grippers holds.

J Control complexity*
When building a case packing line every extra control variable will lead to a
more complex and error sensitive fine-tuning and adjustment step. The ad-
justment and fine-tuning of variables is required to get optimal performance
for the specific food product. Less control variables of a boolean data type are
desired.
A gripper class using a specialized control loop requiring non boolean control
signals and sensors is the most undesirable. In this case the robot control and
gripper control have to be properly synchronised to work correctly, this will
add a new level of complexity to an already tedious fine tune process. There-
for a grippers class using a specialized control loop requiring non boolean con-
trol signals and sensors will be graded −−. A slightly less complex scenario
is a gripper class requiring a specialized control loop yet only using boolean
control and sensor signals, these gripper classes will be graded −. Even sim-
pler is a gripper class not requiring any sensors to function. Thus a gripper
class requiring multiple control inputs and no sensors will be graded +. Fi-
nally a gripper class requiring one boolean control input and no sensors will
be graded ++.

• Rigid 1 DOF (++), this gripper class is known for its easy on-off control.

• Fully actuated rigid (−−), this gripper is known for its complex control
and the requirement of sensory feedback.

• underactuated rigid (++), this gripper is often actuated with one degree
of freedom. This could be a simple on off control, leading to a ++ grading.

• Lumped Compliant (++), the same reasoning as for the underactuated
rigid grippers hold here.

• Distributed compliance (++), the same reasoning as for the underactu-
ated rigid grippers hold here.

• Suction cups (++), this gripper class is known for its easy on-off control.

• Structure Jamming (+), this gripper requires pre-shaping before actua-
tion of the vacuum system. This could for example be done by having
the robot press into the product. This has to be tuned to the right amount
therefor this is viewed as an extra control variable

• Bernoulli (++), this gripper induces a force by airflow around a product.
This airflow just has to be turned on and off.

• Pressurized bellows (++), the pressurized bellows can be used using
simple on of control. Other more complex pressure gradient control schemes
could also be used however are not required.
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C.0.1 Weight factors

Before finalizing the grading it is important to determine the importance of each
grading criteria. This will be done by introducing weight factors. To ensure all grad-
ing results will yield a positive value the 4 point grading scheme is ranged from 0
to 3. By using normalized weight factors the score ranges from 0 to 3, low to high
respectively.
No literature on grading criteria and weight factors for high-speed case packing is
available. Therefore a set of grading factors will be proposed in this appendix. The
well known Analytical Hierarchy Process (AHP) was used to determine the weight
factors [90]. The AHP methode was picked because of its . This method has also re-
sevide some citrique in literature which has also been disputed by others [91], [100].
No grading method is perfect but this method was picked because it gave a sim-
ple, justifiable, appropriate and efficient grading method [91]. When considering
the opinion of mutiple people also mechanics with a lot of hands on experience but
limited academic education these points are of importance.
The limited academic education of some hands on experts in this field was also the
reason to consolidate holding moment and holding forces into one grading crite-
ria during the AHP method. A clear understanding of the moment around the
Cartesian reference frame was limited, both force holding and moment holding were
viewed being identical.
The weight factors presented here are set up in correspondence with engineers work-
ing in the high-speed case packing industry. The average grading is presented in
Figure C.10, the overall consciences was calculated to be 75%. There individual re-
sponse is shown in table C.2 trough C.8.

For the AHP method all criteria are compared pairwise. Firstly it is determined
which of the two criteria is more important. Secondly the amount of difference in
importance is set using a number ranging form 1 to 9. The meaning of the grading
intervals is shown in table C.1.

Intensity Definition Explanation
1 Equal importance Two elements contribute equally to the objective
3 Equal importance Experience and judgment slightly favor one element over another
5 Strong Importance Experience and judgment strongly favor one element over another
7 Very strong importance One element is favored very strongly over another, it dominance is demonstrated in practice
9 Extreme importance The evidence favoring one element over another is of the highest possible order of affirmation

TABLE C.1: The grading scores and the meaning used in the AHP
method. A score could also be in between two grading scores

After answering the grading question the grading criteria and consistency the the
answers can be calculated [220]. When the answers are not consistent this is an in-
dication that insufficient thought was been put intro the grading. A inconsistency
of 10% is generally viewed as acceptable [90]. To help review the consistency, other
answer review metrics and to combine the different grading answers the excel sheet
presented by K. Goepel was used [220].
When the answers are sufficiently consistent the grading criteria are calculate in the
excel sheet. This can also be done manually the math used to calculate the grad-
ing criteria and constituency index is well documented in literature [90], [220]. The
grading results form the engineers in the field of high-speed cases packing is pre-
sented in the grading matrix form and shown in table C.2 trough C.8. The average
grading is shown in table C.9
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1 2 3 4 5 6 7 8 9

Actuation time 1 1 6 2 2/3 2 3 2 6 4

Grasping range 2 1/6 1 1/4 1/8 1/4 1/2 1/4 1 1/2

Confined space 3 1/2 4 1 1/2 1 2 1 5 3

Load holding 4 1 1/2 8 2 1 3 3 3 7 6

Gripper mass 5 1/2 4 1 1/3 1 2 1 1/2 4 2

Contact pressure 6 1/3 2 1/2 1/3 1/2 1 2/3 3 1 1/2

Life time 7 1/2 4 1 1/3 2/3 1 1/2 1 4 2

Financial cost 8 1/6 1 1/5 1/7 1/4 1/3 1/4 1 1/2

Control complexity 9 1/4 2 1/3 1/6 1/2 2/3 1/2 2 1

TABLE C.2: The AHP grading results of the author
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1 2 3 4 5 6 7 8 9

Actuation time 1 1 3 1/3 1/5 3 1/7 3 2 3

Grasping range 2 1/3 1 1/7 1/5 1/5 1/5 1/2 1/5 1/2

Confined space 3 3 7 1 2 2 1/3 3 3 7

Load holding 4 5 5 1/2 1 3 1 5 2 5

Gripper mass 5 1/3 5 1/2 1/3 1 1/3 5 2 3

Contact pressure 6 7 5 3 1 3 1 5 6 5

Life time 7 1/3 2 1/3 1/5 1/5 1/5 1 1 2

Financial cost 8 1/2 5 1/3 1/2 1/2 1/6 1 1 3

Control complexity 9 1/3 2 1/7 1/5 1/3 1/5 1/2 1/3 1

TABLE C.3: The AHP grading results of the first interviewed engineer
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1 2 3 4 5 6 7 8 9

Actuation time 1 1 9 5 1 5 5 2 3 4

Grasping range 2 1/9 1 1/4 1/9 1 1/2 1/5 1/7 1/6

Confined space 3 1/5 4 1 1/5 4 1/7 1/3 1/2 1/4

Load holding 4 1 9 5 1 9 2 5 7 2

Gripper mass 5 1/5 1 1/4 1/9 1 1/5 1/4 1/3 1/6

Contact pressure 6 1/5 2 7 1/2 5 1 3 2 1/2

Life time 7 1/2 5 3 1/5 4 1/3 1 1/3 1/5

Financial cost 8 1/3 7 2 1/7 3 1/2 3 1 1/3

Control complexity 9 1/4 6 4 1/2 6 2 5 3 1
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1 2 3 4 5 6 7 8 9

Actuation time 1 1 3 1/3 1/5 3 1/3 2 3 1/3

Grasping range 2 1/3 1 1/9 1/8 1/4 1/7 1/7 1/3 1/3

Confined space 3 3 9 1 1 1 1/5 2 3 2

Load holding 4 5 8 1 1 4 1/4 2 7 3

Gripper mass 5 1/3 4 1 1/4 1 1/4 1 2 1/3

Contact pressure 6 3 7 5 4 4 1 7 8 6

Life time 7 1/2 7 1/2 1/2 1 1/7 1 2 1/3

Financial cost 8 1/3 3 1/3 1/7 1/2 1/8 1/2 1 1/6

Control complexity 9 3 3 1/2 1/3 3 1/6 3 6 1

TABLE C.4: The AHP grading results of the third interviewed engi-
neer
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1 2 3 4 5 6 7 8 9

Actuation time 1 1 5 3 1 4 3 5 6 6

Grasping range 2 1/5 1 1/2 1/6 1/2 1/5 1/3 4 1/3

Confined space 3 1/3 2 1 1/3 3 1/3 3 5 4

Load holding 4 1 6 3 1 2 1/3 1 6 2

Gripper mass 5 1/4 2 1/3 1/2 1 1/3 1 5 2

Contact pressure 6 1/3 5 3 3 3 1 1 5 3

Life time 7 1/5 3 1/3 1 1 1 1 3 3

Financial cost 8 1/6 1/4 1/5 1/6 1/5 1/5 1/3 1 1/2

Control complexity 9 1/6 3 1/4 1/2 1/2 1/3 1/3 2 1

TABLE C.5: The AHP grading results of the fourth interviewed engi-
neer
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1 2 3 4 5 6 7 8 9

