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Abstract: A rigid in-plane matrix of suction cups is widely used in robotic end-effectors to grasp
objects with flat surfaces. However, this grasping strategy fails with objects having different geom-
etry e.g., spherical and cylindrical. Articulated rigid grippers equipped with suction cups are an
underinvestigated solution to extend the ability of vacuum grippers to grasp heavy objects with
various shapes. This paper extends previous work by the authors in the development of a novel
underactuated vacuum gripper named Polypus by analyzing the impact of dynamic effects and
grasping location on the vacuum force required during a manipulation cycle. An articulated gripper
with suction cups, such as Polypus, can grasp objects by adhering to two adjacent faces, resulting in
a decrease of the required suction action. Moreover, in the case of irregular objects, many possible
grasping locations exist. The model explained in this work contributes to the choice of the most
convenient grasping location that ensures the minimum vacuum force required to manipulate the
object. Results obtained from an extensive set of simulations are included to support the validity of
the proposed analytical approach.

Keywords: underactuation; vacuum grasping; suction cups; grasping configurations; inertial effects

1. Introduction

Robots are widely employed in many fields, from industrial to medical, and regardless
of the specific application, all robots have an end-effector to interact with the environment.
In factories or warehouses, common tasks such as grasping, holding, and manipulating
objects are often performed by simple grippers with two fingers [1] able only to pinch
with a small stroke. These grippers are simple and cheap, but they can grasp a narrow
range of objects. Dexterous manipulators to handle generic objects is an old [2] but open
problem; indeed, there are several challenges for researchers to design novel grippers to
accommodate some tasks [3]. Several designs have been proposed for manipulators; a brief
classification has been proposed in [4] where grippers are divided by possible configuration,
actuation, application, and size. In [5], the authors presented a versatile gripper with three
re-configurable fingers to switch between power and precision grasping to emulate human
hand ability.

An interesting strategy to grasp an object is to control the adhesion; this can be
achieved mainly with vacuum [6,7], electroadhesion [8], or a gecko-inspired structure [9,10].
Vacuum grippers have great potential; indeed, in the 2015 Amazon Picking Challenge, nine
out of 26 groups used vacuum, including the winner [11,12]. In addition, a world leader
robotic company (Boston Dynamics) is developing a vacuum gripper called Stretch able to
move in a warehouse and equipped with a matrix of suction cups for pick-and-place. Other
examples of vacuum grippers are the octopus-inspired grippers [13–18] that fall in the soft
robotics, which allows high flexibility and adaptability at the expense of limited payload.

In previous work by the authors [19], a novel underactuated vacuum gripper was
introduced and named as Polypus, after the contraction of POLYthecnic of Bari’s octoPUS.
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The system, which is equipped with suction cups, features high adaptability to objects
thanks to different grasping strategies, e.g., unilateral and power, and a potential high
payload for its modular design. Moreover, Polypus is outfitted with a locking device in
the hinges to freeze relative angles between phalanxes once it assumed the shape of the
object, increasing considerably the payload and making the actuation unnecessary during
the hold. It is actuated by wires that pass through phalanxes and are fixed to the tip of the
finger. The main novel contributions of this research lay in:

• The extension of the Polypus grasping model from quasi-static to dynamic behavior,
i.e., by taking into account the inertial effects connected with the manipulation task of
an object under grasp.

• The assessment of the minimum vacuum force (MVF) required to manipulate a given
object thorough different types of grasping configurations, in terms of contact points,
e.g., placing the gripper in different positions of the object even with bending fingers
to enhance the potentiality of Polypus compared to a fix matrix of suction cups.

The validity of the proposed analytical approach is verified via an extensive set of
simulations of pick and place tasks with varying execution time and grasping location, and
objects of different shapes and properties. Section 2 briefly describe the proposed gripper,
Sections 3 and 4, respectively, explain the theoretical model to predict the vacuum force
needed to manipulate an object and provide simulation results. This work ends with a
section that draws the main relevant conclusions.

