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This paper deals with a design of linear stepper motor for biomedical applications. The involved
biomedical system is a syringe pump generally used for continuous drug infusion. The syringe pump
consists of a linear switched reluctance motor (LSRM) coupled to a syringe plunger. In order to
determine the axial force to control the syringe plunger, it was necessary to begin by evaluating the
thrust force. The latter constituted the key element for designing the motor. Based on the concept of
energy balance, a simplified analytical model was developed to predict the electromagnetic
characteristics of the linear switched reluctance motor. The validity of results was ensured by direct

comparison with the finite element method (FEM).

Key words: Linear switched reluctance motor, syringe pump, modelling, finite-element.

INTRODUCTION

Since the advent of pharmaceutical drugs, methods for
administering the drugs have been sought. The infusion
is a method of drug administration in continuous time and
constant flow. Whatever the nature of the disease,
infusion therapy is more effective when injected doses
are balanced and evenly distributed in time. The
fulfillment of these requirements could be achieved by the
use of syringe pumps which technology is constantly
evolving (Assan et al., 1981; Scherpereel, 1991; Kan et
al., 2009).

Motorization of these biomedical systems is often
ensured by a stepper rotating motor coupled via a
reducer with a system of movement transformation
(Boujemaa, 1994). The reduction and the transformation
of movement are expensive, cumbersome and requiring
a routine maintenance. In order to improve the system
compactibility and to increase the accuracy of the
mechanical transmission between the actuator and the
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plunger, this work is developed.

Admittedly, the linear actuator to be conceived must
develop the axial effort necessary to control the syringe
piston in the presence of the aqueous solution to perfuse.
Indeed, the geometrical, mechanical, electric and
electromagnetic dimensions depend on the axial effort to
produce. Thus, it is necessary to begin by characterizing
the thrust force to move the plunger. This is the object of
the first part where the syringe is modelled. For that
reason, an analytical approach is developed to evaluate
the different forces and pressures involved. In addition,
an experimental bench was conceived to determine the
thrust force and validate the analytical model of the
syringe.

Once the nominal thrust force is fixed, it serves to
determine the geometric dimensions of the linear motor.
These latter are obtained with the help of Maxwell-2D
software (Uday, 2000; Ajengui, 2004; Hoadley, 2005).

The last stage consists of studying the motor thus
designed and checking if it is able to develop the nominal
force to move the syringe. Regarding the LSRM
modelling, there are many approaches such as lookup-
table techniques, magnetic equivalent - circuit analysis,
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Figure 1. Schematic diagram of the syringe.

cubic-spline interpolations and finite-element analysis
methods (FEM) (Kano et al., 2002; Xu et al., 2002;
Srinivas et al., 2003; Chi, 2005; Ahmed, 2007).

To predict the motor electromagnetic characteristics,
this paper presents an analytic representation of the
winding linkage fluxes of the LSRM motor, as a function
of position and current, taking into account the
nonlinearity of the magnetic circuit. The variation of
linkage fluxes with rotor position is expressed by a
Fourier series in which the first three components are
considered. Results of analytical approaches are
compared with results which are those obtained by using
finite-element methods.

SYRINGE MODELLING

The schematic diagram of the syringe, to be modelled, is
illustrated by Figure 1 where all geometrical parameters
are defined. We propose to study the driving force which
is necessary to start and to maintain the movement of a
plunger (or piston) inside a body of a medical infusion
syringe.

Forces assessment

Total forces being exerted on the mover component are
the driving action force F,, the liquid action or

m?

compressive force F[, and the passive friction force F
The compressive force is deduced from the pressure

P applied to the plunger, it is expressed by relation

(Equation 1) (Ellouze et al., 2010).

F, =PS, (1)

With

S.=zD?/4 )

where S, is the cylinder section area of the syringe.
Two types of friction can occur on the contact cylinder-
piston:

1. A sliding friction characterized by a coefficient f . Its

intensity is proportional to the compression ratio of the
elastic element ensuring the sealing:

F, = fA(OK(D, = D,) )

where A(x) is the extent of contact slide/cylinder admitting
for side surface 7D, (L, —x) with 0 <x< L,. This

action is maximum for x = 0 and null for x = Lp .

2. A damping is caused by the presence of a liquid film
which interposes interposed between the cylinder and the
slide, when this one advances in the zone occupied
initially by the liquid, of quantity x .

F =nx— 4
anxdt (4)

where 17 = pvzD, is the dynamic viscosity.