Actuation time 1 1 5 3 1 4 3 5 6 6

Grasping range 2 1/5 1 1/2 1/6 1/2 1/5 1/3 4 1/3

Confined space 3 1/3 2 1 1/3 3 1/3 3 5 4

Load holding 4 1 6 3 1 2 1/3 1 6 2

Gripper mass 5 1/4 2 1/3 1/2 1 1/3 1 5 2

Contact pressure 6 1/3 5 3 3 3 1 1 5 3

Life time 7 1/5 3 1/3 1 1 1 1 3 3

Financial cost 8 1/6 1/4 1/5 1/6 1/5 1/5 1/3 1 1/2

Control complexity 9 1/6 3 1/4 1/2 1/2 1/3 1/3 2 1

TABLE C.6: The AHP grading results of the fifth interviewed engineer



Appendix C. Gripper Grading 137

Matrix Engineer 6 A
ct

ua
ti

on
ti

m
e

G
ra

sp
in

g
ra

ng
e

C
on

fin
ed

sp
ac

e

Lo
ad

ho
ld

in
g

G
ri

pp
er

m
as

s

C
on

ta
ct

pr
es

su
re

Li
fe

ti
m

e

Fi
na

ci
al

co
st

C
on

tr
ol

co
m

pl
ex

it
y

1 2 3 4 5 6 7 8 9

Actuation time 1 1 5 1/3 3 5 1/5 7 3 1

Grasping range 2 1/5 1 1/3 1/5 1/5 1/5 1/3 1/3 1/5

Confined space 3 3 3 1 5 5 1 7 5 1

Load holding 4 1/3 5 1/5 1 2 1/5 3 1/3 1/5

Gripper mass 5 1/5 5 1/5 1/2 1 1/5 3 3 1/5

Contact pressure 6 5 5 1 5 5 1 5 7 3

Life time 7 1/7 3 1/7 1/3 1/3 1/5 1 1/3 1/5

Finacial cost 8 1/3 3 1/5 3 1/3 1/7 3 1 1/3

Control complexity 9 1 5 1 5 5 1/3 5 3 1

TABLE C.7: The AHP grading results of the sixth interviewed engi-
neer
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1 2 3 4 5 6 7 8 9

Actuation time 1 1 3 1/3 1/5 3 1/3 2 3 1/3

Grasping range 2 1/3 1 1/9 1/8 1/4 1/7 1/7 1/3 1/3

Confined space 3 3 9 1 1 1 1/5 2 3 2

Load holding 4 5 8 1 1 4 1/4 2 7 3

Gripper mass 5 1/3 4 1 1/4 1 1/4 1 2 1/3

Contact pressure 6 3 7 5 4 4 1 7 8 6

Life time 7 1/2 7 1/2 1/2 1 1/7 1 2 1/3

Financial cost 8 1/3 3 1/3 1/7 1/2 1/8 1/2 1 1/6

Control complexity 9 3 3 1/2 1/3 3 1/6 3 6 1

TABLE C.8: The AHP grading results of the sixth interviewed engi-
neer
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1 2 3 4 5 6 7 8 9

Actuation time 1 1 4 3/4 1 2/9 1/2 3 1/3 6/7 2 4/5 3 2/5 2 7/9

Grasping range 2 1/5 1 1/4 1/7 1/3 1/4 2/7 2/5 1/3

Confined space 3 5/6 4 2/7 1 5/8 2 1/8 2/5 1 5/8 2 4/7 2

Load holding 4 1 8/9 7 1 3/5 1 3 4/5 1 3 4/9 4 2 7/8

Gripper mass 5 1/3 2 5/6 1/2 1/4 1 1/3 1 1/7 1 5/7 4/5

Contact pressure 6 1 1/6 3 5/7 2 1/2 1 2 7/9 1 2 5/7 4 1/2 2 2/5

Life time 7 1/3 3 2/5 5/8 2/7 7/8 3/8 1 1 1/7 1

Finacial cost 8 2/7 2 1/2 2/5 1/4 3/5 2/9 7/8 1 2/3

Control complexity 9 1/3 2 3/4 1/2 1/3 1 2/9 3/7 1 1 1/2 1

TABLE C.9: The AHP grading results of the average results

C.0.2 Grading

Combing the weight factors and grading criteria the gripper classes were graded us-
ing data obtained form the state-of-the-art literature. Appendix A.1 shows the data
set that was made for the grading. The result of this grading is shown in table C.10.
Considering the definition of the four points of the grading scale presented in sec-
tion 1.4, each minus or double minus sign indicates a limitation. For example a
limitation caused by the grading criteria finical cost indicates that the financial cost
of the gripper class is to high limiting its application in the field of high speed case
packing. More specifically the columns of table C.10 show the degree of limitation
stemming for each grading criteria. Additionally considering the rows of table C.10
the limitations for the specific gripper classes can be seen.

Actuation
time

Grasping
Range

Operating in
confined space

Force
holding

Moment
Holding

Gripper
mass

Contact
pressure

Life
time

Financial
cost

Control
complexity

Weight average
gripper score

WF 0.138 0.024 0.102 0.181 0.181 0.055 0.162 0.055 0.425 0.060

Rigid 1 DOF + ++ −− ++ ++ + −− ++ ++ ++ 2.0

Rigid fully actuated + ++ − ++ ++ − − −− −− −− 1.8

Under actuated rigid − ++ − + ++ + − + + ++ 1.9

Lumped compliant − ++ − + ++ ++ − − −− ++ 1.8

Distributed compliant − ++ −− + ++ + + + −− ++ 1.8

Suction cups ++ ++ ++ ++ − ++ ++ − ++ ++ 2.5

Structure jamming −− ++ + + + + ++ − + + 1.9

Bernoulli ++ ++ ++ −− −− ++ ++ + − ++ 1.8

Pressurized bellows − ++ −− − − ++ ++ + ++ ++ 1.6

TABLE C.10: The results of the gripper grading showing the weight
factors in the second row from the top and the average gripper score

in the final row

To draw any more meaning full conclusions a numerical value describing limitation
has to be determined. This value is named the weight limitation score (WLS) and is
calculated according to equation C.21. When the gripper scores ++ or 3 points there
is no limitation posed by that grading criteria, in this case the WLS is 0.

WLS(i, j) = W(j) · (3− GS(i, j)) (C.21)
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Here:

W(j) = The weight factor of the j’th grading criteria
GS(i, j) = The considered gripper class (i) and grading criteria (j)

From the WLS the degree of limitation for the different grading criteria can be calcu-
lated for each gripper class. This is done by dividing the WLS by the total WLS for
that gripper class. This calculation is mathematically shown in equation C.22.

degree of limitation(i, j) =
WLS(i, j)

10
∑

k=1
WLS(i, k)

· 100 (C.22)

The degree of limitation is presented in table C.11 in the bottom row of table C.11
the average of the calculated limitation is shown.

Limitation for Actuation
time(%)

Grasping
Range (%)

Operating in con-
fined space (%)

Force hold-
ing (%)

Moment
Holding (%)

Gripper
mass(%)

Contact pres-
sure (%)

Life time
(%)

Financial
cost (%)

Control complex-
ity (%)

Rigid 1 DOF 14.0 0.0 31.1 0.0 0.0 5.6 49.3 0.0 0.0 0.0

Rigid fully actuated 14.4 0.0 0.0 0.0 0.0 11.5 0.0 26.2 19.7 28.2

Underactuated rigid 32.9 0.0 12.2 32.3 0.0 3.3 19.3 0.0 0.0 0.0

Lumped compliant 16.8 0.0 12.4 22.0 0.0 0.0 19.7 13.6 15.3 0.0

Distributed compliant 20.8 0.0 23.0 27.3 0.0 12.5 12.2 4.2 0.0 0.0

Suction cups 0.0 0.0 0.0 0.0 82.9 0.0 0.0 17.1 0.0 0.0

Structure jamming 43.5 0.0 10.7 19.0 6.3 5.8 0.0 3.9 4.4 6.3

Bernoulli 0.0 0.0 0.0 45.3 45.3 0.0 0.0 2.3 7.0 0.0

Pressurized bellows 44.6 0.0 49.4 0.0 0.0 0.0 0.0 6.0 0.0 0.0

Average limitation 20.8 0.0 15.4 16.2 15.0 4.3 11.2 8.2 5.2 3.8

TABLE C.11: The degree limitation calculated for each gripper class
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Appendix D

Sensor Selection

in this appendix the sensor selection process is discuss in grate detail. Firstly the de-
sign requirements and sensor placement are discussed, secondly the transducer se-
lection is reasoned. Following the transducer selection the sensor structure is picked
using to the available literature on multi-axis F/M design. Finally the picked sensor
structure are considered in more detail. A more detailed discussion of the sensor
selection process can be found in appendix. A summary and brief explanation of all
the design requirements is provided in the main text.

