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Abstract: Smart surfaces are becoming more and more popular in the field of intralogistics, as they
combine great flexibility with easy reprogrammability. Pursuing this trend, the following article
proposes a modular surface to perform handling tasks, such as sorting, stopping, or slowing down
material flows. Differently from the current technology, the surface used is under-actuated, thus,
it exploits the speed, already possessed by the object, or the gravity to perform, with a simplified
hardware, for the aforementioned tasks. In practice, these handling actions are completed using an
array of rotors, of which only the direction of the rotation axis is controlled. Moreover, the axis can
only assume certain discrete orientations in the plane, further simplifying the design. Thus, what is
created is a controllable and under-actuated friction field, which, in contrast with similar existing
systems, does not require active driving forces to manipulate the material flow. In the article, the
analytic model of the surface is described, and a software simulation environment is introduced to
demonstrate its functioning. In addition, examples of sorting, slowing down, and stopping operations
and a validation of the simulation itself are presented.

Keywords: smart surface; friction force field; under-actuation; feeding; simulation; material
flow handling

1. Introduction

The material transport inside factories and warehouses is a very studied topic. How-
ever, companies are always searching for new, cheaper solutions while keeping an eye on
efficiency and flexibility [1–4]. Starting with the most basic conveyors, many alternative
systems [5–12] have been developed in order to move, sort, orient, and handle the material
flow. More recently, the focus of investigation has shifted towards modular devices and
surfaces that allow high handling capability, adaptability, and reconfigurability [3,4,13].
This happens because the market increasingly demands a flexible industry, and this is
reflected in all production levels, even the internal transportation. These devices are often
called smart surfaces because they are controllable and reprogrammable with computers.
Thanks to these characteristics, these new systems permit achieving their goals without
structural changes [4,13]. In addition, the new devices are capable of identifying a part
with sensors and acting in diverse ways, according to their programming. As a result,
supervision by an operator is no longer required for the decision process and the system
becomes autonomous, promising to reduce errors and costs [14].

The most relevant solutions among the smart surfaces, according to the current state of
the art and classified by the operating principle, are: micro electro-mechanical systems, vi-
brating surfaces, ciliary motion, variable morphology surfaces, pneumatic surfaces, surfaces
with rotors, and mobile platforms. Micro electro-mechanical systems (MEMS) [6,15,16] are
an array of microscopic cantilevers or tilting planes, actuated electrically, that generate
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forces to transport the object in contact. The second category of the list are vibrating sur-
faces. These consist of vibrating plates on which a sequence of supply frequencies is applied
to generate a two-dimensional force field for the handling tasks [5,17]. In [12,18–20], ciliary
motion is proposed to move and manipulate objects, taking advantage of an array of control-
lable cilia for contact conveyance. Another class are variable morphology surfaces [9,21–23].
For these devices, gravity together with inclined planes and vertical actuators at different
altitudes are used to create a preferential path for the movement and rotation of an object.
Additionally, pneumatic surfaces [7,24–30] were introduced to handle materials without
direct contact. The working principle for the latter is to have modules with nozzles to move
parts by directing the air flow below them. On the other hand, surfaces with rotors take
advantage of contact forces made by actively driven wheels to manipulate the material
flow [3,11,13,14,31–35]. Finally, mobile platforms [8,36–39] consist of mobile pallets, not
connected to fixed axes and free to move on a plane, transporting objects on top. Despite the
categorization, not all of these are practically used for macroscopic intralogistics purposes
(object size and displacement > cm). In fact, as summarized in Figure 1, some of them, such
as MEMS, together with some mobile platforms [8,37–39] and ciliary devices [12,18,19],
are more suitable for microscopic transport (object size and displacement < mm). In con-
trast, pneumatic systems, vibrating surfaces, surfaces with rotors, variable morphology
surfaces, some mobile platforms [36], and even tilted brushes (Cilia) [20] can be used to
move macroscopic and mesoscopic (object size and displacement > mm, <cm) objects.
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Figure 1. Smart surfaces classification and field of application.

Referring to the previous classification, the system proposed in this paper can be
included in the surfaces with rotors category. The literature review conducted on this
category identified two main types of modular smart surfaces: systems where each module
has only one degree of freedom [3,11,13,35] and systems where each module has two [14,34].
The former, which are the most recent in the literature, exploit multiple omnidirectional
and motorized wheels called “omniwheels” positioned in the module with their axes fixed.
The layout and number of wheels is not the same in every study, however; as a reference,
three or more wheels are usually employed and their spinning axes are positioned out of
alignment to create controllable forces in both directions of the plane. As first example of
modules with more than three wheels, study [13] alternates units with seven wheels—one
large in the center and six small on the sides, to units with five—two large on the sides and
three small in the center. For both layouts, the axes of the large wheels are perpendicular
to the axes of the small ones to ensure driving forces in the plane. In contrast, in [3,11,35],
each module of the device studied, called “Celluveyor”, contains three omnidirectional
wheels with axes arranged at 120° to one another. Each wheel can rotate at different speeds
to control the magnitude of the force exchanged with the transported object, and all three
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forces together are used to handle the body motion. On the other hand, the second group of
systems, i.e., those with modules with two degrees of freedom, consist of units composed
of one or more motorized and swiveling wheels. In this case, therefore, as presented
in [14,34], the basic element of the module is a simple wheel driven by a motor mounted on
its axis of rotation. This wheel, however, unlike the one degree of freedom systems, is also
mounted on a vertical axis, which is itself motorized and therefore swiveling. Summarizing,
these devices just described are fully implemented and contain several motors per module,
specifically, three or more for the first class and at least two for the second. They can
actively drive, sort, and manipulate the material flow, creating a totally actuated surface
with significant handling skills. However, the use of several motors and their control
necessarily involves a greater effort in the management of the system, as well as increasing
costs and complexity. According to the current state of the art, a simpler under-actuated
device without motors is missing for the same intralogistic tasks. For that reason, seeking
cost reduction and simplification of both control and design, without losing the flexibility
of this class of systems, in this paper the authors propose an under-actuated surface
composed of modules. Unlike existing concepts, each module contains an idle rotor instead
of a motorized wheel. The axis of rotation of the mentioned rotor is not driven continuously
by a motor but can be oriented in a limited number of directions in the plane of the surface,
creating a directionable friction force for object handling. In order to compensate for the
under-actuation, the material is moved by exploiting gravity or an initial velocity of the
object provided by another system (e.g., a previous conveyor belt). Therefore, compared
to the existing systems [3,11,13,14,31–35], the novelty that distinguishes this active surface
from the literature technology lies in its simplicity. In fact, the two main characteristics
of the system proposed by the authors, compared to those in the same category, are the
under-actuation and the limited directions of the rotor axis, both of which are reductions
to a minimal form of concept technology, but which save components and make the most
of sources already present in the application environment, such as gravity and the speed
of the objects in the transport line. Against potential assumptions of performance losses,
the authors proved through simulations that the same goals and efficiency [3,4,35] of
sorting and handling can be achieved with a minimal design architecture, consisting of few
components, while decreasing costs and saving energy.

The focus of this article lies on the study of the surface, the description of the working
principle, and its simulation with the purpose of providing an initial proof of concept
for possible applications and future developments. Furthermore, the simulation environ-
ment allowed numerical results to be obtained for typical intralogistics tasks, giving the
opportunity for an initial comparison with the corresponding current technology. The sim-
ulations presented in this article are carried out with a customized code developed by the
authors using the software MATLAB (Version R2022a). In addition, a validation of the
simulation results was obtained with the well-known program for multi-body dynamic
simulations Hexagon D&E Adams MSC (Version 2022.1). The authors decided to develop
their own simulation environment because of its significant lower computing time. Thus,
their software is eligible to control the actual physical system in real time in the future.

The remainder of this paper is organized as follows: Section 2 . describes the concept
of the surface. Section 3 explains the analytic model used to describe the working principle.
Section 4 describes the simulations of the system for different tasks. Finally, Section 5
reports the results, Section 6 consists in the validation of the latter, and Section 7 describes
the conclusions.
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2. Concept Description

This section provides a qualitative description of the functioning of the surface and
the modules of which it is composed. The operating principle of the surface is based on
an array of modules with an idle rolling element and an orientable axis of rotation. These
axes are used to generate directionable friction forces on the body in contact with the
surface. The origin of the friction forces lies in the very working principle of a rotor. In fact,
these are constructed and used (e.g., conveyor rollers) to facilitate motion in one direction
(perpendicular to their axis of rotation). This leads to a difference in the friction forces
exchanged with an overlying object.

