
Vol.:(0123456789)

The International Journal of Advanced Manufacturing Technology (2024) 135:1221–1239 
https://doi.org/10.1007/s00170-024-14591-8

ORIGINAL ARTICLE

A novel underactuated smart surface for parts feeding and sorting

Edoardo Bianchi1   · Gualtiero Fantoni2 · Francisco Javier Brosed Dueso1 · José A. Yagüe‑Fabra1

Received: 26 April 2024 / Accepted: 27 September 2024 / Published online: 7 October 2024 
© The Author(s) 2024

Abstract
In material handling, numerous solutions have been proposed to enhance the flexibility and adaptability of transport systems. 
Among these solutions, smart surfaces stand out as one of the most interesting responses, utilizing an array of actuators 
for common feeding tasks. The current paper focuses on a novel system within this category, notable for its distinguish-
ing factor of being underactuated. With this characteristic, the concept leads to a simplified cost-effective design and a not 
actively driven functioning, leveraging gravity or object own velocity to manipulate the material flow maintaining top class 
performances, as the sorting rate reaches 4000 pcs/h. Specifically, the article begins with an introduction of the concept 
design and its digital model, followed by a description of the experimental setup built to test the surface’s functionality and 
evaluate the predictions of the virtual counterpart. On top of that, a method to determine the essential parameters for the 
surface simulation is proposed and applied. As a result, the prototype successfully completed the three main intralogistic 
tasks experimented, i.e., sorting, slowing, and stopping of packages. Lastly, the digital model outcomes of the same opera-
tions were computed and compared with the measured results, demonstrating an accuracy of prediction with displacements 
and time errors below 7%.
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1  Introduction

The study of material handling and transportation effi-
ciency in industrial and warehouse contexts is a recur-
ring theme in scientific research, driven by the market’s 
demand for enhanced flexibility [1, 2]. A recent response 
to these demands is a class of systems called smart sur-
faces (sometimes also active surfaces) [3–5], i.e., program-
mable arrays of actuators capable of creating force fields. 

These distributed manipulators are utilized in activities 
such as positioning, diverting, sorting, orienting, and feed-
ing parts along a transfer line or a conveyance system, ulti-
mately directing them towards a manufacturing system or 
a warehouse. Amidst the technologies applied to realize 
these devices, the most relevant ones exploit micro electro-
mechanical systems (MEMS) [6, 7], vibrations [8, 9], ciliary 
motion [10–12], air [13, 14], variable morphology [15, 16], 
mobile platforms [17, 18], and rotors [19, 20]. Each one of 
these classes has its own advantages and field of applica-
tion. Specifically, starting from the first, MEMS were one 
of the earliest ideas for the distributed manipulation of small 
and minuscule parts using micro cantilevers [7] or tilting 
planes [6, 21]. Secondly, the vibrations also are interest-
ing for orienting and feeding light and compact objects. 
Precisely, they exploit the control of vibration frequencies 
of a planar sheet [8] or multiple minor planes [9]. Thirdly, 
ciliary surfaces can be used to manipulate delicate objects 
at low speeds using bio-inspired, rotating [10] or bending, 
cantilevers (cilia) [11, 12]. Pneumatic systems are probably 
the most studied technology among smart surfaces; because 
of this, there are many solutions [13] proposing air jets [3, 
22] or pressure fields [14, 23] for a contactless handling of 
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micro- and macroscopic parts. Not very differently from the 
ciliary surfaces, the variable morphology ones alter their 
shape through linear actuators or inflatable chambers to 
carry small-sized and light materials. Instead, the mobile 
platform class is a bordering solution for smart surfaces, as 
does have an intermediate body below [17, 18] or around 
[24] the object transported, allowing its motion without axis 
restrictions in a confined area. Finally, the rotor technol-
ogy is mostly employed to handle packages within logistical 
operations, because of the capability to bear heavy loads 
and achieve higher speeds with modular arrays of spinning 
rotors [19, 20].

Eventually, the current paper focuses on the last of the 
smart surfaces’ families, i.e., the rotors one. Many exam-
ples of these systems can be found in the literature [19, 20, 
25–29] and among patents [30, 31]. Evaluating them one by 
one, the authors noticed two main groups of solutions differ-
entiated by the characteristics of the single module. The first 
group proposes basic units with many motorized omnidirec-
tional wheels with a fixed orientation for the rotation axis. 
Among the solutions, there are modules with a minimum of 
two motors [29] up to three [19, 25] or even four in some 
cases [20]. A cell of this sort generates on the object trans-
ported an overall friction force resulting by the sum of each 
wheel contributes. These components are influenced by the 
spinning velocity and are directed mainly perpendicularly to 
the rotor axis because of the reduced friction of omnidirec-
tional wheels. On the other side, the second group of basic 
units [27, 28] employs a single rotor per module, with two 
motorized axes, i.e., one perpendicular to the surface plane 
and the other driving the rotor. Specifically, the first axis 
steers the wheel in the plane, while the second controls the 
spinning velocity.

Overall, both these solutions appear to have high han-
dling capabilities and, accordingly, important performance. 
However, as highlighted in the previous paragraph, all the 
proposals involve several motors (at least two) per surface 
unit in order to complete their tasks. This aspect may com-
plicate the design and the maintenance and increase the costs 
in terms of money and control effort.

On the other end, what is missing in the literature is 
an underactuated version that exploits other motion input 
sources, e.g., gravity [12] or previous object’s velocity, to 
achieve the same goals with a simpler design and without 
using motors. In this context, the paper addresses a novel 
system with these characteristics, while remaining within 
the rotors class and ensuring uncompromised performance. 
The aim is to reduce costs and energy consumption, align-
ing with what is observed in numerous other underactuated 
robotic systems [32].

The resulting surface is an array of autonomously pro-
grammable modules where, in each one, a spherical rotor 
is controlled through its rotation axis (steering) to create a 

friction force field. Additionally, the modules do not contain 
motors, and the sphere axis of rotation can assume only a 
discrete number of positions to further simplify the design.