D.1 Measurement set up

Figure D.1a gives a schematic overview of robot set up that will be used in this de-
sign. The reference frame shown in this figure will be used throughout this work.
This robot was provided by BPA and is usually utilized to perform test on new con-
cepts or ideas. This setup resembles the delta robots that can be found at BPA’s
costumers closely. The main difference are that the test robot contains new and im-
proved components increasing the stiffnes of the delta robot. The delta robot is also
fitted with more powerful actuators reducing the limitations posed by the actuators
of the delta robot. These improvements permit the addition of extra mass during
a test, without reducing the performance of the robot. Finally the test set up does
not use a conniver belt and vision system to achieve a continuous product flow, pick
and place operations can only be added manual. Since this research is interested in
the detachment of products form the end-effector, zooming in on the critical part of
one pick and place motion. A vision system and a continuous product flow is not
required.
The test setup is already able to measure many desired quantity’s such as acceler-
ation, velocity and position of the robot platform, but also air flow and pressure in
the vacuum tubes. By design a F/M sensor for this test setup the load on the system
can additionally be measured, giving more insight in the failure of grippers under
dynamic loading.

D.2 Selection considerations

This section will only consider sensor structures relying on stain gauges as transduc-
ers for a multi-axis F/M sensor. Strain gauges essentially measure deformation to
determine an applied load, see section D.4.1 for more details. Therefore the structure
of any n axis force and or torque sensor, requires n unique deformation modes. This
limits n to 6, in that case 3 orthogonal forces and 3 orthogonal moments are mea-
sured. Many different structures can obtain n desired deformation modes, selecting
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the correct sensor structure for the application is essential to ensure the desired per-
formance. Since this section only considers multi-axis F/M sensor, the word sensor
will be used with the same meaning.

perform

D.2.1 Sensor placement

The placement of the F/M sensor should be taken into carefull consideration. Ide-
ally the sensor should be placed directly at the point where the load needs to be
known. This plain of interest is between the gripper and the product, as shown in
figure D.1b. Measuring directly at this interface is challenging and no sensor capa-
ble of performing such measurements was found available on the market or in lit-
erature. Therefore, another measuring location has to be picked. Placing the sensor
at another location requires the addition of a correction factor for this displacement.
There are two logical location to place the sensor, the first location is labeled 1 in fig-
ure D.1b. This location places the sensor as close as possible to the suction cup grasp
plane. This minimizes the correction that has to be made for the sensor displace-
ment. The second location, labeled 2 in figure D.1b places the sensor directly under
the robot platform, this location minimizes the additional load added by the mass of
the sensor during acceleration, another benefit is the fact that the sensor can be de-
signed as an extension of the robot platform. Any previously designed grippers can
in that case be connected to the sensor. Location 2 was picked because studding and
extending upon previous works was deemed more important than having a smaller
correction.

(A) Overview of the measurement set up (B) Overview of the measurement set up

D.2.2 Expected load

For the selection of a well suited sensor the maximum load on the sensor should be
determined. From an analysis of the BPA case packing lines the maximum load on
the sensor was determined. The delta robots in a case packing line are at most able
to achieve 120 m/s2 along the x, y and z axis for a load of 1.0kg. The mass of the
sensor should also be included for the determination of the moving mass during a
measurement. The sensor mass is estimated to be 0.5kg at this stage of the design.
To ensure the sensor does not fail because of unexpected behavior such as a robotic
crash or emergency stop a safety factor (SF) of two was introduced.
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As shown in equation D.1 newtons second law was used to determine the minimum
force the sensor needs to be able to withstand. This force is the same in x, y and z
direction and was calculated as 360 N.

To determine the determine the minimum moment the sensor needs to be able to
withstand the center of mass of a standard end-effector has to be determined. In
the redesign of BPA’s delta platform a limit to the location of the center of mass was
set. For high-speed applications the center of mass needs to be with in 100mm (rmax)
form the robot platform. Using this distance and the previously determined force
the maximum moment around the x and y axis can be determined. This moment is
determined to be 36N, as shown in equation D.2. The moment around z is limited
to the the torque the motor integrated in the delta platform can provide, which is is
2 Nm. Designing a sensor according to these specifications will result in a sensor well
suited for only this application. After a sensor structure is picked this required load
will be compared to the typical design load found in literature and a final maximum
design load will be picked in section D.4.

Freq = mamax · amax · SF = 360N (D.1)
Fxreq = Fyreq = Fzreq = Freq

Mxreq = Myreq = rmax · Freq = 36Nm (D.2)

D.2.3 Coupled and decoupled sensors

In literature multi-axis F/M sensors are general divided in two types, mechanically
coupled and mechanically decoupled sensor. This classification is applicable to any
sensor structure or transducer choice and is based on the relation ship of the mea-
sured strain and applied load [108], [110], [139].
Mechanical decoupled sensors measure stain in only one transducer bridge when a
pure load is applied in one of the principle measuring directions. Mechanically cou-
pled sensors on the on the other hand measure strain in multiple bridges if a load is
applied in one of the principle measuring directions. Mechanically coupled sensors
often have more transducer bridges than measurement direction. Measuring bridges
will be explained further in section D.4.1. Both categories have there advantages
and disadvantages. Mechanically decoupled sensors do not require complicated de-
coupling algorithms to translate the measured strain into an applied load, making
there usage and calibration process much more intuitive [108], [139]. Furthermore
removing a measurement direction is relatively simple and low cost. However their
structural design process is more complex and their cross-coupling error tends to be
to large to truly be decoupled [108], [139], [140].
Because of the remaining issues industrial available multi-axis force torque sen-
sor are usually designed to be strongly coupled [139]. In research on the other
hand the desire for a decoupled sensor applicable for industrial purposes remains
strong [108]–[110], [118], [120], [124], [137], [139], [221]–[223]. This is because for
most sensor structures based on strain gauges the cross coupling error is by far the
largest error, much larger than for example non-linearity errors, hysteresis or non-
repeatability [109]. The main focus of recent research into multi axis F/M sensors is
therefor combating and eliminating cross coupling.
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Combating cross coupling

Two main methods for combating the issues faced by coupling errors are observed
in this field [109], [139]. The first method uses signal processing without changing
the mechanical structure of the sensor. This method relay on decoupling algorithms
to reduce the effects of cross-coupling errors. The most commonly used decoupling
algorithm is the least squares (LS) method [108], [110], [114], [115], [117], [150], [224].
But more complex algorithms achieving better performance have also been used
such as neural networks [123], [225]–[227], shape-form-motion [155], [228] and sup-
port vector regression [229], [230].
The second method focuses on changing the sensors mechanical structure and strain
gauge placement to achieve a mechanically decoupled sensor structure. This method
aims to remove the cross coupling by picking a smart and novel sensor structure in
the design stage which is intended to minimize the internal cross coupling. Many
different sensor structures using strain gauges have been designed, fabricated and
validated. The list of considered sensor structures consist of E-type membrane struc-
ture [123], H-shaped beams on a Steward platform [124], a circular spoke membrane
structure [126], a parallel plate structure [127], [128], a parallel beam structure [129],a
stack of multiple load cells [130], [131], T-shaped bars [132], commercially available
3 beam structure [133] and the Maltese cross structure [136], [137].
Some researchers in this field critically observe a division in research goals concern-
ing the structural design of the multi-axis F/M sensors. They classify two groups of
research [109], [124], [139]. The first groups considers case specific designs follow-
ing a trail-and-error design strategy based on the designers experience. Resulting
in a sensors with a high production cost, which is not or hardly generalize for other
fields.
The second group aims to create a general and structured design method, aiming to
create a generally applicable sensor with low production cost. Other researches and
industries can follow the proposed to design methods to create a sensors fitting there
needs. A sensor structure contain literature in the second group is highly preferably
for the design of a new structure. A summary of the trends seen in literature is
shown in figure D.2

FIGURE D.2: A visual overview of the structure in the multi-axis sen-
sor design literature
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D.3 Sensor selection

The selection of the designed sensor consisted of three structured steps. Firstly the
measurement principle was selected by picking the most suitable transducer. A
transducer is as a device which converts a physical property into a measurable volt-
age or current signal. Several transducer usable for the design of a load sensor were
considered, the one best suited for application in the high speed case packing indus-
try was selected. Secondly different sensor structures using the selected transducer
were considered and one was selected for the design.