2. Polypus Design

This section briefly recalls the main features of Polypus that is shown in Figure 1 as
a CAD rendering. The interested reader is referred to [19] for an in-depth description of
the system. The proposed gripper has a modular rigid framework made up of a palm and
N fingers divided in M phalanxes; each phalanx is equipped with a suction cup. Polypus
presents N × (M− 1) degrees of underactuation having only N actuators, one for each
finger. As a typical solution to determine the sequential closure of phalanxes, torsional
springs are foreseen in the hinges. Figure 2 illustrates the predetermined sequential closure
on a sphere. The first step is of course the approach to the object (Figure 2, section 1). Once
Polypus is close enough, actuators start pulling the wires and, being the elastic constant in
the hinges closest to the palm the lowest, the first hinge rotates before all others (Figure 2,
section 2). Once the first suction cup touches the object, the first hinge stops rotating, and
the hinge with the second lowest elastic constant starts its approaching motion (Figure 2,
section 3). This sequence continues until all the suction cups are in contact with the object
(Figure 2, section 4). Another key feature of Polypus design is the existence of a locking
device located in the hinges. Once the shape of the object has been assumed, this locking
device makes Polypus a rigid body, significantly reducing the required vacuum force.
An example of a manipulator with a locking device but without suction cups has been
presented in [20].

Figure 1. Rendering of the proposed vacuum gripper Polypus.
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Figure 2. Example of sequential closure with a sphere having a radius four times the phalanx length.

3. Grasping Model

A model to evaluate the minimum vacuum force (MVF) is presented that explicitly
takes into account the inertial effects connected to the manipulation task. The MVF is de-
fined as the required force generated by each suction cup to avoid slipping and detachment
during the manipulation. Since Polypus is modular, this model could be useful for example
to assess the number of phalanxes to manipulate an object. Starting with an arbitrary
number of phalanxes, the model provides the MVF; this value defines the dimension of
suction cups. If the required suction cups are too big, the number of phalanxes should
be increased. Moreover, different grasping locations could be compared to choose the
most convenient. The following three subsections explain, respectively, the considered
forces with relative assumptions, the trajectory of the manipulation, and the optimization
framework.

3.1. Model Description

Each phalanx is identified by a couple of indexes (i, j) where the first indicates the
finger and the second indicates the phalanx number starting from the closest to the palm.
For the hypothesis, the contact between a suction cup and the object is modeled as a point
neglecting pressure distribution because the object is much bigger than the suction cup [21].
Another assumption is that the module of vacuum forces is the same for all the phalanxes
i.e., the same suction cups and degree of vacuum.

For a generic phalanx, the forces and relevant points are shown in Figure 3a and
defined as follows:

• F i,j+1
vi,j =

[
0, Fv, 0

]T
: The vacuum force is perpendicular to the suction cup pointing

toward Polypus.

• F i,j+1
ni,j =

[
0,−Fni,j , 0

]T
: The normal contact force has the same direction of the vacuum

force but the opposite verse.

• F i,j+1
ti,j

=
[
−Ftxi,j , 0, Ftzi,j

]T
: The friction force has a generic direction in the contact

plane with an upper limit fixed by friction constraint.

• Pi,j+1
i,j =

[
− L

2 ,−h, 0
]T

: The contact point is in the middle of the suction cup. L is the
length of the phalanx i.e., distance between two hinges, and h is the height of the
phalanx i.e., distance between the line connecting two hinges and the contact point.
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(a)

(b)
Figure 3. Schematic representation of reference frames used to develop the theoretical model with
reference to the single phalanx (a) and object under grasp (b).

In the notation used above, the superscript indicates from which reference frame the
quantity is seen, while the subscript indicates where the quantity is referred (e.g., Pa

b is
the contact point of phalanx b seen from frame a). Knowing the pose of Polypus that is
defined by relative angles between phalanxes (i.e., βi,j in Figure 3a), all the forces can be
written in the object frame (ΣG in Figure 3b) using homogeneous transformations. These
forces and the relative location are useful to evaluate the equilibrium of the object, as will
be formalized in the Section 3.3.