In practice, there will be a smaller component, perpendicular to the axis, caused
mainly by rotational friction, and a larger one, parallel to the axis, due to linear friction
(Fperp and Fpar, respectively, in Figure 2c). Therefore, the main friction component will
be predominantly along the axis, so by orienting the latter, the main force will also be
directed. The choices of the axis directions are limited to a fixed number. For example,
the simplest configuration is with two orientations (0, 90°), whereas more complex designs
are with four (0◦, −45◦, 45◦, 90◦) (Figure 2b) or more. In Figure 2b, the four orientations
are shown, with the rotors displayed like cylinders (the projection is a rectangle) and the
axes like dashed lines. For applications such as slowing or stopping the material flow, two
orientations may be enough, whereas for sorting, four orientations should be taken into
account. Therefore, modules with four directions will be considered in the following pages.
For its intended applications, the module must be used together with others to create the
surface (Figure 2a), so the sum of the forces exerted by every unit will control the objects
for sorting and feeding purposes. In Figure 2a, the surface setup is summarized, showing
the grid of modules with the object on top, and the arrows inside each cell represent
directions of motion promoted by them. As noted in the introduction section, the system is
under-actuated, so the surface can only slow down the object while it completes its task of
sorting or feeding. If, for example, a body is simply placed on the surface without external
actuation, it will not move. To overcome this situation, the surface plane can be tilted to
use the gravity effect as the missing actuation, or an initial velocity can be given to the
part before crossing the surface. Depending on the application and the task of the system,
one solution may be preferred over the other, or a combination of both may be chosen.
For instance, if the extension of the surface is big, because the objective is to orient a body,
the tilted solution could be better, whereas, if the goal is to sort parts in a conveying line,
the initial velocity of the object, given by the conveyors before the sorting area, is enough.

In addition, similar to other active surfaces that use rotors for intralogistic purposes,
the application is limited to parts with at least one planar surface, in order to have simul-
taneous contact with three or more rotors. Another limit will be the maximum load per
module, but this is related to the resistance of the device, which is not studied in this article.
However, the study conducted is done considering the dimensions of the modules and their
resistance comparable with the similar actuated existing systems. To provide a reference,
the base of a transported object has the minimum dimensions of b × h = [20 cm × 20 cm],
and the weight bearable by a single module is 20 kg.
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Figure 2. Illustration of: (a) the modular active surface, (b) the four possible orientations of the rotors,
and (c) the three contact forces between the object and the rotor.

3. Analytical Model

Continuing with the description of the functioning of the surface, this section reports
the hypothesis, the forces involved to move the objects, and the model applied to determine
these, respectively, in the subsections Assumptions, Friction Forces Model, and Equilibrium
Equations. As stated in Section 2, the working principle of the module is based on the
contact forces exchanged between the rotor and the transported object. With this in mind,
the analysis starts from the actions on a single module and then expands to the whole
surface and to the equations describing the motion of an object.

Figure 3 introduces the notation used in the next pages. In particular, [xg, yg, zg] are the
coordinates of the object’s center of mass, G, according to the reference frame {O, x, y, z},
and G̃ is the projection of G on the object base along the Z axis (Figure 3a).
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Figure 3. Schematic illustration of the object on the surface: (a) lateral view, (b) upper view.
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3.1. Assumptions

Listed here are the fundamental assumptions that allowed the definition of the analyt-
ical model describing the motion of an object on the surface.

1. The first assumption states that there are only the three forces for each interaction
rotor-object: two components in the plane of the device and one normal to this
(Figure 2c). Considering that the contact area of the module below the object is small
compared to the object itself, the previous assertion is plausible and it is translated
into the possibility of neglecting the exchanged torques.

2. The second assumption is about the normal component N. In fact, considering
that the contact in most of the cases is on more than three rotors, the constraint is
hyperstatic and the equilibrium equations of the body are not enough to determine
the normal reactions. In particular, for determining the distribution of the forces Ni,
an optimization algorithm described in Equation (1) is used.

minX f (X) such that

{
Aeq · X = beq

lb ≤ X ≤ ub
(1)

where the first vector equation represents the equilibrium in the vertical direction and
around the two axes of rotation in the plane, and the second vector equation states
the boundary conditions. The function to be minimized f (X) is the Euclidean norm
of the Ni array. The single terms are:

Aeq(3 × n) =

 1 1 ... 1
yG̃P1

yG̃P2
... yG̃Pn

−xG̃P1
−xG̃P2

... −xG̃Pn

, beq(3 × 1) =

 mg cos(γ)
−mÿzg

mẍzg −mgzg sin(γ)

,

X(n × 1) =


N1

...
Ni
...
Nn

, lb(n × 1) =


0
0
...
0

, ub(n × 1) =


mg cos(γ)
mg cos(γ)

...
mg cos(γ)

, f (X) = ‖X‖

where n is the number of rotors under the object, m is the mass of the object, g is the
gravity acceleration, and γ is the inclination of the surface compared to the ground
(Figure 3a). In addition, xG̃Pi

and yG̃Pi
are the x and y components of the vector that

connect G̃ to the ith contact point Pi.
3. The third assumption asserts that the inertia of the rotors is negligible, as they are

small and made of lightweight material. Instead, the rotational friction given by the
spinning of the rotor around its axis is included in the calculation of contact forces.

4. The fourth assumption states that, for an object in motion on the rotors, the friction
conditions at the contact points (rotors–object) are as follows: dynamic friction (sliding)
in the direction of the axis of the rotors and pure rolling in the perpendicular direction.
This is plausible, as the center of instantaneous rotation (CIR) of the rigid body
(object) is very unlikely to be located at the center of an underlying rotor. This
would guarantee a different static friction and force modeling (Fpar, Fperp). However,
with only a few discrete points as supports, it is unlikely that the CIR is located
on these. In practice, for the axis direction, this assumption justifies the choice of
a smooth Coulomb friction model, which is computationally stable and reliable, as
the sliding condition prevails ([40]). The same model is considered for the friction
force, due to the rolling, in the perpendicular direction. This value depends on the
rotational friction of the rotor axis (assumption 3), so it can also be expressed using
the same Coulomb formulation. More complex rotational friction models have been
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avoided to reduce complexity and the computational cost (for the simulation) without
adding relevant contribution, as this friction component is very small and almost
negligible compared to the axis direction component. In conclusion, this assumption,
introducing the friction model, results in the boundary condition F = µN for the
calculation of friction forces.

3.2. Friction Forces Model

In this subsection, considering the previous assumptions regarding sliding and pure
rolling and taking into account that the friction forces oppose motion, the directions of
the two forces (Fpar, Fperp) and their final formulation are determined. Thanks to the third
assumption, these directions are related only to the object velocity at the contact point with
the rotor,

−→
Vp = [ẋp, ẏp]; an example is shown in Figure 4a.
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Figure 4. Schematic representations of: (a) velocities and forces exchanged in a contact point, (b) the
calculation of the velocity in the contact point, (c) the resulting forces from the contacts.

