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IMPACT SIGMOIDAL CARGO MOVEMENT PATHS
ON THE EFFICIENCY OF BRIDGE CRANES

Mikhail S. Korytov

Vitaly S. Shcherbakov

Elena O. Volf

Siberian State Automobile and Highway Academy (SibADI)

ABSTRACT

The article dwells upon the results of study influence of movements time at traversing single
obstacle arcwise with suppression of load’s oscillation on the indices of assessing working
process of a bridge crane. Simulation of movements was implemented using an imitating
model with proportional-integral-differential control. The required trajectories of load transfer

were set using sigmoid functions.

Keywords: bridge crane, PID regulator, sigmoidal

1 INTRODUCTION

The characteristic problems for the bridge crane (BC) with
flexible suspension are uncontrolled load oscillations at
movement, which significantly reduce the accuracy and
performance of implementing works. Optimization of the
trajectory of transferring point of load suspension located
on the baggage cart (trolley) BC, i.e. optimization of the
process controlling the bridge and cart’s drive mechanisms
is one of the perspective ways to solve this problem [1, 2].
There was proposed to wuse proportional-integral-
differential (PID) control independently by two controlled
coordinates of the bridge and baggage cart [3].

2 PROBLEM SOLUTION

According to the proposed functional diagram (Fig. 1), with
using packet burst SimMechanics Second Generation of the
system MATLAB, Simulink model of the BC mechanical
system with PID-control was developed. Simulink-model
allows us to study the bridge crane’s operating modes on
the engineering stage [4, 5, 6, 7, 8].

The conducted studies have shown that using sigmoid
functions for setting required time dependencies of the
horizontal coordinates of a cargo at traversing (load bypass)
single obstacle, can significantly reduce, and in some cases
even climinate high-frequency oscillations of coordinates
of load and suspension.

Contact author: Vitaly S. Shcherbakov, Mikhail S. Korytov

644080, Omsk, prospect Mira 5, Russian Federation
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In addition, there are removed the oscillations of velocities
and accelerations of the suspension point in comparison
with other methods of setting required trajectory of load
movement (for example, using trigonometric sinusoidal
time or coordinate functions or using consistent integration
of graded jerk’s functions). Also, there is a reduction of the
absolute values of acceleration of the suspension point,
they become comparable (i.e. values of the same order)
with accelerations of load at the required ideal sigmoidal
trajectory.

A series of computational experiments on a simulation
model was conducted for study BC dynamic system’s
performance with PID regulators. As an example, which
has wide practical application, there was modeled load
bypass of a single obstacle of a "wall" type on a levelled
trajectory assigned by horizontal coordinates X;, Z, space in
a fixed Cartesian system OyX,YyZ, by sigmoid (logistic)
time functions of the form [9]

Xy (tac)=1,/(L+e); 1
ZTR(tﬁ 4,6, az’cz) = (S): : kx):)/((l + eiar(Hl))' (1 + eiuz.(HZ)»’ (2)

where ¢ - time; Xzp, Z7z - the required coordinates of cargo
in the horizontal plane at time moment ¢, a, ¢, a,, ¢y, ay, ¢; -
parameters of sigmoidal functions; /. - the length of the
displacement along the axis X, between starting and ending
points of the required load trajectory (this points have zero
coordinate Z = 0); s, - value of maximum arc’s
displacement of the required trajectory of load along the
axis Z, (laterally to avoid obstacles); k&, - the correction
coefficient of maximum value of the lateral displacement



k= (14 e (14 ). 3)
Function (2) is the product of two sigmoid functions of the
type (1) - increasing and decreasing with different time of
inflection’s points. The parameters c, ¢, ¢, set the time of
inflection’s points of sigmoid functions, and parameters a,
ay, a, - the rate of change (the rate of growth or decline is
determined by the sign) of functions.

During a series of considered experiments, there was varied
the conditional time of moving suspension point of the load
Tp , which, according to the results of the research, is
entered in the limits 7p = 1,33333 Tgr, where Tgp -
conditional time of the load’s movement.
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By-turn, at using threshold value of the sigmoid function P
= 0,999, at achievement of which a given load’s movement
was considered complete, the parameters of the sigmoid
function (1) were determined by:

a=In(l/P-1)/(~T,/2); c=2-Ty/2, )
where Tgr = 0,75-Tp.

Parameters sigmoid function (2) were determined by:

ar=a; ay=—a; c;=c—kua'Tor, cr=ctkua Ter, (%)

where k4 = 0,15 - accepted coefficient of relative distance
from each other of two multiplied (2) simple sigmoid

functions.
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Figure 2 Diagrams of Cartesian coordinates of the load center’s point and the suspension point (a, b) and acceleration
of the suspension point (¢) at realization of traversing single obstacle with the use of PID-control (example).
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Figure 3 The examples of diagrams of Cartesian coordinates of the load’s center point and the suspension point
in the absence of correction of load’s deviations (a) and proportional control (b).

Coordinate and time dependences of the synthesized, with
the use of PID-regulators, coordinates of the load
suspension’s point (baggage cart) Xp, Zp required Xz, Z7z,
and actual Xgg, Zgr coordinates of the load, and the time
dependence of the acceleration of the suspension point are
shown in the Fig. 2, as an example, for the conventional

time for movement of cargo suspension point 7p = 15, 20
and 30 s.

The proportional, integral and differential coefficients of
PID-regulators of controlling drives of the cart and bridge’s
movement in this task were possessed the values: P = 20;
I1=5,D=5.
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On the Fig. 3 for the illustration of the working efficiency
and effectiveness of using the PID-regulators of controlling
drives of the bridge and BC cart’s movement, there are
presented diagrams of Cartesian coordinates of the load’s
center and the point of suspension for a specified trajectory
of the load movement, that shown in Fig. 2 with Tp = 20,
with the values of the regulators’ coefficients P = 0; / = 0;
D = 0 (Fig. 3, and corresponds to the absence of correcting
load deviations, i.e. drives move the point of suspension
along the required trajectory of load movement) and P =
20; I = 0; D = 0 (Fig. 3b, proportional regulation). In the
absence of corrective influences, the load, after a soft stop
of the suspension point, begins to oscillate around the end
point of equilibrium. At proportional regulation the
specified trajectory of the load’s movement is realized
sufficiently precisely, but at approaching the end point the
process becomes unstable and the suspension’s point
begins to oscillate with increasing amplitude around the
end point of equilibrium.

The other parameters of the working process have the
following values: the load cable length 12 m; the magnitude
of the required movement of the load along the axis OyX -
10 m; the magnitude of lateral displacement for obstacles’
bypass along the axis OyY; - 5 m; the mass of the bridge -
3500 kg; the mass of the baggage cart - 1250 kg; load
weight - 100 kg; the presented coefficients of decrement by
the angular coordinates of deviations of the load cable from
the vertical in two mutually perpendicular planes - 100
N-m-s/rad.

The total time of the suspension’s movement was varied
from 15 to 40 s with interval of 0,1 s.

The working process of the bridge crane can be assessed by
various parameters. On the Fig. 4, as an example, there are
presented some of them, obtained during the described
series of computational experiments: the absolute
movements of the bridge and baggage cart correspondingly
(at the realization of the specified trajectory) /piups, Ipaans, M;
the maximum velocities of the bridge and baggage cart’s
movements Vi,.. Vama, M/S; the average velocities of the
bridge and baggage cart’s movements Vi,cun, Vamean, MV/S; the
maximum accelerations of the bridge and baggage cart’s
movements @i dama, M/s%; the average accelerations of
the bridge and baggage cart’s movements ajean, @omeans
m/s*; the standard deviations of the speeds of the bridge
and baggage cart’s movements vy, Vogg, M/s; the standard
deviations of the accelerations of the bridge and baggage
cart’s movements digg Aoy, m/sz; the maximum
instantaneous values of powers, spent by the bridge and
baggage cart’s drives Ny,u, Nomar, W; the average values
of powers, spent by the bridge and baggage cart’s drives
Nimeans Nomeans W3 the maximum absolute error of the
trajectory’s realization A,,; the average absolute error of
realization of the trajectory Ay, m; the work, implemented
by the drive of the bridge 4;, J; the work, implemented by
the drive of the baggage cart A,, J; the total work of the
drives Ay, J.

The virtual measuring sensors, embedded in blocks of
mechanical joints SimMechanics Second Generation,
measuring movements and velocities by the degrees of
joints’ freedom were used during the working process for
measuring and calculating the values of the above
parameters.

The developed model allows solving the problems of the
BC dynamics, analysis and synthesis of structural and
technological parameters of the BC and their control
systems. There is possible the study of large movements of
the links. The results of the conducted studies lead to a
conclusion that realization of the leveled trajectory of the
movement of a certain type’s load without high-frequency
oscillations (rocking) of both the load and the suspension’s
point is possible at relatively low values of accelerations,
developed by the suspension’s point.

3 CONCLUSION

Analysis of the obtained dependences allows us to conclude
that increasing the specified time of movement for the same
test trajectory enables to reduce the requirements to the
bridge and baggage cart’s drives in terms of maximum and
average values of velocities, accelerations, powers, works
fulfilled by the drives, during simultaneous increasing the
accuracy of load’s movements.

Thus, the requirement to increase of the BC’s operating
efficiency (decreasing movements’ time) is associated with
the need of applying more powerful and fast-acting drives,
increasing energy consumption and decreasing movements’
accuracy.

The receiving of the mentioned dependences for an
arbitrary specified trajectory creates the possibility to
optimize the BC’s working process by the criteria of
accuracy, efficiency and energy consumption, including
multi-criterion optimization taking into account various
limitations.
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A CONTACTLESS ROBOT KINEMATIC CALIBRATION METHOD
BY DIGITAL PHOTOGRAMMETRY
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ABSTRACT

A technique to obtain the kinematic calibration of multilink systems is presented. The
technique that is based on a digital photogrammetry vision system and the D-H based
kinematic equations, can be considered as a reverse engineering aspect. The most important
aspects of this technique consist in that no information on the kinematics chain is needed, it is
fast, low cost, non invasive and also friendly for the operator. Tests of the technique on a
revolute robot are also reported, showing a good reliability of the technique itself.

Keywords: Kinematic calibration; digital photogrammetry; Robot mechanics; Reverse engineering

1 INTRODUCTION

Kinematic Calibration

Because of the manufacturing and assembly tolerance, the
actual kinematic parameters of a robot differ from their
design values; these differences represent the kinematic
errors. Because of these kinematic errors the robot end-
effector will reach a position that is different from the one
that was expected if the nominal kinematic parameters were
considered. Especially when the lowering of the costs is
required, the kinematic calibration is an effective way to
improve the absolute accuracy of robots without the need
of a high accurate tooling during the link manufacturing.
The kinematic calibration process of an articulated
mechanism has different implications in all areas where
they are present. This often implies that the presence of
such a procedure is also required in applications where the
need of the procedure is not so evident. An example can be
represented by all the devices that are used as simulators
[1].

A relatively recent trend is to use optical equipment based
on artificial vision techniques for the measurement
instrumentation that is necessary to measure the data used
in the calibration of the kinematic chain. Studies were
implemented on the use of stereoscopic vision system to
obtain the tri-dimensional data necessary to a kinematic
calibration procedure [2, 3].

Contact author: Cesare Rossi

Via Claudio, 21 80125 Naples, Italy.
E-mail: cesare.rossi@unina.it

It must be also said that nowadays, calibration tasks need a
lot of measurement techniques [4].

The need for an increasingly automated techniques for
kinematic calibration of robots, has always pushed toward
greater use of vision as a measure of the environment.
Different visual feedback motion control methods of the
robots was studied in the last few years, to achieve accurate
measurement in the industrial robot [5]. At the same time,
many algorithms have been developed for the
environmental recognition and the motion detection in
robot applications, with the aim to promote the integration
of vision systems in robotics, especially in mobile and
autonomous robots, and to promote and to improve the
possibilities of control in robotic applications [6].

The applications based on main sensor with one camera
installed in the robot hand, are always more and more
numerous, and by means of them the positions of the end
effector are related to the positions of the robot joints, and
so it is possible to implement a kinematic calibration of the
robot, using a kinematic model based on the Denavit-
Hartenberg parameters [7, 8].

In this paper is presented a kinematic calibration technique
based on a vision system measurement, in particular the
position data of some points of the robot are detected by
means of digital photogrammetry. The technique uses a
kinematic model of the robot based on the Denavit-
Hartenberg convention, and the relative displacements
between the points “observed” with the vision system.



The main purpose of this work was to develop a kinematics
calibration procedure that could be applied without
knowing any information on the kinematic chain under
investigation and therefore without having to do any
measure on it.

The main goals were also represented by the possibility of
obtaining a fast, low cost, non-invasive and also friendly
for the operator technique

Digital Photogrammetry

Today Reverse Engineering (RE) systems make it possible
to solve the problem of the digital reconstruction of objects,
even of complex shapes, through principles codified in
complete sets of procedures, specific to various
applications.

Among the RE systems, the digital photogrammetry — low
cost non-contact passive technique — was chosen for this
research.

Photogrammetrical methods are as old as photography and
can be dated to the Mid-nineteenth century.
Photogrammetry was used for the first time in 1851 by the
French officer Aimé Laussedat, referred to as the “Father of
Photogrammetry”, who developed the first
photogrammetrical devices and methods, using terrestrial
photographs for topographic map compilation.

The process was called iconometry (from the Greek words
icon meaning image and —metry measurement) [9].

Digital Photogrammetry instead was born in the 80’s,
having as a great innovation the use of digital images as a
primary data source.

The extraction of 3D information from digital images is a
complex task requiring a mathematical formulation
between the images (at least two) and the object. It uses
methods from many disciplines, including optics and
projective geometry, in particular, the fundamental
principle is that of triangulation (Fig. 1): taking photos
from at least two different locations, so-called “lines of
sight” can be developed from each camera to points on the
object. These lines of sight, the viewing ray (i.e. a ray from
the optical centre of the camera through the projection of
the feature on the image plane), are mathematically
intersected to produce the 3-dimensional coordinates of the
points of interest. It is what our brain does all the time in
conjunction with our eyes' retinas. Algorithms for
photogrammetry typically express the problem as that of
minimizing the sum of the squares of a set of errors, known
as bundle adjustment [10].

Due to the fact that the 3D reconstruction is performed
through the identification of common natural features in the
image set, the accuracy of the reconstruction depends on
the quality of images and textures.

Digital photogrammetry is characterized by the following
main phases:

¢ analysis of the shape of the object and planning of the
photos to be taken;

e calibration of the camera;

10
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processing of the photos with specific software to
generate a point cloud;

transfer of the point cloud to CAD software to create a
3D CAD model.

The advances in computing speed, parallel processing, high
camera resolution and the availability of several
photogrammetry software packages, that work in ordinary
computers without any specialized hardware systems that
were required in the past, has made photogrammetry much
more feasible and affordable in many applications [11-14].