The paper covers with a brief introduction of the single 
unit functioning and design. The focus then moves to pre-
senting the digital model of the same concept, expanded to 
a larger scale and capable of simulating surface behavior 
under various conditions. Therefore, the experimental setup 
of the depicted surface is described from its hardware to the 
planned operation. Practically, the framework is built for 
testing the functioning during sorting, slowing, and stopping 
operations of packages, and for evaluating the accuracy of 
the digital model described. Therefore, with the assessment 
of the prediction goodness, the performances of the device 
are easier to identify as they can be computed by simulation. 
This permits a comparison of the concept object of the study 
with similar systems in terms of sorting capacity, proving a 
satisfactory sorting rate despite the underactuation. Finally, 
the work presents a further improvement to the system’s 
flexibility, i.e., an auto configuration process that can be used 
to detect in a real environment the parameters necessary for 
the simulation outcomes according to the operational condi-
tions. In other terms, the digital model adjusts to physical 
changes in transported parts, expanding the application of 
the system to a wider range of parcels and scenarios beyond 
those outlined in the paper.

The outline of the remaining part of the paper is the fol-
lowing: Section 2 briefly introduces the concept design and 
its digital model, Section 3 presents the experimental setup 
built to test the surface and the measurements planned, Sec-
tion 4 reports the results of the testing and the evaluation 
of the digital model, while, lastly, Section 5 consists of the 
conclusions.

2 � Concept description

2.1 � Concept design

This study explores a novel modular surface for material 
handling along transport lines. The array units constituting 
the setup can be assembled according to the dimensions of 
the material transported and the handling purpose. Addition-
ally, each module can act independently from the others to 
further increase the flexibility and adaptability of the system. 
Figure 1(a) depicts a schematic representation of this surface 
in a generic layout along with the reference coordinates for 
a transported object.

Moving on to the single module, its design is simpler 
and newer compared to systems of the same category; in 
fact, it does not involve motors and leverages the efficiency 
advantages inherent in an underactuated design. Its function-
ing exploits external input sources, e.g., gravity, previous 
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velocity of the transported object, or a combination of both 
to compensate the missing actuation, placing the system 
within the class of not actively driven devices. In Fig. 1(b1) 
and (b2), both lateral and upper sections of the module pro-
totype built for the experimental setup and its main compo-
nents are displayed. Each module consists of a main sphere, 
supported by a hemispheric housing with bearings spheres 
and surrounded in its middle plane by electromagnets with 
pins inside. In total, the pins are 8 for this prototype; there-
fore, 4 axis orientations are available ([0°, 45°, 90°, 135°]). 
The device is actuated solely by defining the sphere’s axis of 
rotation through the mentioned pins. Specifically, when the 
axis direction is selected, the pair of opposite pins defining 
that direction attaches to the sphere thanks to their mag-
netization produced by the coils. The friction forces gener-
ated by this contact support temporarily the axis until a new 
direction is selected or the device is turned off.

A rotor thus defined, when it is in contact with an object 
moving above it, exchanges two main friction forces: a pre-
vailing one, parallel to the axis of rotation, and a minor one, 
perpendicular to the same axis. These two components con-
stitute the punctual characteristics of the force field used for 
the material flow manipulation. In [33], the module func-
tioning and its components are extensively explained. Addi-
tionally, the analytic model of these forces is experimentally 
validated, revealing two primary friction coefficients (μmax, 
μmin) as the main parameters describing them. The first one, 
μmax, is the normal friction coefficient between the sphere 

and the object transported (no distinction between static 
and dynamic), while the second, μmin, models the resistance 
of the rotor when is spinning around its axis. Considering 
now the whole surface as an arrangement of modules, and 
therefore as an array of points associated with friction forces 
pairs, the force field results in its entirety. The effect of these 
components’ interaction on an object is investigated in [34], 
where this analysis is used to create a digital model of the 
surface that can be used to simulate and predict its behavior. 
This virtual counterpart of the surface has been validated 
in [34] through a comparison with a dynamic simulation 
software, showcasing various applications and theoretical 
performances of the surface. However, an experimental vali-
dation of the system is missing to confirm the outcomes of 
the digital model with real data. The current study aims to 
fill this gap and to refine with experimental values the results 
computable with the digital model.

2.2 � Concept digital model

Therefore, since one goal of this work is to validate experi-
mentally this simulation environment, its logic and formula-
tion will be briefly summarized in this section. Nevertheless, 
for an extensive explanation, the readers are invited to refer 
to [34].

The software used to build this virtual counterpart was 
Matlab and Simulink (R2022b), where all the analytic mod-
els were implemented. Specifically, the models concern 

Fig. 1   Schematic representation of (a) a generic surface layout and (b1) the lateral and (b2) the upper view sections of the single module proto-
type.
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the single module and the object dynamics together with 
the contact friction between them. The procedure used to 
reproduce the motion of an object follows the actions of the 
flowchart depicted in Fig. 2. Before starting, as step zero (S0 
in Fig. 2), some input data regarding the object and the sur-
face (geometry, inertia, friction, layout, and external motion 
input) have to be set up. Once the initial condition is defined, 
the loop starts iterating these steps, i.e., S1, S2, S3, S4, and 
S5 of Fig. 2:

	S1.	 The rotors momentarily in contact with the object are 
detected using the initial position of the object center 
of mass (G), the known geometry of the object, and the 
surface layout;

	S2.	 All the forces acting on the object are computed, 
considering the object’s weight distribution on the 
modules, the velocity on the contact points, and the 
friction model together. Therefore, the interaction of 
these forces determines the body equilibrium and its 
acceleration;

	S3.	 The condition of motion for the object is evaluated. 
This is based on the position of the object above the 
modules’ grid, its velocity (positive, null, or negative), 
the friction forces acting, and the inclination of the 

surface. If the motion is possible, the loop continues; 
otherwise, it stops;

	S4.	 The acceleration, used to estimate the weight distri-
bution on the contact modules, is then integrated to 
retrieve the object velocity;

	S5.	 The velocity, after the check for the object motion and 
the application within the friction model, is also inte-
grated to obtain the position.