D.3.1 Transducer selection

The transducers used to measure force do often not measure force directly, but in-
stead measure the elastically deformation of a structure. Since this deformation is
driven by an external load this method can be used to measure this applied load.
The considered transducers have at least a proof of principle of design presented in
literature. For each transducer a short description and a reasoning for there suitabil-
ity is provided.

Infeasible transducers

1. Force sensitive resistor (FSR), using an FSR it is possible to directly measure
force as a change in resistance [111]. This transducer type has not yet been
used to create a multi-axis force torque sensor and is lacking in performance
compared to the other measurements techniques. Most problematic are a low
force measurement range, large error and measuring moments [112]. Because
of these limitations the FSR transducer was discarded.

2. Capacitance, the change in capacitance between two parallel plates has been
used to measure the force on a deformable structure. This method is most
often used and is most feasible on micro and nano scale [113]–[115]. Hover
some attempt of a sensor on an industrially applicable scale was found in lit-
erature [116], [117]. This sensor under performed compared to sensors made
using other transducers. For example the achieved error was twitch as large as
other sensors. Further more the maximum moment was 20 to 40 times smaller
compared to other sensors, while a similar maximum force was achieved. For
application in high speed pick and place industry measuring moments under
dynamic load is a clear literature gap. This transducer can therefor not be used
in the high speed case packing industry.

3. Optical, by placing a light emitter and a receiver on a deforming structure the
load on a structure has been measured[118]. This novel design requires a flexi-
ble senor structure to function. Which in turn causes very low load measuring
ranges, a factor 200 smaller compared to that is minimally required for the
high speed case packing industry. Furthermore this sensor has hysteresis of
over 20%, which is highly undesirable.

4. Fluid Pressure, In literature a sensors using fluid pressure to measure an ap-
plied load have been designed and validated [119]. This sensors showed out-
standing performance, yet is to heavier and large to be applied in a highly
dynamic environment. Furthermore this design process started with the in-
tention to eliminate tubes from the system, which are required for this sensor.
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This transducer type could on the other hand be used excellently to calibrate
other F/M sensors.

Feasible transducers

1. Material deformation, Strain gauges have a slight change in resistance when
there subjected to a strain. By measuring the strain of a loaded structure, stain
gauges can be used to determine an external load. Strain gauges are a well de-
veloped and accepted in industry due to there ability to be applied in dynamic
and static load cases, repeatability, smallness,low hysteresis and low cost [109].
All other considered transducers were lacking performance or sufficient proof
of principle compared to stain gauges. Therefor strain gauges were picked
as the transducer for the force torque sensor that will be developed. Section
D.4.1 will go into more depth about the working principle and usage of strain
gauges.

2. Piezoelectric, Piezoelectric materials generate a voltage when compresses, this
effect has been used to design a multi axis F/M sensor [120]. The resulting sen-
sor achieves a decoupled behaviour measuring all the load 6 axis, the degree
of remaining coupling or error in the sensor is not mentioned. Further more
it is state that this transducer type does, as apposed to other transducers, not
fail under high loads [120]. In the high speed case packing industry measuring
in the kN range is not required, therefor this feasible transducer type was not
picked.

3. Piezoresistive, piezoresistive transducers behave similar to stain gauges, when
they experience a strain their resistance changes. They can therefor be used as
a replacement for strain gauges, however in they performing slightly worse
than traditional strain gauges in this use case [122]. Piezoresistive transducers
can however also be used at a much smaller scale not interesting for the high
speed case packing industry. However this application field ensures piezore-
sistive transducers remain part of active research, possibly increasing the per-
forming in the near future [112], [121].

D.3.2 Sensor structure determination

Sensor structure selection

From the considered sensor structure one has to be picked for a further detailed
design. The considered sensor structures were reviewed on 5 criteria and one was
selected for further design. The review of the sensor structures was done using
simple binary questions, a full grading scheme was not required because the Maltese
cross sensor structure clearly outperformed the other sensor structures. The 5 review
points are explained below and the review of the sensor structures can be found in
table D.1. The 6’th column provides information on the publishing year of the most
recent publication for each sensor structure.

1. Passing air flow
passing air flow trough the sensor structure is the unique feature of the sensor
that will be designed. This feature has to the best of the authors knowledge
not yet been implemented in a multi-axis F/M sensor and can therefore not
be directly reviewed from literature. The authors engineer judgement will be
used label this criteria either likely of unlikely. Where likely means the sensor
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structure is expected to be modifiable to allow the passage of airflow, unlikely
indicates the opposite.

2. Coupling
The coupling review criteria checks weather a sensor structure is slightly or
strongly mechanically coupled. Mechanically decoupled or slightly coupled
sensors are preferred over strongly mechanically coupled sensors.
Mechanical decoupled sensors measure stain in only one transducer bridge
when a pure load is applied in one of the principle measuring directions. Me-
chanically coupled sensors on the on the other hand measure strain in multiple
bridges if a load is applied in one of the principle measuring directions. Me-
chanical decoupled sensors require less complex calibration procedures, how-
ever have more complex mechanical designs [108], [139]. The reaming cross-
coupling of mechanically decoupled sensors tends to be to large to truly be
decoupled, making them slightly coupled [108], [139], [140].

3. Design method
For the review of this criteria literature was studied looking for a structured
and proven design method for each sensor structure. The availability of a
structured and proven design method will lead to an easier and more feasi-
ble design.
Some researchers in this field critically observe a division in research goals con-
cerning the structural design of the multi-axis F/M sensors. They classify two
groups of research [109], [124], [139]. The first groups considers case specific
designs following a trail-and-error design strategy based on the designers ex-
perience. Resulting in a sensors with a high production cost, which is not or
hardly generalize for other fields.
The second group aims to create a general and structured design method, aim-
ing to create a generally applicable sensor with low production cost. Other
researches and industries can follow the proposed to design methods to create
a sensors fitting there needs. A sensor structure contain literature in the second
group is highly preferably for the design of a new structure.

4. P&P compatible
This review criteria considers if the sensor structure is compatible for usage
during high speed pick and place. The main consideration of this review cri-
teria is the design goal of the sensor structure. Sensors that are designed to
be attached to or integrated in a robot are labeled compatible. While sensor
structures designed to function as a multi-axis scale are labeled incompatible.
The stiffness of the sensor which is required to withstand the dynamic loading
is not considered here because this data is often not provided in literature.

5. Error
Commercially available multi-axis sensor are expected to measure loads with a
maximum error of 3-5% at there rated load [107], [109]. This review criteria will
look at the maximum measurement error for each sensor structure. A sensor
is deemed usable if the maximum error is below 5%, this error included cross
coupling errors. Therefor this criteria is labeled larger or smaller than 5%. This
a very simple review of measurement error, not considering non-linearity’s,
hysteresis or drift.
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Further more a cross coupling error 3 -5% could in specific load cases lead
to much larger errors, this is one of the driving factors for active research
into multi-axis F/M sensor [109]. Take for example a perfectly linear 2 axis
F/M sensor measuring a force in the y direction and a moment around the x
axis, Fy and Mx respectively. The rate load of this sensors is Fy = 400N and
Mx = 40Nm, both measuring 1000 µst strain at the rated load (µst = 10−6 mm

mm ).
When the sensor is subjected to its rate Mx load, the Fy direction also measures
some unintended signal, for example 25µst. The cross coupling of a sensors
is often determined at the rated load and is defined as the fraction of the un-
intended and the intended signal. This results in a cross coupling error of
( 25µst

1000µst · 100) = 2.5%. Now consider the same sensor loaded at Fy = 40N
and Mx = 40Nm, the unintended signal due to the cross coupling caused
by the Mx load remains 30µst. However the intended signal in the Fy direc-
tion has reduced to 100µst. When the cross coupling error is calculated again,
( 25µst

100µst · 100) = 25%, it can be seen that the error has increased by a factor of
10. The cross coupling error is therefore most meaning full when the sensor is
subjected to its rated load.
Nevertheless, 3-5% cross coupling error is what is can be expected form a fully
developed commercially available multi-axis F/M sensor. Design a sensor bet-
ter than this industrial standard is highly unlikely and is not expected for this
design.