Currently, photogrammetry is used in several applications
such as: Topography (e.g. GIS, Map production), Civil
Engineering & Historical Preservation (e.g. 3D CAD
reconstruction of buildings or historic objects for
preservation or restoration purposes [15]), Quality Control
(e.g. quality control tool for piping manufacturers),
Aerospace (e.g. tooling inspection, Reverse Engineering of
parts by aftermarket fabricators), Automotive (e.g.
measuring the effect of crash-tests), Shipbuilding & Repair
(it represents the main industrial application [16]. Most
shipyards have adopted an advanced measurement
technology in an effort to contain costs and further cut
down the production cycle) and also Medicine (e.g. in
Dentistry to record the location and orientation of multiple

implants [17]).
Camera Position 2

Camera Position 1

Figure 1 Triangulation Principle used to produce 3-
dimensional point measurements.

By mathematically intersecting converging lines in space,
the precise location of the point can be determined. It is the
two-dimensional (x, y) location of the point on the image
that is measured to produce this line. By taking pictures
from at least two different locations and measuring the
same point in each picture a line of sight is developed from
each camera location to the point.

2 THE CALIBRATION TECHNIQUE

If the coordinates in the working space and the joint
parameters are known, it is possible to write the direct
kinematics equations by means of the Denavit-Hartenberg
convention. With this method, each degree of freedom of
the robot is characterized by four parameters that describe
also the type of joint. As shown in Figure 2, the four



parameters are sufficient to describe any geometric
transformation associated to a generic kinematic joint.
A matrix transformation (homogeneous coordinates),
associated to a generic geometric transformation between
the coordinates in the frame "i" and the coordinates in the
frame "i-1",can be obtained as the product of the four basic
transformations described by four parameters:

cos(3) —cosi)-sin(4)

sin)-sin(}) & -cos)

i1, | SINE) cos@)-cos(d) —siny)-cos() & -sin(@)
A= 0 sin() cos) d,
0 0 0 1

@)

1
I
1 I

Figure 2 Denavit-Hartenberg parameters of a generic
kinematic joint transformation.

The four parameters 0;, d;, a; and o; of matrix (1), describe
the type of joint, so if the joint is rotational the joint
variable is 0;, while if the joint is translational the joint
variable is d;.

By means of such matrixes it is possible to calculate the
transform matrix that allows to obtain the coordinates in the
frame 0O (the fixed one) of the robot, from those in frame n,

that is the one of the last link of the robot:
°T =°AA, LA

{PO F 0Tn '{Pn} )
The equation (2) contains all Denavit-Hartenberg

parameters, which describe the kinematic chain of the
robot, among these there are the joint variables that
describe the configurations of the robot.

The kinematic calibration consists of an inversion of the
equation (2), by means of whose it is possible to calculate
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the Denavit-Hartenberg parameters, other than the variables
of the joints.

To do this it is necessary to know {Po}, {P,} and the joint
variables, but in general it is not possible to calculate more
unknowns with only one equation, so (2) must be estimate
for a sufficient number of robot configurations.

The developed procedure, consists of measuring the
position of the robot with a photogrammetric technology.
In particular, by means of this technique it is possible to
know the position of some targets, that are placed on a
revolute robot with three rotational joints, figure 3.

The photogrammetric measure allows to calculate the
position of the targets in its reference system, {P,}.

In order to use the equation (2) to estimate the Denavit-
Hartenberg parameters, it is necessary to know the
positions of the target in the reference of the robot. This
operation is possible if the relation between the reference of
the robot and the reference of the photogrammetric system
is known, but this relationship is not easy to know or to
measure.

This proposed and developed calibration procedure is based
on the measures of distances, instead of the absolute
positions of the target points, so it is not necessary to know
the relation between the robot and the photogrammetric
system.

=

Figure 3 Robot and target.

If [di]k is the distance between the target point “i” in the
robot configuration “k” and the target point “j” in the robot
configuration “t”, it is possible to write the following
relation:

bl [l - ]| -l ke
S RIRIREARY

where:
i, j = target points;
k,t = robot configurations;

t

®)




[{Po}ilk = position of target “i”” in the robot base system and
for the robot configuration “k”;

[{Po}il: = position of target “j” in the robot base system and
for the robot configuration “t”;

[{P.}ilx = position of target “i” in the photogrammetric
reference system and for the robot configuration “k”;
[{P.}l: = position of target “j” in the photogrammetric
reference system and for the robot configuration “t”;

[°T.J« = robot transform matrix between frame “n” and
frame “0” and for robot configuration “k”;

[°T.J; = robot transform matrix between frame “n” and
frame “0” and for robot configuration “t”

{P, }i AP, }j = coordinates of the target points “i” and “j” in

the reference system “n” of the robot.

In equation (3) there is no dependency from the
relationship between the reference of the robot and the
reference of the photogrammetric system, and the unknown
are the Denavit-Hartenberg parameters, other than the
coordinates of the target point in the reference “n” of the
robot, while the variables of the joints and the distance dj
are known.

The kinematic calibration problem can be expressed as

following:
h)

d; = F({o) ok 7on. o e
where:

{@}kz vector of the variables of the joints in the robot
configuration “k”;

{@}t: vector of the variables of the joints in the robot
configuration “t”;

7py = Vvector of unknown parameters of the Denavit-
Hartenberg convention;

{Pn }I , {Pn }j = coordinates of the target points in the reference

(4)

system “n” of the robot.
The problem described by equation (4), obviously, can not
be resolved to find the unknown @, {P,}, and {P, }, with

only one distance dj;, so it is necessary to write it for a
sufficient number of times, and then it is possible to invert
the equations (4) to estimate the unknowns.

The proposed procedure estimates the equation (4) for
some target points, applied on the last link of the robot and
for some different configurations of the robot. In this way it
is possible to write a lot of equations (4) because it is
possible to compute the distances between each target point
and the others in all the different configurations of the
robot.

If Nt is the number of target point and N¢ is the number of
robot configurations, all the possible distances, N’g, that it
is possible to compute is the number of combinations of
NtXN¢ points taken two at a time.

vy = NC%NT ‘Ng—2)1-21) ®)
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In addition to these distances, it is possible to calculate the
mutual distances between the target points, also in the
coordinate reference system “n” of the robot. The number
of these last distances Ny, is the number of combinations
of N+ points taken two at a time. In the calculation of these
distances the parameters of Denavit-Hartenberg convention
and the vector of the variables of the joints, but only the
coordinates of the target points in the reference system “n”
of the robot.

N"d:(NT%NT ~2)1.21)

In conclusion the total number of distances that is to
possible to evaluate and so the number of equation (4) that
is possible to compute, Ny, is the following:

(6)

Ny =N, +N", @)

3 THE EXPERIMENTAL PROCEDURE

The proposed procedure was applied to a revolute robot
with three degree of freedom, figure 4.

The reference systems hypothesized according the
convention of Denavit-Hartenberg are shown in Figure 4.

In particular the photogrammetric analysis, was performed
using 50 targets to define the three-dimensional
coordinates. Some of these were fixed and identified the
reference system, the others were attached to the robot and
were moved with it.

Figure 4 Revolute robot and the Denavit-Hartemberg
reference system.

3.1 3D POINT ACQUISITION

A photogrammetry software package, RhinoPhoto by
Qualup SAS (France) and a Nikon D200 camera were used
for 3D points acquisition.

The following two main phases were performed:

e calibration of the camera;

e processing of the images.



3.2 CAMERA CALIBRATION

Camera calibration plays a fundamental role in
Photogrammetry, in order to obtain accurate digitizing, as
confirmed in literature [18, 19].

During the process of camera calibration, that is obtained
by RhinoPhoto with 4 photos taken with the camera rotated
90°0of a calibration grid (Fig. 5) fixed on a perfectly flat
area, the metric characteristics of the camera are
determined.

This phase is essential for determining:

the real focal length of the camera, not exactly the same
as the focal length indicated by the manufacturer;

the real position of the Principal Point of the CDD
sensor essential in order to calculate the exact 3D
positions of the camera;

the Lens Distortion in order to compensate for this
error.

Figure 5 Camera calibration grid.

3.3 IMAGE PROCESSING

After the camera calibration phase, coded targets, similar to
circular barcodes were defined and positioned on the points
to acquire and various photos were taken at different angles
(Fig. 6).

To each one of the target corresponds a number (Fig. 7a).
These numbers are automatically read from the images and
2D points on the images are created at the center of the
target (Fig. 7b).

The 3D positions of the camera, not known when the
photos were taken, then were computed from 2D points on
each image (the centers of targets) and finally, the 3D
points were created (Fig. 8).

4 EXPERIMENTAL RESULTS:
ROBOT PARAMETERS IDENTIFICATION

To perceive all the robot degree of freedom, three coded
markers were placed on the end of the third link, like it is
shown in Figure 9. Each of these markers is composed of
two calibrated target points and of a third target on the side
of the marker.

The tests were carried out by analyzing five configurations
of the robot and seven target points, shown in Figure 9.
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For each of the five configurations of the robot there is a
vector of the variables of the joints®, as reported in Table
I

In this case Nt =7 and N¢ = 5, so all the possible distances,
N’y that are possible to compute with (5), are 595, while
the distances N”, that it is possible to compute with (6) are
21. So, the total number of equations that can be used to the
identification of unknown parameters, is 616.

Figure 6 Photos of the points to be acquired
taken at different angles.

o)
YRR

Figure 7 Coded targets.

The kinematic calibration problem (4) has been inverted
with an optimization procedure, as said, it is possible to
evaluate the parameters of the Denavit-Hartenberg
convention and the coordinates of the seven target points in
the reference system “3” of the robot.

In particular the problem (4) is written as a scalar function
of several variables, and constrained nonlinear optimization
attempts to find a constrained minimum of this function
starting at an initial estimate.
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Table | — Value of variables of joint
in five robot configuration

Robot 0, (rad) | 0,(rad) | ©,(rad)
configuration
1 0 -0,4443 | 1,1709
2 0 -0,6487 | 1,5995
3 0 -0,2674 | 1,0974
=7 A 4 0,1419 | -0,4265 | 1,1342
[ S va)
g - 5 0,0082 | -0,4389 | 1,1430
Camera Positions
"y
Q =A The vector of unknown parameters of the Denavit-
% Hartenberg convention, rp,, consists of 9 elements, while
the coordinates of the target points in the reference system
In Table Il the identified parameters of problem (4) are
Figure 8 3D acquired points in a CAD environment. reported.
Table Il — Identified parameters
Identified value Identified value
(mm) (mm)
a -1,41 X3 1,01
dy 398,76 Y3 15,40
a3 404,06 Z3 0,83
d, 449,00 X4 0,3
dg 4,2 Y4 '14135
ds 4,33 Z, 14,31
o4 -1,56 Xs 0,84
oy 0,00 Ys -14,52
O3 0,00 Zs -14,44
X4 1,07 Xe 0,32
Y, 59,95 Ys -44,37
Z; 0,64 Zg 14,44
X2 101 X7 0,66
Figure 9 Target p_oints_ qsed_ Y, 44,35 Y, -44.48
for robot parameters identification.
Z; 0,73 Z; -14,36
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In Figure 10, the residual values of the distances calculated
with the identified parameters, compared to those measured
with the photogrammetric system, are shown. It is possible
to see that the mean value of the residual is 0.32 mm with
the identified parameters and target points coordinates,
while the same value is 1.68 mm with the nominal
parameters and the measured coordinates of the target
points.
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The photogrammetric system made it possible to measure
the distances between the positions, whose nominal values
are shown in the last column of the Table III.

In Table IV the obtained results are shown:

Table IV — Measured distances with nominal
and identified robot parameters.

residual (mm)
o

A verification of the results is obtained by measuring the .
displacement of point 1 with photogrammetric system, Distances NOMINAL PARAMETERS
planning the robot motion with nominal and identified d (mm) error
parameters of the Denavit-Hartenberg convention. . .
Three sets of coordinates, in the reference system 0 of the (mm) % % mean
robot, are taken in to account for point 1 and these are di» 99,7678 | 0,2322 |0,2322
shown in Table 111 ’
dis 101,9261 | 1,9261 | 1,9261| 1,1551
dos 179,9363 | 2,3215 | 1,307
. Table IV — cont.
\ | \ i \ | [ ‘ \\\
OHHI JM ‘ il \ | h” }\ ‘ Jh \ Distances IDENTIFIED PARAMETERS
W M ‘ W 1}WW H, i M — d (mm) error
vww ‘ ™ o w|u \ (mm) % % mean
) I ! di, 100,6948 | 0,6948 | 0,6948
dis 98,6149 |1,3851(1,3851| 0,878
dos 176,6305 | 0,9843 | 0.5541

300
distances

Figure 10 Residual values in mm of the distances
calculated with the identified parameters.

The motion of the robot is planned to move point 1 of the
reference system 3 of the robot, indicated in Table Il, in the
three positions indicated by the Table Ill. The inverse
kinematics was applied with the nominal parameters of the
Denavit-Hartenberg convention and with those identified
with the kinematic calibration.

Table 111 — Sets of coordinates for point 1.

Point X y z Distance d

1 mm mm mm (mm)
pos.

1 700 0 450 di, 100

2 600 0 450 di3 100

3 | 700+100/ | 100/ | 450+100 das 177,6148

e3 e3 /e3
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The data reported in Table IV show the measurements of
movements performed by the robot planned with the two
sets of D-H parameters, and the relative percentage errors
with respect to the nominal displacements. With the
identified parameters a lower average percentage error is
obtained.

5 CONCLUSIONS

A method for the kinematic calibration of almost any
multilink system was presented. The method was then
experimentally tested on a low cost revolute robot
prototype that was designed and built in our laboratory.
Mainly the technique presents the following peculiarities:

o the technique is non-invasive for the mechanism;

no measures from an operator are required; this
drastically reduces the possibility of errors and, hence it
is friendly for the operator;

the procedure is simple and requires a very short time to
obtain the full calibration data;

the computational efforts are very low;

once the test rig is acquired, the procedure is a very low
cost one. Hence it can be used for a mass production;

no information is necessary on the kinematics chain.



The presented test results clearly show that the technique
permits to obtain accurate values of the kinematic
parameters.

Further developments will concern deeper investigations on
the error sources in order to obtain a further increase in the
accuracy of the calibration proposed technique.
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ABSTRACT

An experimental investigation of the effects of the fitting procedure of disk and rim in
automotive wheels on their dynamic behaviour is reported. Due to the variation of mass and
fitting diameters of the two components, the goodness of the process is evaluated through the
assembled wheel dynamics. The geometrical data of an experimental measuring campaign on a
large sample of each sub-component are provided and critically analysed with statistical
methods, while the results of an experimental modal analysis supply the modal properties of
each component. The potential of this method lies in the possibility of being able to deduct the
residual stress due to the fit, difficult to quantify in other way, directly from the correlation of
the experimental measurements of the natural frequencies of the sub-components and of the
wheel after the fitting. Finally, an indirect measure of the fitting procedure can be detected.

Keywords: experimental modal analysis, interference fit, automotive wheel

1 INTRODUCTION

The search for more and more performing and safe vehicles
has led, in recent years, to an increasing optimization of all
automotive components.

Components designed are safer at the same time lighter to
comply with emissions standards become progressively
ever more restrictive.