The Simulink block diagram, incorporating these instruc-
tions and employed for the subsequent analysis and simula-
tion, is illustrated in Fig. 3. The model consists of two main 
function blocks, i.e., FB1 and FB2, some constant entries, 
i.e., M, oc, Xs, Ys, alpha, zg, GD, and mu, two integrator 
blocks, i.e., 1

s
 , and two stopping units. In summary, the two 

function blocks observe the following logic:
Starting with FB1:

FB1.1	 A preliminary check of the object presence over 
the surface is conducted exploiting the object position 
(xg, yg) and the rotors’ arrangement (Xs, Ys). If the part 
already reached the end of the simulation grid (contain-
ing both the modules and ball transfer units), the model 
stops. This assessment is introduced not primarily for 
functionality but to prevent Simulink errors;

FB1.2	 With the geometrical (GD) and pose (xg, yg, tg) 
inputs, the object contour is mathematically formulated;

FB1.3	 The inpolygon function [35] is used to identify the 
points, among Xs, Ys, that lie within or on the edges of 
a polygonal region described in FB1.2. The result is a 
grid-size matrix (in) of Booleans (0,1) marking with 1 
the modules in contact with the object;

Instead, FB2:

FB2.1	 The logic information of in, combined with the 
surface layout (Xs, Ys), determines the positions of the 
contact points. Consequently, the velocities at these 
locations are computed using the speeds obtained from 
previous iterations (dxg, dyg, dtg);

FB2.2	 The rotor axes’ orientation data (oc) are retrieved 
for each grid point;

FB2.3	 The contact forces, normal to the surface, are com-
puted using a minimization constrained function called 
fmincon [36], as the support is usually hyperstatic 
(object usually over more than 3 rotors). The function 
minimizes the norm of the vector containing these nor-
mal components, while ensuring adherence to the part’s 
equations of equilibrium, which include translation 
along the z axis and rotation around the x and y axes. 
Furthermore, a constraint is imposed to ensure that the 
resulting forces remain non-negative, in line with physi-
cal principles;

S0: Surface and object 
initial data

Loop

Yes
S3: Object stopped?

No
Acceleration G

Velocity G
Position G

S5: Integration

S4: Integration

S2: Friction forces 
&

Object equilibrium

S1: Rotors in contact

End

Fig. 2   Flowchart of the iterative loop implemented in Matlab and 
Simulink to reproduce the object motion above the surface.
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FB2.4	 The analytic friction model is employed to assess 
the in-plane friction forces, i.e., Fpar and Fperp (Sec-
tion 2.1), acting on the rotors in contact. The object 
velocities (FB2.1), rotor axes’ orientations (FB2.2), the 
normal components (FB2.3), and the friction coefficients 
(mu) are exploited by this model;

FB2.5	 The main check about the object motion is done 
considering the velocity dxg (along x, i.e., the direction 
of the line). If this speed is positive, the motion is guar-
anteed; otherwise, the inclination of the surface is taken 
into account. When the slope is steep enough to win, the 
total friction along x the motion proceeds, otherwise not.

FB2.6	 The equilibrium of the body is computed and the 
acceleration vector (ddx) is retrieved and sent to the inte-
grator to restart the cycle.

Therefore, overall, the correlation of the Simulink model 
with the steps’ procedure (Fig. 2) is the following: S0, i.e., 
the initialization step, is done for Simulink with a main script 
assigning all the input data previously mentioned (above the 
steps list). S1 is directly related to the function block FB1. 
This unit exploits the object pose (xg, yg, tg) from the integra-
tor, together with the object geometry (GD) and surface lay-
out (Xs, Ys) to retrieve the modules actually in contact with 

the object. Conversely, S2 translates into FB2 in Simulink. 
In this case, the block receives as inputs the data concerning 
the surface arrangement (Xs, Ys, oc, and alpha (α)), inertial 
and geometrical data of the object (M and zp), and finally, the 
friction coefficients (mu (μ)). With these terms combined, all 
the friction forces acting on the part are determined, leading 
to computation of the body’s equilibrium and the collection 
of acceleration terms (ddx). Similarly, S3, i.e., the moving 
condition check, is implemented in FB1 too. Practically, the 
loop is stopped if the object reached a velocity along the line 
≤ 0 m/s and the inclination is null or not enough to continue 
the sliding.

Finally, S4 and S5 simply take shape within the two inte-
grators 1

s
 of Fig. 3 producing velocity and position from ddx 

to restart the loop.

3 � Experimental setup

To assess the surface and its capabilities, the experimen-
tal setup is designed with a focus on three main potential 
applications: sorting, slowing, and stopping of material 
flows. Specifically, these activities are intended to evaluate 
the accuracy of the digital model mentioned in the previous 

x_g

y_g

t_g

Y_s

GD

X_s

in

flag

in

x_g

y_g

M

dx_g

dy_g

dt_g

oc

X_s

Y_s

alpha

z_g

ddx 

mu

ddx

flag

STOP

STOP

FB2
FB1

Fig. 3   Simulink block diagram used to simulate the object motion.
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section. Each one of these applications serves to test the 
model in a different aspect: sorting involves complex trajec-
tories away from the main line, while slowing and stopping 
evaluate the in-line motion (with its associated coefficients) 
and the halt condition, respectively. The following sections 
are going to introduce the resulting test bench, the design of 
the experiments, and the tests conducted.

3.1 � Setup description

The setup assembled is meant to reproduce a sorting region 
along a transfer line for packages in the range of 1 to 10 kg 
(due to the prototype working constraints) and a flat base 
with a minimum footprint of 0.2 m × 0.2 m. It consists of an 
array of the concept Modules and ball transfer units mounted 
on a planar structure of 1.2 m × 0.7 m (Fig. 4). The modules 
are the copies of the prototype presented in Fig. 1(b) and are 
organized along the line direction in a 2 rows by 6 columns 
arrangement (yellow, blue, orange colored units in Fig. 4). 
On the other hand, the ball transfer units are Alwayse® 
1006-14 nylon spheres and they are placed before and to the 

side of the modules, respectively, as the Starting position 
of the box (Fig. 4) and as the area where the sorted box is 
sent (Area after sorting in Fig. 4). The main plane, where 
all these components are placed, is hinged on the one side 
and adjustable on the other (Tilting Support in Fig. 4) to 
control the inclination for the input motion. The available 
angles for the slope (α) are [7°, 8°, 9°, 10°]. The actuation of 
the modules’ rotation axis is controlled by an ARDUINO® 
Mega board and 12 relay units. In this way, each rotor axis 
direction can be controlled (4 directions available) separately 
and exploited for other different tasks, while for the meas-
urement of the object position during its motion, a FLIR 
Blackfly® S Monochrome Camera with 6.3 MP and 59.6 
fps is used.

3.1.1 � Camera calibration and uncertainty

The camera was calibrated with 31 pictures of a 10 × 14 
chessboard (20 mm square side length) placed in all the areas 
of the field of view, at different altitudes and inclinations. 