In particular, the velocity
−→
Vp can be split into a perpendicular and a parallel component

(Figure 4a), and the two forces Fpar and Fperp are in the opposite directions of these velocities.
In Figure 4a, three more angles are introduced: ε, β, and α (all angles are defined positive in
the anti-clockwise direction from the x axis):

• ε is the angle between the rotor axis and the x axis;
• β is the angle between the velocity of the object’s contact point and the x axis;
• α is obtained by the difference between the previous two (α = ε− β), so it is the angle

between the velocity of the body’s contact point and the rotor axis.
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The velocity of the object’s contact point is determined using the formula of the

kinematics of a rigid body:
−→
Vp = [ẋg î, ẏg ĵ] + θ̇g k̂ ×

−→
G̃P, where [ẋg, ẏg] and θ̇g are the linear

and angular velocity of the object, and
−→
G̃P is the vector that connects G̃ to the contact point

P. The velocity identification is also reported in Figure 4b, where the piece is schematized
with the shape of the base, and the rotors with a grid of points. This scheme presented in
Figure 4b is also useful in visualizing how the rotor–object contact points are determined.
In fact, knowing the values [xg, yg, θg] and the mathematical formulation of the base area
with respect to these, it is possible to know the set of coordinates of the points inside the
base perimeter. More specifically, given a planar reference frame {G̃, x̃, ỹ} with coordinates
x̃, ỹ, centered in [xg, yg] (G̃) (Figure 4b) and oriented by θg, let Q be a set of geometrical
parameters that depends on the shape of the object base (e.g., radius for a circle or base
and height for a rectangle) and let GD ∈ Q. Let Λ be a set of indexes. For every λ ∈ Λ,
let Fλ : R2 × Q → R be functions such that W = {(x, y) : Fλ(x, y, GD) = 0, ∀λ ∈ Λ} is
the perimeter of the object base. The area of the object base, D, is defined as D = {(x̃, ỹ) :
Fλ(x̃, ỹ, GD) ≤ 0, ∀λ ∈ Λ}. Therefore, given the xR, yR coordinate pairs that define the
position of the rotors in the array (which are fixed), it is verified whether or not they

belong to the set, i.e., if
[

xR
yR

]
=

[
xg
yg

]
+ Rθg

[
x̃
ỹ

]
has solution for a pair of x̃, ỹ ∈ D, where

Rθg =

[
cos θg − sin θg
sin θg cos θg

]
is the rotation matrix of the reference frame with coordinates

x̃, ỹ and centered in G̃. Now all the elements to describe the two forces in the plane of
the surface (Fpar, Fperp) have been introduced and the result, according to Figure 4a, is
summarized in Equation (2a,b).

Fpari = µmax N ∗ tanh(k|Vp|) ∗ sgn(cos(α)) (2a)

Fperpi = µminN ∗ tanh(k|Vp|) ∗ sgn(sin(α)) (2b)

where the two friction coefficients are, respectively:

• µmax is the friction coefficient between the object and the rotor;
• µmin is the friction coefficient that represents the rolling resistance of the rotor.

The sgn function models the direction of the forces, according with the orientation
of the object velocity in the contact point, whereas tanh and the coefficient k (selection of
this parameter explained in Section 6) smooth the discontinuities ([41]). The perpendicular
force would be ideally 0, however, it is generally small as inertia forces are neglected and
only the rotational friction of the rotor around its axis is considered. The parallel friction
force can reach significantly higher values and is opposed (in the axis direction) to the
object velocity. Therefore, it is the dominant driver to manipulate the object.

3.3. Equilibrium Equations

This subsection shows how the equations of motion of the object on top of the surface
are obtained from the contact force components. In practice, once these components are
calculated for each contact point, they can be added together to obtain the total reactions
on the part and its equilibrium equations. To achieve this, first, the friction forces in the
plane at the various contact points are decomposed along the x and y directions, knowing
the arrangements of the rotors (εi):

Fxi = −Fpari cos(εi)− Fperpi sin(εi) (3a)

Fyi = −Fpari sin(εi) + Fperpi cos(εi) (3b)
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The signs introduced for these forces are in accordance with Figure 4a,c. The resulting
equilibrium equations are summarized in Equation (4).

ẍg = 1
m ((∑ni

i=1 Fxi ) + mg sin(γ))

ÿg = 1
m (∑ni

i=1 Fyi )

θ̈g = 1
J (∑

ni
i=1((xPi − xg)Fyi − (yPi − yg)Fxi ))

(4)

where ẍg , ÿg, and θ̈g are, respectively, the two linear and the angular accelerations of the
object; xpi and ypi are the coordinates of the ith point of contact; and J is the moment of
inertia of the object around the axis perpendicular to the surface plane. Considering that
also J can be expressed as a function of the mass, it is possible to notice that the inertia
affects the system only from a structural point of view. In fact, as it is visible from the
Equations (1), (2a,b), and (4), m can be simplified.

4. Simulations

In this section, the simulation process carried out with the analytic model implemented
in MATLAB is shown. As a first step, this simulation environment permitted verifying in a
general way that moving objects with the proposed theory and concept is possible. Second,
it allowed several tests to be carried out in order to prove the usability of the system for
some common intralogistics applications, such as sorting, orienting, stopping, and slowing
down material flows.

The simulation takes advantage of an iterative loop (shown in Figure 5a) that involves
the following steps: initialization, rotor identification, stopping criteria, contact forces and
equilibrium computation, and two steps of integration. The initialization of the problem
is made at the beginning by providing data from the object and the surface (example:
object mass, base shape, initial position and velocity, friction coefficients, module pattern,
inclination of the surface, rotor orientations, etc.). After that, the iterative loop can start.
For each step (e.g., the sth step), the rotors below the object are identified (thus the contact
points as well), knowing the position of the object from the previous iteration ((s− 1)th)
and the disposition of the modules (as introduced in Section 3). Once the rotors below the
object and their orientation are determined, the object velocity from the previous iteration
((s− 1)th) together with the inclination of the surface are evaluated by the stopping criteria:
if “ẋg ≤ 0 m/s and γ = 0◦”, the object is stopped because of negative velocity and null
inclination and the loop ends. This is true assuming, in general, that the initial conditions
always provide an input towards positive x (γ ≥ 0° or ẋg0 ≥ 0). When the stopping
condition is not reached, the loop continues and the forces in the contact points can
be computed (still considering the object velocity from the previous iteration ((s− 1)th)).
With these forces, the equilibrium of the body and the accelerations are calculated according
to Section 3. Finally, in order to obtain the velocity and the position, two integration steps
of the acceleration vector are implemented. The derived values are the input of the next
iteration ((s + 1)th) of the loop.

So far, the model seems to represent the operation of the surface adequately when
the body velocity is greater than zero in the x direction and for the stopping condition.
However, when, as an example, the object is about to start from a standstill with rotors and
surface inclined, an undesirable phenomena such as reversal of motion (negative x) can
occur. This happens because, in the friction assumptions, the static condition is not initially
considered (Equation (2a,b)). However, reverse motion is obviously not possible in reality,
then, in practice, when the condition of ẋg ≤ 0 m/s is achieved (γ > 0°, otherwise the object
is stopped as described before), the process needs to be adjusted. The logic instructions
to solve this problem and at the same time implement the analytical model of Section 3
are summarized in the block diagram of Figure 5b, which in practice is executed inside
“Friction forces & Object equilibrium” block of Figure 5a. In detail, the process works as
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follows: first, the Ni terms are calculated as explained in Section 3, then, since the velocity
along x is known from the previous iteration, the condition “ẋg ≤ 0 m/s” is verified. If it is
false and “ẋg ≥ 0 m/s”, there is no problem of standstill or stopping and the procedure
continues as described in Section 3, thus, friction forces calculation (Equation (2a,b)) and
equilibrium ((Equations (3a,b) and (4)). In contrast, if the velocity is less or equal to zero
(“ẋg ≤ 0 m/s” is true), an initial positive speed is assigned to the object ẋg = 0.0001 m/s,
the friction model is applied, and it is verified if the gravity effect is stronger than the

friction forces in the x direction (“
ni
∑

i=1
Fxi + mg sin γ > 0”). At this point, if gravity wins,

the object is moving according to the process defined before (Equations (3a,b) and (4)); in
contrast, if gravity is not enough, the friction forces in the x direction will be of the same

magnitude of the gravity effect (“
ni
∑

i=1
Fxi + mg sin γ = 0”), and the displacement will be in

the y direction (always according to Equations (3a,b) and (4)). To clarify the diagram of

Figure 5b, the condition “
ni
∑

i=1
Fxi + mg sin γ = 0” permits the calculation of the Fpari terms,

while Fperp is the same as the previous case. For instance, this procedure permits us to
obtain the motion of the object when it is placed without an initial velocity on the inclined
surface, with the rotors oriented at 45°. In fact, with a sequence of displacement in the y
and x directions, the movement is achieved.