Nowadays the dynamic behaviour of automotive wheels
has become particularly important for the overall
performance of the wvehicle. The design of these
components must be accurate enough because they have a
particular importance and on their dynamic depend driving
stability, safety and most of the vibrational and acoustic
comfort of the vehicle. In order to satisfy these aims, the
study of the wheel should include analytical and numerical
models to take into account the quasi-random variations in
the real components due to the production process.

Contact author: Elvio Bonisoli

Politecnico di Torino

Dept. of Management and Production Engineering
Corso Duca degli Abruzzi, 24 — 10129 Torino, Italy
E-mail: elvio.bonisoli@polito.it

The stochastic changes of the main variables involved,
owing to the dimensional and geometric tolerances, assume
a major role. A large part of the automotive wheels are
obtained by fitting the disk in the rim; this process produces
stress on the component, in addition to the residual
production process residual stress, that is very difficult to
estimate due to variability in the production process and
due the geometric and dimensional tolerances of the
components.

Several studies have been done on the wheels classical
fatigue tests: in [1] a simulation of the cornering fatigue test
is provided, in [2] the radial fatigue test of the wheels is
presented, but in both cases the effects of the fitting are not
considered.

The determination of the service stress of a wheel, due to
the vertical and horizontal loads and production process is
reported in [3], but also in this case the residual stresses are
not considered.

In [4] the authors also investigated the effect of residual
stresses due to production process and the fit of the disk in
the rim, considering a large sample of disks, rims and
wheels.

The stress causes variations in the frequencies of the
components, stress stiffening or softening effect: in [5] is
shown as the stress affecting the dynamic behaviour of the



component, while in [6] an analytical formulation is
obtained for the fundamental frequency for a clamped plate
increasing stress.

The fitting of the disk in the rim produces plastic
deformation of the components. Therefore it is not possible
to deal the wheel with linear elastic equations; recent works
show the limitations of the classical thick-wall theory when
dealing with complex geometry components and with
plastic deformations [7].

It is well known that any measure made on nominally equal
components has some variability [4, 8, 9, 10], so it is not
possible to estimate in advance the stress due to fitting
because it is influenced by a large number factors, and
because the stress on the wheel depends on the two
particular component assembled.

The basic idea of this work is that of being able to estimate
the tension due to the fitting of disk and rim, just starting
from the measurement of the natural frequencies of the
components and subsequently of the assembled wheel: in
effect, at each modeshape of the wheel is possible to
associate a component modeshape [4].

A statistical approach is needed to study the influence of
the components properties on their natural frequencies, this
paper in particular focuses on the effects of mass and fitting
diameter. To correlate fitting diameter and mass to the
natural frequencies, an experimental modal analysis
campaign has been conducted on a sample of 40 disks, 40
rims to detect which of the modeshapes is useful to the aim.

2 MEASURED DIAMETERS AND MASSES

The subject of the study is a spare wheel of a common car,
with the disk and rim shapes and cross section shown in
Figure 1.

The fitting diameter considered is the minimum in case of
the rim, and the maximum in case of the disk, thus the ideal
interference value is the difference of the two.

While the 40 disks come from the same component
specifications and thus they only differ one another for
production tolerance ranges, the 40 rims are divided into 3
families:

e standard rims (20 samples);

increased diameter rims (10 samples);
decreased diameter rims (10 samples).

With those families in addition to the standard interference
fit range, two extreme ranges can be taken into account,
one with very low and the other with very high interference
fit. The residual stresses caused by the interference
conditions after the fitting process are presented in
Figure 2.

The masses and the diameters for the samples of disks and
rims are subject of a first statistical check using Normal
Probability Plots (NPP) to evaluate the normality of the
distributions.

Figure 3 shows the distributions of rims and disks
diameters, where in the top plot the three rim families are
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(b)

Figure 1 Isometric view (left) and cross section (right)
of the rim (a) and disk (b) considered.

Figure 2 Contour plot of the residual stresses
due to the fitting process, from numerical simulation.

clearly distinct, and in the bottom plot the disks have an
unexpected trend in the central zone, raising the possibility
of a bi-normal distribution.

One of the possible causes of this distribution might be due
to different sheet metal coils.

The same plots are shown in Figure 4, considering the mass
property. Each component was measured four times and
randomised with other samples, and in this plots all the
single measurements are represented.

In both plots a gap is present, dividing the range into two
separate distributions. In both cases the trends are hypo-
normal, with several samples located at the tails of the
distribution, and considering the left portion the trend is
more normal with respect to the right portion for both rim
and disk cases.
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Figure 3 NPP for rims (a) and disks (b) diameter.

Analysing the rims, the mass NPP can be arranged
considering the averages of the four measurements of each
component, and colouring differently the three diameter
families, as shown in Figure 5. It is interesting to notice that
while standard and bigger rims distribution are mixed, with
bigger rims slightly heavier, the smaller rims are more
concentrated and located on higher values. This says that
smaller rims are heavier.

Considering the sheet metal thickness as one of the most
relevant parameter which influences the mass, the heavier
smaller rims could be due to the non-standard production
process of the component, which could induce a lower
influence on the thickness.

3 EXPERIMENTAL MODAL ANALYSIS

For the correlation analysis, Experimental Modal Analysis
(EMA) has been performed on each sample of disk and rim,
in free-free boundary conditions simulated using low
stiffness springs. The data are acquired using two
monoaxial accelerometers, placed in three different
configurations on the rims and two configurations on the
disks, and the excitation chosen is impact hit with force
detection hammer.
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The aim is not to perform a full modal identification but
only the Frequency Response Function (FRF) in order to
identify the natural frequencies of each component, not
considering the whole modeshapes.

Figure 4 and Figure 5 show the acquired FRFs for one
sample of rim and one sample of disk respectively, where
the different configurations for disk and rim are clear.
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Figure 8 Numerical modeshapes of rim (upper) and disk
(bottom) for the 1% mode (left) and the 4™ mode (right).

Knowing the location of the accelerometers, it is possible to
determine the modeshape, known the modeshapes sequence
from a numerical simulation. Figure 8 shows the 1* and the
4™ numerical modeshapes of disk and rim.
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The single FRFs allow evaluating the zones where
structural nodes apply by curve comparison, and helping
recognising the modal shape.

In the rim case, the accelerometers for the second
configuration were located in the central zone. The central
zone is less relevant and it is subject to several structural
nodes, thus for all the rims it has not been considered.

All the remaining FRFs have been subject to a sum, in
order of obtaining a single curve FRF sum which could
represent the component.

This sum was then subject of automatic peak detection for
the identification of the natural frequencies, which are then
assigned to each disk and rim.

Figure 9 and Figure 10 show the sum of the samples related
to the single FRFs, with vertical dashed lines which
represent the location of the natural frequencies identified
though the automatic routine.

Due to the difficulty of automatically separate in the
experimental identification the different modes when they
have very similar frequency (common feature of
axisymmetric objects), they are considered as single modes,
thus with the same mode number.



4 FREQUENCY CORRELATIONS

The automatically identified natural frequencies for rims
and disks can then be correlated to diameters and masses
through qualitative evaluations on simple plots.

In the rim case, it is possible to analytically predict the
dependency of natural frequencies with respect to the
geometrical parameters by taking into account the dynamic
bending behaviour of a generic r-mode, with the
assumption of an equivalent curved beam with rectangular
cross-section. With modal coordinates the related frequency
would be

1 /k
fp=—|—"F
o2z \m, @)

and by making explicit the stiffness k and mass m terms of
the related geometry

Mode 1
98
| | | |
| | | |
975 — — — — — Lo __ Lo Lo 4___Aa_
| | | |
| | | |
97k — — — — — L - Lo O 4 A
| | | |
| | | |
965 — — — — — L_____ L_____ 1_____ 4T
£ v | | |
= | | |
§ 9L — — — —— &L ,,,,, L_____ 1_____ J
v
2} \"4 | | |
g R I !
L 955 ——— - — L L-00-4+----- -
| | o | |
| | o | |
5L — — — — — Lo L ,QDO [ O
| | og | |
| | | |
,,,,,, L_____1_09 . _____a1_____]
945 | | o | |
I I @ I
00
94 I I I I
395.5 396 396.5 397 397.5 398
Diameter [mm]
(@)
Mode 4
595 T
| | | |
w | | |
| | | |
590 — — — — — L - — - Lo R |
| | | |
| | | |
| | | |
5850 — — — — _ L_o____ Lo ____ 1 ____ P
| | | |
2 ‘ ‘ o% ! !
= | | o | |
9 sgol — — — — — L_o____ L_ L P
§ 580 | | ) °7 |
=3 | | ° | |
P | | | |
575 — — — — — L - — - Lo R |
| | | |
| | | |
| | | |
570 — — — — — L - — - Lo R G |
| | | |
| | | |
| | | |
565 I I I I
395.5 396 396.5 397 397.5 398
Diameter [mm]

Figure 11 Frequency vs. diameter plot of rims
for mode #1 (a) and mode #4 (b).
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it is possible to show the dependency with respect to
thickness s and diameter d

1 S E
fr OCZ—”ZdZ \/; (3)

with linear direct effect of the thickness and inverse
quadratic effect of the diameter. For the thickness in
particular the behaviour is the opposite of what one would
expect: an increase of thickness would increase the mass
thus lower the frequency, but in this case the stiffness
contribution is predominant, providing a direct dependency
between natural frequencies and mass. Similar dependency
can be detected for disks, considering equivalent bending
modes of a circular plate.

Figure 11 shows the correlation between the first and fourth
mode of the rims, with respect to the diameters. The rim
families are clearly separated and represented with different
colours.
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Figure 12 Frequency vs. diameter plot of disks
for mode #1 (a) and mode #4 (b).



There is a general tendency, considering the difference of
the families, while inside the families there is no tendency
evidenced. In particular, for mode #4, the trend is a
decreasing frequency on increasing diameter, as predicted
in (3). Not evident tendency are detected inside each
families, most probably because other parameters have the
same influence on the frequency with respect to the
diameter and mask the trend.

On the other hand Figure 13 and Figure 14 show the
dependency of the frequencies with respect to the mass for
both rims and disks respectively.

In this case the mass has particular influence on the
resonance frequency and with a linear positive trend.

Figure 12 then shows the same plot but considering the
disks. Having only a single standard family the plotted
point are randomly scattered, it is clearer that there is no
particular trend considering just the tolerance range for the
diameter, as happen in each family of the rims.

Considering the rims, the trend is increasing frequency on
increasing mass, and this can be counterintuitive. There are
visible three different linear correlation, one for each
family, depending on the diameter, as obtained before.
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Figure 13 Frequency vs. mass plot of rims
for mode #1 (a) and mode #4 (b).

ISSN 1590-8844
International Journal of Mechanics and Control, Vol. 16, No. 02, 2015

This time is also visible a trend inside the families, with
much less dispersion in case of mode #4.

In the disks case, where a single family is present, the trend
is still clear, and also in this case mode #4 shows a clear
trend with much less dispersion. These trends tend to
confirm the hypothesis of the relevant influence of the sheet
metal thickness on the mass of the component, as in (3) for
both rims and disks.

5 CONCLUSIONS

In this paper large samples of rims and disks for automotive
wheels are been analysed. The fitting diameters and the
masses of rims and disks are been measured. From
statistical analysis of the diameters the three known
families of rims appears clearly, but also the disks seems
divided into two families probably because of different
sheet metal coil. The statistical analysis on the masses
evidence a strange behaviour in the rims, indeed the smaller
rims results to be heavier, while the masses of standard and
large rims are mixed respect the diameters.
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Figure 14 Frequency vs. mass plot of disks
for mode #1 (a) and mode #4 (b).



After the detection of the natural frequencies of each
sample of rims and disks the relationship between natural
frequencies and mass or fitting diameters has been
researched.

The correlation between diameters and resonance
frequency of the rims evidence a trend among the families
but not inside each one, while the same correlation on the
disks does not show any particular relationship.

On the other hand the correlation between masses and
natural frequencies is clearly visible both for rims, also
inside the three families, and disks. The aim is to find a
modeshape for which there is a relationship between fitting
diameters and its natural frequency, both for disks and rims.
The fourth mode of rims and disks can be a valid candidate.
The study of the corresponded system modeshape,
correlated to the chosen component modeshape, can give
very useful information of the stress due to the interference
level.

The natural continuation of this work will be the fitting of
rims and disks, in order to have as much as possible
different level of interference, and studying the changes in
the dynamic behaviour of the system to find the correlation
with the residual stress.
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ABSTRACT

This paper presents an experimental characterization of the effects of earthquakes on the
operation of mechanical systems with the help of CaPaMan (Cassino Parallel Manipulator),
which is a 3 DOF robot that can fairly well simulate 3D earthquake motion. The sensitivity of
operation characteristics of machinery to earthquake disturbance is identified and characterized
through experimental tests. Experimental tests have been carried out by using a slider-crank
linkage, a small car model, and LARM Hand as test-bed mechanisms that have been sensored
with proper acceleration or force sensors. Results are reported and discussed to describe the
effects of earthquake motion on the characteristics of mechanism operation as a service

application of the robotic CaPaMan system.

Keywords: Experimental mechanics; Simulation; Mechanisms; Earthquake effects

1 INTRODUCTION

For investigating the earthquake characteristics and
earthquake-resistant constructions, earthquake simulators
are commonly used for experimental tests in the field of
Civil Engineering. For dynamic testing of structures
subjected to earthquake accelerations and for
experimenting effects on structures small scale uni-axial
servo-hydraulic seismic simulators have become popular,
[1, 2]. A number of new large-scale seismic simulator
facilities have recently been presented as in [3, 4, 5], and
some exceptional simulators, like for example in [6], are
also made for outdoor. The case of 6 DoF motion simulator
is also presented for shaking tables in [7]. It is important to
have earthquake simulators that can reproduce earthquakes
with main real characteristics. Generally, most of the
earthquake simulators are shaking tables, which are
actuated by hydraulic actuators that are fixed on the base.
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High payload capacity, high motion speeds, and high
accelerations are the main characteristics of shaking tables,
but they refer to seismic translational motions only.

A new earthquake simulator is a suitable service
application of CaPaMan which can simulate not only
translational motion but also 3-D waving motions of
earthquakes. Performances and suitable formulation for the
operation of CaPaMan as earthquake simulator have been
presented by theoretical investigations and experimental
validations in [8-11]. In fact, CaPaMan can be operated
fairly easily by giving suitable input motion to obtain any
kind of earthquake in terms of magnitude, frequency and
duration.

A novel field of interest can be recognized in investigating
the effects of earthquake motion on the operation of
machinery. Although vibrations are well known as
affecting the machinery operation, the specific effects of
earthquake actions on machinery characteristics are not yet
fully explored. In previous works [12] the effects of
earthquakes on mechanism operation are shown with first
experiments on a slider-crank mechanism and a robotic
hand.

In this paper the effects of earthquake on the operation of
mechanical systems have been investigated experimentally
by an analysis and reproduction of an earthquake motion



disturbing machine operation. This paper illustrates a
specific activity that has been focused in determining
experimentally the effects of earthquake motion on
mechanism operation by looking at the changes in the
motion (acceleration) or force outputs of the mechanisms.
Experimental tests have been carried out by using a slider-
crank linkage with servo motor, a small car model, and
LARM Hand as test-bed mechanisms with acceleration or
force sensors in a service application of CaPaMan system.