Fig. 4   Setup with its main com-
ponents, areas, and coordinates
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The resulting mean re-projections’ error calculated by the 
Matlab built-in camera calibrator [37] was 0.23 pixels.

To increase the accuracy of the measurement, besides 
the thorough calibration of the camera, AprilTags were 
employed as fiducial markers [38] for the pose estimation 
of the surface (fixed — Reference tag of Fig. 4) and the box 
(mobile — Box of Fig. 4).

Eventually, the uncertainty of the camera measurement 
was studied to assess the quality of the visual system. The 
cases considered were two, a static measuring and a dynamic 
one. For both scenarios, a type B analysis (according to 
the GUM [39]) was conducted through Eq. (1) for x and y 
directions.

where:

•	 U is the expanded uncertainty.
•	 k is the coverage factor for the uncertainty according to 

the GUM [39], selected equal to 2.
•	 Ua is the expanded uncertainty of the calibration refer-

ence tags.
•	 ka is the coverage factor for the uncertainty Ua according 

to the GUM [39] (ka = 2).
•	 sc is the standard deviation of the reference tags’ dis-

tances measured in subsequent photos.
•	 nc is the number of subsequent photos where the ref-

erence tags’ distances are measured; 30 pictures were 
captured in each case.

•	 sm is the standard deviation computed from the camera 
retrieved values during the measuring process.

•	 nm is the number of repetitions of the measurement dur-
ing the measuring process, which is equal to 1.

The setup built to evaluate the uncertainty of the camera 
measuring distances in x and y directions is presented in 
Figs. 5 and 6. Specifically, Fig. 5 shows the Apriltags refer-
ence grid, while Fig. 6 depicts the setup used for the dynami-
cal evaluation of the uncertainty along y axis. The grid is 
1080 mm × 720 mm, i.e., 7 × 5 tags, with tag sizes (side) of 
60 mm (as the other Apriltags used in the measuring) and 
spaced by 180 mm. Additionally, the reference uncertainty 
Ua (ka = 2), decomposed along the x and y axes, corresponds 
to the values listed in the first column of Table 1.

Moving on to the missing parameters of Eq. (1), their 
assessment is now introduced. To compute sc, 30 pictures 
of the reference grid are captured in static conditions. Con-
sequently, all the distances between reference Apriltags 
along x and y are measured for each image, i.e., 30 times 
each, resulting in a measurement distribution for every dis-
tance. Therefore, sc, which is the standard deviation of these 

(1)U = k

√

(

Ua

ka

)2

+

s2
c

nc
+

s2
m

nm

Fig. 5   Reference tags grid used to evaluate the uncertainty

Fig. 6   Guides and tags used for dynamic uncertainty evaluation along 
the y axis.
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distributions, results in the worst case as in Table 1, differ-
entiated by x and y directions.

Eventually, the last term connected to the measuring pro-
cess, sm, was the one different for the static and dynamic 
evaluation. Specifically, for the static case, the measurement 
process does not differ from the previous one of the refer-
ence grid tags; therefore, sm = sc (Table 1).

On the contrary, for the dynamic evaluation, two linear 
guides and a slider were mounted on the surface along x and, 
as in Fig. 6, along y. Three Apriltags were placed on a box 
above the slider in order to conduct the distance measure-
ment between the couple of tags x-aligned and y-aligned. 
Twenty trials and therefore 20 videos (in average 100 frames 
each) were recorded for each direction (x, y). With all these 
measurements, the standard deviations resulting from the 
distributions define sm — “Dynamic” of Table 1.

Finally, with all these results together and Eq. (1), the 
overall uncertainty along x, y for the static and dynamic 
cases is summarized in the last column of Table 1. These 
values are assumed acceptable, according to the purpose 
of both the measurement and the physical system involved.

3.1.2 � Measurement procedure

Moving on from the measurement capabilities, the setup 
operation can be introduced. Specifically, during the normal 
functioning of the test bench, the box, placed on the starting 
position in contact with the reference frame, is left free to 
slide towards the sorting/slowing or stopping modules, while 
the camera is recording the motion and Arduino is power-
ing the rotor axes. The video of the box is then processed 
to extract all the data regarding its motion using Matlab. In 
practice, the Apriltag detection function (readAprilTag ) is 
adopted.

3.2 � Design of experiments

In a generic sorting operation, the primary outcomes are 
the completion time and the y distance from the starting 

position (Fig. 4), with orientation considered of secondary 
importance. The same is true for the stopping, but instead 
of y, the interest is about the motion along the line x. Lastly, 
for the slowing only matters the additional time produced.

All these outputs are affected by various parameters with 
complex inter-relations. Therefore, in order to gain a pre-
liminary understanding of them and better plan the actual 
tests, the authors employed a Design of Experiment (DoE) 
with ANOVA approach.

Practically, the analysis was focused on the more com-
plex application, i.e., sorting, and was conducted using the 
system’s digital model of the setup. Because of this, the 
time constraint appeared less stringent; thus, a full factorial 
design with two levels was selected.

The parameters chosen as factors were as follows: μmax, 
μmin, μout, m, α, zg, and B. The first two terms are the main 
friction coefficients describing the modules’ functioning, 
and used in their analytic model (Section 2.1). The third 
term (μout) is the friction coefficient between the ball transfer 
units and the box, the fourth (m) is the mass of the box, fol-
lowed by the inclination of the surface (α), the height (zg) of 
the box center of mass (referred to the surface plane), and 
the base area (B). The high and low levels selected for these 
parameters are their average values estimated in [33] plus the 
errors that may be affecting their measurement. Specifically, 
a ±10% range was considered for the friction coefficients 
and zg, a ±5% for B, and a ±2% for α and m.

Eventually, the results of the ANOVA analysis conducted 
on the average values of Table 2 are summarized in the 
Pareto chart of the effect size of Fig. 7. The two outputs 
reported are those considered of greatest importance for 
sorting, i.e., the sorting Time and the final distance moving 
away perpendicularly from the transfer line (y). These values 
are collected fixing the final x displacement. However, if the 
simulation time were fixed and the x displacement served as 
the output, the finding would have been equivalent (as Time 
in Fig. 7). The graph shows only the first ten parameters, and 
their combination, with the highest effect size. Despite this, 
the only ones truly relevant are those with the cumulative 
outcome above 5% (dotted lines in Fig. 7).