Surface and object 
initial data

Integration

Acceleration G

Velocity G

Integration

Loop

Rotors in contact

Position G

Friction forces
&

Object equilibrium

object stopped?End

No

Yes

(a)

𝑥̇𝑥𝑔𝑔 ≤ 0𝑚𝑚/𝑠𝑠

�
𝑖𝑖=1

𝑛𝑛𝑖𝑖

𝐹𝐹𝑥𝑥𝑖𝑖 + 𝑚𝑚𝑚𝑚 sin 𝛾𝛾 > 0?

yes no

𝑥̇𝑥𝑔𝑔 = 0.0001𝑚𝑚/𝑠𝑠

no

Ni calculation

Friction Forces
Eq. 2a, 2b 

𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖:�
𝑖𝑖=1

𝑛𝑛𝑖𝑖

𝐹𝐹𝑥𝑥𝑖𝑖 + 𝑚𝑚𝑚𝑚 sin 𝛾𝛾 = 0

Eq. 2b 

Equilibrium
Eq. 3,4

Friction Forces
Eq. 2a, 2b 

yes

Equilibrium
Eq. 3,4

Equilibrium
Eq. 3,4

(b)

Figure 5. (a) Iterative loop scheme for the simulation. (b) Block diagram of the logic process
behind the model to avoid the reverse motion and to calculate friction forces (Equation (2a,b)) and
equilibrium equations (Equations (3a,b) and (4)).

The simulations conducted to test the surface are divided into three main categories,
according to the application of the system:

1. Sorting of material flows on a conveying line;
2. Slowing of material flows on a conveying line;
3. Stopping of material flows on a conveying line.

The first category of simulations concerns sorting. The objective of the setup and the
sorting itself is to divert an object from the transport line. The layout considered for the
simulation involves an array of modules, of which the subset performing the task has the
rotors with the rotation axes inclined at ±45° (in Figure 6a inclined at +45°). The area
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outside the line, where the objects are directed, is simulated as an array of low-friction
(µexsur f ) support points, distributed as the sorting modules. In this zone, the friction is
totally opposite to the velocity of the object, without considering any rotor inclination.
The sorting is assumed achieved when the body moving on the line is deflected in such a
way that it is only in contact with the elements outside the line.

The second simulated application is the slowing activity. The rotor arrangement
consists of a few modules within a line to create a controllable friction on the object to
modulate its speed, without pushing it to the sides. The layout in this case can use rotors
oriented with their axes in the direction of the flow (εi = 0◦) (Figure 6b) or inclined at +45◦

in a row and −45◦ in the other (Figure 6c).
The last application concerns stopping the motion of an object. This task is the

extreme application with respect to the previous application of slowing down. In fact,
the modules are still placed with their axes in the flow direction (Figure 6b) or oriented at
±45◦ (Figure 6c), but aim to stop the object.

These three types of simulations do not yet include either real-time control of the rotors
or position or trajectory tracking for the object, because, as already indicated, the authors’
objective in this paper is to verify the mechanical functioning of the surface. However, it is
possible to imagine that by having sensors that recognize the object arriving at the surface,
the modules can pre-arrange the rotors, as shown in Figure 6, depending on the application
or sorting direction. This lays the foundation for using the system as a smart surface.
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Figure 6. Examples of simulation layouts for: (a) sorting, (b) slowing or stopping with εi = 0◦, and
(c) slowing or stopping with εi = ±45◦.

Figure 6 introduces the symbols used in the following sections to display the layouts
of the simulations implemented in MATLAB: the red elements correspond to the transport
line, the blue dots correspond to the area (array of support points) out of the line, and the
green square contour corresponds to the object base. Regarding the transport line, dots
represent rotors centers, and lines represent the rotors axes. The red lines before the active
area (the green square) are oriented perpendicularly to the flow line and their effect is to
reduce in a minimum way the motion of the box in the flow direction, and the inclined
lines (εi 6= 90◦) simulate the sorting, the slowing, or the stopping surface.

The fixed initial parameters, which are used in all the simulations, are shown in Table 1.
In particular, the first four parameters are about the dimension and the inertia of the object,
whereas the following three are the friction coefficients. These last values have been chosen
by making the following considerations: µmax must be a medium-high friction value
(assumed µ = 0.5, because is similar to the kinetic friction coefficients between paperboard
and the conveyor belt in [42,43]), as it models the sliding of the object on the rotor in the
direction of the axis; µmin must be a low value (µ ≤ 0.1), as it models the rotational friction
of the rotors (assumed µ = 0.01, similar to a rolling friction coefficient); and, µexsur f has to
be a low value as well (µ = 0.005 is selected), as it models the area outside the line where
one can imagine having load-bearing spheres supporting the material (according to the
Omnitrack catalog [44], µ = 0.005÷ 0.03). Actually, the coefficients described would depend
on the materials in contact, which have not yet been defined. However, the exact values are
not relevant for the purpose of proving the surface capabilities; the important thing is that
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µmax > µmin, µexsur f is maintained. Finally, the last parameters are the distances in the x
and y directions between two rotors centers and the object initial position and acceleration.
Exceptions to these starting conditions are indicated with the results for each particular
case, together with the missing parameters such as initial velocity of the object [ẋg0, ẏg0, θ̇g0]
and the inclination of the surface γ.

Table 1. Initial fixed parameters for the MATLAB simulations.

Parameter Description Value

b × h object base dim. 0.25 m×0.25 m

zg height of G 0.1 m

m object mass 10 kg

J moment of inertia (1/12)m(h2 + b2)

µmax max. friction coef. 0.5

µmin min. friction coef. 0.01

µexsur f friction coef. out of the line. 0.005

dxm x dist. between 2 rotors 0.1 m

dym y dist. between 2 rotors 0.1 m

[xg, yg, θg] obj. initial pos. and orientation [b/2, 1 m, 0 rad]

[ẍg, ÿg, θ̈g] obj. initial acc. [0 m/s2, 0 m/s2, 0 rad/s2]

5. Results

This section presents the simulation results for all three categories: sorting, slowing,
and stopping. For each category, the authors illustrate their results for relevant parameter
sets and indicate a practical use of the program for the real setup design.

5.1. Sorting

This subsection reports the results of the first of the three categories, sorting. Initially,
graphical examples of the function under varying input conditions are shown, then an
application for the design of the actual system is presented, and finally a comparison with
existing sorting systems is given. Figure 7a,b show the sorting towards the two directions,
y > 0 and y < 0, respectively, with an initial object velocity ẋg0 = 1.5 m/s and without
surface inclination. Figure 7c, on the other hand, shows the sorting at different tilting angles
of the surface and without an initial velocity. Each plot displays the trajectory of G (object’s
center of mass) during the sorting and the position and orientation of the object at the end
of the simulation time.

In Figure 7a, the green square and its trajectory show that, with rotors inclined at−45◦,
sorting towards y > 0 can be achieved, as the object is shifted completely off the line.

The opposite sorting condition was tested as well; the only difference for the initial data
was the direction of the rotors (+45°). The result is shown in Figure 7b and the trajectory
is mirrored to the first one. In fact, as expected in reality, the ending displacements of the
object are equal in modulus and with opposite sign for the y and θ displacements (Table 2).

Figure 7a,b show the capability of the surface to deflect the object trajectory for sorting
purposes. Furthermore, coherent results were achieved for both sorting directions, for a
reasonable initial velocity, and within one second of simulation time. From now on, since
the mirroring of the results has been demonstrated for a symmetric rotor arrangement,
the outputs are shown only for one sorting direction.
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Figure 7. Illustration of the trajectories and the final position and orientation of the object during:
(a) the sorting towards y > 0 (up) task, (b) the sorting towards y < 0 (down) task, (c) the sorting
towards y < 0 (down) with different γ.

After this first presentation of the sorting capability for the under-actuated system,
instead of using an initial object velocity on a horizontal surface, the sorting task was
studied with an initially stationary object on an inclined surface with the identical rotor
arrangement (Figure 7c).

