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Abstract
In this paper we empirically explore the use of
suction as a potential universal gripping mechanism. The context is provided by the Amazon
Robotic Challenge (formerly Amazon Picking
Challenge) - an international robotic competition hosted by Amazon with the intended purpose of advancing warehouse robotics. While
highlighting some common misconceptions, we
present practical and theoretical elements that
are important in applying suction in the said
context. The paper is structured in a tutorial format enabling the reader to appreciate
and implement suction based gripping mechanisms in the wild. Numerous test examples are
presented from the Amazon Robotic Challenge
with high flow, high pressure and hybrid suction methods. A practical equipment selection
guide is also included at the end to complement
the tutorial value.
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Introduction

Robots are currently limited to performing highly specific tasks in structured environments, such as factory
assembly lines. There is demand for robots capable of
performing more general activities to reduce the need for
human workers in repetitive tasks, such as in warehouse
environments.
Picking is a task that is easy for humans, but a challenging one for robots. This is because it takes place
in semi-structured or unstructured environments where
there is an element of unpredictability due to the wide
variety of item shapes and clutter from other objects
within confined spaces such as shelves.
The Amazon Robotic Challenge (formerly Amazon
Picking Challenge - APC) is a competition first introduced in 2015 to encourage research into robotic picking
and sorting in a warehouse context (Wurman and Romano 2015). The two major foci are in the development

Figure 1: Different robot platforms at the APC (using
suction)

of new computer vision algorithms to identify items and
their pose in cluttered environments and to develop novel
mechanisms and control algorithms to aid the physical
act of gripping, sorting and stowing. They present significant challenges in today’s robotics.
The APC requires robots able to handle items of varying size, weight, shape and texture mixed together in an
array of twelve shelves. This requires a universal gripper,
capable of performing similarly to an unskilled human
hand working over an eight hour shift. Suction is a standard means of gripping items in industrial automation,
but is typically limited to performing specific tasks using purpose designed vacuum cups. The APC has seen
suction used for more general picking tasks with good
success, outperforming all other gripper types.
In this paper we review the use of suction in the
context of APC and provide an empirical framework
in which suction could be used as a universal gripping
mechanism for generic pick and place tasks. We test both
high pressure and high flow suction methods and then
briefly explore the use of a combined hybrid technique
in this context.

1.1

Picking Mechanisms in the APC

Suction
Suction, or vacuum gripping, has proven to be the most
effective solution so far in the past two years at the APC.
This is because of its simplicity, low cost of implementation, plus the versatility and adaptability to be used on
a wide variety of objects without the need for precise positioning around the object of interest. As an example,
the winning team in 2015 used a $100,000+ robot arm
with a household vacuum cleaner attached to the end.
In the 2015 APC, suction was used by only 9 of the 25
finalist teams (36%), but 8 of the 13 scoring teams (62%),
including the top 3 winners (Correll et al. 2016). No
summary has been published yet on the 2016 APC, but
personal observations were that all teams used suction as
their primary or at least one of the methods of gripping,
with some teams combining a basic jaw mechanism for
the more challenging items.
Articulated fingers
Mimicking the human hand, articulated fingers theoretically best approximate a universal gripper (Pham and
Yeo 1991). Unfortunately, they are also the most complex, expensive, and difficult to design and are a long
way off from reaching this goal. Simple two or three fingered grippers were the most common type of mechanical
gripper used in the 2015 APC, but saw little use in the
2016 competition (own observation at APC).
Parallel Jaws
Jaws are the simplest type of mechanical gripper with
as few as one solid finger to push and hold an object
between itself and a fixed surface. This mechanism was
used by some teams as a simple secondary gripper to
augment suction in the 2015 and 2016 APCs. 2016 winner Team Delft used a pinch mechanism for heavy items
(Hernandez et al. 2016).
Levers / Scoops
A very simple technique that doesn’t attempt to grip
the object is to use a fixed protrusion as a lever or scoop
to push or slide items out of the shelf and drop into a
container held below. Team MIT expanded on this technique with a compliant spatula to assist with awkwardly
positioned items.(Yu et al. 2016).
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2.1