The most relevant terms are the two main friction coef-
ficients describing the module (μmax, μmin), the one of the 
transfer units (μout), and the inclination of the surface (α). 
This outcome points out that, for a good prediction of the 
surface with the digital model, these input factors have to 
be sufficiently accurate. On this context, the tilting angle 
is not problematic, as it does not change with the objects 
transported and is quite easy to assess, even with higher 

Table 1   Uncertainty terms along x, y for the static and dynamic cases

Ua [mm] sc [mm] sm [mm] U [mm]

X Static 0.11 0.045 0.045 0.14
Dynamic 0.11 0.045 0.67 1.34

Y Static 0.12 0.049 0.049 0.16
Dynamic 0.12 0.049 0.65 1.30

Table 2   Average factors values 
used for the DoE and ANOVA 
study

μmax μmin μout m [kg] α [°] zg [m] B [m × m]

0.2 0.07 0.04 7.5 10 0.04 0.245 × 0.215
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precision. On the other hand, the friction coefficients are 
connected to many factors, such as the materials in contact 
and the roughness of their surfaces, just to name two. This 
brings a difficulty for the surface predictions because differ-
ent kinds of packages and materials can have a perceivable 
difference in terms of friction coefficients. However, usually, 
the transport lines work with standard materials, e.g., card-
board boxes, plastic, and wooden containers; thus, once their 
data are determined, predictions can be made. On this sub-
ject, in Section 3.3 is presented an optimization technique 
that permits to adjust the digital model on the current mate-
rial and compute the specific friction coefficients. Moreover, 
in other circumstances, if the surface is used with a feedback 
control, e.g., real-time position from a camera, the errors can 
be corrected and the real coefficients determined step by step 
(dynamic parameters regressor).

3.3 � Tests

As a result, the tests planned for the setup dedicated to three 
main tasks, i.e., sorting, slowing, and stopping, involve vari-
ations in the following: box type (cardboard shipping pack-
age: Box type A, PVC covered cardboard box: Box type B), 
surface inclination (α1 = 7°, α2 = 8°, α3 = 9°, α4 = 10°), and 
box mass (m1 = 4.7 kg, m2 = 7.5 kg). The first two param-
eters are outcomes of the DoE analysis, as the alteration 
of the box type is prompted by the challenge of pre-select-
ing friction coefficients, while the inclination was directly 
a prominent output-affecting factor. On the contrary, the 
mass did not emerge among the DoE impactful parameters. 
However, as previous studies have highlighted (according 

to [33] and components catalogs), weights affect friction 
coefficients for diverse reasons (mainly μmin and μout). An 
example is the contact area deformation, amplified by the 
mass and the reduced stiffness of materials like cardboard 
or plastic. Another one is the load that the bearing spheres 
require for rolling smoothly or more efficiently. Therefore, in 
summary, also the mass is modified during the experiments, 
not as direct outcome of the DoE, but as cause of variations 
on the friction, which is the actual DoE prominent output.

In addition to the variations presented (α, m, Box type), 
the different operations planned (sorting, slowing, stopping) 
require also specific orientations for the rotor axes of the 
controlled modules. To simplify the tests for the sorting and 
stopping analysis, all the modules were actuated in the same 
way. Specifically, for the sorting, the totality of the modules 
was with the axes oriented at 135° (anti-clockwise) with 
respect to x axis (Fig. 8), while for the stopping, the orienta-
tions were all of 0° with respect to x axis (as the fourth red 
row of Fig. 9). Activating equally all the modules in this 
condition was possible given the fact that was not important 
to limit the output. In other words, for the sorting the objec-
tive was the package out of the line no matter the x, as for the 
stopping the important thing was just the halt along the line. 
On the other hand, the slowing was evaluated trying to have 
20% increase of time; therefore, only few rows of modules 
had to be actuated (against the motion) and were not obvious 
in advance which ones. The orientations of these axes were 
0°, as for the stopping, while the rest of the modules were at 
90° like in Fig. 9. However, depending on the inclinations, 
mass, and box type, the number and the position of the actu-
ated modules were different.

Fig. 7   Pareto charts of the 
standardized effect size of the 
Time taken and the y displace-
ments for a fixed x displacement
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For each combination of material, mass, and inclination, 
20 measurements are conducted. Out of the 20 evaluations, 
15 are used to determine the median, employed as reference 
trajectory, while the remaining 5 are employed to assess the 
error made by the digital model prediction. An example of 
these 15 measures and their median is reported in Fig. 8 for 
the sorting, and in Fig. 9 for the slowing. In these pictures, 
the magenta lines and rectangles represent respectively the 
trajectory and final position of the box base measured with 
the camera during the 15 trials and reported on Matlab, 
while the green lines are the corresponding medians and 
thus the benchmark path.

Regarding this matter, Fig. 10 summarizes the connection 
between the digital and the real layouts and results. Spe-
cifically, the image illustrates the overlapping of the two 
arrangements, with the red lines describing the direction of 
the rotor axes selected (for the sorting) and all the points 
indicating the centers of the modules (red) and ball trans-
fer units (blue). Moreover, also the box is visible, showing 
that the digital version is over the base of the material one, 
as should be. Lastly, this match between the real motion 
and the virtual environment permits to count automatically 
the number of modules in contact under the box along the 
trajectory. In detail, Fig. 10 depicts this trend with a black 

continuous line and the number of modules with dotted 
lines. On this point, the experiments conducted show that 
the center of mass of the box follows a generally smooth 
trajectory despite passing over different modules (black lines 
in Fig. 10). This occurs because the transition is gradual with 
only minor impacts. In fact, the influence of having more or 
fewer modules beneath the package primarily affects orien-
tation, while displacement appears only as a secondary and 
gradual effect. To be more specific, a new module oriented 
even differently has a relevancy on the resultant force of 
about 1 divided by the number of rotors, and therefore, it is 
limited. On the other hand, the torques differ more because 
they also involve the moment arms. Consequently, only once 
both the rotational effect and the resultant variation become 
significant, they can gradually impact the displacement.