3.2. Trajectory Generation

As a running example throughout the paper, a common 2D trajectory is considered
where the object under grasp is rotated by Polypus following a pure rotation, θz, about
the fixed point, C, connecting two target positions via a piecewise constant acceleration
law. Figure 4 shows an example of this trajectory where the initial and final orientation
of Polypus is respectively θI = 0 and θF = 90 deg. Given the total simulation time T and
setting the ratio for the time sub intervals, e.g., T0 = 0, T1 = 1

3 T, and T2 = 2
3 T, Polypus

starts with a null velocity and accelerates for a time defined by (T1 − T0) with a constant
acceleration; then, it continues with a constant cruise velocity for (T2 − T1). The movement
ends with a deceleration section (T − T2) to reach zero angular velocity. Defining the
acceleration as:

αa =
2(θF − θI)

(T1 − T0)(T + T2 − T1 − T0)
, (1)

the whole trajectory is the following:

αz(t) =


αa for T0 ≤ t < T1
0 for T1 ≤ t < T2

−αa
T1−T0
T−T2

for T2 ≤ t ≤ T
(2)

ωz(t) =


αa(t− T0) for T0 ≤ t < T1
αa(T1 − T0) for T1 ≤ t < T2

αa
(T1−T0)(T−t)

T−T2
for T2 ≤ t ≤ T

(3)

θz(t) =


θI + αa

(t−T0)
2

2 for T0 ≤ t < T1

θI + αa(T1 − T0)(t− T1+T0
2 ) for T1 ≤ t < T2

θI + αa(T1 − T0)(t− T1+T0
2 − (t−T2)

2

2(T−T2)
) for T2 ≤ t ≤ T

. (4)



Actuators 2022, 11, 55 5 of 13

Figure 4. Example of trajectory for the manipulation.

Lastly, the acceleration vector pertaining to the object center of mass, G, and gravity
vector, g, can be expressed in the object frame (ΣG) as follows

G̈(t) =
[
αz(t)‖G− C‖ , ωz(t)2‖G− C‖ , 0

]T
(5)

g(t) = 9.81
[
− sin θz(t), − cos θz(t), 0

]T
m/s2. (6)

Moreover, vectors with angular velocity and acceleration expressed in the object

reference frame have to be set up, e.g., θ̇(t) =
[
0 0 ωz(t)

]T
.

Although common 2D trajectory examples have been used in most of the simula-
tions, Section 5 presents a use case where Polypus follows a 3D trajectory that mim-
ics the movement of an object taken from a shelf and moved behind the robot simi-
larly to the trajectory required by the Amazon picking challenge [11]. For the general

case, i.e., θ̇(t) =
[
ωx(t) ωy(t) ωz(t)

]T
and θ̈(t) =

[
αx(t) αy(t) αz(t)

]T
, previous

Equations (5) and (6) can be expressed as follows

G̈(t) = θ̈× (G− C) + θ̇× [θ̇× (G− C)] (7)

g(t) = RG
0

 0
−9.81

0

 m/s2 (8)

where RG
0 is the rotation matrix from the fixed reference frame to ΣG. The interested reader

is referred to previous works, e.g., [22,23] for more details on the generation of operational
space trajectories.

3.3. Optimization

The aim of the optimization is to find the MVF while performing the manipulation;
indeed, the following optimization will be performed for each time t ∈ T with increment
dt, and the time dependency will be omitted to simplify the notation. The cost function to
be minimized is the module of the vacuum force Fv; recall that as mentioned in Section 3.1,
the module is the same for all the phalanxes. The optimization variables are vacuum forces
as well as contact forces, while the constraints are:
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• Equilibrium of the object forces and torques expressed in the frame attached to the
object (i.e., ΣG in Figure 3b).

N

∑
i=1

M

∑
j=1

[(Fvi,j + Fni,j + Fti,j)Q(i, j)] + mg −mG̈ = 0 (9)

N

∑
i=1

M

∑
j=1

[(rG,Pi,j × Fvi,j + rG,Pi,j × Fni,j + rG,Pi,j × Fti,j)Q(i, j)]− IGθ̈− θ̇× IGθ̇ = 0 (10)

where G̈ and θ̈ are, respectively, the linear and angular acceleration vector of the CoM,
m is the mass of the object, IG is the inertia tensor relative to the CoM when expressed
in ΣG, rG,P is the vector pointing in G with origin in P, and Q is a matrix to activate
the suction cups, the element (i, j) is 1 if the suction cup (i, j) is in contact with the
object; otherwise, it is 0.