Vacuum Gripping Fundamentals
Theory

Contrary to popular belief, vacuums dont suck, but create a region of low pressure through which air is pushed
by the weight of the atmosphere above. This force can be
quite strong, and is capable of lifting surprisingly heavy
objects. This is made clear by the imperial unit for pressure pounds per square inch (psi). Atmospheric pressure

exerts a force of nearly 15 pounds per square inch, which
means a suction cup with a surface area of 1 square inch
(a circle of 29mm diameter) can theoretically hold up to
15 pounds (6.8kg).
Mathematically — The force applied to an object by a
vacuum gripper is equal to the difference in air pressure
multiplied by the surface area of the suction orifice:
F = ∆P · A

(1)

The SI unit for pressure is the Pascal (Pa) and is
less intuitive to use: One Pascal is defined as a force of
one Newton over an area of one square metre. Gravitational acceleration is approximately 10m/s, so a weight
of one Newton is equivalent to a mass of 100 grams.
Atmospheric pressure is approximately 100 000 Pascals,
which corresponds to a mass of 10 000kg or 10 tonnes
per square meter.
As it is not possible to create pressures below that of
a perfect vacuum, the maximum possible pressure difference is limited by ambient air pressure, which decreases
at higher altitudes. Greater pressures can be reached
underwater, where every 10 metres of depth adds the
equivalent of an extra atmosphere of pressure. Suction is
capable of producing extremely strong and deadly forces
in the deep ocean.

2.2

Negative Pressure Measurement

There are a number of units in common use for measuring pressure. The imperial unit is pounds per square
inch (psi). The former metric unit for pressure is the bar,
originally intended to represent standard atmospheric
pressure at sea level, but now redefined to exactly equal
100 000 Pascals. The SI unit is the Pascal (Pa) defined
as one Newton per Square metre. Kilopascals (kPa) and
hectopascals (hPa) are more commonly used as the Pascal is a very small unit, with standard air pressure at sea
level now defined as 101.3 kPa or 1013 hPa.
Measuring negative pressure is more complicated as it
must be made relative to a zero reference. Absolute pressure is relative to a perfect vacuum, and must always be
positive. Gauge pressure is made relative to the ambient air pressure, and gives a negative reading. This can
also be expressed as a relative percentage of a vacuum,
where 100% equals a perfect vacuum and 0% is ambient
air pressure. This is the unit we will use throughout this
paper.
Negative pressure can also be measured with another
set of units, called manometric units. These are based on
the manometer, a simple device for measuring pressure
from the height of a column of fluid subject to gravity,
typically mercury or water. Mercury lift is often given in
inches (inHg), millimetres (mmHg or Torr) or microns,
with a maximum value of approximately 30 inches or

it is not necessary to make an air-tight seal with the object, allowing gripping of more varied object shapes and
textures, including porous items such as clothing (Lien
and Davis 2008). However, the low pressure requires the
use of a large nozzle or suction cup to generate sufficient
force to hold heavier items, resulting in a more bulky
end effector.

2.4

Suction Orifice

The suction orifice is the low pressure hole or end opening that makes physical contact with the item being
gripped. Most common is a suction cup made of a flexible rubbery material, but the rigid end of a vacuum
cleaner nozzle can also be used. Ideally it should have
the following properties:
1. Conform to the shape of the object to make an airtight seal.
2. Exhibit friction with the object to prevent slippage.
Figure 2: Pressure vs. flow curve comparing a vacuum
pump (Picolino VTE-8, red) to a centrifugal air blower
(Ametek 116354, blue), typical of a household vacuum
cleaner
760mm/Torr. Water lift is commonly specified in millimetres, centimetres or inches with a maximum value of
approximately 10.3 metres. We will not use these units,
but they are commonly encountered in industry.