Pressure assessment

The infusion liquid is a real fluid of kinematic viscosity v,
and density p will be supposed incompressible. With at
balance, the total pressure P applied to the slide is
equivalent to the infusion pressure Pp which is of the
same order than the blood pressure. This one later is

approximately 10 mm of mercury. In the event of infusion
addition, the flow of the liquid generates pressure drop

AP which come to be added to P . The pressure in the
cylinder becomes (Murat, 2011; Kai et al., 2011):

P= Pp+AP (5)

These pressure drops AP includes the lineal pressure
drop AP, and the singular pressure drop AP, . To ensure

a stable infusion, it is necessary that the liquid flow in the
various branches of the circuit (cylinder, syringe, tube) is

carried out in laminar mode R, <2000, which is

possible through a forward speed of the slide such that
(Faisandier, 1999; Faroux et al., 1999):
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ax <inf(2.1 ) (6)
dt

Where 1 is the infusion estimated duration.

The different pressure drops are evaluated by the
different lineal pressure drops in cylinder, tube and
syringe are evaluated respectively by:

AR, =32p(L, —x)V = ™)
AP, =32pLyD; = ®)
AP, =32pLyD? = ©

N

Using Using Equations 7, 8 and 9, the resultant lineal
pressure drop AP is obtained.

=32pv(L,

boa o

l‘

The singular pressure drop comes from the variations of
the flow control sections. The Sections affected by these
losses are connections cylinder-tube, tube- syringe and
syringe-vein which will be taken for abrupt contracting of

respective  coefficient of constriction coefficientk, ,
k,and k, (Faisandier, 1999; Faroux et al., 1999).

(11)

e dt

ap L K K K) (dxj
S2D D D’

Before the starting of the movement, it is necessary that
the driving force can overcome the passive resistance

F, corresponding to x=0. Notice that pressure drops

are zero null in absence of flow. The initial driving force is
then given by:

F,=F,(0)+PS=frkL,D,(D,-D)+xD.P,/4 (12)

Once the movement is started and as long as the
condition x < Lp is checked, the movement of the slide

obeys the differential equation:
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d
Elzm?;CHQHTg +7(P,+AR+AP)D} 14 (13)

The passive friction force defined as
F.=F,-F, (O)—f[Dpr /4 can be presented in the
form:

d’x dx dc Y dx
F m—+q (—j +G——-Cx (14

For x> L, the sliding friction disappears (F, =0) and
one will have:

2 2
F, :mﬂ+c,]x@+c2 (@j +C3@
dt dt (15)

K, 4
ﬂ(ﬁ+ﬁ+ﬁ)pD /8

t N

C,=n-8zpv, G

2 2
C,=8pv(L, +LD g;)Df and

l‘

C4:fﬂ-Dc(De—Dc)

SIMULATION AND EXPERIMENTAL VALIDATION

Solving Equations 14 and 15 for the geometrical
quantities of a syringe of volume of 60 ml leads to the
response of Figure 2, where a perfect linearity between
the displacement of the syringe plunger x and the
infusion time t is observed. Using this feature, we can
record the values of theoretical time for the different
volumes (60 ml, 30 ml, etc.) in order to compare it with
time already determined from the experimental tests.

Actually, for the usual biomedical syringes, the thrust
force which is necessary to overcome the plunger
frictions is definitely higher than the effort of infusion. In
order to quantify such friction, some tests were
developed. An experimental bench was conceived
according to Figures 3 and 4.

The body of the syringe is screwed onto a fixed support;
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Figure 2. Theoretical characteristics of the syringe plunger
displacement x versus infusion time t.

Figure 3. Experimental assembly for the determination of friction in
the syringe.
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Figure 4. Schematic diagram of Figure 3.

the plunger is loaded to the marked masses suspended
by two wires which are and balanced by two pulleys.
Then, the weightis gradually increased until the
piston begins to move. We proceed then, to note the
corresponding infusion time for several piston positions at
regular intervals. The enclosure containing the sodium
chloride solution was introduced to simulate the patient
blood pressure.

The evolution of the total efforts is reported in Figure 5.
From Figures 2 and 5 were determined the theoretical
and experimental values of time required for infusion.

In Figure 6, found points are all situated very close to
first bisector, proving the almost equality between the
experimental and theoretical times and the validity of the
approach expressed by Equations 14 and 15.

Elsewhere, according to this study we deduce from
Figure 5 that it is necessary for the incremental actuator
to develop an axial thrust force of 4 N to move the piston.
In what follows, it is reasonable to adopt a safety margin
of 25% on the thrust force to avoid risks of malfunction.