• Positiveness of Fvi,j and Fni,j .
Fv ≥ 0 (11)

Fni,j ≥ 0 (12)

• Coulomb’s law of friction.
F2

txi,j
+ F2

tzi,j
≤ (µFni,j)

2 (13)

At the end of each optimization, the value of the MVF (Fv) is saved in a vector and
plotted as a function of time or angular position of Polypus in the next section.

4. Results

Simulations were performed using the optimproblem environment available under
Matlab R2020b. The convex optimization problem was solved using the Interior point
method where the initial guess was set equal to the solution found at the previous time. The
manipulation of four different objects has been considered. In all simulations; it is assumed
that Polypus fingers feature three phalanxes. Each phalanx has a length of 85 mm, a height
of 45 mm, and a width of 40 mm. The palm is a square with a 100 mm side; therefore, the
total tip to tip length of Polypus is 610 mm. For each object type, multiple simulations have
been performed varying the speed of the manipulation (i.e., varying the inertial effect), the
friction coefficient, and the grasping configuration of Polypus. One of the objectives of the
simulations is to determine the extent of the vacuum force required to manipulate an object.
In turn, this value can be compared with the maximum force a suction cup can generate.
Considering as a reference the VASB Festo bellows and a degree of vacuum of −70 kPa, the
maximum holding force results in 34 N for the 30 mm suction cup and 56 N for the 40 mm
suction cup.

4.1. Case I: Flat Object—2 Fingers

For this case study, two fully extended fingers are considered to grasp a box with
dimensions 61 × 50 × 10 cm and homogeneous mass distribution for a total weight of
5 kg. A schematic representation of the manipulation (i.e., θz varies from 0 to 90 deg with
a piecewise constant acceleration) is reported in the inset at the bottom of Figure 5; note
that object proportions have been distorted for graphical purposes. The center of rotation
(C) is 15 cm above the center of the palm. Figure 5 shows the MVF as a function of the
angle θz for different mean angular velocities; the friction coefficient is set equal to 0.6. The
dotted line is a really slow manipulation considering a total rotation time (T) of 30 s. Here,
dynamic effects are negligible, resulting in a peak of MVF of 15.89 N for θz = 59 deg. On
the other hand, the continuous line is a fast rotation (i.e., 0.6 s to span 90 deg) that requires
almost doubled vacuum force (28.82 N). Jumps in the MVF come from the piecewise
constant acceleration; indeed, the most critical part of the rotation is the beginning where
inertia and weight forces are synchronized. In the intermediate section, where angular
velocity is constant, there is only the centripetal contribution, which slightly increases the
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MVF. In the decelerating part, from 68 to 90 deg, inertia force is opposite to weight force,
causing a drop in MVF. It should be noticed that at the end of the manipulation, 13.6 N of
vacuum force are needed for a static hold (i.e., as soon as the acceleration becomes zero).
Another set of simulations with the same object has been performed, varying the friction
coefficient from 0.2 to 1. The manipulation time is 1.2 s, which includes 1 s for the rotation
(equally divided in three sectors with constant acceleration) and 0.1 s of static holds at the
beginning and the end. The MVF here is plotted in Figure 6 as a function of time in the
upper plot, while the bottom section of Figure 6 plots the manipulation angle θz, and the
two graphs in the same figure share the x-axis. Seeing the MVF as a function of time allows
the analysis of zero velocity sectors; thus, the increase of the vacuum force at the end of the
manipulation becomes noticeable. As expected, lower friction coefficients require greater
suction action, the maximum value of MVF is 42.8 N when µ is 0.2, 18.5 N for µ = 0.6, and
14.8 N considering µ = 1. Therefore, Fest VASB section cups of 30 mm are enough in all
scenarios except when friction is 0.2.

Figure 5. Minimum vacuum force required to rotate a box expressed as a function of the inclination
angle θz that is shown in the bottom inset. Different curves refer to increasing time T, i.e., the total
time used for the rotation as defined in Equations (2)–(4).