2.3

Vacuum Generation

There are two common approaches to vacuum gripping
(Monkman et al. 2007):
High Vacuum Pressure
A vacuum pump connected to a compliant suction cup
is the standard approach to vacuum gripping in industry
and is capable of producing the highest differential pressures. This results in the strongest possible holding force
per unit area, necessary for lifting heavy objects. It also
permits the use of a smaller suction cup when gripping
lighter objects, allowing for a more agile end effector.
However, a vacuum pump can only attain a strong vacuum pressure at very low air flow rates (typically less
than 1 litre/second). This means that the suction cup
must make a near air-tight seal with the object to be effective, as any leaks cause a significant loss of pressure.
This is problematic on rough or textured surfaces and
potentially useless on porous items like clothing.
High Flow Rate
An alternative approach to overcome the air leakage
problem is to use a centrifugal air blower, such as a
household vacuum cleaner. This can only achieve a light
vacuum pressure of 10 – 30%, but can do so at a significant air flow rate (>50 l/s, figure 2). This means that

3. Be sufficiently strong or rigid to not deform or break
away from the object under load.
Properties 1 and 3 are in opposition to each other,
which limits the universality of real-world suction cups.
Industrial vacuum cups are designed for specific applications, with no single cup recommended for general purpose gripping.
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Experiments

The aim of these tests is to evaluate the capabilities and
limitations of vacuum gripping in the APC. We test both
the high vacuum and high flow methods over a range of
challenging items.
Additionally, we examine the feasibility of combining
both methods for better results. This hybrid technique
utilises a centrifugal blower connected through a check
valve in parallel with a vacuum pump, allowing both high
air flows and high pressures to be generated through a
single suction orifice. This should alleviate the major
disadvantage of the high pressure method by allowing
porous objects such as clothing to be gripped.

3.1

Test Items
Table 1: Test item categories

Category
Total
Simple
Heavy
Curved
Soft / Deformable
Porous
Small / Irregular

2016 APC Items
38
19
1
7
5
4
2

Our Test Items
23
0
2
5
3
7
6

The items in the APC can present challenges in two
different areas. Some items may be difficult for computer

more than double any other item. The pencil cup is a
challenge because its mesh sides are too porous for vacuum gripping while its large outer cylindrical diameter
exceeds the capacity of most parallel jaw grippers. It is
possible to grip via the solid base using suction, or the
lip around edge using parallel jaws, but both these techniques require sophisticated pose estimation and motion
planning.
Test Items
The actual APC items were not available for this experiment, so a similar group was collected from household
items. Emphasis was placed on finding and testing objects from the challenging categories listed above. Items
with rigid, flat surfaces pose no difficulty to vacuum gripping and were not explicitly tested. The resulting test set
consists of 21 unique items in 23 test cases made from
five curved, six small / irregular, seven soft / porous,
three soft / deformable and two heavy.
A 2kg dumbbell in two orientations serves as the heavy
test case, with all other items weighing less than 550
grams. A small mesh sieve serves as an alternative to
the pencil cup to see if higher air flows are capable of
overcoming the high porosity of the metal mesh material.

3.2

Setup

Figure 3: Official 2016 APC Items provided by Amazon
vision to identify and separate, while others are difficult
to grip. These tests only look at the physical act of gripping an item, with all items sitting clear on the ground
with a human performing the tasks of computer vision,
motion planning and control, etc. Our results are an
absolute best case scenario.
2016 APC Items
The 2016 APC consisted of 38 objects (figure 3). Informal testing was conducted to place them into categories
that presented challenges to vacuum gripping. 50% of
items (19/38) are classed as simple as they feature at
least one flat, rigid surface. This mostly includes cardboard boxes plus some more complex objects held in
packaging with flat cardboard backing (brush). Only
one item is classed as heavy (dumbbell at 1.3kg), with
all other objects under 500 grams. Seven are curved
(cylindrical or spherical), five soft / deformable (plastic or thin cardboard packaging), 4 porous (3 cloth, one
small metal mesh bin) and two are small or irregular
(scissors, toothbrush).
Two items from the 2016 APC presented particular
challenges to the teams: the dumbbell and the pencil
cup. The dumbbell was a problem due to it’s weight,

Figure 4: Test setup
The high vacuum method was tested using a rotaryvane vacuum pump (Picolino VTE-8) in conjunction
with a 20mm diameter vacuum cup (Schmalz SPB2-20).
The pump can attain a sealed vacuum of 80%, which
gives a theoretical maximum holding force of 2.5kg.
The high flow method used a 1800w household vacuum
cleaner (Bosch) with a 26mm diameter round plastic nozzle end. It can produce a sealed vacuum pressure of up
to 24%, giving a maximum holding force of 1.3kg.
To examine the hybrid method, a test jig was constructed from brass plumbing fittings to allow the suc-