DESIGN AND MAGNETIC CHARACTERISTICS OF
THE LINEAR ACTUATOR

Linear motors with incremental movement can be made
with various structures and varied principles. For reasons



ol

N

Thrust force (N)

I
I
I
I
I
I
[}
N\
I
I
I
I
I
I

3 V=30ml - V=4Sl V=60l

V=
|
| |

| | |

| | |

| | |

| | |

| | |

| | |

[ L L

0 20 40 60 80

Infusion time (s)

Figure 5. Experimental characteristics of the thrust force versus
infusion time with sodium chloride solution for different volumes.

of simplicity of construction and manufacturing cost, we
opted for the plane linear structure with switched
reluctance. This type of actuator is made up of a simply
toothed sliding rail in translation on a whole of stator
modules with plots regularly distributed (Figures 7 and 8).
As the excitation is direct current (DC) and the translation
is slow, the magnetic circuits can then be assembled
using massive mild steel. The windings of the electric
circuit are laminated with copper and they are
concentrated around the cylinder heads of the stator.
Non-magnetic separations are necessary between the
various modules in order to impose a regular shift.
Indeed, if teeth of active module are aligned with those of
mover teeth, the other stator modules must be unaligned
to create a translation force.

Taking into account geometrical dimensions of the
syringe used in the operations of perfusion, a race of 96
mm segmented in steps of 1.5 mm seems to us an
adequate choice for this actuator. On the basis of these
two dimensions and by choosing a stator with four
modules, it was possible to determine the geometrical
parameters of the actuator. Some significant chara-
cteristics of the actuator are given in Table 1.

An understanding of the LSRM requires a detailed
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Figure 6. Experimental versus theoretical time required for
infusion: (a) V=60 ml (full volume) and (b) V=30 ml (half volume).

analysis of linkage fluxes and inductances for varying
positions of the rotor and at different values of the stator
excitation currents. The reluctance variation of the LSRM
has an important role in the performance of this motor.

In order to characterize the magnetic behavior over the
entire field of the machine under study, a computer
program was developed around interpolation techniques.
This program has allowed us to obtain databases
illustrated in Figures 9, 10 and 11. These databases are
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Table 1. Motor mechanical and electrical parameters. 3
Number of modules 4 0.l
Tooth width (b) 3 mm 1
Slot width (a) 3 mm
Tooth pitch (A) 6 mm
Phase separation (c) 1.5 mm
Mover length 135 mm
Stator length (L) 40.5 mm
Air gap width (&) 0.1 mm
Step size 1.5 mm

Figure 10. Response surface of the flux as a function of position and
Number of turns per phase 520 current.
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Figure 11. Response surface of the inductance as a function of
position and current.

presented in the form of three-dimensional graphs,
showing the characteristics of fluxes and the inductances
(Jufer, 1995; Ahmed et al., 2000; Chevailler, 2006).

These results show that either linkage fluxes or self
inductances are characterised by a maximum and a
minimum. These two extreme values correspond in fact
to the aligned and unaligned positions.

The extreme phases left and right of the actuator
design conceived develop maximum thrust force of 10N,
while intermediate stator modules generate a maximum
force not exceeding 7 N (Figure 12). Clearly, for the same
excitation current, the shape and the amplitude of the
thrust force depend on the location of the coil excited in
the stator stack. This asymmetry comes from the
importance of magnetic leakages of central phases as
compared to extreme phases. Moreover, the magnitude
of this force also depends on the saturation level when
the mobile moves.

The movement of the designed actuator conceived with
four phases along a whole electric cycle is ensured by
the juxtaposition of the thrust force developed
successively by the four phases. For this type of actuator,
the displacement is ensured by the thrust force defined
by the intersections of its thrust force characteristics
(Figure 12).

Mahmoud et al. 5177

From this figure, the intersection between the angular
characteristics of the various stator phases, guaranteed a
thrust force of 5N which allows this actuator to control the
considered biomedical system.

Analytical modelling of the LSRM

According to Ohm’s and Faraday’s laws, the applied
voltage to a phase is equal to the sum of the resistive
voltage drop and the rate of the linkages flux as:

de(i, x)

u=Ri+
16
R, i, @ are respectively resistance, current and linkage
flux per phase whereas x designates the rotor position.
The force produced by an LSRM is proportional to the
rate of change of co-energy as the rotor moves from one
rotor position to another, as follows:

F(i,x) BCUAC) (17)
ox
Wc(i,x)=j;¢(i,x)di (18)
0
Using Equations 17 and 18, we get:
F(i,x) = j;dgo(l *) (19)

Finally, the mechanical equation evaluating the rotor
acceleration, speed and position, as shown in Equation
20 (Nagel, 2000; Hur, 2003; Haijuin, 2009):

dx2 dx ) dx
dt F(x)- 55 — Fysigne (Ej —F. (20

Parameter m, &, F, and F. designate the mover
mass, the damp, the viscous friction force and the load
force. They are supposed to be known for given motor
and load. However, the action force F' produced by a
motor phase has to be evaluated for each mover position.