2 MOTION CHARACTERISTICS OF EARTHQUAKES

A sudden and sometimes catastrophic movement of a part
of the surface of the Earth is called an earthquake when it
results from a dynamic release of elastic strain energy with
seismic waves. Large earthquakes can cause serious
destruction and massive loss of life through a variety of
damages such as fault rupture, vibratory ground motion,
inundation, permanent ground failures, and fire or a release
of hazardous materials, and even buildings/constructions
collapses and vehicles/machinery operation crashes.
Ground motion is the dominant and most widespread cause
of damages, as stressed in [13].

In general an earthquake has three phases, namely an initial
phase, which corresponds to the beginning of the seismic
motion, an intermediate phase where maximum
acceleration peaks and displacements occur, and a final
phase representing the end of the earthquake. Main
characteristics of an earthquake are frequency, amplitude,
and acceleration magnitude, because the resonance of a
system is determined by frequency value, duration of the
stress action due to a seismic motion, amplitude and
acceleration magnitude of an earthquake excitation.

A seismic motion is characterized by the period of a
seismic cycle and characteristic length for each seismic
wave. As shown in Fig.1 [13], main types of seismic waves
can be considered the compression expansion waves P,
transversal waves S, and superficial waves M, when
referring to the spread speed and terrain movements. S
waves are transversal waves and their usual period is
between 0.5 and 1 second. The P waves spread through a
spring-like-motion with a typical period between 0.1 and
0.2 second. Both P and S waves occur close to the
epicenter. Unlike P and S waves, M waves occur on the
surface of the terrain at a considerable distance from the
epicenter of the earthquake and usually they have a period
from 20 second to 1 minute.
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In Figure 1.c) main differences among the seismic waves
are represented in terms of acceleration magnitude and
characteristic period of oscillating motion, which is
responsible of a periodical excitation of structures that can
be damaged when resonance situation occurs.

Usually, critical resonant motion is analyzed in terms of
translational seismic components, but even angular motion
can strongly contribute to the resonant excitation. Thus,
unlike most of the simulators that do not consider the 3D
motion of the terrain due to earthquake, in this paper 3D
motion capability of CaPaMan parallel manipulator has
been used to simulate earthquake motion with its full
motion effects. Thus, an earthquake simulator has been
arranged with CaPaMan as service system for experiencing
the variety of seismic motions and their effect on
mechanism operation.

3 OPERATION OF MECHANISMS

As mentioned in terminology of IFToMM [14] a machine is
a “mechanical system that performs a specific task, such as
the forming of material, and the transference and
transformation of motion and force”. Similarly a
mechanism is defined as a “constrained system of bodies
designed to convert motions of, and forces on, one or
several bodies into motions of, and forces on, the remaining
bodies”. Mechanisms, which can be considered the core
parts for machines, are combination of gears, cams,
linkages, springs, and other mechanical parts [15, 16].
Properties of mechanisms operation can be characterized by
input-output relationships, motion performance of task unit,
energy efficiency, and so on. In a design process a task goal
of the can be classified as function generation, point
guidance, and body guidance [15, 16]. Function generation
is the coordination of positions of the input and output
links, in which the output members need to rotate, oscillate
or reciprocate according to a specified function of time or
input motion. Path generation is the design of mechanism
for guiding a coupler point along a described path. Rigid
body guidance is the problem of translation and/or
orientation of a rigid body from one position to another.
Machinery operations are usually worked out to perform
motions and actions with the task performance that are
related to the machinery aim and also interaction with users
and environments.

S

b)

¢)

Figure 1 Basic characteristics of seismic waves [13]:
a) compression and expansion waves; b) transversal waves; ¢) types of seismograms.
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A machinery aim can be in general described by
mechanical properties whose performance merits can be
expressed in term of motion characteristics and
transmission actions with efficiency features both from
kinematical and energy viewpoints. Machinery interactions
can be understood as related to the effects toward the
surrounding environment and mainly as from the viewpoint
of human-machine interactions. Those last features will
include issues on comfort and safety that can make strong
constraints to machinery operations with limited range of
operation feasible characteristics. Thus, machinery
operations can be described and characterized by
performance indices which can be formulated for general
but specific aspects that permit both design procedures
towards optimal solutions and experimental
control/monitoring of successful operation. Special
attention is today addressed to safety as interaction with
human users, even when using a machine under critical
risky situations which can be characterized by impact, high
accelerations or changed operation outputs. Even efficiency
in force transmission and energy consumption are of great
importance in modern machinery.

In general the effects of earthquakes are neglected during
machine design. The difficulty to determine the effects of
earthquakes is due to different types of totally random
waves caused by them, as mentioned in section 2. An
illustrative example of earthquake influence on machinery
operation can be given as referring to the running of a train.
Input for trains is the action of actuators for wheel motion,
task for the train is the body guidance of the train, and the
output is a stable motion with the features of comfort,
safety, efficiency and reliability. A general disturbance of
train operation is related to vibrations which effect also
comfort of passengers. Comfort in train task is felt by
human users mainly in terms of acceleration of the train
cars. This task efficiency of cars motion is a result from the
transmission of motions and forces from the mechanism for
the wheel actuation and car guidance during train run.
Those characteristics are demanded in more robust outputs
in faster trains. Motion disturbances can produce not only
uncomfortable operation, but even risks of disasters in train
run, as it can occur in the case of earthquakes.

In order to define a motion of a mechanism it is essential
for the mechanism to have a fixed frame which is usually
ground. In the event of an earthquake the fixed frame starts
to move and apply unexpected random forces to the
mechanism so that it may produce changes in the
mechanisms outputs. These unexpected changes should be
investigated to give useful feedbacks for the design and
operation of machines that can work properly even under
earthquake disturbances.

3.1 AN EXAMPLE WITH A SLIDER CRANK
MECHANISM

For converting rotary motion into alternating linear motion

the mostly used mechanism is the slider-crank mechanism

shown in Figure 2.a). A slider-crank mechanism consists of

four bodies that are linked with three revolute joints and
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one prismatic joint. Four different mechanisms or
inversions of this kinematic chain are possible as depending
on which body is grounded, namely the crank, connecting
link, sliding link or slot link. One of the inversions of slider
crank mechanism is used in internal combustion engines
(automobiles, trucks, and small engines). A wide use of
these machines makes the slider-crank mechanism the most
used mechanism in the world.

Y
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Figure 2 A test-bed slider-crank mechanism:
a) kinematic parameters; b) slider accelerations with
stationary frame and input motion at 43 rpm.

In Figure 2.a) kinematic parameters of slider crank are
shown, acceleration equation as output of the slider can be
calculated from the acceleration equation of the slider with
respect to input rotation as,

’ . rsin 20
X=-ra| sing+————

(M

o’ (cose+ Mj
|

A numerical computation is shown in Figure 2.b) which
shows a nearly harmonic motion for slider acceleration.
Expected influence during a seismic disturbance can give
changes in the shape and magnitude of the slider
acceleration with significant alteration of the task motion
behaviour. But Eq.(1) gives indication of which parameter
can be affected or can be used for limiting this effects.



4 EXPERIMENTAL SETUP WITH CAPAMAN
AS EARTHQUAKE SIMULATOR

The here-in test-bed prototype for earthquake simulator
shown in Figure 3 consists of a service application of
CaPaMan (Cassino Parallel Manipulator) when equipped
with acceleration sensors, a controller for seismic motion
reproduction, and an acquisition board that is connected to
a computer. Data acquisition is used to monitor
accelerations that occur along the axes of a reference
system that is fixed on the mobile platform [8, 9].

Since the minimum number of accelerometers that are
needed to describe velocity and acceleration of a 3D motion
of a rigid body is twelve when properly located [17],
CaPaMan has been equipped with four of three-axis
accelerometers are installed with a symmetrical
distribution. The four three-axis accelerometers are located
on the below surface of the CaPaMan platform with
positions that are indicated in Figure 4. The control system
scheme layout for CaPaMan manipulator is shown in
Figure 5. Motors signals for simulating an earthquake are
sent from a servo motor controller (Scorbot-ER V) by using
the ACL programming language for the formulated closed-
form direct kinematics of CaPaMan. The motors move the
mobile platform as a seismic testing frame and the
acceleration information of the mobile platform is
processed through the NI-DAQ 6210 and then visualized
with the LabView software.
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A suitable Virtual Instrument has been developed in
LabView environment to manage the signals coming from
sensors. The measured acceleration data from the
accelerometers are used to compute the acceleration of the
center point H of the moving plate and plate angular
velocity, beside monitoring the acceleration of the
simulated seismic motion.

Figure 3 An experimental setup of CaPaMan as earthquake
simulator at LARM with a slider-crank mechanism.

Figure 4 Sensored CaPaMan platform with accelerometers:
a) a scheme, b) sensor locations, c¢) sensor installation, d) test lay-out.
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Figure 5 Control system layout for CaPaMan
as earthquake simulator.

Two types of earthquakes are simulated for a
characterization of earthquake effects on mechanism
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operation. Characteristic phases of the simulated
earthquakes are given in Table I and a reference earthquake
that is shown in Figure 6 is used for defining parameters of
earthquake characteristics. Type 1 and 2 in Table I refer to
typical earthquakes with different time parameters and
frequency of motion excitation, as from the mort recurrent
events.

Typical values of measured accelerations in simulated
earthquake of type 1 are shown in Figure 7.

In order to calculate accelerations and velocities
characterizing the seismic effects in an experimental set up
an analysis of rigid body motion must be properly
formulated as we may suggest in the following. The
acceleration of a point P in a rigid body in a position with r
with respect to a reference frame can be expressed by [17],

a, =a, +0; Xr+m; x(0, xr) 2

where acceleration ag, angular velocity @ and angular
acceleration ag refer to the relative movement of the rigid
body frame Og with respect to the fixed frame O. The term
o X r can be described as tangential acceleration and
opx(ompxr) is the centripetal acceleration in a rigid node
motion.

Table I - The characteristics of simulated earthquakes.

T?tal ATmz\x ATmin Number Of Maximum
fime (sec) (sec) oscillations | T reduency
(sec) sec sec (Hz)
Ea;tyh;?eufke 45 2.0 0.8 30 1.2
Ea;tyh;:leu;ke >0 2.0 1.5 30 0.8
J
g Total Time _
-E <
: A/\MA MH Jl"".ll‘\llm /\AM time
At vwm.u-lw i / URKkULERS
ATmax
W

ATmin

Figure 6 Main characteristics of simulated reference earthquake.
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Figure 7 Measured acceleration data during an earthquake simulation as acquired
from the accelerometers in the set up of Figure 4.

In order to calculate the acceleration as measured by a
sensor that is attached at position r in the body frame Og
the sensitivity axis s and the sensors’ metrological signal
offset a; must considered in Eq.(2) to give

ag=s' (2, +0, xr+ 0, x(@,xr))+a, 3)
Equation (3) can be written in vector form as

ag=cz+a, (4)
where the vector can be expressed as

c =[sx 18,58,8,1,-8 I,,8 1,8 I, ,S I, -8 T ,~(S,I,+s,1,),
(8,1, F8,1,),-(s, 5, F8, 1, )8, 1, +8 1,8 I, +8 1,8 1, +8 1, ]T

30

z= |:aB,x > a’B,y’ aB,z’aB,x > uB,y’ uB,z’

2 2 2 T
(0] (0] (O] mB,x(‘OB,z , mB,ymB,z

Bx°>*"By?* " B,z° (DB,X(,)

By~

By using four sensors with twelve sensitive axes it is
possible to directly compute ag as well as ag and @g. In
fact, the problem becomes as linear system that can be
written in vector form as

y=Az+ay (5)

with y=[3spasz,"':aslz]T’ A=legeq, e, ]T

2y ]

and ao,s:[ao,sna > 512

O,SZ’“.
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Figure 8 An example of calculated data during an earthquake simulation:
a) acceleration of the platform center H, b) square angular platform velocity, c) angular platform acceleration.

By inverting A it is possible to calculate characteristics of
vector z of the relative body motion as function of a
measured vector y by the expression

z=A" (y—ao’s) (6)

By using Eq. (6) the linear acceleration ay, angular
acceleration ay, and angular velocity g can
straightforward calculated. An example is reported in Fig. 8
as referring to a simulated earthquake.

5 EXPERIMENTAL SET-UP WITH MECHANISM
MODELS AND TEST RESULTS

Experimental tests have been carried out by using a slider-
crank linkage with servo motor, a small car model, and
LARM Hand as test-bed mechanisms that are sensored with
acceleration or force sensors. Maximum acceleration values
of the center point H can be used to summarize the
earthquake disturbance of the platform motion. Maximum
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accelerations for the used earthquakes of type 1 and type 2
in performed tests are  apm. = 8.4 m/s>  and
ahz,max=5.29m/sz, respectively. Experimental data from
mechanism sensors during earthquake disturbance are
discussed specifically in the next sub-sections for each
tested mechanism.

5.1 SLIDER CRANK ACTUATED BY SERVO MOTOR
In Fig. 10a) an accelerometer is shown attached to the
slider sensing axis and a torque sensor is used to monitor
torque evolution during operation. In Fig. 11.a) and b) plots
of torque of the motor and acceleration of the slider are
shown for the case without earthquake disturbance when
crank rotates at 90 rpm and 180 rpm, respectively. It can be
noted that there is a noisy measurements that are very likely
caused by backlash of the components assembly and
manufacturing tolerances.

In Fig. 12.a) and b) experimental measures of motor torque
and slider acceleration are plotted during earthquake
disturbance when crank rotates at 90 rpm and 180 rpm,
respectively.



accelerometer

b)

Figure 10 A test-bed slider-crank mechanism
with a servo motor: a) an experimental set up with
accelerometer on the slider;

b) sensing axis of the accelerometer.

It can be noted from acceleration measures of slider in Fig.
12 and in Table II that not only the shape and amplitude of
the acceleration of the slider is strongly modified during the
simulated earthquakes are but even the oscillations of the
slider are almost completely vanished. The torque of the
motor shows relatively significant disturbs in amplitude and
the shape and oscillation look very similar to the operation
in the case of stationary frame with no earthquake.
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52 LARM HAND

The LARM Hand prototype has been used in this work as
test-bed mechanism as a case of study of robotic systems.
The LARM Hand in Fig. 13 is composed of three fingers
with the aim of performing a human-like grasping by each
finger with one DoF motion by using a suitable mechanism
[18]. The peculiarity of the finger mechanism design
consists in a cross four-bar linkage that during the finger
motion remains within the finger body.

-
g

(0]

b)
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Figure 13 LARM Hand: a) a prototype, b) sensor locations.