Table 2: Results Summary
Category

Totals

High
Flow

High
Pressure

Hybrid

All
Heavy
Curved
Deformable
Porous
Irregular

23
2
5
3
7
6

19
0
5
3
6
5

14
2
5
1
2
4

20
2
5
2
6
5

tion cup to be connected to both the vacuum pump
and the vacuum cleaner through a check valve (figure
4). In this configuration, the vacuum cleaner produces
a slightly reduced vacuum of up to 22% due to losses
through the check valve. This should allow the 20mm
suction cup to hold up to 690 grams in high flow situations.

3.3

Methodology

The important physical characteristics of each item are
listed in the results table (table 3). Each item was subject to three measurements per test. First, the gripper is
held to the object and the vacuum pressure recorded to
give an indication of air leakage and tightness of the grip.
Then the subjective strength of the grip is measured by
gently pulling on the gripper while the object is resting
on the ground (Grip). This is followed by subjecting the
item to gravity by using the gripper to lift the item up
off the ground (Hold). Some items may initially pass
the grip test, but then fail the hold test due to gravity
distorting the surface of the objects or an unbalanced
weight distribution.
The high pressure and high flow methods are tested
on all items, while the hybrid method is only tested on
those items that fail the high pressure method. Pressure measurements are also taken for each of the three
methods under fully open (no item) and closed (sealed)
conditions. This is to provide a baseline reading for estimating the air leakage from each item. A small pressure
reading is obtained even with no item due to the flow restriction and subsequent pressure gradient between the
sensor and suction orifice.

3.4

Figure 5: High Flow Gripping

Results

It must be noted that the items chosen for this test were
intended to be difficult, and are represented in greater
proportion than the actual APC items. The majority of
our test items (12/23) did not present any difficulty to either vacuum gripping method. Only two items could not
be lifted by either method: the small sieve (too porous)
and the large screwdriver (unbalanced).
The vacuum cleaner with bare hose nozzle (high flow)
succeeded on all but four items (19/23) – the two above,
plus the dumbbell (both orientations). The vacuum
pump (high pressure) was successful on 14 items (61%),

Figure 6: High Pressure Gripping
with porous and soft / deformable objects presenting
the greatest challenge. While this suggests that the high
flow method is superior to high pressure, it does not show
that the high vacuum method typically held items more
securely and reliably. This is important when gripping
heavier items, which were under-represented in this test.
The hybrid method was successful in picking all but one
of the additional items that are only possible using the
high flow method, for a total of 20/23 items.
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4.1

Discussion
Observations

Suction is capable of lifting most object types, including the heavy 2kg dumbbell (table 2). However, different items require different suction techniques. The only
item from the 2016 APC test set that would present a
difficulty to all types of suction is the pencil cup as the
mesh sides are too porous. Next year’s APC would have
to include more items exceeding 500 grams in order to
cause difficulty for suction gripping.
Simply gripping an object is not sufficient to allow it
to be lifted and held. If the object is unbalanced, such as
a screwdriver being gripped horizontally at the handle,
then the lever action from the weight of the shaft can
cause the object to twist and detach. Objects are most