In Figure 7c, the first case (green) proves that, without any external actuation, the
object is not moving in the simulation, as in the real word. In the second case (black
square, Figure 7c), with the surface inclination of γ = 5◦, the body moves, but for
the chosen simulation time (t = 1.5 s) it has not yet completed its sorting. This can
be seen from the fact that the black square contour still contains the center of a sort-
ing rotor (red). Finally, the third case (magenta square), where the surface inclination
is γ = 10◦, reports a completed sorting activity. Summarizing the black and magenta
bodies in Figure 7c demonstrate that it is possible to transport and sort parts by inclin-
ing the surface. In particular, the more it is tilted, the faster the object moves, and the
quicker the sorting is achieved. In Figure 7c, the values of the position and orientation
reached at the end of the simulation (tblack = 1.5 s) for the γ = 5◦ case (black line) are
[xg, yg, θg]black = [0.369 m,−0.171 m,−36.05◦] (Table 2), while those of the magenta line
for the same value of yg = −0.171 m are [xg, yg, θg]mag = [0.402 m,−0.171 m,−28.62◦]
and the simulation time for which they are obtained is tmag = 0.917 s. Comparing these
values, it can be seen that when the surface is more inclined (magenta line), it requires more
space in the x direction to perform the sorting xg,mag > xg,black, but the time required is
less tblack − tmag = 0.583 s. In addition, different γ also produce different final orientations,
in this case smaller for larger γ: θg,mag < θg,black.

Table 2 summarizes the results and the initial data about the previous sorting simulations.

Table 2. Specific initial data and results for the sorting simulations.

[ẋg0,ẏg0,θ̇g0] γ Sim. Time Final [xg ,yg ,θg] Figure

[1.5 m/s,0 m/s,0 rad/s] 0◦ 1 s [0.859 m,0.532 m,14.83◦] Figure 7a

[1.5 m/s,0 m/s,0 rad/s] 0◦ 1 s [0.859 m,−0.532 m,−14.83◦] Figure 7b

[0 m/s,0 m/s,0 rad/s] 0◦ 1.5 s [0 m,0 m,0◦] Figure 7c green

[0 m/s,0 m/s,0 rad/s] 5◦ 1.5 s [0.369 m,−0.171 m,−36.05◦] Figure 7c black

[0 m/s,0 m/s,0 rad/s] 10◦ 1.5 s [1.057 m,−0.515 m,−12.16◦] Figure 7c magenta

A practical use of the simulation is to determine the minimum number of modules
necessary for sorting before building the real system. In general, as it was already presented,
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this result is affected by various initial conditions. However, it can be interesting to know
how many columns of rotor units are necessary to successfully complete the different tasks
for different object sizes and velocity ranges. In order to derive this relationship, a set of
simulations can be performed. Table 3 reports the results of the discussed analysis for two
object sizes: b× h = 0.25 m ×0.25 m, called “S-box”, and b× h = 0.45 m × 0.45 m, called
“B-box”. “B-box” and “S-box” have the same mass (m = 10 kg) and height (zg = 0.1 m).

The counting of the number of columns for the sorting is done starting from the first
column with the inclined rotors to the last one touched by the object before being out of the
line. As is visible from Table 3, the sorting with low initial velocities is not always possible:
with ẋg0 less than 0.8 m/s for “S-box” and less than 1.1 m/s for “B-box”, the boxes come to
a stop within the transport line. Despite this, the speed values considered in the simulations
are within the most common operating ranges of conveyors; however, any speed can be
implemented in the software. In general, the missed sorting occurs because the deflecting
forces also tend to slow the object, which may stop before reaching the target. In addition,
the displacement to achieve to be out of the line is related to the dimension of the object,
so the bigger it is, the more absolute transversal displacement is required to achieve the
sorting. Summarizing, thanks to the simulation described, it is possible to realize such
tables depending on the specific application, considering that the results are influenced
by the layout of the modules and the initial position. In particular, for Table 3 the “S-box”
layout is the same of the sorting simulations of Figure 7b, but with more columns of sorting
rotors in order to test a bigger range of velocities. Instead, for the “B-box” there are two
more rows of rotors in the sorting line, always with the rotors oriented for sorting towards
y < 0 (εi = +45◦), making a total of four instead of two lines.

The data from the simulations carried out to produce Table 3, coupled with further
simulations with, as input, only the inclination of the surface, allowed for a comparison
of performance with similar existing sorting systems [45]. Figure 8 presents these results.
The red dots represent the values of the sorting rate when only the initial velocity is set as
input, whereas the blue dots are for when only the inclination of the surface is exploited. Fig-
ure 8 shows the most common sorting capacity ranges [45] and, as can be seen, the system
proposed by the authors guarantees a medium rate for most input values, with few excep-
tions in both directions, i.e., high capacity and low capacity. The rate is defined as objects
sorted per hour (pcs/h) and can be easily calculated, considering the time needed to per-
form the sorting and a successful sorting condition. In practice, the condition of successful
sorting is when yg ≥ yg,limit (for the rectangular shape: yg,limit = h/2 +

√
(b/2)2 + (h/2)2),

i.e., when the displacement in the direction y is such that, whatever the orientation of the
object, the base is no longer in contact with the sorting rotors. The input velocity values
presented in Figure 8 are within the common ranges of use for sorting systems. In particular,
Ref. [45] for devices similar to the surface proposed by the authors, but fully actuated and
called “Torsional discs”, defines input velocities between 0.5 and 1.5 m/s. “Torsional discs”
have sorting capacities ranging between 1600 and 4500 pcs/h when the size and weight
of the transported objects are comparable to those considered in the authors’ simulations
(“S-box” and “B-box” characteristics). The system developed in this paper, although it is
under-actuated, also allows sorting rates within the same range, providing good perfor-
mance and in line with the current technology. Obviously, given the under-actuation, there
are minimum input speed thresholds, as shown in Table 3, however, they do not seem to
limit the application ranges of the device. Tilting the surface and starting from zero initial
speed requires longer sorting times and thus provides lower rates than those with velocity
as input. However, according to Figure 8, the inclination also provides a predominantly
medium sorting capacity, without the need for a prior conveyor. Therefore, the results
obtained from the comparison of sorting performances showed that the surface introduced
by the authors, with the advantage of the simplicity of the under-actuation, still guarantees
sorting capabilities at the same level as current technology, both using initial speed and
surface inclination as inputs.
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Table 3. Minimum number of rotor columns required to achieve sorting with γ = 0°, but changing ẋg0.

ẋg0 [m/s] nº Columns S-Box nº Columns B-Box

0.8 3 /

0.9 3 /

1.0 4 /

1.1 4 7

1.2 4 7

1.3 4 7

1.4 4 7

1.5 4 8

1.6 5 8

1.7 5 8

1.8 5 8

1.9 6 9

2.0 6 9

2.1 6 9

2.2 7 10

2.3 7 10

2.4 7 11

2.5 8 11

2.6 8 12

2.7 8 12

To sum up, the results of this subsection show that the surface is capable of sorting
with the two different types of input (Figure 7 and Table 2). In addition, thanks to the
developed simulation environment, it was possible to obtain the performance of the system
proposed by the authors and compare it with the current technology. This showed that
the surface provides a medium sorting capacity (Figure 8), in the same range as existing
systems. Finally, for certain objects, the initial input speed was associated with the number
of rotors required for sorting (Table 3). This was proposed as a further demonstration of
the usefulness of the simulation environment for the design and control of the real system.

5.2. Slowing

The second set of results, here presented, is derived from the slowing simulations. The
purpose of these simulations is to simplify and speed up the determination of the number
of modules required for the slowing task, which, as with sorting, is linked to the initial
parameters. Similar to the sorting results, graphical examples of the functioning and an
application for the design of the actual system are given in this subsection.

In order to show the results of the slowing task, in this case the evolution of the object
speed over time ([ẋg, ẏg, θ̇g]) is reported. Different from the sorting, here the object is not
pushed away from the line, so the trajectory does not represent the course of the activity as
simply as speed does. Considering the layout of the system, the only velocity component
different from zero is in the x direction, which is the one plotted. Four different setups
shown in Figure 9 were simulated to demonstrate the concept’s operation. The graphs
in Figure 10a,c show the results of the slowing simulations for the “S-box” and “B-box”
cases, respectively.
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Figure 8. Sorting rates obtained with MATLAB simulations for the “S-box” and “B-box” objects,
with, as input, only initial velocity (red) and only inclination of the surface (blue).
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Figure 9. Layouts of the simulations for the slowing and the stopping tasks with: (a) “S-box” εi = 0°,
(b) “S-box” εi = ±45°, (c) “B-box” εi = 0°, (d) “B-box” εi = ±45°.