Sensor Structure Coupling Design method passing air flow P&P compatible Error Year
E-type membrane Slight available likely yes >5% 2010

Platform Strong available unlikely no >5% 2016
circular spoke Strong available unlikely yes >5% 2014
parallel plate Slight available unlikely yes >5% 2002
parallel beam Slight Available unlikely yes >5 2007
load cell stack Unknown available unlikely yes >5 2005
T-shaped bars Strong available unlikely yes Unknown 2002

3 beam structure Strong available likely yes >5% 2021
Multi spoke wheel Strong available likely yes >5% 2016

Maltese cross Slight available likely yes >5% 2021
Sliding joint Maltese cross Near perfect available unlikely no >5% 2021

TABLE D.1: A summary of the considered sensor structures and there
consideration criteria

The Maltese cross structure is expected to be modifiable to pass air flow, has a small
build volume and is still part of active research. All other considered sensor were
either not suited to pas air flow, to large to be added to a dynamical moving robot
platform or stopped seeing research effort in favor for other better performing sensor
structures.

D.4 Maltese cross sensor

A Maltese cross sensor structure as shown in figure D.3, was first proposed by
B.Shimano V. Scheinman in 1971 [141]. In 1977 B.Shimano and B. Roth further ex-
tended on the previous work outlining the mathematics and calibration process of
a maltheses cross sensor sensor. [110]. This sensor structure is very close to being
mechanically decoupled and inherently has a high sensitivity for forces and a low
cross coupling. The sensors structure consists of 4 strain measuring beams, 4 thin
plates a central connection block and a connection rim. By measuring the strain of
the strain measuring beams the applied force can be determined. A more detailed
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explanation of the working principle of the sensor can be found in section D.4.1.
In research structural changes have been made to this general Maltese sensor struc-
ture structure in an attempt to increase sensitivity and reduce cross coupling [139].
This research is as mentioned in section D.2.3, based on the researchers experience
and does not result in a structured design method that can be used by other re-
searchers.
Another group of research aims present structured design methods for the different
Maltese cross variations, which are intended to be more widely applicable. These
works will serve as the inspiration and guide lines for the sensor designed and pre-
sented in this work.

FIGURE D.3: An overview of a maltheses cross sensor structure

D.4.1 Measuring principle

Strain gauges

The core measuring principle of the Maltese cross sensor is based on strain gauge.
Strain gauges are transducers that are used to measure strain of a piece of material.
A strain gauge consist of one long folded wire, placed inside a thin flexible restive
foil. By applying a deformation in the longitudinal direction of a strain gauge, the
folded wire inside the stain elongates. This elongation changes the resistance of the
wire. When elongated the resistance increases and when compressed the resistance
decreases. Strain gauges can therefore be used as deformation measuring resistors.
The stain of a piece of material, usually metal, can be measured by gluing the strain
gauge to the surface of the material.

Since the deformations are very small, the change in resistance is also very small.
To measure this small resistance change special measuring circuitry is needed. The
most commonly used circuit is known as the Wheatstone bridge and gives an output
voltage related to the strain of the strain gauges.
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(A) Schematic overview of a strain gauge glued to a
piece of metal

(B) Image of a strain gauge

FIGURE D.4: Figures showing staing gauges

Wheatstone bridge

The Wheatstone bridge circuit can be used to measure a relative change in resistance.
This allows for measurements with great accuracy, measuring resistance changes of
the order of 10−4 to 10−2 can usually be obtained. The most simple version of a
Wheatstone bridge used to measure strain, the quarter bridge, is shown in figure
D.5a. When there is no deformation the resistors R1 trough R4 have the same value,
typically 350Ω, this results an output voltage, Uo of 0V. When the strain gauge de-
forms, its resistance changes resulting in a change in Uout. This circuit has one major
drawback, when the temperature changes the strain gauge will deform due to ex-
pansion or contraction of the material it is attached to. Since the measured strain is
used to determine the applied load, a relation ship between applied load and tem-
perature exists.
To mange this issue, and gain a more sensitive measurement a full or half bridge cir-
cuit can be used using replacing half of the resistors of all of the resistors with active
strain gauges respectively. In these measuring circuits the two strain gauges in one
leg of the bridge circuit are place such that they measure equal but opposite stains.
A change in temperature will result in an equal stain in both stain gauges. This will
not result in a relative change in resistance, not altering the output voltage.
This work will consider the usage of a full bridge circuit, to gain the maximum sensi-
tivity, as shown figure D.5b. Half bridge circuits have been used in literature before
and provide a less cumbersome manufacturing process [231].
Using a calibration process further explained in section ??, this circuit provides a
method to measure an applied load determined according to the measured voltage.
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(A) A picture showing a quarter Wheatstone bridge,
this circuit is suseptive to voltage change due to a

change in temperature

(B) Image of a full-bridge bridge circuit, this circuit is
not suseptive to voltage change due to a change in tem-

prature

FIGURE D.5: Figures showing staing gauges

Deformation modes

Figure D.6 shows the six deformation modes of the sensor. The decoupled behaviour
of the senor is obtained through these distinct deformation modes. The strain gauge
measuring circuits should be placed such that strain is only measured for one of the
six deformation modes. This is only possible if the senors has a distinct deformation
mode for each pure external load. Viewing the sensor body as a mechanical struc-
ture, the thin plates labeled in figure D.6 can be viewed to act as linear guides. The
thin plates should only allow one degree of freedom, this requires infinite stiffens in
all other directions. This is physically impossible and a reason for the in the intro-
duction of cross coupling even for this sensor structure.
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(A) The displacement of the cen-
tral block due to a pure force in

the Fx direction

(B) The displacement of the cen-
tral block due to a pure force in

the Fy direction

(C) The displacement of the cen-
tral block due to a pure force in

the Fz direction

(D) The rotation of the central
block due to a pure moment

around the x axis

(E) The rotation of the central
block due to a pure moment

around the y axis

(F) The rotation of the central
block due to a pure moment

around the z axis

FIGURE D.6: The six deformation modes of the sensor body

Design load

As mention in section D.2.2 the required load has to be compared to the typical de-
sign load found in literature. Picking the load similar to what is found in literature
the design could be applicable to other use cases as well. Further more compar-
ison of the results with results from literature becomes more meaning full. This
reasoning only holds if the maximum load considered in literature is higher than
what is required for this use case. Table D.2 shows the design loads of different
Maltese cross sensor design in literature. According to these load case the maxi-
mum design load was picked as ~Fmax = [Fxmax , Fymax , Fzmax , Mxmax , Mymax , Mzmax ]

T =
[400N, 400N, 800N, 40Nm, 40Nm, 40Nm]T

Load direction Max load [139] Max load [108] Max load [109] Max load [109]
Fx(N) 400 400 330 400
Fy(N) 400 400 330 400
Fz(N) 800 800 990 1000

Mx(Nm) 40 40 30 20
My(Nm) 40 40 30 20
Mz(Nm) 40 40 30 10

TABLE D.2: Maximum loads found in literature
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Relationship between applied load and output voltage

A multi-axis F/T sensor converts the linear deformation of a mechanical structure
caused by an applied load in a measurable output voltage. In this simple analysis the
load is considered to be applied at the origin of the sensors measuring frame of refer-
ence. In reality this is rarely the case and extra correction matrices have to be used to
convert the measured load to the point of application [110]. Finally this section will
consider any general F/M sensor measuring in n load direction using m transducer
bridges. This results in the force and voltage vectors as shown in equation D.3 and
D.4 respectively

~F =


F1
F2
...

Fn

 (D.3)

~V =


V1
V2
...

Vm

 (D.4)

Since the strain gauges are attached to a linearly deforming structure the output
voltage is expected to show a linear behavior with respect to the applied load. This
notion leads to the relation ship between voltage and applied load as shown in equa-
tion D.5. In stead of the voltage vector the strain vector is also often used in equation
D.5, the C matrix entries will change accordingly.

~F = C−1 · ~V (D.5)

Here C is is a m by n matrix as shown in equation D.6, named the compliance matrix.

Cij =


C11 C12 . . . C1n

C21
. . .

...
. . .