secure when gripped vertically from above rather than
horizontally from the side, but this may not always be
possible in practice.
The vacuum cleaner nozzle is a crude yet effective gripper. Its large diameter and high airflow allow it to grip
many objects without regard to object location or needing to make a precise fit (figure 5). It is only limited by
its relatively low vacuum pressure, which prevented gripping of the heaviest object, the dumbbell. It also failed
to grip the small sieve, but its mesh is so porous that
no practical pump could generate enough airflow to lift
it. The porous objects made of clothing do not require
large airflow volumes as the material still forms a moderate restriction. Only items with large clear openings to
the atmosphere require the high flow volumes provided
by the vacuum cleaner.
The suction cup shows a remarkable ability to conform to curved or irregularly shaped objects, obtaining a
near-perfect seal around all such objects (figure 6). The
marker pen is only 15mm diameter and the cup wrapped
around it without difficulty. It is also able to grip around
the lid, which has small ridges. The screwdriver handle
has large ridges and valleys yet the cup was still able to
make a good seal with only slight leakage.
The major weakness
of the high pressure
method is porous objects, as expected due
to insufficient air flow.
However, it also failed
on soft / deformable
objects covered with
plastic packaging, despite their light weight
and seemingly making a
good grip. This is beFigure 7: Flexible Material
cause the flexible plassucked into cup and loosing
tic material is sucked up
seal
into the body of the suction cup, breaking the
perimeter seal and reducing the effective gripping area
(figure 7). The biscuit packet does not suffer this problem as the packaging material is held taught by the rigid
container holding the biscuits. Specialised vacuum cups
with an extra-soft outer lip are available to overcome this
problem, but at the cost of significantly reduced performance on most other item types.
The hybrid technique performs better than either conventional method alone, but at the cost of greater complexity and lower robustness. The suction cup could not
be used with its included threaded insert fitting, as it
has a restrictive inlet aperture of only 4mm which is too
small to allow any significant airflow. We partially overcame this by pushing a rubber hose around the outside

of the cup, giving a less restrictive inlet of 7mm diameter. However, this prevents secure attachment of the suction cup to the end effector, while also requiring a bulky
vacuum cleaner hose and plumbing fittings. Finding a
vacuum cup which has a larger inlet aperture without
compromising performance on highly curved objects is a
challenge. We hope to build a more practical version for
use in next year’s 2017 APC.

4.2

Practical Selection Criteria

Vacuum pump
The choice of vacuum pump is not particularly important. A basic piston or rotary-vane vacuum pump can
generate a vacuum of 80% - 90%, so there is little advantage in using a pump capable of higher vacuums. Even a
theoretically perfect vacuum of 100% would only result
in a 25% increase in force over an 80% vacuum.
The flow rate of the pump is not significant for flat objects that create a perfect seal, but is important for those
items that do suffer small levels of air leakage, such as
slightly porous or irregular objects. However, pursuing
pumps with greater flow rates quickly becomes impractical as size, cost and power consumption all increase
dramatically.
It is also possible to use compressed air to generate a
vacuum by forcing air through a restricted orifice, known
as the venturi effect. Such devices are called ejectors, and
are the standard means of producing vacuums in industry. They have numerous advantages over electrically
powered mechanical vacuum pumps such as lower cost,
greater reliability and much reduced size and weight,
while still producing similar levels of vacuum pressure
and air flow. This allows them to be mounted near the
suction cup as part of the end-effector, eliminating the
need for a large, bulky vacuum hose. However, they require a high capacity compressed air supply, which is not
very practical in a mobile setting, although team MIT
did used one for their entry (Yu et al. 2016).
Centrifugal blower
The choice of centrifugal air blower motor (or vacuum
cleaner) can have a very significant impact. A blower
capable of a 20% vacuum produces a maximum force
twice that of a blower capable of a 10% vacuum, while a
30% vacuum is still 50% more effective than a 20% vacuum. However, higher pressures come with the tradeoff of reduced air flow rates, decreasing effectiveness on
highly porous objects. In our tests most objects were
sufficiently restrictive that higher pressures are more important than larger air flow volumes. This is particularly
true of the hybrid technique, where the flow restriction
through the small vacuum cup inlet aperture causes a
50% pressure drop in the open condition.
A broad range of vacuum cleaner motors are available
for the repairs / commercial market from a number of

Table 3: Complete Results
Item
Mass

Characteristics
Surface
Diameter

Blower + 26mm Nozzle
Hold
Grip
Pressure

Open
Sealed

Pump + 20mm Cup
Hold
Grip
Pressure

3
24

Heavy
Dumbell (end)
Dumbell (handle)
Curved
Drink Can
Small Vase
Milo Tin
Water Bottle
Tape Roll
Small / Irregular
Pen
Marker pen
Scissors
Small Screwdriver
Large Screwdriver
USB flash drive
Porous
Glove
Cheese grater
Cheese grater
Small sieve
Tennis ball
Teddy bear
Socks
Soft / Deformable
Biscuit packet
Lolly packet
Sugar packet