Moving back to the testing, the reference trajectory is 
used to establish for every case the input values for the 
parameters in the simulations. Among these inputs, not all of 
them are straightforward. In particular, the challenge arises 
with friction coefficients, as they cannot be pre-selected, and 
because of their variability influenced by several parameters, 
e.g., roughness and materials. In general, for few specific 
experiments, these terms can be measured and it is not a 
major problem, but it may be in an industrial application, 
e.g., if a new batch of plastic containers is bought by the 
company to transport its parts. Therefore, to give a flexible 
and faster solution, the authors proposed to adopt an optimi-
zation algorithm to calculate them (μmax, μmin, μout). For this 
experimental setup, the Matlab lsqnonlin [40] algorithm was 
used. Specifically, the objective function to minimize was 
the difference between the real and the simulated final posi-
tion and times of the sorted/slowed or stopped object. Once 
the coefficients are settled, together with the other inputs (α, 
m, and all the others), simulations are ready to be launched 
and their outcomes compared to the five experimental results 
to assess the errors and consequently the accuracy of the 
digital model prediction.

4 � Results

The tests have been concluded, allowing for the presentation 
and analysis of results. In this regard, we will describe in 
Section 4.1 the means and standard deviations of the out-
put parameters obtained from the 20 measurements for each 
task: sorting, slowing, and stopping. Furthermore, the dis-
cussion will encompass the examination of all the distinct 
input conditions (α, m, Box type). Secondly, in Section 4.2, 
the prediction accuracy evaluation will be presented. Here, 
the relative percentage errors between the digital model and 
the experimental outcomes will be unveiled. Finally, in Sec-
tion 4.3, the subject is going to be an additional analysis 
about the system performance.
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Fig. 8   Trajectories of 15 measures (magenta) and their median 
(green) during a sorting task, with α = 8°, m = 7.5 kg, and Box B 
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Fig. 9   Trajectories of 15 measures (magenta) and their median 
(green) during a slowing task, with α = 8°, m = 7.5 kg, and Box B 
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4.1 � Measurement outcomes

Starting from the sorting, the relevant outcomes are the 
sorting Time and the final y displacement (fixing the final 
x displacement). These are reported in Fig. 11. Here, the 
error bars of the standard deviations show limited variabil-
ity for each set of measurement, serving as a quality check 
for the setup and also supporting the following reference 
trajectories identification. The main causes for the slight 
variabilities have been traced back to minimal (< 1 mm) 
misalignments of the modules and transfer units z position-
ing, and, above all, to the rigidity of the box. Precisely, they 
both cause impacts between the box and the surface contact 
points during the motion. In fact, because of the misalign-
ment, the contact points are not on the same plain. Addi-
tionally, due to the low stiffness of boxes, the deformation 
of the packages on the rotors is decreasing the height of the 
contact plane below the top of the spheres. Summing up 
these two characteristics, the impacts that may occur when 
a box encounter a new rotor are evident, especially when the 

velocity of the object is modest. The stiffness consideration 
is also supported by the wider error bars obtained for the less 
rigid box, i.e., Box A.

On the other end, the mean bars highlight the influences 
of the parameters on the outputs, confirming the predictions 
of the DoE. Specifically, the descendent trend in the time 
subplot evidences the inclination α impact, i.e., the bigger α 
the quickest the sorting (same y reached), while the differ-
ent lengths of the bars related to the two box types mark the 
consequences of diverse friction coefficients. On the same 
line, also the mass results moderately influential, as there 
are minor discrepancies between the bars of the same type 
and inclinations, but different weights. Particularly, the most 
evident impact of mass on the friction is for the less rigid 
Box (A), according to the reason previously mentioned.

Additionally, with respect to the y displacements in the 
second subplot, two threshold lines are also highlighted. 
These dashed lines illustrate the y values for each box type 
when the displacement of their respective center of mass is 
75% of the box semidiagonal away from the sorting line, 

Fig. 10   Frame of the video used for the measurement and Matlab 
arrangement overlapped to show the layout and the markers meaning; 
the magenta line shows the real object trajectory, while the black one 

represents the number of modules (nr. modules) in contact with the 
box along the same trajectory
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i.e., ylim = ymaxL + 0.75D/2, where ymaxL is the y coordinate 
of the second row of sorting modules and D is the diagonal 
of the box base. This condition is assumed as average status 
of achieved sorting despite the orientation and looking at 
the plot (Fig. 11) is fulfilled in all scenarios, verifying the 
concept capabilities.

Continuing with the analysis of slowing and stopping, 
Figs. 12 and 13 present the main outcomes of these tasks. 
Respectively, for the slowing, the outputs are the Time spent 
during the operation (top subplot Fig. 12) and the ratio 
(bottom subplot Fig. 12) of this time with the one resulting 
from the same path, but with the rotors oriented to assist 
the descent (Timefree), while, for the stopping, the outcomes 
are the Time (top subplot Fig. 13) to arrest the movement 
and the final x displacement along the line (bottom subplot 
Fig. 13). For both operations, the error bars show limited 
variability, even though slightly higher than for the sorting, 
especially for the time outputs, because of the lower speeds 
and the higher influence of impacts during the deceleration. 
Instead, the mean bars highlight the influence of the con-
trolled parameters over the motion. Specifically, considering 
the slowing, as the inclination increases (from α1 to α4), the 
overall time is reduced, although the time ratio is the same. 
Moreover, Fig. 12 (bottom subplot) shows that the minimum 
20% increase of motion time is achievable for all the input 
parameters, except with the combination m1, α1, Box A. This 
outlier is due to the prototype surface limitations, i.e., lay-
out and number of modules available for the task. However, 
more importantly, it highlights again the effect of the mass, 

which, other parameters being equal, in one case makes the 
motion possible and in the other not.

Similarly, the stopping mean bars also reflect the inclina-
tion variation. Practically, the x displacement rises with α 
requiring approximately always the same time. In Fig. 13 
(bottom subplot), the x distances of the stopping mod-
ules’ columns are reported with dotted lines. As visible, 
the steeper are the slopes, the further ahead columns are 
reached, up until the center of mass overcomes the second 
column of modules (the front of the box is preceding on 
the third column). Also for this task, the mass has a moder-
ately evident effect, the same applies to the box type for both 
slowing and stopping.

Eventually, the three figures (Figs. 11, 12, and 13) sum-
marize the measures retrieved from the setup for the dif-
ferent tasks, showing the capability to complete them, the 
effect of the main inputs, and the little variation during the 
measurement process.