Because the linkage design and its one DOF mobility for
the finger mechanisms, a grasp can be regulated through a
fairly simple control by using force sensor signals and an
industrial small PLC for operation. The LARM Hand can
be used as a grasping end-effector in robots and automatic
systems. Each finger of LARM Hand has 3 joints and 1
actuator. The range of motion for the prototype in Fig. 13 is
40 degree for finger inputs and 140 degree for fingertip
links. The used LARM Hand prototype is equipped with 4
force sensors whose range of sensitivities is from 1 to 100
N with a resolution lower than 0.5% of its full scale. The




dimensions of the finger are 1:1.2 of the human finger size
and the hand has a volume of 110x240x120 mm where as
the size of objects that can be grasped is between 10 to 100
mm. Both types of earthquakes have been tested with
LARM Hand during grasping a cylinder block. Results are
summarized in Table III for test outputs like the example in
Fig. 14.

Table III lists typical forces acting on a tested object during
static conditions and during earthquake disturbances. Fig.
14 show plots of forces on gripper fingers and palm with an
oscillatory evolution during the earthquake disturbance
with a considerable change at the end. These results show
clearly that an earthquake strongly affects characteristics of
robotic operation such as output force, repeatability of the
operation in frequency and efficiency, and reliability of the
action in term also of precision accuracy. For the LARM
Hand the grasping force efficiency by the fingers can
decrease during an earthquake and it can happen the
slipping of a grasped object within the fingers. In addition,
the applied force to the object can increase at the end of the
disturbance and therefore, the object can be even damaged.

5.3 VEHICLE MODEL

Comfort and safety in transportation vehicles is felt by
human users mainly in terms of acceleration of the vehicle.
Motion and force characteristics describe these properties
in vehicles during the run. In general, those characteristics
are analyzed under any disturbance which can produce
uncomfortable or unsafe operation. But even an earthquake
can produce significant risk disturbance both for comfort
and safety in vehicle functioning.

For this work a specific vehicle model is designed for
characterizing earthquake effects on vehicle operation. The
used scaled vehicle model in Fig. 15a) is equipped with a
dc motor and installed on a rail. A force sensor and a three
axis accelerometer are attached on the vehicle as shown in
Fig. 15b). The running of the vehicle is simulated by letting
the motor giving the wheel rotation. Due to friction on the
wheels from the rail when voltage is applied to dc motor a
force is applied on the force sensor as measure of the
motion action.

Figure 17 shows plots of pushing force F for test with car
model under earthquake disturbance. Comparing those
plots with static data shown in Fig.16 it can be noted a
relevant change in the car behaviour with significant
oscillations.

ISSN 1590-8844
International Journal of Mechanics and Control, Vol. 16, No. 02, 2015

Details of these changes can be appreciated in Fig. 18 with
zoomed views of force data between 20 to 25 seconds of
earthquake motion when the seismic accelerations are at
maximum. Considering the different voltages applied to
motor of the mechanism as reported in Figs. 17 and 18 with
the values in Table IV earthquake disturbance seems to
affect the car operation in the same way so that change in
the wheel action will not help in reducing the disturbs.

Accelerometer

Force sensor

b)

Figure 15 The used scaled car model
with force and accelerometer sensors: a) an experimental
setup with a LEGO prototype; b) sensors and directions.

Table II - Summary of test results with slider-crank mechanism.

Test data
(earthquake
Test measure - Test Earthquake Earthquake .
conditions frequency - type 1 type 2 Stationary
crank rotation
speed)
Y max(M/5”) 15kH-90rpm 7.530 415 2.508
slider crank mechanism 30kH-180rpm 11.64 10.81 8.211
60kH-360 rpm 16.90 16.03 13.97
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Figure 11 Acquired measurements for a test with slider-crank mechanism in Fig. 10 with no earthquake disturbance:
a) torque of the motor and acceleration of the slider with crank rotation 90 rpm;
b) torque of the motor and acceleration of the slider with crank rotation 180 rpm.
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Figure 12 Acquired measurements for a test with slider-crank mechanism in Fig. 10 with earthquake disturbance of type in
Table I: a) torque of the motor and acceleration of the slider with crank rotating at 90 rpm,
b) torque of the motor and acceleration of the slider with crank rotating at 180 rpm.
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Table III - Summary of test results as grasping forces by LARM Hand.
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Test measures - Test Force range Earthquake Earthquake Stationar
conditions g type 1 type 2 y
. 2.65,2.65, 2.23,2.30, 2.52,2.57,
Forces Tl ¥, 13 and T in Max 2.53,2.99 237,3.10 | 247,297
N) Min 1.9, 1.99, 1.64,1.73, 1.89, 1.94,
1.91,2.25 1.77,2.33 1.86,2.23
F1 F2
2.65 2.65
g 2.60 Z 2.60
e =)
& 2.45 = 2.0
2.40 2.45 :
2.35
0 5 10 1520 25 30 35 40 45 50 0 S 10 15 20 25 30 35 40 45 50
time (sec) time (sec)
F3 F4
2.96
Py ~ 2.94
z 250 Z 2.92
w 2 290
£ 245 W 290 W
= =~ 2.86
2.40 2.84
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Figure 14 Acquired force measurements for a test with LARM Hand in Fig. 13 with earthquake disturbance of type 1.
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Figure 16 Acquired measurements of pushing force F for a test with car model in Fig.15 without earthquake disturbance:
a) with applied voltage of 7V; b) with applied voltage of 9V.
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Table IV - Summary of test results of pushing forces by scaled car.

Test
measures - | Force range vs Earthquake Earthquake Stati
Test input voltage type 1 type 2 ationary
conditions
. 7 Max 2.086 2.121 1.980
P‘f‘Sh“‘g Y [ Min 1.189 1.604 1.839
orce
(N) 9y M2.1x 2.102 2.091 1.995
Min 1.155 0.012 1.95
F F
2.20
= %83 = 2.15
. < 2.10
= 1.95 2.05
§ 1.90 ] £ 200 dl
= 1.85 2 1.95
5 1.80 Z 1.90
7 175 1.85
1.70

5 10 15 20 25 30 35 40 45
time (sec)

a)

5 10 15 20 25 30 35 40 45
time (sec)

b)

Figure 17 Acquired measurements of pushing force F for a test with car model in Fig.15 with earthquake disturbance:
a) with applied voltage of 7V; b)with applied voltage of 9V.
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Figure 18 Zoomed views of the acquired measurements of pushing force F for a test with car model in Fig.17:
a) with applied voltage of 7V; b)with applied voltage of 9V.

6 CONCLUSIONS

In this work earthquake influence on machinery operation
has been investigated by an analysis and reproduction of
earthquake motion with the help of CaPaMan. The
sensitivity of the operation characteristics of machinery to
earthquake disturbance can be characterized in terms of
acceleration response and force of the output of machinery
operation. Experimental tests have been carried out by
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using a slider-crank linkage with DC and servo motors, a
scaled car model, and LARM Hand as test-bed mechanisms
with proper acceleration or force sensors. The results show
that an earthquake will strongly affect the acceleration of
the mechanism operation both in shape and amplitude of
the output motion. Task force of a mechanism affected
during earthquake and it is observed that it is left increased
after earthquake disturbance.



The results of laboratory experiments on a slider-crank
linkage and a vehicle model shows that earthquake
disturbance strongly affects the operation of a vehicle such
as a train. Therefore increasing speed or force of the input
of the vehicle will decrease the effects of unexpected
seismic disturbance. Thus, a train operating under an
earthquake disturbance should not brake but very likely it
should increase the speed.
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RFID SYSTEMS FOR RISK REDUCTION IN BLOOD BAGS:

A COST-BENEFIT ANALYSIS

Paolo Erminio Maria Teresa Pilloni

Department of Mechanical, Chemical and Material Engineering
University of Cagliari, Via Marengo, 3 — 09123 Cagliari, Italy

ABSTRACT

RFID (Radio Frequency Identification) technology has gained increasing popularity in recent
years, both in the field of industrial application and in the services sector. In the latter field, in
particular, many applications in the area of hospital logistics have been recently developed.
This paper concerns the application of RFID systems to the control of blood bags in hospitals.
The work, focused on the economic aspects of the problem, is based on a model for the
economic evaluation of RFID systems based on cost / benefit analysis.

Both cases of application of HF and UHF frequencies, and different application scenarios were
taken into account, based on the use of RFID in the entire transfusion loop or only to the part of
it relative to the end user. The model was then tested and applied to an actual hospital reality of
considerable importance from the point of view of blood transfusion. The results obtained in
the different test cases were then further analysed through a sensitivity analysis in order to
assess the model's response to changes in input parameters.

Keywords: Cost / benefit analysis; RFID systems; Logistic chain; Blood bags; Transfusion medicine

1 INTRODUCTION

Systems based on RFID technology (Radio Frequency
IDentification) have gained in recent years a growing
diffusion and importance. Their increasing success is
largely due to the great number of advantages they present
with respect to traditional systems such as, for example, a
standard barcode (more memory capacity, read range and
device robustness, possibility of more simultaneous and
multidirectional readings, etc.).

These advantages have promoted its spreading in various
fields of application: control of production lines (for the
identification of the piece during production), industrial
logistics (for goods tracking and identification), use in
libraries (for managing the loans and volumes), etc.
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Systems based on RFID technology are also used for the
origin certification of food products, identification and
tracking of paper documents, sensors technology and
geolocation (in the field of environmental control, for
instance).

Finally, several studies are being recently developed on
applications of RFID systems in the health sector: tracing
(locating objects in hospitals), tracking of patients and
carers and their identification (to reduce errors in
identification or administration of therapies, to speed up
procedures in intensive care, etc.), collection and
management of computer data (with a significant reduction
in process time), logistics and drug management, location
of patients in the emergency department, managing the
process of chemotherapy etc.

In recent years several studies are being carried out, in
particular, on the possibility of applying RFID systems to
the logistic chain of blood bags in hospitals. Their use
would allow to significantly lowering the number of risks in
the transfusion chain, bringing considerable advantages in
all the stages of the process: donation, transportation of
blood bags, validation, storage of blood bags, patient
identification, testing, and bag-patient association.



The different technical studies conducted so far have
clearly demonstrated the wide possibilities of the
application of RFID systems to the transfusion chain and
the significant benefits that this would entail, especially in
terms of reduction of clinical risk and of processing times.
From the point of view of economic evaluation linked to
the introduction of RFID, the classic cost - revenue analysis
is clearly not sufficient to completely take into account the
potential of the technology in question, which brings into
play a number of advantages not easily quantifiable in
monetary terms, mainly related to the lowering of clinical
risk.

In this sense, it is considered appropriate to use, for this
specific application, the typical technical analysis C / B,
through which even the non-monetary quantities are taken
into account in the economic analysis. For this purpose an
economic model based on the cost / benefit analysis for the
economic evaluation of RFID systems applied to the case of
transfusion medicine was developed, adjusted and
validated. The model, based on some average statistic data
referred to the European case for the quantification of
benefits, was applied to the case of the Transfusion
Department of the Hospital Brotzu of Cagliari.

This model and its application are described in this paper.

2 LITERATURE ON THE TOPIC

In agreement with the increasing deployment of RFID
systems, the literature on the subject has greatly developed
and enhanced too, in recent years. The fields of research are
manifold, including both theoretical analysis and
applications of a more markedly technical-practical
character. The spectrum of topics covered is very wide as
well as the number of papers produced: therefore, given the
limitations of space, only the most recent and significant
works are reported in this paper.

Both the theoretical speculations and the practical
applications concern studies on the application of RFID in
various fields of application (for which we list only a few
quotes for space reasons): green product design [17],
pharmaceutical supply chain [67], healthcare service for
tracking medical assets [41], hospitals for data treatment
[49], monitoring system for ships passenger evacuation
[59], apparel retail industry [27], food supply chain [22,
68], warehouse management [9, 33], pallet management
[25], traceability in food industry and in general [5, 23],
supply chain logistics [22, 13, 61], document management
[6, 66, 37], aircraft production processes [36, 40], fashion
retailing (especially in recent years) [20, 62, 31], just to
name a few.

A large part of this bibliography covers case studies
demonstrating both the technical and economic viability
and the application potential of RFID systems in specific
applications, and how these systems are able to
significantly improve the efficiency of the overall system.
To these, many works must be added focused on the
development of the technique, often oriented towards the
problems of the safety of operation: these are articles of a
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more close to electronics matrix, which often propose and
develop protocols for communication between tag and
reader, or innovative algorithms [51, 57].

Part of the reviewed literature focuses on the economic
aspects of the application of RFID, and on the attempt to
take into account in the economic evaluations also several
benefits determined by the introduction of RFID systems,
benefits which the traditional economic analysis do not
directly consider.

In particular, the bibliography concerning the economic
aspects associated with the RFID technology is based on
the application of various techniques, among which: AHP
(Analytic Hierarchic Process) methods [17], fuzzy logic
[50], Monte-Carlo method [50], analysis to draw [18]
assessment and analysis of the costs and benefits [67, 27, 9,
32, 60] and cost / effectiveness [59], ABC (Activity Based
Costing) methods [25], System Dynamics [19, 39, 20],
simulative approaches [47, 56, 3], Markov chains [44, 64].
Coming to applications closer to the case under
investigation, and then to the use of RFID in the health
field, many articles can be found on the subject, dealing
with general aspects; among them deserve to be mentioned:
[58], which contains a framework for evaluating the
performance of an RFID system in various applications in
the field of health, [30], which reports a work aimed at
identifying the hospital supply chain in which RFID can
obtain the greater efficacy, [45] which shows how RFID
can improve patient care supply chain, [54], which shows
several case studies, always in the field of health care, in
order to highlight and explain the benefits obtainable from
the use of RFID; in addition, among the papers focusing on
general aspects of RFID applications in healthcare can be
included: [29, 24, 65 and 52], all of which consist of a
review of RFID in the health field, highlighting problems,
benefits and applications, [46, 30 and 45], which explore
the limits and possible implementations using RFID in
various fields of health (authentication, medication safety,
patient tracking, blood transfusion medicine).

We also find [4, 64, 38 and 1] concerning the traceability
with RFID systems, [58], which shows the development of
an approach for evaluating RFID systems in the field of
health; then there are some papers which, always in the
health field, focuses on the development of protocols for
the problem of security of data stored in the tag ([63, 55 and
43]), then in [12] and [34] the use of RFID for the
management of physicians, patients and small clinics is
illustrated; still: [44], which describes the traceability of
equipment in hospitals, [41], which regards healthcare
service for tracking medical assets, [26], concerning the
comparison RFID - Bar-code and [42], which focuses on
RFID-based systems developed to reduce the risk of
incorrect administration of drugs, and then in the field of
security: the application in this case covers all phases of the
process of drug administration.

Particular attention should finally deserve several articles
focusing on the problems arising in the transfusion supply
chain: [48, 2, 16, and 53] regarding the issue of risk, [28],
which focuses on the proposal of an alternative approach to



decision making, [11] and [15] concerning the application
of RFID systems aimed at reducing clinical risk.

From all this vast literature on the theme of the application
of RFID to the health sector, it is clear that it is well
established without any doubt that RFID can improve the
efficiency of all processes, the quality of the health service
as a whole and improve the overall security for the patient.
Although numerous articles, as shown, are aimed at
healthcare applications and at least as many are dedicated to
the economic evaluation of RFID applications through
various methods, including the cost / benefit analysis,
however, up to our knowledge, no studies have been carried
out on the economic evaluation of an implementation of
RFID in the supply chain of blood, using systems based on
the cost / benefits analysis.