Blower + 20mm Cup
Hold
Grip
Pressure

8
80

12
22

2000
2000

Rubber
Rubber

32

No
No

Strong
Weak

22
10

Yes
Yes

Strong
Moderate

80
80

392
80
355
287
118

Metal
Glass
Paper
Plastic
Plastic Film

66
38
100
55
96

Yes
Yes
Yes
Yes
Yes

Strong
Moderate
Strong
Strong
Strong

15
10
20
18
17

Yes
Yes
Yes
Yes
Yes

Strong
Strong
Strong
Strong
Strong

80
80
80
80
80

5
12
50
50
171
8

Plastic
Metal
Plastic/Metal
Plastic
Plastic
Plastic

8
15

Yes
Yes
Yes
Yes
Falls Off
Yes

Moderate
Moderate
Moderate
Moderate
Moderate
Strong

4
6
13
10
10
5

No
Yes
Yes
Yes
Falls Off
Yes

None
Strong
Moderate
Moderate
Strong
Strong

0
80
70
70
78
75

Yes

Strong

20

8
87
87
16
58
132
104

Cloth
Small Holes
Large Holes
Mesh
Fuzzy
Cloth
Cloth

Yes
Yes
Yes
No
Yes
Yes
Yes

Strong
Strong
Moderate
Weak
Strong
Strong
Strong

21
13
9
3
22
20
18

Yes
No
No
No
Yes
No
No

Weak
Weak
None
None
Moderate
Weak
Weak

10
15
8
8
35
12
15

Yes
Yes
Yes
No

Moderate
Strong
Weak
None

16
18
16
12

Yes
Yes

Weak
Moderate

16
18

223
188
531

Plastic Wrap
Plastic Wrap
Plastic Wrap

Yes
Yes
Yes

Moderate
Strong
Moderate

23
23
23

Yes
Falls Off
Falls Off

Moderate
Moderate
Moderate

60
60
60

Yes
Yes
No

Moderate
Moderate
Moderate

20
18
18

18
29

62

Table 4: Blower Comparison
Model
Number

Impeller
Diameter
(mm)

Impeller Max.
stages
Vacuum
(%)

Max.
Airflow
(l/s)

122165
122177
121007
122196
122146
Vacuum
Pump

213
213
183
145
145
N/A

1
2
3
4
5
N/A

79
66
49
29
26
2.2

29
36
38
47
51
85

manufacturers. An advantage over store-bought vacuum
cleaners is that the full performance specifications for
these motors are often available on-line. This makes it
easy to select a motor with the desired flow / pressure
trade-off characteristics.
A survey of datasheet literature from industry leader
Ametek-Lamb (table 4) shows the optimal blowers for
each flow vs. pressure trade-off point. The four and
five stage blowers can produce vacuums up to 50%, approaching the capabilities of a dedicated vacuum pump
(80%), but at much higher flow rates. These blowers
would be a good choice if exclusively using the high flow
method, while a two or three stage blower may be more
suitable for the hybrid technique due to their higher flow
rates.
Suction orifice
The suction cup is critical when used with a vacuum
pump, as even small levels of air leakage can render it

useless. Using a cup purpose designed for vacuum gripping from a specialist manufacturer is recommended, as
they are made from a stronger yet more compliant material than the typical suction cups found in common
consumer products. There is a huge range of different
types of cups available, so experimentation is needed to
find the type best suited to general purpose use. Smaller
diameter cups are better able to conform around curved
and irregular surfaces, but have lower weight limits.
Folded sides called bellows allow the suction cup to better fit to misaligned surfaces, but make the cup less stiff
and more likely to break away from heavy or unbalanced
objects, such as when gripping from the side.
A standard vacuum cleaner hose nozzle can be used
with the high flow method, although the use of a rubberised end to reduce slippage or large suction cup with
a non-restrictive inlet would be advantageous. Unfortunately we were unable to locate such a design leading up
to the completion of this manuscript.
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Conclusion

Suction is a highly capable method of gripping items
in the Amazon Picking Challenge. Two different approaches were tested, one using a vacuum pump, the
other a household vacuum cleaner, and both performed
well. We expect future APC events to use a more challenging range of items, and from our tests we believe
that suction will remain the preferred gripping method.
A hybrid mechanism also holds promise, if the complexity and costs of implementation can be minimised.
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