To conclude, as an additional comment to what has 
already been highlighted by the tests, a more general con-
sideration can be made. In practice, although these tests 
were conducted under standard operating conditions, the 
system’s design suggests the potential to handle more 
complex scenarios that may occur in practice. Common 
issues affecting material handling and transportation sys-
tems of this kind include random orientations of packages, 
misalignments, or excessive proximity between them. 
These challenges are typically addressed by basic convey-
ors using filters, barriers, or other additional components, 

Fig. 11   Time and y displace-
ment mean outcomes (bar plots) 
with their standard deviations 
(error bars), and the sorting 
limits (dashed lines)
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whereas intelligent systems also incorporate control 
mechanisms ([2]). The system developed in this article is 
meant to adopt this latter approach, as each module can be 
potentially controlled independently, and with the use of 
a camera, constant feedback on the material flow status is 
possible. In practice, solutions to problematic conditions 
can be envisioned by combining the movements tested in 

this section. For example, if two stacked packages arrive 
on the line, slowing down the rear package would cre-
ate distance, allowing the task to be completed. Similar 
strategies are also adopted by other motorized intelligent 
systems, adapting to their design and, most importantly, 
to the specific problem.

Fig. 12   Slowing Time and Time 
ratio mean outcomes (bar plots) 
with their standard deviations 
(error bars), compared with the 
condition without slowing (dot-
ted line) and the one requiring 
20% extra time (dashed line)
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Fig. 13   Stopping Time and x 
displacement mean outcomes 
(bar plots) with their standard 
deviations (error bars), and 
x coordinate of the stopping 
modules columns (dotted lines) 
encountered by the center of 
mass.
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4.2 � Prediction accuracy

As explained in Section 3.3, every set of 20 measurements 
was split into a reference (15 trials) and a control sample (5 
trials). Then, for each input combination (m, α, Box type), 
the median of the reference samples was exploited by the 
minimization algorithm to retrieve the optimized friction 
coefficients that produce the closest outputs. Consequently, 
the results of the optimized coefficients became the reference 
values for the digital model. At this point, for each input con-
dition, the control sample was compared with these simu-
lated counterparts, evaluating their goodness. Figures 14, 15, 
and 16 present the relative percentage errors resulting from 
this assessment employing a boxplot for each combination of 
initial values (m, α, Box type). Respectively, the three figures 
report these errors for the most important outcomes of each 
task, i.e., x, y, and Time for sorting, while exclusively x and 
Time for slowing and stopping. Additionally, in the graphs, 

the overall maximum coefficients of variation (σ∗) of the 
measurements are displayed using dotted lines.

Starting from the sorting outcomes, the differences with 
the simulation for both displacements (x, y) and Time are 
very limited, on average below 1.2%, 5%, and 4% respec-
tively. In addition, to confirm the goodness of the digital 
model prediction, the figure reveals that the errors for the y 
displacement and the Time are respectively below 3�∗

y
 and 

3�
∗

t
 . Therefore, the prediction error is comparable or minor 

to the corresponding measurement variability. For the x 
error, the case was different since the experimental final (x) 
displacement was used as cutoff condition for the real data 
recording. Hence, its coefficient of variation ( �∗

x
 ) is related to 

the frame rate of the camera and consequently smaller than 
for y, and time. However, despite this, 3�∗

x
 is still comparable 

with the x error confirming the prediction quality.
Moving on to the slowing and stopping results, the box-

plots reported in Figs. 15 and 16 concern exclusively the x 
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Fig. 14   Sorting errors (boxplots) of x, y, and time, between the control sets and the simulation results with their coefficients of variation (dotted 
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displacement and the Time. In fact, for these two tasks, the 
object is not moving away from the line (x), but alters only 
its velocity. Both figures present high-quality predictions, 
specifically the relative percentage errors of x, i.e., e%x are 

on average under 0.6% and 3% respectively, while, the Time 
ones are mean-wise under 7% and 6%.

Additionally, also in these cases, the errors appear below 
the respective coefficients of variation, leading the authors 

Fig. 15   Slowing errors (box-
plots) of x and Time, between 
the control sets and the simula-
tion results with their coeffi-
cients of variation (dotted lines)
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Fig. 16   Stopping errors (box-
plots) of x and Time, between 
the control sets and the simula-
tion results with their coeffi-
cients of variation (dotted lines)
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to believe that the digital model is satisfactorily accurate. 
Similarly to the sorting, the x displacement, for the slowing 
task, was a cutoff condition for the recording; therefore, the 
same explanation for �∗

x
 is applicable.

Contrarily, for the stopping outcomes, because of their 
intrinsic ending process, �∗

x
 was directly related to the meas-

urement variability.
The friction coefficients, derived from the minimization 

procedure which returned the boxplots in Figs. 14, 15 and 
16, are summarized in Fig. 17. Each boxchart in Fig. 17 
refers to a friction coefficient, i.e., μout, μmin and μmax and a 
box type, A and B. The outcome values indicate an overall 
higher μmax and minor μmin, μout for the Box B compared to 
Box A. This is imputable to the higher friction between the 
two materials (visible from the μmax outcome), but also to 
the rigidity of the box.

In fact, the less rigid Box A deforms more on the rotors 
worsening the sphere spinning and increasing the impacts 
effect every new module is encountered during the box 
motion. These conditions, with the modeling through fric-
tion coefficients, result in greater μmin and μout overall values 
for Box A. Additionally, the rigidity together with the box 
weight and the inclination appears to produce different coef-
ficients for the same box type (whiskers and quartiles lengths 
of the boxplots in Fig. 17). The reason is always connected 
to the impacts, which are greater with higher deformation, 
i.e., with increased mass, and more significant in case of 
lower inclinations (α). As a conclusion, the friction coef-
ficients retrieved from the algorithm appear to be in line 
with the working principle (Section 2.1) and with the values 
employed for the DoE. In fact, respectively, the condition 
of higher μmax and minor μmin was satisfied. Furthermore, 
the magnitudes are similar to the ones measured with the 

setup introduced in [33] (cardboard-steel contact) and imple-
mented within the DoE.

4.3 � Performance analysis

Given the promising prediction accuracy results, the simu-
lation environment was employed to evaluate the system’s 
sorting capacity across wider input ranges. Sorting was 
selected again as subject of this investigation, as appears to 
be one of the most relevant tasks of intralogistic operations. 
Because of that, in fact, some comparison terms could be 
found in the literature [41] and could be employed as refer-
ence for the study.