The initial data for this analysis are the same as in Table 1, with additionally γ = 0°
and [ẋg0, ẏg0, θ̇g0] = [1.5 m/s, 0 m/s, 0 rad/s]. As visible from Figure 10a,c, both layouts are
capable of reducing the speed of the object, fulfilling the slowing task. However, the speed
drop is different with the orientation of the rotors. When the rotors are with εi = 0°,
all the Fpar forces in the x direction cause a stronger slowing, whereas with εi = ±45°
layout, where the Fpar are inclined like the rotor axes, the slowing is less. For these initial
parameters and rotor dispositions, the ratios between the speed before and after the slowing
rotors (r = ẋgout/ẋg0) are: rS−box

0 = 0.23, rB−box
0 = 0.18 and rS−box

±45 = 0.53, rB−box
±45 = 0.52.

Additionally, Figure 10 shows the effect of Fperp, which is slightly reducing the velocity
when the rotors are with εi = 90°. In fact, the plots in Figure 10a,c show that the lines are a
bit inclined before and after the slowing area, which is included between the “Start slowing”
and the “End slowing” dotted lines. It represents the contribution of rotational friction to
the deceleration.

As for sorting, a parameters study was conducted within the simulation environment
to derive the required number of rotor columns to achieve the slow down task of the objects.
The results are displayed in Table 4. Additionally in this case, different initial speed and
the two different object sizes were tested (“S-box”, “B-box”). The reference layouts for the
simulations are the ones in Figure 9. In Table 4, the counting of the columns number begins
with the first column with inclination: εi = 0° or εi = ±45°, that the object encounters
starting from the left. For example, considering Figure 9a and assuming that slowing is
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verified, the result will be 2 columns (with εi = 0°). The target condition was set to at least
halving the speed of the object while remaining a positive value after the slowing process
(0.5ẋg0 ≥ ẋgout > 0). The two configurations (εi = 0° and εi = ±45°) were possible for the
rotor layout, so the configuration with the smallest number of columns was chosen case
by case to satisfy the slowing condition. As shown in Table 4 for both layouts and for all
speeds analyzed, the number of rotors was identified. The introduction of the εi = ±45°
configuration was necessary, as for some speeds the variant with εi = 0° generated a
total stop of the conveyed object (e.g., for the first two values in Table 4). The εi = ±45°
positioning also seems promising for the self-alignment of the conveyed material in the
center of the transport line. In conclusion, in this subsection, the operation of the surface
for slowing tasks was demonstrated (Figure 10). Additionally, as with sorting, certain
input speed values of the object were associated with the number of rotors required for the
task (Table 4). This provides data for the realization of the physical system and proves the
usefulness of simulations for this objective as well.
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Figure 10. Velocity trends for “S-box” during (a) the slowing and (b) the stopping, and (c) the “B-box”
during the slowing and (d) the stopping with: εi = 0° (red), εi = ±45° (blue).

5.3. Stopping

The last results, as before, consist of graphical examples of the function and an appli-
cation for the design of the actual system; however, in this subsection, they are related to
the simulations of the stopping condition. In this case, the initial parameters and layouts
implemented in the software are the same as before (Figure 9), and only the number of
columns of the working rotors changes. Starting from the slowing modules from Table 4
and adding to the right an extra column of rotors with εi = 0°, the motion of the object
can be stopped. The addition of a column proved to be an effective method for simulated
speed values; it is not certain that for different values one column is sufficient. Therefore,
considering this, Table 4 can also be used for the stopping layout planning. Similar to the
slowing, an example (Figure 10b,c) is presented, and only the ẋg0 of the object is reported.
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However, in this case, the deceleration produced by the rotors of the slowing, plus the extra
column, is capable of stopping the object even if the initial velocity simulated is the same as
for slowing ([ẋg0, ẏg0, θ̇g0] = [1.5 m/s, 0 m/s, 0 rad/s]). In general, according to Table 4 and
Figure 10, the size of the object for the slowing and the stopping tasks has less influence than
for the sorting (Table 3). This can be seen from the fact that, compared to Table 3, in Table 4,
the numbers of columns to slow (then also to stop) the “S-box” and the “B-box” are only
different in one case (ẋg0 = 2.6 m/s). In the end, also for this subsection, the functioning of
the surface for the stopping task was demonstrated (Figure 10b,c) and the table with input
speeds and number of rotors was explained. Therefore, as final consideration for the whole
section, the simulations enable the determination of the layout of the surface, including
the module arrangement and the surface inclination for specific applications, while taking
the initial conditions of the object into account and which tasks have to be performed.
The same MATLAB environment allowed us to obtain the results here presented, proving
graphically and numerically the capabilities of the system proposed in this paper.

Table 4. Minimum number of rotor columns and orientations of their axes (εi) required to achieve
slowing (0.5ẋg0 ≥ ẋgout > 0) with γ = 0°, but changing ẋg0.

ẋg0 [m/s] nº Columns S-Box nº Columns B-Box

0.9 1⇒ εi = ±45° 1⇒ εi = ±45°

1.0 1⇒ εi = ±45° 1⇒ εi = ±45°

1.1 1⇒ εi = 0° 1⇒ εi = 0°

1.2 1⇒ εi = 0° 1⇒ εi = 0°

1.3 2⇒ εi = ±45° 2⇒ εi = ±45°

1.4 2⇒ εi = ±45° 2⇒ εi = ±45°

1.5 2⇒ εi = 0° 2⇒ εi = 0°

1.6 2⇒ εi = 0° 2⇒ εi = 0°

1.7 3⇒ εi = ±45° 3⇒ εi = ±45°

1.8 3⇒ εi = 0° 3⇒ εi = 0°

1.9 3⇒ εi = 0° 3⇒ εi = 0°

2.0 3⇒ εi = 0° 3⇒ εi = 0°

2.1 4⇒ εi = 0° 4⇒ εi = 0°

2.2 4⇒ εi = 0° 4⇒ εi = 0°

2.3 4⇒ εi = 0° 4⇒ εi = 0°

2.4 5⇒ εi = 0° 5⇒ εi = 0°

2.5 5⇒ εi = 0° 5⇒ εi = 0°

2.6 6⇒ εi = 0° 5⇒ εi = 0°

2.7 6⇒ εi = 0° 6⇒ εi = 0°

6. Validation

In order to validate the previous results, this section presents a comparison between
the MATLAB environment realized by the authors and a commercial multi-body dynamics
software. In the first part of the section, the problem and details on how the validation was
carried out are explained, and the second part reports the results.

6.1. Introduction to the Validation

Focusing on the setup of the validation, this subsection is devoted to presenting the
objectives, the data, and the ideas behind the comparison. As previously introduced,
the sorting system was also modeled in a commercial software for multi-body dynamic sim-
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ulations: Hexagon D&E Adams MSC. The multi-body dynamic model, called hereinafter
Adams for brevity, has two main objectives:

1. Providing further demonstration of the functioning of the under-actuated system
introduced in this paper;

2. Comparing the results with the ones from MATLAB and SIMULINK to have a first
validation of the analytical model and the self-developed simulation environment.

Simulations with the Adams software require longer computational time compared
to the MATLAB simulations (timeAdams ≈ 60÷ 300 s, timeMATLAB ≈ 0.1÷ 2 s, with a HP
ProDesk 400 G7). For this reason, Adams was only used for the validation part and not as a
standard simulation environment. In fact, using a software as a planning and control tool
within the physical system in real time requires very short calculation times, of which the
authors’ software is capable.