This gap comforted us in the development of this work,
together with the consideration that the chain of blood is an
application which, from an economic point of view, is
particularly suitable to be examined via models based on
the C / B and C / E analysis, because of the numerous
advantages well-illustrated in [11], many concern not
directly quantifiable aspects, therefore not directly
quantifiable in an economic analysis with traditional
methods, such as, for example, the reduced risk of death for
incorrect transfusion, or the risk of contracting diseases, etc.
Based on these considerations, the work described in this
article was carried on with a dual purpose: on the one hand
to analyse, in general, the possibility of using the C/B
method for the economic evaluation of the entire RFID
system applied to the blood logistics chain; on the other
hand, to evaluate, in particular, in strictly economic terms,
the relative economic weight of the various benefits of
implementing this technology, with the aim to evaluate
which, among other positive aspects, was of greater
importance, and so what better justifies its investment.

3 THE BROTZU HOSPITAL
AND THE BLOOD SUPPLY CHAIN

The Brotzu Hospital (AOB), located in Cagliari, is the main
hospital in Sardinia and admits annually more than thirty
thousand patients in its 630 beds.

More than 400 physicians and a little more than a thousand
nurses are working in the seven departments of AOB. The
Blood Transfusion Centre of AOB is composed of two
distinct but closely interlinked structures, the Service of
Immunohematology within the Hospital and the Hall of
Takings which is located in a separate building. The
Service annually manages approximately 50.000 units of
blood, of which about 60% comes from imports from other
Italian Regions, necessary to cover the high demand of
blood for patients suffering from beta thalassemia.

The logistic chain of blood from the donor phase to the
final transfusion can be briefly described as follows.

The blood is donated in the taking room, and then it is
transported to the collection centre where are also collected
the bags from other centres in the province of Cagliari and
imported from the rest of Italy and Europe.
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Then the separation of the various emo-components takes
place through squeezing and centrifugation and interim
storage. Tests are conducted in parallel on blood samples
associated with each bag; if the result is positive then the
bags are validated, otherwise they are eliminated. The bags
ready for donation are stored permanently in the blood bank
according to the division into RBC (Red Blood Cells),
platelets (PT) and plasma (FP), with different storage times
depending on the hemoderivate.

In the wards of the hospital the patient identification and
the demand for blood components takes place, which
requires the performance of at least two tests to determine
blood group, ABO test. Once the request has correctly been
made, the communication is sent to the Blood Transfusion
Centre for the blood to be sent to the ward. The Chain of
Blood final procedure is the transfusion, or administration
at the patient's bedside, which requires the correct
identification of the patient and the correct association with
the requested bag.

The complete transfusion process just described (Blood
supply chain), from donation to transfusion to the patient,
can be subdivided into two lines, which will be henceforth
referred to as "first level" and "second level":

e First Level (Transfusion Loop) includes the steps of the
transfusion process in the strict sense, from the request
of the blood products in the ward to the end of the
transfusion (patient area);

e Second Level: it includes all the steps from the stage of
blood donation to the sending of the bag to AOB
departments (donor area).

The Figure 1 shows, in a nutshell, the block diagram that
illustrates the two levels described above.

" p——

Patient check-in

Blood components
‘ request

Blood transfusion

—

1° Level — Hospital ward

 ——

2° Level — Transfusion Center

Figure 1 Scheme of the full transfusion process
and its subdivision in two levels.



The use of RFID in the transfusion chain could reduce
transcription errors and shorten the time of the procedure in
the identification phase of the patient in the donations ward.
The subsequent transmission to the Collection Centre for
the identification and the validation test can be carried out
with remarkable speed and a substantial reduction of the
risk of human errors, thus obtaining a real-time process
control until the storage in the blood bank.

From the point of view of the hospital ward, the RFID
allows to quickly identify with virtually zero errors, both
the patient and the associated ABO test tube. With the
integration of RFID in a hospital information system, it is
possible to significantly reduce the communication time of
the request to the Blood Transfusion Centre.

In the blood bank it is therefore possible to manage the
inventory in real-time, to select and identify the bag to be
sent to the ward, performing the delivery in reduced times,
also in this case with a substantial reduction of potential
human errors.

The real key point of RFID use is the correct association
between the bag and the patient in the ward, reducing the
risk of blood group incompatibility, which can also lead to
potentially deadly haemolytic reactions.

Several studies have already been carried out at the AOB
Haematology Department in order to analyse the possibility
of introducing an RFID system for blood bags monitoring
(see, e.g. [7]). The results of these studies have been highly
encouraging, and such studies should be consulted for any
technical details.

In the present study, as already mentioned, the economic
aspects of the use of this technology are examined, through
a comparison between the costs and the benefits obtained.
Starting from the studies already carried out at AOB, 8
possible scenarios of RFID implementation were
developed, characterized by different degrees of RFID
application (only in the 1% level or in the 1* and 2™ level),
by different types of treated blood (RBC only or all blood
types) and frequency band (HF or UHF) (chosen,
respectively, the HF for its extensive dissemination and
UHF for its promising employment prospects).

Table I — List of the solutions considered in the model.

. Implementation Blood RFID
Solution
levels Products frequency

1 As is ABP
2 1° RBC HF
3 1° RBC UHF
4 1° ABP HF
5 1° ABP UHF
6 1° & 2° RBC HF
7 1°&2° RBC UHF
8 1°&2° ABP HF
9 1°&2° ABP UHF
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In Table I are presented in a concise form the conditions
which characterize the 8 scenarios considered (solution 2 to
9). "Solution 1" indicates the current situation, which will
then be used only as a term of comparison.

As can be seen from the Table I, the solutions 2 to 5 have a
re-engineering only of the 1st level, while solutions from 6
to 9 have both levels 1 and 2 renovated with the use of
RFID, and therefore an integrated redesign of the entire
hospital transfusion process.

4 QUANTIFICATION OF COSTS AND BENEFITS

For each of the 8 scenarios costs and benefits were
evaluated.

The costs were divided in installation costs, incurred at time
0, for the implementation of the RFID system, and in
operating costs, which are necessary for the normal system
operation once steady-state conditions are achieved.

As far as the benefits are concerned, the three main positive
aspects resulting from the use of RFID technology were
taken into consideration: clinical risk reduction, blood bags
wasting reduction and process time reduction.

For all the scenarios a discount rate of 5% has been
selected, a value commonly accepted for the economic
analysis in the health care sector.

A time horizon of 15 years was also considered in the
analyses carried out, chosen as a compromise between
short-term scenarios (under 10 years), fully meeting the
rapid evolutionary characteristics of RFID but difficult to
achieve in the field of Public Health in Italy, and projects
with a duration of more than 20 years, in which the level of
obsolescence of the system would be fully evident.

Some parameters of the analysis were considered variable
in time. Among these, in particular, the number of blood
bags and the number of patients. As regards the former, the
initial data were taken from both the 2008 Regional Blood
Plan (PRS), based specifically on data retrieved from AOB
and AVIS (National Blood Donors Organization), allowing
to get the full picture on the basis of the types of blood
products employed. On the basis of the data from the 2008
PRS, possible variations in the number of plasma, platelets,
regional and imported RBC bags were then conservatively
estimated, with a reduction of the latter component.
Concerning the type of blood from donations carried out in
the Region, annual growth rates were considered resulting
in an absolute increase of 20% at the end of the 15 years of
the project. For RBC bags imported extra-region, the
absolute change was assumed equal to 15%.

The number of AOB patients which may be involved in the
transfusion system, was based on the value provided by the
AOB itself and reported in [7]. It was assumed, for this
parameter, an annual increase of 10% of the patients for the
AOB structure at the end of 15 years.



4.1 COST EVALUATION
IN THE DIFFERENT SCENARIOS
Installation costs include the costs of hardware, software,
infrastructure and development costs. The operating costs
include the costs for buying tags, bracelets and barcodes (in
solutions of the 2™ level), the hardware, software and
infrastructure maintenance costs, and those to be incurred
for the annual training of a small number of new operators
("training at tertiary level").

4.1.1 Investment costs

The initial investment costs include the initial hardware:
PC, PDA (Personal Digital Assistant), portable RFID
reader, massive tunnel readers (devices used for the
simultaneous reading of multiple blood bags, required only
in the solutions with bank blood), and finally RFID labels
printers.
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The cost of the software includes: PDA readers software
and management software of the blood bank and of the
process (related to the 2™ level of implementation).

The infrastructure costs considered include buying the Wi-
Fi network and other equipment necessary for the operation
of the system.

Development costs consider the costs incurred for the
installation and setup of the communication network
between the mobile readers and the computer network and
of all the fixed devices (routers, antennas, etc.). In the
development costs also those incurred for the training of
personnel at various levels, differentiated between training
costs for management level and for medical department
operators, are included.

Table II — Detailed list of initial costs for HF frequency RFID solutions.

2 4 6 8
1° Level, RBC only 1° Level, ABP 1° & 2° Level, RBC only 1°& 2° Level, ABP

UNIT cOST QUANTITY COST[ €] QUANTITY  COST[€] QUANTITY COST[ €] QUANTITY COST[ €]
HARDWARE
PC 1.500 15 22.500 15 22.500 18 27.000 18 27.000
PDA 1.800 70 126.000 70 126.000 90 162.000 90 162.000
TUNNEL 8.000 0 0 0 0 3 8.000 1 8.000
PRINTER 2.500 25 62.500 25 62.500 28 70.000 28 70.000
TOTAL 211.000 211.000 267.000 267.000
SOFTWARE
PDA SOFTWARE 1.000 70 70.000 70 70.000 90 90.000 90 90.000
BLOOD BANK MANAG. 15.000 0 0 0 0 al 15.000 1 15.000
MANAGEMENT SW 2.000 70 140.000 70 140.000 90 180.000 90 180.000
TOTAL 210.000 210.000 285.000 285.000
INFRASTRUCTURE
Wi-Fi NETWORK ‘ 2.500 ‘ 25 62.500 25 62.500 28 70.000 28 70.000
OTHER COSTS ‘ 1.500 ‘ 0 0 25 37.500 28 42.000 28 42.000
TOTAL 62.500 100.000 112.000 112.000
DEVELOPMENT COSTS
INSTALLATION 2.000 25 50.000 25 50.000 28 56.000 28 56.000
TRAINING 1 10.000 3 30.000 3 20.000 4 40.000 4 40.000
TRAINING 2 120 120 14.400 120 14.400 150 18.000 150 18.000
TRAINING 3 120 5 600 5 600 7 840 7 840
TOTAL 94.400 94.400 114.000 114.000
TOTAL INVESTMENT COST 577.900 615.400 778.000 778.000

Table III - Detailed list of initial costs for UHF frequency RFID solutions.

UHF
3 5 7 9
1° Level, RBC only 1° Level, ABP 1° & 2° Level, RBC only 1° & 2° Level, ABP

UNIT COST QUANTITY [IT] COST[€] QUANTITY[IT] COST[€] QUANTITY[IT] COST[€] QUANTITY[IT] COST[€]
HARDWARE
PC 1.500 15 22.500 15 22.500 18 27.000 18 27.000
PDA 1.800 70 126.000 70 126.000 90 162.000 90 162.000
TUNNEL 8.000 0 0 0 0 1: 8.000 il 8.000
PRINTER 1 5.000 2 10.000 2 10.000 4 20.000 4 20.000
PRINTER 2 3.300 23 75.900 23 75.900 28 92.400 28 92.400
TOTAL 234.400 234.400 309.400 309.400
SOFTWARE
PDA SOFTWARE 1.000 70 70.000 70 70.000 90 90.000 90 90.000
BLOOD BANK MANAG. 15.000 0 0 0 0 1 15.000 & 15.000
MANAGEMENT SW 2.000 70 140.000 70 140.000 90 180.000 90 180.000
TOTAL 210.000 210.000 285.000 285.000
INFRASTRUCTURE
Wi-Fi NETWORK DEPLOP. | 1.500 25 37.500 25 37.500 32 48.000 32 48.000
OTHER-COSTS 1.500 ‘ 25 37.500 25 37.500 32 48.000 32 48.000
TOTAL 75.000 75.000 96.000 96.000
DEVELOPMENT COSTS
INSTALLATION 2.000 25 50.000 25 50.000 32 64.000 32 64.000
TRAINING 1 10.000 3 30.000 3 30.000 4 40.000 4 40.000
TRAINING 2 120 120 14.400 120 14.400 150 18.000 150 18.000
TRAINING 3 120 5 600 5 600 7 840 7 840
TOTAL 94.400 94.400 122.000 122.000
TOTAL INVESTMENT COST 613.800 613.800 812.400 812.400
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All of these costs have been quantified as reported in Table
I and Table III, based respectively on HF and UHF
frequency. The costs considered were taken from market
values or estimated in a conservative manner.

As for the quantities of the individual elements, they are
referred to estimates based on hospital size (specifically, for
example, for the PDA, it was based on the number of wards
concerned by the implementation), on the size of the
processes considered and on information from operators
working in the existing structure.

The solutions with full implementation (6,7,8 and 9) have a
higher cost compared to those of the 1% level only. In
addition, of the two frequencies, the UHF has a higher
investment cost, mainly due to the higher cost of the
Hardware which exceeds, in solutions 7 and 9, the threshold
of € 300.000.

As can be seen from Table II and Table III, in the solutions
of 1* and 2™ level, costs are higher because the entire
transfusion process is managed, i.e. including also the
donation centre and the blood bank, which require
additional components, such as the reading tunnels. The
larger size of the process to be re-engineered in the second
level involves a greater number of materials to be used and
of operators to form. The total cost to be incurred in the
various alternatives, however, does not differ greatly
between solutions of 1% and of 1* and 2™ level when
operating costs are considered, as they directly reflect the
difference in bags volume between the two levels.

4.1.2 Operating costs

Operating costs basically concern the costs incurred for the
purchase of tags, wristbands and, for some solutions,
barcodes too. These cost items vary each year as they are
directly linked to the number of bags and to the unit cost of
the tags, both supposed to change annually.

As for the cost of barcodes, tags, bracelets, etc., reference
was made to the values reported in [8].

Also the cost of RFID tags and bracelets has been
hypothesized to change annually, considering a progressive
reduction of the purchase price, because of an expected
spread of tags diffusion and a consolidation of the
technology.

The magnitude of these changes was conservatively
estimated in a value of 1,5% per annum, with an absolute
variation of the purchase price equal to approximately 20%
in 15 years of the project. For the two types of tags, HF and
UHF, the same purchase price variation are considered.

The difference in cost of a single tag for the two
frequencies is not very marked (there was no desire to
overestimate the benefits in the use of UHF); however, due
to the number of tags used and the time horizon of the
project, the total cost differences between the two
technologies are substantial.

The following table shows the unit costs considered for the
tags, bracelets and barcodes, the estimated annual rates of
variation for different purchase prices and finally the fields
of variation assumed in the sensitivity analysis.
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Table IV — Unit costs [€/u] assumed for tags, wristbands
and barcodes for HF and UHF technologies.