Cm1 Cmn

 (D.6)

In case of a decoupled sensor C would be a diagonal matrix. In this case the force in
the Fx direction is nothing more than a the scaled output V1. This makes the inter-
pretation of the sensor data very intuitive.
Due to for example placement errors in the strain gauges no sensor is truly decou-
pled, to improve the sensor performance a simple leas-squares correction is usually
sufficient for structurally decoupled sensors. This correction is performed by the of
diagonal term in the C matrix.
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Cross Coupling

One of the main performance metrics of a Maltese cross structure sensor is its cross
coupling. During the design process and sensor validation the determination is of
importance. For the determination of the cross-coupling the stain matrix has to be
introduced first [139]. Considering a n axis F/M sensor with m transducer bridges.
The strain matrix gives the relation ship between applied force and measured strain.
The n′th column of the matrix contains the measured strain in the m stain gauge
bridges for a pure load in the n′th direction. Considering an 6 axis F/M sensor
containing 6 measurement bridges, as will be designed in chapter 2. The stain matrix
is a 6 x 6 matrix, where the first column ~S1, contains the strain measured for an
applied load in the Fx direction. The strain matrix is filled by applying n independent
pure loads and measuring the m strains on the strain gauge bridges. The complete
strain matrix for an general and the proposed F/M sensor are shown in equation D.7
and D.8 respectively.

S =
[
~S1 ~S2 . . . ~Sn

]
=


S11 S12 . . . S1n

S21
. . .

...
. . .

Sm1 Smn

 (D.7)

S =
[
~S1 ~S2 ~S3 ~S4 ~S5 ~S6

]
=



S11 S12 S13 S14 S15 S16
S21 S22 S23 S24 S25 S26
S31 S32 S33 S34 S35 S36
S41 S42 S43 S44 S45 S46
S51 S52 S53 S54 S55 S56
S61 S62 S63 S64 S65 S66

 (D.8)

The cross-coupling is defined as the amount of undesired strain with respect to de-
sired the strain at maximum load. This is mathematically shown in equation D.9.
In a practical application using Wheatstone bridges, the measured output voltage is
linearly related to the strain. Therefore the cross-coupling can also be directly com-
puted for the measured output voltages at maximum load [109]. This observation
also yields a method to calculate the cross coupling directly form the compliance
matrix, as shown in equation D.9.

(CC)ij =
Sij

Sii
=

Fmax
j · Cij

Fmax
i · Cii

(D.9)

From literature it is known that this cross coupling term is low in comparison to
other sensor structures. A maximum cross coupling of about 10 % is to be expected
for the malthese cross sensor as apposed to 25-30% which is found for other sensor
structures [108], [123], [139], [225]. Kang et al. was the first to note that the main
cross coupling terms for the Maltese cross sensor are CC15, CC24 [108], [139]. Only
these principle cross coupling term require extra design effort to further reduce the
remaining errors. Some studies report very low cross coupling. These designs how-
ever often consider a low moment to force (M to F) ratio, 0.005− 0.05Nm/N, which
makes them not applicable for use in general industry [129], [132], [140], [221]. The
trend seen in literature is that a higher M to F ratio will result in more cross coupling
[139]. 0.1Nm/N is generally seen as a high M to F ratio and will also be considered
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in this design [109].
Another sensor design which did not deliver a proof of concept and only considered
the result of the optimization algorithm have obtained even lower near perfect cross
coupling errors [109]. Since this work did not manufacture a sensor and prove the
results of the optimization its hard to tell if these results are obtainable in reality. The
results of this work will therefor not be considered when setting the constraints for
the optimizer.
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Appendix E

Sensor optimization and FEM
model validation

In this appendix the optimization sceme and the FEM model validation are dis-
cussed in more detail.

E.0.1 Optimization scheme

In this sub section the optimization scheme used in this work described. Firstly the
design variables are explained, secondly optimization problem set up and finally the
the optimization implementation is described

Design variables

The preparation step of the optimization scheme start of with the parametric de-
sign of the sensor structure in Solidworks, The parametric variables will be used to
preform the parametric optimization. Some designs in literature have considered
nearly every possible parameter as a design variable, other designs only consider
a few variables [109],[139]. Choosing more design variables is expected to result
in a better functioning sensor since more aspects of the sensor can be optimized,
however this will drastically increase the computational effort of the optimization
scheme. Due to the available manufacturing method of CNC milling as apposed to
edm wire cutting some curvatures were set a priory. In this work only the most influ-
ential design parameters were considered as shown in figure E.1, these parameters
directly influence the stiffness of the sensor.

1. strain measuring beam length (L), the first design variable is the length of the
strain measuring beams this variable is constrained between 13mm and 25mm.
The lower bound is set to ensure the strain gauge fits the beam. The upper
bound is set to limit the searching range of the optimizer.

2. strain measuring beam height (h), the second design variable is the height of
the strain measuring beams this variable is constraint between 8mm and 21mm.
The lower bound is set to the with of the strain gauges, the upper bound is set
to ensure no geometrical errors in the sensor shape

3. strain measuring beam width (b), the third design variable is the width of the
strain measuring beams this variable is constraint between 8mm and 15mm.
The lower bound is set to the width of the strain gauges, the upper bound is
set to ensure no geometrical errors in to sensor shape
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FIGURE E.1: A visual overview of dimensions of the mechanical sen-
sor design

4. Thin plate height (H), the fourth design variable is the height of the thin plate
plates this variable is constraint between 15mm and 25mm these bounds are set
to limit the range of the optimizer.

5. Thin plate thickness (t), the fifth and final design variable is the thickness of the
thin plates this variable is constraint between 0.7mm and 3mm the lower bound
is set according to literature [139] the upper limit is set to limit the range of the
optimizer

All design variables that were set to limit the range of the optimizer were not picked
according to a physical limitation, if the optimizer hits one of these bounds the
bounds should be adjusted accordingly. The design variables are grouped in a vector
~X = [b, h, H, L, t]

Optimization method

The work flow of the optimization scheme is shown in figure E.2. The optimiza-
tion scheme used in the works is inspired by the successfully designs presented in
literature. Some changes have been made to have an easier implementation in in-
dustry. For example Solidworks was used to model the sensor structure, The soft-
ware package COMSOL was used for FEM analysis, finally Matlab was used for
the optimization scheme. These software packages offer training and costumer sup-
port, are well established in industry and offer many options for extension on the
optimization scheme. By using the appropriate professional software packages the
optimization scheme is applicable in a wider part of industry the without requiring
extensive knowledge of mechanical design theory or optimization.
This method used the software packages in there strength. Solidworks is mainly
used for computer aided design (CAD) but also offers limited FEM analysis options,
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on the other hand COMSOL also offers the option to draw model structures, yet
is known for its FEM analysis of multi-physics problems. Finally COMSOL and
Solidworks also both have integrated optimization abilities but do not offer as much
selection freedom and options as Matlab. For the communication between the dif-
ferent software packages COMSOLS livelink feature was used.
An optimization sequence start by picking a set of starting dimensions stored in
COMSOL. The modeled is build accordingly by solidworks and passed on to COM-
SOL. COMSOL runs the FEM analysis and determines the quantities required to
calculate the cost function and constraints. These values are passed on to MATLAB
which calculated the cost function and constraints, if the optimization stop crite-
ria are not met Matlab updates the design variables which are passes to COMSOL,
which updates the Solidworks model and start the next optimization loop.

FIGURE E.2: Overview of the optimization method

Optimization problem

To preform the optimization in Matlab the optimization problem should be fully de-
termined. This is done by determining the cost function and constrains. This sensor
is intended to be used in industry and is not meant to prove mechanically decoupled
Maltese cross sensors are possible. Therefore the optimization goal will be defined
as the average sensor sensitivity over six measuring bridges when the combined
maximum load is applied. This choice is in line with the vision of some researchers
in this field [142], [143]. The combined maximum is defined as the load case where
all 6 load directions are at there maximum. The cost function is physical defined
as the negative average absolute strain measured at the maximum load, this math-
ematical shown in equation E.1. The minimization of f will maximize the average
measured strain at combined maximum load. To limit the size of f (~X) to be around
one. fphysical(~X) was divided by 200 to obtain fopt(~X), which was used during opti-
mization.
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fphysical(~X) = −
| εFx | + | εFy | + | εFz | + | εMx | + | εMy | + | εMz |

6
(E.1)

fopt(~X) = −
| εFx | + | εFy | + | εFz | + | εMx | + | εMy | + | εMz |

6 · 200

In this calculation it is assumed that the coupling effects are small compared to true
measured strain. The measured stain in one bridge under the combined maximum
load will be nearly identical to the measured strain in this bridge if a pure load in its
measuring direction was applied.

Next to the cost function constraints are added to the design to take into account
other importante design considerations. These design criteria are deliberately not
added to the cost function to prevent any priority issues in a combined cost func-
tion. The considered constrains can be divided in two groups design constrains and
physical constraints. The design constrains are set as part of the design, the physical
constraints are set to ensure no rebuild errors will occur during the optimization.