Figure 11a shows one surface configuration that was previously used in the MATLAB
environment for sorting. The identical surface configuration was replicated in Adams,
shown in Figure 11b. As it is visible in Figure 11b, the sorting setup was designed in
Adams using three different types of bodies: a box (orange wire frame) for the object,
cylinders (colorful cylinders) for the rotors, and spheres (pink spheres) for the area out of
the line. The chosen inertial and dimensional parameters are shown in Table 5. It should
be noted that, for the validation, the values of some inertial parameters are different from
previous simulations because the mass properties in Adams were introduced by assigning
the material of the bodies. The constraints used for the model are: a fixed joint for the
spheres and rotational joints for the cylinders, and the box has contact constraints with
the other bodies. The parameters of the contact and the joints are illustrated in Table 6.
In particular, for the first five values of this table, the selection was done according to the
suggestion of [46,47]: St and Pd are the default values for the contact, whereas Dp = 8 kg/s
instead of 10 kg/s, Stv and Ftv are smaller than the default (respectively, 100 mm/s and
1000 mm/s) to better simulate the stiction at low speeds. On the same line, the MATLAB
parameter, k, of the smooth Coulomb model, is set to k = 5000 to have a similar friction
curve. The friction coefficients are the same values implemented in MATLAB, whereas the
joint friction parameters are selected to simulate the rotational friction of the joint, similar
to the analytic model. To conclude the description, in Adams, the inclination of the surface
is simulated changing the gravity vector direction, and the initial velocity is assigned as an
intrinsic input condition to the object. Finally, the simulation time considered was t = 1 s
and the step size in the range [1× 10−4s÷ 0.5 × 10−4s].
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Figure 11. Model of under-actuated active surface configured for sorting in: (a) MATLAB, (b) Adams.
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Table 5. Inertial and geometrical parameters implemented in Adams for the simulation.

Objects Parameters

m box mass 5.48 kg

Ixx box m. inertia x axis 4.68 × 10−2 kgm2

Iyy box m. inertia y axis 4.68 × 10−2 kgm2

Izz box m. inertia z axis 5.70 × 10−2 kgm2

b × h × zg object dim. 0.25 m×0.25 m×0.1 m

mr rotor mass 8.61 × 10−3 kg

Irxx rot. m. inertia x axis 4.30 × 10−7 kgm2

Iryy rot. m. inertia y axis 2.87 × 10−2 kgm2

Irzz rot. m. inertia z axis 2.87 × 10−7 kgm2

rr × l rot. dim. 0.01 m×0.01 m

γ inclin. of the surf. [5÷ 15]◦

Table 6. Contact and friction parameters implemented in Adams for the simulation.

Contact Parameters

St stiffness cont. 105 MPa

Dp damping cont. 8 kg/s

Pd penetration depth cont. 0.1 mm

Stv stiction transition vel. 0.1 mm/s

Ftv friction transition vel. 1 mm/s

µmax friction coef. 0.5

µexsur f friction coef. out the line. 0.005

Joint friction parameters

µmin min friction coef. 0.01

Tv transition vel. 0.001

Friction option chosen sliding only

The MATLAB setup (Figure 11a) corresponds to the previous sorting setup in Section 5,
Figure 7, but in this case it uses the same geometric and inertial data as Adams to simulate
the same sorting process. In this way, the results from the two software differ only because
of their intrinsic analytic modeling.

After this brief introduction to the Adams model, the simulations performed to meet
the two objectives are now described. The configuration with a tilted surface and no initial
object velocity was simulated for different angles of inclination ranging from γ = 5◦ to
γ = 14◦ with an increment of 0.25◦. Additionally, the horizontal configuration (γ = 0◦) has
been simulated with an initial velocity ẋg0 = 0.9 m/s.

6.2. Results of the Validation

This section reports the results of the validation, which are distinguished according
to the two objectives of the Adams model. Concerning the first objective, i.e., the proof
of functioning of the under-actuated system, Figure 12 graphically reports the results of
some Adams simulations. Considering initially only Figure 12a,b, in Figure 12a, sorting
is simulated given an initial velocity of zero (ẋg0 = 0 m/s) and an inclination of γ = 10◦;
in Figure 12b, the initial velocity is ẋg0 = 0.9 m/s and the inclination is zero (γ = 0◦). In
Figure 12a,b, it is possible to see the trajectory taken by the G of the object and its final
position and orientation given the simulation time of t = 1 s. The object at the end of the
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simulation is for both images (Figure 12a,b) outside the sorting zone (zone with cylinders),
so the activity is considered completed.

(a) (b) (c)

Figure 12. Object trajectories from Adams with: (a) γ = 10◦, ẋg0 = 0 m/s, and t = 1 s of simulation,
(b) γ = 0◦ , ẋg0 = 0.9 m/s, and t = 1 s of simulation, and (c) γ = 5◦, ẋg0 = 0 m/s, and t = 1.8 s
of simulation.

In addition to the case illustrated in Figure 12a, among all the thirty-seven simulations
made by varying the inclination of the surface, the ones with γ ≥ 9.5◦ (Figure 13a,b)
complete the task. For the rest, the target is not really missed, but, because of the limited
simulation time (t = 1 s), it is not achieved yet. This time was selected because it represents
a normal operating condition, for example: there is 1 m of space available in the line
for sorting and the conveyor has a speed of 1 m/s. However, as a general rule, when
the surface is inclined and with the rotors as in Figure 12, the motion does not self-stop,
if (
√

2/2)µmin < sin(γ). As proof of this, Figure 12c displays the trajectory of the object
with γ = 5° but t = 1.8 s of simulation time, instead of t = 1 s, and the sorting is clearly
obtained. Therefore, the sorting is achievable with this under-actuated system, but it takes
time and space. Instead, if the surface is not inclined and there is just the initial speed,
the time could be not the only cause of the missed sorting. In this case, the object velocity
is inevitably reduced by the friction until the part is stopped, because the gravity is not
helping the motion. The same result was highlighted before in the MATLAB environment,
which confirms that the simulation environment can be used to predict these conditions.
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Figure 13. Final position with γ > 8.5◦ in: (a) Adams MSC, (b) MATLAB.

Figure 13 plots the final positions when the sorting is considered achieved for the
two software packages (Figure 13a Adams, Figure 13b MATLAB). Having completed the
verification of the first objective of the Adams model, it is possible to move on to the
second one. Summarizing briefly, objective number two is to exploit the Adams model to
show the proximity with the MATLAB results, considering that the same initial data are
provided. Figure 14 shows a graphical comparison between the two models referring to
the two trajectories of Figure 12a,b. In this case, the trajectories are transposed into a graph
(Figure 14) with the corresponding result from MATLAB.
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Figure 14. Comparison of the trajectories with: (a) γ = 10◦ , ẋg0 = 0 m/s, (b) γ = 0◦, ẋg0 = 0.9 m/s.

As is visible from Figure 14a,b, the two objects follow very close trajectories and end up
almost in the same position and with the same orientation. The absolute and the relative percent-
age errors obtained for these two simulations are: [|ex|, |ey|, |eθ|] = [0.0011 m, 0.0001 m, 1.735°],
[|ex%|, |ey%|, |eθ%|] = [0.24, 0.05, 7.06] % when the input is γ = 10°, ẋg0 = 0 m/s and
[|ex|, |ey|, |eθ |] = [0.003 m, 0.0037 m, 1.56°], [|ex%|, |ey%|, |eθ%|] = [0.65, 1.59, 6.97] % when
the input is γ = 0◦, ẋg0 = 0.9 m/s. The errors are calculated as shown in Equation (5a,b).

[ex, ey, eθ ] = FINAL DISP.Adams − FINAL DISP.Matlab (5a)

[ex%, ey%, eθ%] =
FINAL DISP.Adams − FINAL DISP.Matlab

FINAL DISP.Adams
× 100 (5b)

The two examples graphically visualize the similarities and the differences between
the models. However, to show and summarize all the results for the thirty-seven setups
(γ = 5°÷14°), the final displacements of the Adams and MATLAB simulations together
with the errors between them are reported, respectively, in Figures 15 and 16. Considering
the x and y results (Figures 15 and 16), the two models (Adams, MATLAB) are not so
different, and the relative percentage errors are below ex% < 1 % and ey% < 8 %. The trends
of the percentage errors seem to have a slight tendency to decrease, and the higher error
values occur for small γ. In contrast, for high γ values, both coordinates have minimum
errors, ex% < 0.5 % and ey% < 3 %. This is because small inclinations generate reduced
displacements, especially along y, and the sorting is not completed in the fixed simulation
time (t = 1 s). This implies that, in the calculation of the percentage error, there are initially
very small denominators, and then they become an order of magnitude larger. On the other
hand, the absolute errors along γ values keep oscillating, with a bigger frequency for x and
smaller for y.