Since force F'is estimated by Equation 19, analytical
models differ simply by the different mathematical
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Figure 12. Characteristics of the thrust force for the four phases.

representations of the linkage flux.

The stator-phase linkage flux of the LSRM can be
limited to the second harmonic order so that (Andrade,
2001; Ahmed, 2007; Adrian, 2009):

. 2 4z
p(i,x)=¢,+¢ cos(ij+ @, cos(ij 1)

For a given phase current, coefficients ¢, ¢ and ¢, can
be derived as functions of the aligned position linkage
flux @, the unaligned position linkage flux ¢,, and the

linkage flux at the midway ¢, as follows:

9, = ;—B—((pc +9,, )+ (p,} (22)
0 =~(p.-p,) (23)
1 B ¢ op

¢ =l[l((/) +¢ )—(/)] (24)
2 212 c op i

Based on the earlier description, the proposed analytic
modelling can be developed by using three curves: the
aligned, the unaligned and the midway-position curves.
Neglecting the effects of saturation and hysteresis, the
unaligned position curve, as shown in Figure 13, is
approximated by a straight line and can be described by:

wop = L()pi (25)

where L,, is a constant that represents the equivalent
inductance of the coil at the unaligned position.
Obviously, there is no linear relationship between
linkage flux and current in the satured region for both
aligned and midway positions. Multiplying linkage-flux
(@) by phase current (i) and plotting (i) versus (i)

(Figure 14), a linear relationship between (i) and (i) can

be observed in the satured region (Chi, 2005; Viorel,
2008; Padurariu, 2010). Consequently, the linkage flux of
the aligned position shown in Figure 13 can be expressed
as the linkage-flux of the aligned position shown in Figure
14 and can be expressed as:

L. =<
P = a o (26)
a, ——=+ >
i
With
. a
L c ls = al - 2 (27)

In a similar way, the midway position can be expressed
as:

L. i<
;= m , 28
ml__.2 l>lv ( )
i
With
m
— _ 2
L.i =m, i (29)

where L and L, are constants that represent the

equivalent inductances of the coil, respectively in the
aligned and midway positions in the unsaturated region.
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Figure 13. Linkage flux against phase current for different
mover positions.

Constants as, a and m4, m, can be evaluated by using,
respectively points (My, S;) and (M., S,) as shown in
Figure 13.

Figure 14 gives the comparison of linkage flux
produced by the left extreme phase versus current for
different positions. It can be observed that the linkage-
flux versus current for different position characteristics
obtained by the proposed model closely match those
obtained by finite element methods.

As shown previously, the electromagnetic force of the
conceived motor is formulated by Equation 19. Now, the
linkage flux is limited to the second order Fourier model
as indicated by Equation 21 and its related relations of
Equations 22, 23 and 24. After necessary mathematical
manipulations, it is not difficult to get:

F:_é{z_;sm(z_; m@di_w

2 . (4 IS S
{77[ sm(—f ﬂ{a _([ (pcdz+§ _([ (popdz— _([ (pidz}
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Figure 14. Extreme left phase: comparison of linkage flux versus
current with different positions.

Electromagnetic force of Equation 30 is a highly
nonlinear function with respect to the mover position and
current. Figure 15 represents the comparison of the
thrust force produced by the left extreme phase as
function of mover position. Characteristics are calculated
via proposed model and respectively by FEM (Padurariu,
2010). Evidently, the main difference comes from the
choice of the mathematical model, specifically the linkage
flux model (Equation 21). We expect that the accuracy
may be improved by introducing higher order harmonics
in Equation 21 and eventually by correctly choosing the
number of Fourier terms.

CONCLUSION

This paper presents a study on a biomedical system
formed by a syringe pump. First, an analytical model of
the syringe plunger is developed followed by an experi-
mental validation. Secondly, found results are exploited
to design the LSRM used to move the plunger. Finally, a
simple analytical model of the LSRM is presented in
order to establish its electromagnetic characteristics.
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Figure 15. Extreme left phase: comparison of the thrust force
as function of mover position.

Results are compared to those obtained via the 2D-FEM.
The comparison shows a good reasonable agreement,
proving the validity of the proposed approaches.

A work under study is undertaken to improve the
accuracy of the analytical model by using higher order
Fourier series.
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