Initial Annual

cost  costratio
Wristbands ) -1,5%
HF Tag 0,2 -1,5%
Barcode 0,01 0,0%
Wristbands 13 -1,5%
UHF Tag 0,18 -1,5%
Barcode 0,01 0,0%

The purchase price of the UHF tags has been estimated to
be less than that of the HF frequency transponder.

For labels and barcodes, used in limited cases of the
project, no annual variations were assumed, both because
their influence in the analysis is decidedly limited, and for
the high diffusion of this technology, which ensures a
substantial stability in the purchase cost. The use of
barcodes was limited to the identification of the tubes to be
used in the TC (Transfusion Centre) laboratory analysis.
The costs of tags, bracelets and barcode must be increased
of the costs incurred for the maintenance of hardware and
software (conservatively estimated as equal to 2% of the
initial investment cost and constant in the 15-year estimated
life of the project), as well as the network and its devices,
for fixed and mobile communications.

It must also be added the costs for the regular annually
training of personnel required to integrate operators coming
from other structures; in the model this item was indicated
as 3" level training.

Ultimately, the operating costs of maintenance and annual
training are constant in the 15 years of the life of the
project.

The following two tables (one referred to the solutions
employing HF frequency, Table V, and the other to the
solutions based on UHF technology, Table VI) show in
detail all the constant items in operating costs, independent
of the number of bags or patients.

The number of tags required for each solution was
calculated considering the number of bags handled, in
particular taking into account that, from a single donation
bag (bag mother), satellite bags are also obtained as a result
of the separation of blood components. As the distribution
of mother and satellite bags varies according to demand, a
subdivision of the totality of the bags mothers was
assumed, thus obtaining a higher and conservative
operating cost.

The number of wristbands required depends on the statistics
on the number of patients and donors that refer to AOB.
The total number of both categories was supposed variable
over time, with an annual growth rate of 0,6%, therefore the
cost to purchase the bracelets varies annually.
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Table V — Constant items of operating costs for HF frequency solutions.

HF
2 4 6 8
1°Level, RBConly 1°Level, ABP 1°& 2°level, RBConly 1°& 2°level, ABP

COST [€] COST [€] COST [€] COST[€]
HARDWARE
TOTAL HARDWARE COST 211.000 211.000 267.000 267.000
HARDWARE MAINTENANCE (2% TOTAL COST) 4.220 4.220 5.340 5.340
SOFTWARE
TOTAL SOFTWARE COST 210.000 210.000 285.000 285.000
SOFTWARE MAINTENANCE (2% TOTAL COST) 4.200 4.200 5.700 5.700
INFRASTRUCTURE
TOTAL INFRASTRUCTURE COST 62,500 100.000 112.000 112.000
INFRASTRUCTURE MAINTENANCE (2% TOTAL COST) 1.250 2.000 2.240 2.240
TRAINING COSTS
3° LEVEL TRAINING 600 600 840 840
MAINTENANCE & 3° LEVEL TRAINING COSTS 10.270 11.020 14.120 14.120

Table VI — Constant items of operating costs for UHF frequency solutions.

UHF
3 5 7 9
1°level, RBConly 1°Level, ABP 1°& 2°level, RBConly 1°& 2°Level, ABP

COST [€] COST [€] COST [€] COST[€]
HARDWARE
TOTAL HARDWARE COST 234.400 234.400 309.400 309.400
HARDWARE MAINTENANCE (2% TOTAL COST) 4.688 4.688 6.188 6.188
SOFTWARE
TOTAL 210.000 210.000 285.000 285.000
SOFTWARE MAINTENANCE (2% TOTAL COST) 4.200 4.200 5.700 5.700
INFRASTRUCTURE
TOTAL 75.000 75.000 96.000 96.000
INFRASTRUCTURE MAINTENANCE (2% TOTAL COST) 1.500 1.500 1.920 1.920
TRAINING COSTS
3° LEVEL TRAINING 600 600 840 840
MAINTENANCE & 3° LEVEL TRAINING COSTS 10.988 10.988 14.648 14.648

4.1.3 Total costs analysis

The total discounted costs, divided into the two components
of investment costs and operating costs, are shown in
Figure 2 for the 8 projected scenarios.

It can be seen that the solutions for a total use of RFID in
the process (solutions 6-9 1% and 2™ level) have a much
higher cost than those of corresponding level 1 only, with
increases in the range 67 + 77%, with the maximum value
for the pair of solutions 4-8. It therefore appears significant
the difference in total cost for solutions which also manage
the 2™ level because of the significant impact of the
operating costs, mainly for the purchase of bracelets and
tags. On the contrary, the increase of the initial investment
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costs, in the passage from solutions of 1*to 1¥'and 2™ level,
is decidedly limited when compared with the operating
costs.

4.2 BENEFITS QUANTIFICATION

As already mentioned, the main benefits considered in this
first phase were the reduction of clinical risk for mortality
from ABO incompatibility, waste reduction and savings of
time in the process, leaving more positive items, such as,
for example, the quality perceived, to a next level of detail
of the project.
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Figure 2 Division of total cost in initial investment cost
and operating costs.

4.2.1 Reduction of clinical risk

One of the benefits expected from the use of RFID in the
transfusion sector is a reduction of the clinical risk, in
particular that of an incorrect association patient-bag of
blood, whose main effect is the haemolytic reaction ABO
which, in approximately 10 % of cases, can be lethal [21].
The statistics on the risk of ABO incompatibility reported
very different values depending on the health care system to
which they relate, on the technologies employed and
methods used to assess the clinical risk. It was decided
therefore to use a mean value between the two extremes
that can be found in Europe [2]: maximum risk value:
Germany, 1/36.000, minimal risk value: France, 1/135.207.
The coefficient 0,1 was added in order to consider the
incidence of mortality from acute haemolytic reaction. The
value chosen for the calculation, 1/85.603,5, was obtained
as an average between the two values above.

In the present study benefits for temporary or permanent
damage in transfused patients were not considered. In the
first case due to lack of reliable data on compensation, in
the second case because the work was concentrated on ABO
incompatibility, the main problem related to the exchange
of bags.

In the absence of reliable data about the risk reduction with
RFID in transfusion monitoring structures, studies of
massive and intensive application of the barcode system or
in systems similar to RFID were considered (in particular,
the studies [16] and [53]), according to which an advanced
system for the identification and management of the entire
supply chain of the blood bags can lead to an increase in the
safety of blood transfusions of the order of 90% or greater;
it is then possible to attain a risk reduction of up to an order
of magnitude, that is, with a procedure 10 times less risky
for the patient subjected to transfusion. This result is
achievable with analogous association of bag-patient-donor
systems, or with extensive use of process information
technology and barcode technology.
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Although RFID allows to obtain and overcome these results
obtainable with analogous systems and barcode, for the
calculation a precautionary value of the security increase
equal to 90% was chosen in the case of implementation in
the whole blood chain, that is, for both levels 1 and 2.
Concerning the estimate of the risk reduction in the
solutions of level lonly, reference is made to the study of
Linden [35]. It shows that the total number of handling
errors for the RBC type, not due to the blood bank, amounts
to approximately 56%. As in the solutions of the first level,
the use of RFID from the blood bank is not foreseen, it was
therefore assumed a 50% reduction of the effectiveness
from the maximum value obtained in the 1* and 2™ level.
Therefore, having chosen a 90%, increase of security for
the 1* and 2™ levels, a value equal to half, 45%, for the
solutions of the first level is found.

In both cases were therefore chosen two conservative
values of the reduction of the risk compared to the possible
performance obtainable from RFID systems.

For the CBA this lower risk determines an avoided cost for
the structure and for the NHS (National Health System)
which should pay the compensation to the families.

The extreme values of the compensation were taken from
the data of the Milan court, assuming the average value
between € 130.000 and € 1.6 million, the highest value
reported for these cases in 2012. These compensations
applies only to the case of mortality occurred as a result of
a transfusion.

Not all of the claims, however, arrive at a positive judgment
for the patient, usually after 10 years of proceedings. In the
Region of Tuscany, for example, only 14,72% of the claims
against the NHS was paid in 2003-2008, a value similar to
those reported in 2002 by CINEAS (University Consortium
for engineering in insurance) [14]. For this reason the
benefit of compensation is conservatively underestimated,
considering only 15% of the value of compensation. The
result is a hypothetical value of the compensation
amounting to € 129.750.

In Figure 3 the number of avoidable deaths in the various
solutions are shown.

The security increase of the process is present both in the
transition from RBC to ABP, and in the transition to
solutions also including the implementation of RFID in the
hospital CT (1% and 2™ level). The increase in security
achieved exceeds the "psychological" threshold of a
mortality averted during the 15 years of the project only in
the solutions 8 and 9 (all blood types, 1 and 2™ level), with
an efficacy approximately 3 times higher than that
obtainable in solutions 2 and 3 (only RBC, 1*level).

4.2.2 Waste reduction

The reduction of waste is considered as a benefit in the
solutions of levels 1 and 2 only, because only in level 2 a
blood bank computerized with RFID systems is set up to
manage the bags in order to reduce waste. The benefits are
also due to the reduction of false negatives, to the fewest
bags past its use-by date and to a better management of the
existing stock on the basis of the donations occurred.
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Figure 3 Number of deaths avoided over 15 years
in various solutions.

The quantification of the benefit is based on the current
efficiency percentage, assuming a process efficiency
increase, due to the RFID introduction, equal to 3,5%
according to information obtained by direct discussions
with the sector operators and according to [7].

As a calculation choice, not being known specific sources
on platelets and plasma bags, the value of increase in
efficiency was assumed identical for all three types of
blood.

The main benefit from the smaller number of expected
waste is due to the cost avoided by the elimination of the
bag before it has carried out the function for which it is
intended. The cost of the bag refers to the infrastructure,
personnel and all entries that have created added value,
following the voluntary personal donation. The value of the
bags was calculated starting from the value reported in [7],
and updating it with the value 1,205 (ISTAT coefficient for
December 2013).

As shown in the Table VII, also other medical assets
bearing a cost related to the process were also included in
the calculation, therefore a reduction of waste would
involve directly their associated savings.

Table VII — Actual and estimated economic values
of the bags and other associated assets.

Estimated, 2013

Sicilian Region, 2004

Regional i Regional i
regional regional
Blood RBC € 129,76 | €153,00 | € 156,36 | € 184,37
ks FP € 20,00 | € 20,00 | € 24,10 | € 24,10
PL €115,00 | €115,00 | €£138,58 | €138,58
Consumables - € 010| € 0,10

Assets Medical
disposables B B £ 50 & 3N
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Each not discarded bag can be considered as a not wasted
value of the structure, a saving which, in the differential
analysis with respect to the current situation, can be
considered as a revenue in the CBA. The total value of
revenues is then obtained by multiplying the waste avoided
each year by the value of the bags considered constant in
the 15 years.

As the reduction of waste was assumed only for the 1™ and
2" Jevel solutions, in the Figure 4 only the solutions from 6
to 9 are shown, i.e. those in which the re-engineering of the
blood bank is included in the process.

In this case there are no differences in efficiency in the use
of tags with HF or UHF frequency, therefore the only
variable that changes the result of the expected deviation is
the amount of bags handled, which varies greatly between
ABP and RBC only.

nil

Solution

3.000

2.500

2.000

1.500

1.000

500

Mean avoided waste per year

Figure 4 Average number of not discarded bags per year
in the 1st and 2ndlevel solutions.

4.2.3 Time savings

In order to perform a more complete analysis, the
quantification of the benefits arising from time savings
obtainable in various stages of the process has been
introduced (see [7]), considering the operations carried out
by doctors, nurses, laboratory technicians and auxiliary
workers (for the transportation). The average wages for
each category, as indicated in the National Collective Work
Labourcontracts (CCNL) was reported in €/min, and then
multiplied by the number of bags produced in the process.

The Table VIII shows changes in the cycle timing
considered.

The hemocomponents separation phase was considered as
not affected by the use of RFID as they are not included in
such operations. As can be seen from the table 8, not all of
the operations have reduced process times and some were
assessed as slightly pejorative (negative values) compared
to the current situation (in terms of time).



The values of time for each phase have been assumed on
the basis of the information provided by the operators of the
hospital [8]; all estimates have been made in conservative
terms.

By multiplying the time savings and the delays by the
corresponding operator salary, the economic benefit (or
loss) can be obtained, then all the various contributions can
be added to find the overall result in the two hypothesized
levels.

In the last two columns to the right it is possible to see how
in the first level the cases involving the blood bank (blood
donation and acceptance) were not considered, while they
are fully covered in the second level of implementation.

Table VIII — Cycle time modifications considered
for the different operator categories and process phase.

o Economic
D t Cycle time  Salary f")t e/ u:_[ ]
ator bene .
phase per [min/cycle] [e/min] o e laYEe
: 1% level 2°level
Physician 0,5 0,4 0,2
Blood Murses 1,5 0,25 0,375
request Lab Technicians 0 0,25 1]
Auxiliaries 0 0,12 i}
Physician 0 0,4 0
Blood MNurses -1 0,25 -0,25
transfusion | Lab Technicians o 0,25 0
Auxiliaries 0 0,12 1] -
Wil Physician 0 0,4 ]
MNurses -2 0,25 - -0,5
blood
= Lab Technicians 5] 0,25 ]
donation e
Auxiliaries 0 0,12 0
Physician 0 0,4 0
Whole i
Murses o 0,25 - o
blood —
H Lab Technicians 2,5 0,25 0,625
check-in e
Auxiliaries 0 0,12 1]
Physician 0,05 0,4 0,02
Blood L
e MNurses 0,25 0,25 0,0625
s
SR Lab Technicians 0,2 0,25 0,05
assignation e
Auxiliaries o 0,12 1]
Physician 0 0,4 0
Blood ¥
t Murses -0,5 0,25 -0,125
components
po Lab Technicians 0 0,25 o
check-out me =
Auxiliaries 0 0,12 o -
Total economic benefit 0,3325 | 0,125

In order to obtain the economic benefit the number of bags
in the first and second level was multiplied for a coefficient
respectively equal to € 0,3325 and € 0,125 (coefficient
obtained as a product of time per cycle multiplied for the
salary per minute).

In the 2™ level the RBC bags from outside the region are
not considered because they are not attributable to savings
being blood samplings made outside the hospital structure.
Although the time reduction may be at first sight regarded
as not very significant, as the saving in the case of the first
level is of only 1 minute and 1.5 minutes for the complete
implementation, it assumes a great importance when it is
multiplied by the number of bags managed with RFID in
the various solutions.

As far as the productivity increase calculation is concerned,
it was performed separately for the levels 1 and 2,
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subsequently adding up the two in order to obtain the total
value. In solutions of level 1 (solutions 2-5) the value of the
benefit for the part relating to the 2" level is zero.

4.2.4 Total quantification of cba benefits

As illustrated, all benefits have been converted on a
common monetary basis for each year of the project. The
three benefits were calculated separately, by calculating the
total economic value for each period and discounting the
cash flows.

The calculation was performed both for the three types of
blood (RBC, plasma, and platelets), and for the other
elements of consumables and medical devices associated
with individual bags.

Figure 5 summarizes the results obtained from the benefits
calculation.