Figure 6. (Upper plot): Minimum vacuum force required during the rotation of a box as a function
of time. Results are presented for different friction coefficients. (Bottom plot): Inclination angle θz.
Note that the two plots shares the x-axis.
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4.2. Case II: Trapezoid Object—2 Fingers

The second object is a trapezoid with sides 45 degrees bent, the bigger base is 81 cm in
length, and the height is 38 cm. These dimensions lead to the same center of mass location
of the previous case (i.e., 25 cm away from the upper side). In addition, in this case, two
fingers are considered, and the mass of the trapezoid is the same as the box (5 kg). A
schematic representation of the object and manipulation angle (θz) is shown in the inset of
Figure 7; the center of the rotation is 15 cm above the center of the palm. The same figure
presents the value of the MVF considering a friction coefficient of 0.6 and different total
rotation time (T), which implies diverse average rotation velocities. In the fastest case, the
90 deg rotation is achieved in 0.6 s, resulting in a maximum value of MVF of 25.3 N; if
Polypus completes the rotation in 1.2 s, an MVF of 15.4 N is required, and 12.2 N is the
peak of MVF for a very slow rotation i.e., 30 s. As in the previous case, the dynamic effects
increase the required vacuum force mostly in the first part of the manipulation where
Polypus is accelerating, while at the end of the rotation, the value of MVF is close to zero,
being tangential acceleration and weight force opposite in direction. As soon as Polypus
comes to a rest, an MVF of 4 N will be needed, as for the dotted line. The upper graph of
Figure 8 plots results for different friction coefficients considering a rotation time of 1 s and
static holds of 0.1 s. While the lower graph of Figure 8 illustrates the rotation angle θz as a
function of time, the two plots share the x-axis. Here, even when friction is 0.2, suction cups
with a diameter of 30 mm would be enough. This consideration highlights the positive
effect of grasping objects with low friction from two adjacent faces.

Figure 7. Minimum vacuum force required during the rotation of a trapezoid object as a function of
the angle θz that is shown in the inset. Different curves refer to increasing time T, i.e., the total time
used for the rotation, as defined in Equations (2)–(4).
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Figure 8. In the upper plot, minimum vacuum force required during the rotation of a trapezoid
object as a function of time; results are presented for different friction coefficients. In the bottom plot
rotation angle θz, the two plots shares the x-axis.

4.3. Case III: Sphere—Four Fingers

In this case, Polypus manipulates spheres of different sizes with four fingers. However,
the mass of the spheres is always two times the mass of previous objects (10 kg). The CoM
is in the middle of the sphere. Figure 9 shows from left to right rendered images of the
sphere with radius 3, 4, and 6 times the phalanx length; in all the cases, the sphere is too
big for power grasping, and thus, vacuum is always required. The friction coefficient is
assumed to be 0.6. The upper graph of Figure 10 reports a schematic representation of the
manipulation angle θz in the upper-right corner and the MVF as a function of time. The
center of rotation, (C), is 30 cm above the center of the palm. The bottom of Figure 10 shows
the angle θz as a function of time; the two graphs share the x-axis.

Figure 9. Rendered images of spheres, from left to right the diameter of the sphere is respectively
three, four, and six times the length of Polyps phalanx.

The diameter of the sphere affects the required vacuum force during the manipula-
tion; the MVF increases with the radius of the sphere especially at the beginning of the
manipulation. In the accelerating section, the inertia force is synchronized with the weight
force, making the most critical angle the end of the acceleration (θz = 22 deg). The MVF
associated with this angle is 32.6, 24.6, and 21.2 N considering the spheres respectively
from the biggest to the smallest. In addition, in the middle section, where angular velocity
is constant, the influence of the sphere diameter is noticeable, increasing the maximum
registered value of MVF from 16 to 24 N. In the last manipulation section, the diameter has
almost no influence on the MVF due to the cancellation of tangential effects being inertia
and weight opposite in direction. To hold the object with θz = 90 deg, the MVF almost
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doubled when considering the biggest sphere compared with the smallest. These results
show the improvement in performance if the object is wrapped by the gripper, which is the
main feature of Polypus where suction cups adhere to the object with different orientation.
For R = 4L and R = 3L, 30 mm suction cups are sufficient, while for the biggest sphere
(R = 6L), suction cups of 40 mm diameter should be considered.

Figure 10. (Upper plot): Minimum vacuum force required during the manipulation of spheres with
different dimension as a function of time. (Bottom plot): Angle θz that defines the rotation of the
manipulation.