1. Cross coupling, The cross coupling of the sensor is not used as a optimiza-
tion criteria but remains of importance. To keep the cross coupling sufficiently
small a constraint is added. To limit the computational effort one the two main
cross coupling terms,CC15 and CC24 , as explained in section D.4.1 are con-
sidered. The research proposing the novel strain gauge arrangement, that was
used in this work achieved a cross coupling error of 10-11% in the design phase
[108]. Following this result the cross coupling constrain was set lower to the
same value as shown in equation E.2 and E.3 .

CC15 < 5% (E.2)

CC24 < 5% (E.3)

2. Minimum stain, The cost function considers the average over all stains. If one
direction would measure near 0 strain while another direction measures a very
large strain the cost function indicates this as a good design. However this is
not a desirable sensor design. Every measurement direction is of importance
and should measure a minimal amount of strain. The minimum strain con-
straint is used to ensure this happens. The minimum strain εmin is set to 300 µm

m
slightly lower that values also used in literature [139]. Since more constraints
are added compared to other design less strict bounds have to be set to find a
design meeting all constraints. This constrains is set for all 6 measuring bridges
and is shown in equation E.4.

εF(i) > εmin i = 1, ..., 6 (E.4)

~F =
[
Fx Fy Fz Mx My Mz

]
3. Maximum strain, the life time of a strain gauge is effected by the strain at which

is periodically loaded. To provided sufficient life time a maximum strain was
set, a life time if 1 · 108 load cycles was deemed sufficient. According to the
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data sheet a maximum cyclic strain of ± 1000 µm
m is allowed for the desired

fatigue life [152]. It is assumed that all 4 strain gauges in the Wheatstone bridge
measure about the same strain. Following this reasoning, this constraint is
set for all 6 measurement bridges and not for each strain gauge individually.
Equation E.5 shows the constraints.

εF(i) < εmax i = 1, ..., 6 (E.5)

4. Sensor mass, because of the highly dynamic motion of case packing robot the
mass of the sensor needs to be sufficiently small. The maximum mass (mmax)
was set to 450 grams, similar to commercially available 6 axis F/T sensors
[107].To save computational effort is is advantageous to not include the part
required to pass airflow in the FEM model. These parts however do have a
mass which changes as the length of the strain measuring beams changes. For
the minimal beam length till the maximum length with steps of 1mm the mass
of the additional parts (madditional) was determined. By linear interpolation be-
tween these points the additional mass is estimated. The change in mass of
the air flow parts due to a change in the other design variables is negligible.
Equation E.6 show the described constraint on the sensor mass.

mmax < m + madditional (E.6)

5. Tool tip displacement, Due to the flexibility of the sensor the gripper will dis-
place and rotate. If this displacement is to large the sensor will influence the be-
havior of the gripper and the product. The robot used for this research will en-
ter an error state if the expected and measured position of the platform differs
by 5mm. 25% of this range was deemed to be acceptable for this constrained.
The longest tool that has been attached to the robot platform is 420mm. The
displacement at the tip of this gripper was considered when determining this
constraint.
The displacement of the tool tip was determined by drawing a vector start-
ing at the center of the central block, with a length equal to the length of the
longest gripper. The end point of this vector is the location of the tool tip of
the longest gripper. The location before deformation can easily be determined,
since the vector is aligned with the z axis. By taking the displacement of 3
points on the top face of the central block from COMSOL the displacement
and orientation of the vector can be found after deformation. Again deter-
mining the location of the tip of the vector gives the location of the tool tip
after deformation. The magnitude of the difference between these two vectors
yields the displacement. Equation E.7 shows this mathematically. R0 is used to
indicate the vector before deformation, Rde f is used to indicate the vector after
deformation and ∆r is used to indicate the displacement of the tool tip.

∆r =| Rde f − R0 | (E.7)

6. Natural frequency, during high speed motion its is essential that the natural
frequency of the sensor is not excited. Setting an exact requirement for this
constraint is challenging. Commercially available sensors and measurements
of the dynamic response of 6 axis F/M senors in literature have been used as
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a reference to set a value for this constraint [146],[126]. Values ranging form
1.0 to 2.6kHz were found, 2.0kHz was set as the constraint value. Equation E.8
shows the constraint mathematically. In the FEM model used for optimiza-
tion the parts used for the air flow are not considered to save computational
effort. These parts are not expected to change the sensor stiffens significantly.
However they will add mass to the sensor decreasing the eigenfrequency. The
eigenfrequency of the full section will be analysed in section E.1 and needs to
be above 1.0kHz, the lowest bound found acceptable in literature.

ωn > 2000Hz (E.8)

7. Absolute design variable limits, the design variables have a limited range as
explained in section E.0.1. This lead to the constraint as shown in equation E.9.

8 mm < b < 15 mm
8 mm < h < 21 mm

15 mm < H < 25 mm (E.9)
15 mm < L < 25 mm
0.7 mm < t < 3 mm

8. Relative design variable limit, the height of the strain measuring beams may
not exceed the height of the thin plates. If this happens the sensor geometry
will become invalid. To ensure a sufficiently large difference the constraint
shown in equation E.10 is used

H > 0.9 · h (E.10)

E.0.2 Optimizer

An optimizer changes the design variables ~X = [b, h, H, L, t] until a local minimum
of the cost function is found. Many different methods of optimization are available,
to obtain a trustworthy optimization result the optimizer should be determined with
consideration. In this case the optimization problem is constrained and expected to
be non-linear. For such problems sequential quadratic programming SQP is often
used. SQP a gradient based optimizer which is known for its robustness and fast
convergence [148].
In literature the (SQP) has also proven to be well suited for this type of optimization
problem [108], [109], [139]. This optimization algorithm is also available in Matlab
and will be used in this work.
The SQP method determines the design improvement direction of the design vari-
ables by sequentially solving quadratic programming (QP) sub-problems. Each it-
eration the gradient of the cost function and constraints is determined. This is done
using a numerical approximation, equation E.11 shows the gradient of the cost func-
tion is determined, ∆Xj is a small perturbation of the j’th design variable.

∂ f
∂Xj
≈

f (Xj + ∆Xj)− f (Xj)

∆Xj
(E.11)
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To determine these gradients the FEM model has to be calculated several times each
iteration of the optimization scheme. Using the gradient information the direction of
fastest improvement, meeting the constraints, is determined. If the stop conditions
are not met Matlab changes the design variables and a new iteration starts.

Optimizer setting

The settings of the optimizer have to be set specifically for this optimization prob-
lem. The most important settings contain the stop conditions, the optimizer step size
and the finite difference step size.
The optimizer told to stop under two conditions. Firstly if objective function does
not decrease more than 0.01 for one iteration to the next. Secondly if 50 optimization
cycles are reached, in literature optimizes find there optimum ranging form 5 to 40
iterations [109], [156].
The minimum step the design variables have to make is set to 0.05mm. This step size
was set in consolation with the CNC workshop at the TU Delft responsible for the
milling of the sensor structure. Picking a smaller step in design variables will lead to
design with a higher level of detail than is allowed by the manufacturer. This setting
also helps avoid the optimizer getting stuck in very shallow local minimal
Finally the finite difference step size has to be set courser than standard. During the
optimization runs it was noted that the optimizer had trouble finding the direction
of fastest decrease of the optimization function is the finite difference step size was
set to small. This is likely because there are many local minima on the cost function,
taking a larger step size will result in studding the global trend more than the local
trend.

FEM and mesh setting

Similarly to picking the correct optimization algorithm and setting, the FEM analysis
should should also be considered carefully. Firstly the correct material and bound-
ary conditions have to be selected. The material 7075 T6 aluminium, is part of the
standard COMSOl material library. For the boundary conditions either the central
block of the outer rim has to be fixed. The part that is not fixed is used to applied the
external load.
The connection rim was constrained using a fixed boundary condition. The central
block is used to exert the external loads. This is because in COMSOL only forces can
be applied, moments have to be created by applying two anti parallel forces. As the
length of the strain measuring beam changes the position of the mounting holes in
the connection rim change accordingly. The location of the connection holes in the
central block do however not change position. The holes in the central block provide
a constant moment arm for the anti parallel forces.