5,0
4,5 L
7 7
4,0 e
l # Increased
(™) 3!5 T e _—
g I productivity
= 3.0 - E
< ::l: Increased
S 25 1 I safety
= 20 - il
8 l & Blood bags
=15 - I waste
1,0 - l reduction
0,5 - B
A Z E
0!0 Z T AI /I/I T T T 1

Solution

Figure 5 Total economic benefits subdivided
in the 8 different solutions.

It is possible to observe that there exists a considerable
disproportion between the economic benefit of reducing
waste compared to the other two benefits considered: the
gap is of an order of magnitude compared to the increase of
productivity, and even of two orders in the case of the
safety increase of clinical risk.

It also appears clearly that there is a strong imbalance in the
economic benefits derived from the solutions of the first
level and those with full implementation of RFID. In fact,
although the bags have a very low and even insignificant
value compared to the scale of compensation for mortality,
their number is several orders of magnitude greater than the
number of adverse events avoided. Instead, we can
appreciate how in the solutions of the first level, the
magnitude of the benefit of increased productivity prevails
over the reduction in mortality.



After the quantification of all the benefits in monetary
terms and of the costs of the various solutions, several
indicators were calculated in order to assess the economic
quality of the various investments.

5 RESULTS

On the basis of the benefits and costs calculated as
described in the previous paragraphs, the calculation of the
cash flows was performed, over the 15 years of life

ISSN 1590-8844
International Journal of Mechanics and Control, Vol. 16, No. 02, 2015

expected for the project and for the different solutions
considered, thus forming the basis for the calculation of the
economic indicators used in the economic analysis: NPV,
ROR, Pay-Back Time (PBT) and benefit/cost ratio (B/C),
all calculated at i=5%.

The results of the economic calculation are shown in the
following summary Table IX, where for each year and for
the different scenarios are reported the values of
progressive discounted NPV. Table IX also shows the
values of all the calculated economic indicators.

Table IX — Results of the economic analysis.

Economic Solution
Indicator 5 6

0 -577.900 | -613.800 | -615.400 | -613.800 | -778.000 | -812.400 | -778.000 | -812.400
1 -620.695 | -652.183 | -652.876 | -645.873 | -579.378 | -603.537 | -513.345 | -535.525
2 -660.994 | -688.325 | -687.999 | -675.895 | -389.411 | -403.908 | -259.690 | -270.339
3 -698.940 | -722.355 | -720.909 | -703.992 | -207.703 | -213.084 | -16.565 | -16.332
4 -734,668 | -754.394 | -751.739 | -730.279 | -33.878 | -30.658 | 216.479 | 226.982
5 -768.307 | -784.,558 | -780.614 | -754.866 | 132.422 | 143,757 | 439.873 | 460.067
6 -799.976 | -812.,953 | -807.651 | -777.856 | 291.538 | 310.530 | 654.027 | 6€83.369

NPV 7 -829.789 | -839.682 |-832.962 | -799.346 | 443.796 | 470.014 | 859.335 | 897.311
8 -857.853 | -864.841 | -856.650 | -819.428 | 589.505 | 622.542 |1.056.174|1.102.300
9 -884.269 | -888.520 | -878.813 | -838.188 | 728.962 | 768.434 |1.244,902|1.298.722
10 -909.132 | -910.804 | -899.544 | -855.707 | 862.448 | 907.992 |1.425.864|1.486.947
11 -932.,531 | -931.775 | -918.930 | -872.060 | 990.231 |1.041.506|1.599.389|1.667.329
12 -954,552 | -951.507 | -937.053 | -887.320 |1.112.567|1.169.251|1.765.793|1.840.207
13 -975.273 | -970.073 | -953.989 | -901.554 |1.229.700|1.291.489|1.925.377|2.005.903
14 -994,770 | -987.539 | -969.810 | -914.825 |1.341.862|1.408.469|2.078.428|2.164.726
15 -1.013.114|-1.003.970| -984.586 | -927.192 | 1.449.276|1.520.431|2.225.223|2.316.971

PBT >15 >15 >15 >15 4,19 4,17 3,07 3,06

ROR 26,41% | 26,55% | 35,98% | 35,98%

B/C 0,16 0,16 0,23 0,24 1,70 1,76 1,98 2,07

As can be noticed, positive values of the cash flows are
obtained only for the solutions that implement RFID also in
the 2™ level of the Blood Chain; vice versa the solutions
that operate only on the 1* level result, from the economic
point of view, are not advantageous.

This result is confirmed by the ROR indicator, which is
defined only for the solutions 6-9, with higher values in the
last two alternatives. The order of magnitude of the
indicator ROR may appear high when compared with the
classical values for the economic analyses of other
investments; however, it is fully within the range of the
CBA analysis of service companies. (see [10]).

Concerning the PBT, the solutions achieving the best
performances are the 8 and 9; however, even 6 and 7, both
with full RFID implementation, attain similar overall
results. All solutions of 1% level instead are not able to
guarantee a return on investment within the 15 years of the
project life.

Finally, the most important indicator for the CBA, the B/ C
ratio, confirms what was above said and indicates solutions
8 and 9 as the most attractive, followed by the solutions 6
and 7, both valid in allowing B / C ratio higher than unit.

49

All 1% level solutions instead fail to get B / C higher than
unit, therefore no economically valid solutions result from
the CBA analysis.

A better view of what has been said can be obtained from
the Figure 6, in which the evolution of the various
progressive VAN computed for the 8 solutions is
represented.

The difference of economic attractiveness between the
solutions of 1*" and of 1* and 2™ level appears clearly; the
main reason for this may be sought in the weight which the
waste reduction has played in the calculation of benefits.
The Figure 6 also highlights significant differences between
the RBC and ABP solutions in the case 142" level, and
how the differences between the solutions of the first level
are decidedly small.

Concerning the frequency of the RFID systems used, only
for applications of 15+2™ level there are, for the indicators
calculated, appreciable differences between HF and UHF,
with a slight (<10%) economic benefit to the latter
frequency.
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Figure 6 Progressive NPV trend.

In conclusion, the more attractive solutions are the 8 and 9
(both ABP), followed by 6 and 7 (RBC, always 1% and 2™
level); they give a cost-benefit result considerably greater
than those of the first level, therefore a health investment
should be focused towards complete implementations of
RFID.

6 SENSITIVITY ANALYSIS

A sensitivity analysis was therefore carried out in order to
test the robustness of the model; the parameters on which
the analysis is based and their values are shown in table 10.

Table X — Summary of parameters considered
in the sensitivity analysis.

Standard  Sensitivity

value analysis range

Discount rate 5% 0-7%
Blood bags
7 1°&2° level 3,50% | 2,5-4,5%
waste reduction
Clinical risk 1% level A5% 42,5-47,5%
reduction 1° & 2° level 50% 85-95%
wristhand | Initial cost 2€ 1,6-2,4€
HF Tag Initial cost| 0,20€ 0,16-0,24 €
Barcode 0,01€ =
Tags cost . —
Wristband [ Initial cost| 1,80€ 1,44-2,16€
UHF Tag Initial cost| 0,18€ |0,144-0,216€
Barcode 0,01 € -

No variation range was selected for the barcode cost of
acquisition, as this technology is now mature and settled.

In order to limit the number of graphs concerning the
progressive NPV, only the results for the solutions 4 and 8§,
both HF solutions and ABP will be exposed, as
representative of the alternatives 1*and 1*' + 2™ level.
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6.1 DISCOUNT RATE

The discount rate trend is shown in Figures from 7 to 11,
which show as it significantly modifies the economic
output of the solutions. In particular, it remarkably alters
the NPV which, as seen in the figure below, is reduced by
more than half in solutions 6 and 7, while it is slightly
lower in the solutions 8 and 9. The first level solutions
results are less influenced; however, they have an opposite
trend compared to the other four, as they increasingly
reduce their negative economic result.
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Figure 7 NPV vs. discount rate.

Concerning the PBT (Figure 8) it is possible to make
reference only to solutions with a positive NPV; the time of
return on investment grows of about one year in the case of
solutions 6 and 7, and of about half a year for the other two.
Therefore in the latter there is a strong NPV reduction, with
a variation greater than that of the solutions 6 and 7 but for
the PBT there is an increase slightly more limited (16%
against about 23% of the 6 and 7).
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Figure 8 PBT vs. discount rate.

The benefit/cost ratio shown in



Figure shows a trend similar to the NPV, although this
indicator is almost linear; there is a reduction of the B/C
ratio with the growth of the discount rate. The reduction is
almost null for the 1*level solutions.

Figures 10 and 11 show, respectively, the progressive NPV
trend for solutions 4 and 8. The findings found in previous
diagrams are confirmed. It can be noted how, in the case of
solution 4, the increase of i results in a shift of the curves
above the straight line corresponding to the case i = 0; vice
versa, in the solution 8, the increase of i determines a
progressive worsening of the economic result, as can be
noted by the progressive distancing of the curves from
linear solution below the straight line characterized by i = 0.
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Figure 9 Costs/benefit ratio vs. discount rate.
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Figure 10 Progressive NPV trend vs. discount rate,
solution 4.
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Figure 11 Progressive NPV trend vs. discount rate,
solution 8.

6.2 WASTE REDUCTION

The variation of the coefficient employed for the waste
reduction calculation has a significant effect on the
economic results of the process model, as shown in

Figure 12; In fact, its increase greatly amplifies the NPV,
with a divergence rewarding ABP solutions; obviously the
sensitivity with this parameter affects only the alternatives
providing for the reduction of waste (solutions from 6 to 9).
The PBT graph (Figure 13) shows, however, that there is a
transition interval in which the economic result changes
rapidly: progressing from low values to higher levels of
waste reduction, it appears that at around 3% PBT starts to
decrease less quickly, in particular for RBC solutions.
Operating in the 2,5% to 3% range or even lower, the
investment could show capital recovery times too high,
with the solutions 6 and 7 quickly above the threshold of 15
years of the life of the project. However, it is in this range
that the major variations in the economic performance in
terms of PBP determined by the new technology occur.

It can also be noted that for values of waste reduction close
to or above 4% the two types of frequencies, HF and UHF,
lead to identical PBT results, while for the B/C indicator the
UHF is still advantageous (see Figure 14).

In the field 3% + 3,5%, both in the RBC and ABP case, the
HF solutions show a slight advantage compared to UHF.
The ROR trend (Figure 15) leads to conclusions similar to
what we saw in the PBT; there is a substantial equality of
economic appeal between HF and UHF solutions,
identifiable in the field over the threshold of 4% of waste
reduction.

The B/C indicator confirms what related above for NPV.
The curves of progressive NPV as a function of the change
in percentage of waste reduction (Figure 16) does not show
changes in the shape of the curve, as was the case with the
variation in the discount rate. The final NPV, however,
grows significantly with the increase of waste reduction.
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Figure 12 NPV vs. waste reduction.
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Figure 14 B/C Ratio vs. waste reduction.
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Figure 16 Progressive NPV vs. waste reduction
(solution 8).

It can be concluded that the monitored parameter influences
decisively the economic result. This is immediately
verifiable in the same Figure 16, from which it is clear that
both the PBT and the NPV go, respectively, from 8 to 2,5
years and from € 500.000 to almost € 3 million.

6.3 CLINICAL RISK REDUCTION

A variation in the efficacy of the clinical risk reduction,
according to the model developed, determines very small
and substantially constant changes in the economic results
for the various solutions, as shown by the curves of Figures
17 and 18 (for this reason the results concerning ROR and
B/C ratio were not reported).
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Figure 17 NPV vs. clinical risk reduction efficacy.
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Figure 18 Progressive NPV vs. clinical risk reduction
efficacy (solution 8).

In particular, as progressive NPV is concerned (Figure 18),
it does not allow to appreciate minimum variations in the
trend of the various curves, which result substantially
superimposed; therefore there are no changes in the
solution PBT. As already shown in Figure 9 and related
comments, this is substantially due to the fact that the
benefit resulting from a reduction of clinical risk is, in
strictly economic terms, about two orders of magnitude
lower than the benefit of waste reduction of blood bags.

6.4 TAGS DIFFERENTIAL INITIAL COST

The fourth and final parameter considered in the sensitivity
analysis was the tag differential initial cost compared to the
"standard" case, analysed in Figure 19.

In this picture it is possible to see the trend of the NPV for
each solution: it can be noticed that the cost of tags is
crucial for the economic result in those alternatives
requiring a large number of tags; the variation is in fact
significant between the two extremes of -20% to 20% for
the 1*and 2™ level.
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For solutions with positive economic result it is interesting
to note (Figure 20) the performance of the PBT; it can be
noticed that the return time grows more for HF than for
UHF frequency tags with increasing purchase price.
Concerning the B/C ratio (Figure 21), it was noted that the
cost of the tag has a very limited influence over the
economic output of the solutions of the 1% level, while
appreciable changes occurs in those of 1¥and 2™ level.

The convenience of UHF is also evident from the results
obtained in the calculation of the ROR, as shown in Figure
22.

The cost of the tag also greatly influences all progressive
VAN trends (Figures 23 and 24); therefore if they were
readily available at a lower cost, the economic result will
have a substantial improvement in all the alternatives.
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7 CONCLUSIONS

The study performed has allowed to quantify the extent of
the benefits that RFID technology is able to produce in the
transfusion sector, from the point of view both of the
patient safety and of the improvement of the process.

The cost-effective solutions have been identified in the
solutions of 1% and 2™ level, with a fair margin for the
solutions 8 and 9 compared to the only RBC solutions,
which however are also fully acceptable for the economic
sustainability.

The sensitivity analysis did not alter significantly the results
obtained; it nevertheless allowed to show how the
economic result is very sensitive to the variation of the bags
waste reduction in the process and to the initial differential
cost of the tag. In this sense, the choice between HF and
UHF may fall on the latter frequency up to the limit case in
which the cost of the tag is 15% higher than that assumed in
this calculation as standard, and when the waste reduction
is close to 2,5%.

A limited sensitivity of the model to clinical risk reduction
was also noticed, the true primary objective in the use of
RFID; as mentioned earlier, the reason may be sought in the
limited impact that this benefit has in the global economy
of the solutions addressed with the CBA method concerned.
From the results of the analysis it can be concluded that the
most interesting solutions for RFID implementation, among
these discussed in this study, are those requiring the
extension of the RFID systems to the entire transfusion
process, with management of all types of blood products
used.

Although the benefit of the clinical risk reduction does not
result economically viable in the CBA, the extension of the
use of RFID for the management of the whole blood chain
allows to fully compensate for this disadvantage. It is
important to remember, however, that some RFID
technology implementation risks, to be evaluated in an
advanced stage of design were not considered in the
analysis; they refer to organizational risks, related to public



opinion or operational difficulties, or due to unforeseen
circumstances, etc.. A correct management set up is able to
evaluate case by case the extent of these risks and operate
accordingly.

From the point of view of the technology to be used, it has
been finally highlighted, for some ranges of values of input
parameters, a slight advance of the UHF frequency band
over the HF; however, only a more detailed analysis on the

particular case of use may

indicate whether such

convenience is able to compensate for the various
additional difficulties that presently characterize such
technology.
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