5. Optimization of the Grasping Location

The last set of simulations mimics a typical pick and place operation in a warehouse.
Figure 11 explains the desired trajectory: starting from point A, there is a first translation of
1 m up to point B to remove the object from the shelf. Then, the object rotates (BC) about the
vertical axis with a radius of 2 m. It is followed by a rotation of the wrist to place the object in
point D rotated by 90 deg from the initial configuration. In this last sub-trajectory, a radius
of 1 m is considered. This operation has been inspired by the short video that presents the
Stretch on the Boston Dynamics website [24] and the Amazon Picking Challenge 2016 [11].
The same trajectory has been repeated considering five different grasping locations, as
shown in Table 1, along with a side view of the object (bottom right) that shows the CoM
location. The whole movement is achieved in 3 s, and the total time is divided in 20% for
AB, 50% for BC, and 30% for CD. Figure 12 reports the value of the MVF as a function of
the time. The most important aspect of this simulation is the difference between grasping
locations. Here, we can see that the required vacuum force (i.e., the maximum value of
MVF during the manipulation) has a strong dependence on the grip location. Locations 3
and 4 have almost the same MVF and are the best, followed by location 5, then location 2,
whereas the worst is location 1. As expected, moving away from the CoM, the required
MVF increases. It should be noticed that locations 3 and 4 can be achieved thanks to the
specific feature of Polypus to have an articulated frame equipped with suction cups.
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Table 1. This table reports the grasping locations used with the irregular rectangular prism. On the
right side of the bottom row, there is a schematic representation that shows the center of mass G and
the object dimensions (L1 = L2 = 34 cm, h1 = h2 = 68 cm, the width of the object is 68 cm).

Location 1 Location 2 Location 3

Location 4 Location 5 Object Geometry

Figure 11. Schematic representation of the trajectory followed by the irregular prism. It simulates a
robot that picks an object from a shelf (AB); then, after a rotation of the whole robot (BC), the object is
placed rotated 90 degrees (CD).
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Figure 12. Minimum vacuum force required during the trajectory of Figure 11 as a function of time.

6. Discussion and Conclusions

This paper presents an analytical model to predict the vacuum force a gripper needs
to grasp and rotate an object, including the inertia effect. Several simulations have been
provided to show how the required vacuum force is affected by friction, manipulation
time, and gripper location. Moreover, a brief comparison with a suction cup catalog has
been included to indicate the suction cup dimension. From the results explained in the last
section, a few considerations can be drawn. In the first two use cases, the grasped objects
have the same mass and CoM distance from Polypus palm. In the first case, the gripper
holds the object from only one face, while in the second case, Polypus adheres to two faces
of the object bending one finger. Having suction cups in different planes is a unique feature
of the proposed rigid gripper that allows a slight reduction of the vacuum force in fast
manipulations with good friction coefficients (0.6) and a significant drop in the vacuum
force while manipulating objects with low friction. Indeed, in the second case, 30 mm
suction cups are enough even with low friction. On the other hand, in the first case, suction
cups of at least 40 mm diameters are required for µ = 0.2. In the third case, the object is a
relatively big sphere, and it should be noticed that grasping the sphere could be a tricky
task for grippers able only to power or that have a pinch grasping strategy as well as with
an in-plane matrix of suction cups. Results from the last use case show that the proposed
grasping model can be valuable to predict the best grasping configurations for objects with
complex and irregular shapes. This can also be useful whenever specific requirements
apply, namely the grasp can not be performed on one or more surfaces of the object that are
delicate or fragile. Future research will investigate the impact on the grasping stability of
the contact loss of one or more suction cups. One important development will also involve
the experimental validation of the proposed approach via real experiments using a physical
prototype of Polypus.
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Abbreviations

The following abbreviations are used in this manuscript:
MVF Minimum vacuum force
CoM Center of mass
Fvi,j Vacuum force for the (i,j)-th phalanx
Fni,j Normal force for the for the (i,j)-th phalanx
Fti,j Tangential force for the (i,j)-th phalanx
Pi,j Location of contact point of the (i,j)-th phalanx
rG,Pi,j Position vector from Pi,j to G
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