For the orientation, higher eθ% values are reached (eθ% ≤ 12%) compared to those of x
and y. In this case, the phenomenon of the larger percentage error for smaller rotations is
not noticed, as in a single simulation there can be counter-rotations, particularly when γ
is big enough to reach the completed sorting area. Thus, the final orientation represents
the sum of clockwise and counterclockwise rotations, and its value has not undergone
monotonic growth like for the x and y displacements. In general, larger errors of rotations
can be explained by comparing how the calculation of normal forces occurs between the
two simulations. Adams uses a penetration model to calculate the contact forces, whereas
the optimization algorithm (Equation (1)) is implemented in MATLAB. The distribution of
normal forces (and therefore also of friction) mainly affects the calculation of the moment,
as the position with respect to the pole is important. Whereas, for the x and y displacements,
the over mentioned distribution does not have influence, as the resultant force does not
change. In addition, an explanation for others slight deviations in trends is the use of
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different step sizes in some Adams simulations. This was necessary because in a few cases
the specific step size chosen was creating a numerical problem, preventing the completion
of the simulation. In conclusion, however, the errors are limited and the two models behave
in a similar way, thus giving value to the results provided by MATLAB.

To quantify how different MATLAB and Adams values are, the mean values and standard
deviations (SD) of the two types of error are listed in Table 7 for the different displacements.
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Figure 15. Final displacements obtained with the two software packages: Adams (red) and
MATLAB (blue) .
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Figure 16. Absolute (green) and relative percentage (magenta) errors between the final displacements
resulting from the two software packages.
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Table 7. Mean and standard deviation of the relative percentage and absolute errors obtained from
the difference between Adams and MATLAB simulations.

ex% ey% eθ% ex [mm] ey [mm] eθ [◦]

Mean 0.02 1.41 −4.47 0.12 0.25 0.96

SD 0.44 3.48 4.36 1.50 5.20 1.02

As results from Table 7 show, the errors of x and y displacements are very limited.
This guarantees that the placing made by the real system can be foreseen in advance
with an accuracy appropriated to the applications, so when the sorting line is designed,
the simulation can be used to define the layout. For the rotation, the errors are bigger, but,
despite this, for a simple sorting operation the final orientation is not interesting, so the
MATLAB model can be considered reliable. Furthermore, if in a hypothetical application,
the errors allowed are the in the range of those shown in Table 7, the model provides usable
results. Concerning that, in many cases it is simply important that the object is not rotated
by 180◦ or 90◦ with respect to the desired condition.

7. Conclusions

In this paper, the authors present a new modular surface for several intra-logistical
tasks. In contrast to similar existing systems, their surface is under-actuated, in particular,
composed of idle instead of actuated rotors, whose axes can be fixed in defined, discrete
positions within the surface plane. The surface can be used in a horizontal orientation by
exploiting an object’s initial velocity, in a tilted orientation by exploiting the gravitational
force on the object, or with a combination of both. The authors derived an analytic model
and implemented a programmable simulation environment with the software MATLAB
for this modular surface. As result, the functioning of the surface concept for the sorting,
stopping, and slowing activities was demonstrated, together with the capabilities of the
simulation environment. In particular, the MATLAB code showed its potential for predict-
ing, with very short calculation times (≈ or < 1 s), the number of modules required for
the three handling tasks and how the transported object will behave by simply changing
the initial conditions. The same code also made it possible to obtain numerical results of
sorting performance and thus have a comparison with current technology, showing that
the system proposed by the authors guarantees a medium sorting capacity. These results
and examples highlight the usefulness of this environment for real system planning and
design. In addition, a validation of the concept and of the simulation environment was
conducted with the software Adams. As Adams is a highly sophisticated and well accepted
commercial software for dynamic simulations frequently used by engineers to simulate
and predict the physical interaction of different components adequately, it is a reasonable
tool to be considered as a first reference for the comparison.

In conclusion, the simplifications introduced in the surface, such as the under-actuation
and the discrete number of orientations for the rotors, are not limiting the handling capa-
bilities and the performances, but rather they are minimizing the number of constructive
components requested and, thus, the costs. In fact, the same goals can be achieved with
a reduced design and using in a convenient manner the external actuation, for example,
gravity or previous conveyors, already in the line. Additionally, the validation with Adams
also showed the accuracy of the main simulation. The differences between the two models
are limited and the errors acceptable for many intra-logistics applications. This may open
the way to other possible tasks for the surface integrated with the MATLAB environment,
such as position and trajectory tracking. In these cases, each time the external environment
requires a new position or trajectory of the object, the software calculates the orientation to
be given to the rotors. The physical system must be integrated with sensors to adjust in
real-time the rotors and achieve the tracking objectives. The implementation of sensors and
control strategies for trajectory and position tracking greatly increases the adaptability and
flexibility of the system.



Appl. Sci. 2023, 13, 1937 25 of 28

No reference is made in the article to construction details in order to keep the validity
of the work presented as general as possible. At this point, in order to provide some
practical elements and above all to highlight the feasibility of the concept, some schematic
solutions are proposed in Figure 17.
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Figure 17. Schematic concepts for the under-actuated module: (a) idle wheel concept, (b) spheri-
cal concept.

Figure 17a shows an idle wheel mounted on a vertical axis of rotation. The operating
principle is similar to the functioning of a stepper motor, which could be used for this pur-
pose. In contrast, the concept in Figure 17b depicts a spherical rotor whose axis of rotation
is locked using mechanically or electro-mechanically driven pins. New tracking objectives,
an accurate design, and the control law for the modules are ongoing research topics.
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Nomenclature
The following nomenclature and abbreviations are used in this manuscript:

CIR Center of instantaneous rotation
SD Standard deviation
MEMS Micro electro-mechanical system
B-Box Big box
S-Box Small box
{O, x, y, z} Absolute reference frame
{G̃, x̃, ỹ} Mobile planar reference frame
î, ĵ, k̂ Absolute reference frame versors

https://www.digiman4-0.mek.dtu.dk/
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g Acceleration of gravity
m Object mass, [kg]
J Object moment of inertia, [kg ×m2]
b, h Object base width and length, [m, m]
G Object center of mass
G̃ Object center of mass projection on the base
P Generic contact point between the object and the surface
zg G vertical coordinate, [m]
−→
G̃P Vector connecting G̃ to P
n Number of contact points
i Sub-index to indicate the ith contact point
t Time, [s]
s sth step of the loop
xg, yg, θg G coordinates and object orientation, [m, m, rad]
ẋg, ẏg, θ̇g Object velocity components, [m/s, m/s, rad/s]
ẍg, ÿg, θ̈g Object acceleration components, [m/s2, m/s2, rad/s2]
xg0, yg0, θg0 G initial (t = 0 s) coordinates and object orientation, [m, m, rad]
ẋg0, ẏg0, θ̇g0 Object initial (t = 0 s) velocity components, [m/s, m/s, rad/s]
ẍg0, ÿg0, θ̈g0 Object initial (t = 0 s) acceleration components, [m/s2, m/s2, rad/s2]
−→
Vp Object velocity in P, [m/s, m/s]
Vpar Object velocity in P along the axis direction, [m/s]
Vperp Object velocity in P along the direction perpendicular to the axis, [m/s]
ẋp, ẏp Components of Vp, [m/s, m/s]
ẋgout Object velocity along x after the slowing rotors
r Speed ratio between the velocities after and before the slowing area
F Force, [N]
µ Friction coefficient
N Vertical component of the contact force between the object and a rotor, [N]
ε Angle between the x axis and the rotor axis, [◦]
β Angle between the x axis and Vp, [◦]
α Difference between ε and β, [◦]
Fpar, Fperp Friction force components of the object-rotor contact, [N, N]
µmax, µmin Friction coefficient in the directions parallel and perpendicular to the axis

Fx, Fy
Friction force components of the object–rotor contact in the
frame directions, [N, N]

µexsur f Friction coefficient outside the sorting area
X Array of variables
f (X) Function to be minimized
Aeq Linear equality matrix
beq Linear equality vector
lb Lower bounds vector
ub Upper bounds vector
ex, ey, eθ Absolute error components, [mm, mm, °]
ex%, ey%, eθ% Relative percentage error components
Λ, λ Set of indexes and a one of its generic elements
Q, GD Set of geometrical parameters and one of its generic elements
Fλ λth function that is used to define a perimeter of the objet base

W, D
Sets of coordinates that represents the perimeter and the area
of the object base
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