Secondly a proper mesh should be created. The model is changing in size and shape
each iteration of the optimizer. The mesh needs to be automatically generated for
any set of design variables. If a to course mesh is picked the results of the FEM
analysis are not trustworthy. On the other hand if a to fine mesh is picked the FEM
calculation will be come very computationally expensive. The mesh was design for
the most demanding set of design variables ~X = [b, h, H, L, t] = [8, 8, 25, 0.7, 25] mm.
The strain measuring beams and thin plates are taken as small as possible requiring a
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finer mesh. The thin plate height and the strain measuring beam length were picked
as large as possible. This creates a larger thin plate and slender longer beams which
are harder geometries to mesh properly. A mesh sufficient for the most design vari-
ables structure will also achieve the desired performance on less demanding design
variables.
To mesh the sensor structure the sensor was divided in 6 domains. Each domain has
its own mesh size. Areas requiring more detail are meshed finer than areas which do
not require the same level of detail. In this manor each domain can be meshed with
just the right amount of detail. The selected domains form fine to course are, the thin
plate, the strain gauge surface, the milled corners, the strain measuring beams, the
central block and the connection rim.

To study which level of detail was required a mesh convergence study was pre-
formed. In this study the mesh is iterative refined. At each iteration the strain matrix
was determined. If the mesh is sufficiently fine further refinement will not change
the calculated strain. By iteration number against the measured strain this point can
be identified. Figure E.3a shows the results of the mesh convergence study. For easy
comprising for the relative change, the y-axis of figure E.3a shows the measured
strain with respect to the measured strain of the first refinement step cycle. In E.3a
it can be seen that the calculated strain barley change after point refinement step 6.
This mesh size was picked for all future calculations.

COMSOL also offers a mesh quality statistic, this was used as a second check for the
selected mesh. To determine the mesh quality a quality measure has to be picked.
For this work the standard skewness measure was picked, however other quantities
can also be used [154]. The skewness measure ranges form 0 to 1, a score of 1 indi-
cates the optimal element according the skewness quality measure. A low quality is
indicated with a score near 0. For most application a quality measure score below
0.1 is seen as a poor quality [154]. If the quality score of any of the elements is below
0.1 the mesh setting, mesh size or domain selection has to be reviewed again and
changed until the quality improves sufficiently. Figure E.3b shown the mesh quality
study for all elements and the lowest element score. A performance score near one is
indicate in green, a performance score near zero is indicated in red. For the designed
mesh and determined mesh size the lowest mesh element scores is 0.44. The lowest
element scores above 0.1, the mesh design and size is picked good enough according
to this performance measure.
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(A) Mesh converges study for
~X1 = [8, 8, 25, 0.7, 25]mm

(B) Mesh quality study for ~X1 =
[8, 8, 25, 0.7, 25]mm , with the lowest ele-

ment quality score as 0.44

FIGURE E.3: Mesh convergence and mesh quality study for the sets
of design variables ~X1 = [8, 8, 25, 0.7, 25] mm

Lastly the measured strain can be compared to designs found in literature. If the
strain found in the FEM calculation is similar to that is found in literature the model
is likely correct and the mesh is sufficient. The strain found during this calculations
compared to those found in literature are shown in table E.1. For this comparison
only the diagonal terms of the strain matrix were considered. The load applied and
dimensions to the sensor were similar to the load applied in literature. It is con-
cluded that the result of the simulation is likely to be correct because the calculated
strain and the strain form literature are in the same order of magnitude.

Measuring direction strain form design µ m
m strain from [139] µ m

m strain from µ m
m [143]

εFx 429.1 350.0 174
εFy 428.1 350.1 174
εFz 301.3 437.8 1872
εMx 1302.3 859.9 1375
εMy 1302.1 859.9 1375
εMz 734.26 486.2 1486

TABLE E.1: Comparing the diagonal elements of the straing matrix
strain

As an extra conformation the mesh quality and the convergence study were also
studied for several different sets of design variables. Figure E.4a and E.4c shows
the results of mesh convergence studied for two other sets of design variables ~X2 =
[11.5, 14.5, 20, 1.5, 20] mm and ~X3 = [15, 21, 25, 3, 25] mm respectively. Figure E.4b and
E.4d shows the mesh quality for these design variables. All studied cases showed a
good quality mesh and convergence at the selected mesh size. Therefor the mesh is
suited to be used during the optimization scheme.
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(A) Mesh converges study for
~X2 = [11.5, 14.5, 20, 1.5, 20] mm

(B) Mesh quality study for ~X2 =
[11.5, 14.5, 20, 1.5, 20] mm, with the low-

est element quality scores as 0.25

(C) Mesh quality study for ~X3 =
[15, 19, 25, 3, 25] mm

(D) Mesh quality study for ~X3 =
[15, 19, 25, 3, 25] mm, with the lowest ele-

ment quality scores as 0.23

FIGURE E.4: Mesh convergence and mesh quality study pre-
formed for conformation for the sets of design variables ~X2 =

[11.5, 14.5, 20, 1.5, 20] mm and ~X3 = [15, 19, 25, 3, 25] mm

E.0.3 Optimization results

The described optimization scheme was calculated for several different starting con-
dition. During theses calculations a few key observations were made which were
used to reduce the computational time by change the optimization scheme. Firstly it
was noted that the Von Misses stress constraint was never violated. This observation
was validated by calculating the maximum Von Misses stress for the most compliant
version of sensor structure. Secondly it was observed that the design variables b and
t converged to there lower bound for every optimization run that was preformed.
The change of b and t for three different sets of starting design variables are shown
in figure E.5 Since the design variables b and t are optimal at there upper and lower
bound, these design variables can be made fixed in the optimization scheme. Re-
moving two out the five design variables is expected to reduce the computational
time by 40%.
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FIGURE E.5: Plots showing the change in design variables b and t for
three different starting points

After setting b and t constant and equal to there lower bound the optimization
scheme was computed again for a larger set of starting points to increase the odds of
finding the global minimum. Figure E.6 shows the results of 5 optimization calcu-
lations all considering different staring variables. From these calculations the final
sensor dimensions were picked as ~X f inal = [8, 8.75, 23.25, 19.5, 0.7] mm, the sensor
was made according to these design variables.
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(A) The change of the design variable b for five
different optimization runs. A different set of de-

sign variables is used each optimization run

(B) The change of the design variable h for five
different optimization runs. A different set of de-

sign variables is used each optimization run

(C) The change of the design variable H for five
different optimization runs. A different set of de-

sign variables is used each optimization run

(D) The change of the design variable L for five
different optimization runs. A different set of de-

sign variables is used each optimization run

(E) The change of the design variable t for five
different optimization runs. A different set of de-

sign variables is used each optimization run

(F) The change of the cost function for five differ-
ent optimization runs. A different set of design

variables is used each optimization run

FIGURE E.6: Results of the optimization runs

E.1 Analysis of the final design

For comprising to the fabricated sensor and to verify if the most important constrains
were met the final design was analysed to determine mass, eigenfrequency, strain
matrix and cross coupling matrix.
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E.1.1 Mass and eigenfrequency

The mass of the sensor is constant and is computed by the volume integral of the
density 7075-T6 aluminum in COMSOL. This results in a total senor mass of 449.6g,
this is equal to the maximum constraint that was set. This constraint is therefor an
active constraint limiting further decrease of the cost function.
The eigenfrequency of the sensor is highly dependent of the way it is constraint. To
preform a measurement either the connection rim or the central block is constraint
to be fixed. The stiffens of the measuring part of sensor is independent of this choice,
however the amount of moving mass does change according to this choice. When
the connection rim is constraint the be fixed the moving mass only consists of the
central block and the strain measuring beams. This will result in the lowest mov-
ing mass with an eigenfrequency of 2511Hz as shown in figure E.7a. This value is
approaching the higher values found in literature. If the central block is constraint
to be fixed the moving mass consists of the strain measuring beams, the connecting
rim and all the air flow passage parts. This is the intended use case while preform-
ing measurement during case packing and will result in a lower eigenfrequency of
1092Hz as shown in figure E.7c. This eigenfrequency is sufficient as stated in section
E.0.1.

If the sensor would be used without the airflow integration parts the shape and
frequency of the first eigenmode change. Firstly the frequency is much higher at
1892Hz because the moving mass is decreased. Secondly the connection rim will
starts to deform non-uniformly as shown in figure E.7c. This can be explained by
the stiffens added by bottom plate of the air flow passing parts. This eigenmode
does however not strain the stain gauges and will not directly influence the mea-
surements. The second eigenmode directly influence the measurements and has a
frequency of 2006Hz

(A) The first eigenmode calcu-
lated by COMSOL, considering
the complete sensor with a con-
nection points on the rim fixed

(B) The first eigenmode calcu-
lated by COMSOL, considering
the complete sensor with a con-
nection points on central block

fixed

(C) The first eigenmode calcu-
lated by COMSOL, considering
the sensor main body with a
connection points on the central

bock fixed

FIGURE E.7: Showing the effect of the air flow passage parts and con-
straint points on the determined eigenfrequency
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