Before presenting the input data and the performance 
results, some general considerations and comparison with 
current existing technologies can be done. As introduced in 
Section 3.1, the concept is capable of working with objects 
with at least one flat surface, covering at minimum four 
modules, i.e., a footprint of 0.2 m × 0.2 m (one module is 
0.1 m × 0.1 m). On the other hand, there are no limits on the 
maximum dimensions of the parcels if enough modules are 
available to create that surface. On this subject, and consid-
ering the prototyping stage, the characteristics are totally in 
line with current systems, just to mention two relevant refer-
ences: the sorting disks from [41] (well-established sorting 
technology), or the commercial smart surface, Celluveyor 
(novel, but already widely employed technology) [2]. Spe-
cifically, these two work with the same flat-faced objects, 
of which their very minimum footprint accepted is 0.15 m 
× 0.15 m (according to [41] and Celluveyor catalog). The 
shape of the flat base is not important for the solution pro-
posed in this paper nor for the existing systems. The concept 
load capacity, instead, appears even higher than the exist-
ing sorting disks ([41]) and exactly the same 200 kg/m2 as 
the Celluveyor in its 0.2 m modular version. Additionally, 
considering the technology employed by the authors’ rotor, 
this limit is only to guarantee the perfect functioning in this 
prototyping stage; in fact, being a transfer unit with a sphere 
diameter of 40 mm, the resistance load could be around 100 
kg/module (according to the lightweight solution in [42]). 
Considering this, even with overloads, the device is capable 
to work.

The analysis was conducted considering the two boxes 
of the experiments as reference. Alongside, the line’s sort-
ing space, matching similar systems (sorting disks accord-
ing to [41]), was set at 1.3 m, with the same setup layout. 
The sorting rate is defined using pieces per hour (pcs/h) as 
follows: 3600/ts, where ts is the time (in seconds) that the 
package needs from the beginning of the 1.3 m to reach ylim 
condition. Both boxes had a 7.5 kg mass, and as friction 
coefficients: [μmax = 0.203, μmin = 0.097, μout = 0.078] for 
Box A and [μmax = 0.211, μmin = 0.094, μout = 0.054] for 
Box B. These values resulted from the same minimization 
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μmax resulting from the minimization algorithm applied in the simula-
tion of the three tasks (sorting, slowing, and stopping)
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technique, but counting all cases (m, α) together for each 
box type. This approach ensures total reference coefficients 
independently of mass and inclination, making them prefer-
able for studying the effects of inputs even outside the tested 
ranges.

For these new frictional terms, the errors evaluated with 
the control samples were slightly higher, i.e., under 10% 
and 15% for x and y displacements and under 4% for the 
time. Figure 18 reports the performance analysis results. The 
input conditions tested were the inclinations in the range α = 
[5°–14°] (blue markers), the initial velocities in the range V0 
= [0.8 m/s–2.8 m/s] (red markers) and their combination, on 
the one hand the same α range plus also a constant V0 = 0.5 
m/s (cyan markers), while on the other hand, the V0 range 
plus a fixed α = 5° (black markers).

From Fig. 18, the effects of V0 and α on the sorting rate 
appear the following: α yields lower sorting rates (blue 

markers), which can be enhanced by adding V0 (cyan mark-
ers), e.g., with longer input ramps before the sorting mod-
ules. The velocity instead performs better in terms of sorting 
capability (red dots), but has a tighter range of initial values 
available. However, these limits can be expanded combin-
ing this motion source with the inclination (black markers). 
Additionally, the figure shows the effect of friction coef-
ficients and their ratios. Precisely, comparing μmax and μmin 
for Box A (∗ markers) to those of Box B (° markers), it is 
observed that the higher friction ratio μmax/μmin of Box B 
significantly enhances the sorting capability.

Finally, the sorting rates achieved for both Box types fall 
within the medium sorting capacity range [41] for nearly all 
input scenarios. Moreover, there is a margin for improve-
ment by exploring alternative V0 and α combinations, along 
with the adjustment of the friction ratio μmax/μmin, which can 
be optimized in a second prototyping stage. This conclusion 
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demonstrates the effectiveness of the surface for its intended 
purpose, as its capability is equivalent to the one of the sys-
tems within the same class and the majority of other com-
monly used sorting technologies reported in [41]. Addition-
ally, also the flexibility and versatility of the digital model 
are confirmed by its capabilities to test wider ranges of input 
conditions.

Summarizing the findings introduced in this section, the 
proposed concept shares the same operational ranges and 
constraints (footprint, weight, and the flatness of the object’s 
base) as the currently used systems (Celluveyor and sorting 
disks as references). Similarly, according to this analysis, 
its performance aligns with current technology standards. 
Remarkably, these results are achieved despite the concept’s 
simplified design, which requires no motors, while the Cel-
luveyor and sorting disk systems require 3 fixed motorized 
wheels in the former case and 1 motor for swiveling and 1 or 
more for wheel spinning in the latter. As a result, the com-
ponents in the paper’s solution are simpler (spheres, coils, 
and pins, compared to motors, axes, omnidirectional wheels, 
transmissions, etc.) and require lower maintenance. Moreo-
ver, actuation control is minimal (on/off for a pair of coils), 
as is power consumption, which is limited to axis definition 
and relies on gravity and/or the object’s previous velocity 
for active driving.

5 � Conclusion

The smart surface introduced in this paper emerges as 
a novel sorting and feeding system for material handling 
inside factories and warehouses. The prototype presented 
and used for testing the concept achieved performances 
within the medium sorting capacity range, with rates up to 
4000 pcs/h and margin for improvement. Similar results are 
in line with the current technologies implemented in indus-
try, but with the main advantages of being accomplished 
by a more essential design and avoiding motors. In fact, the 
system proposed is underactuated; hence, it exploits gravity, 
objects previous speed, or both to achieve its tasks, aiming 
to reduce costs and energy consumption. The experiments 
carried out demonstrated the capabilities of the device for 
three main tasks of material handling, i.e., sorting, slowing, 
and stopping of packages. Additionally, they highlighted 
the effects of the input parameters and condition that can 
affect the surface operation. The study was accompanied by 
the evaluation of the system’s digital model proving, given 
the very limited prediction errors, its accuracy, and justify-
ing its use for industrial purposes. Finally, on top of that, a 
method, applicable also in industrial environments, to deter-
mine the essential parameters for the surface prediction is 
proposed, increasing the concept flexibility and adaptabil-
ity. Moreover, the model adjusts to changes in transported 

parts, broadening the system’s application to a wider range 
of parcels and scenarios beyond those outlined in the paper.
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