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Abstract. The present work is related to the fabrication of a scaffold with a customized shape 
through a variant of an additive manufacturing process often called liquid frozen deposition 
manufacturing, which consists in depositing layer by layer a polymer solution in a low 
temperature platform or chamber with an x-y-z motion platform. In this specific application, 
the x-y stage is actuated by high precision linear motors, located into a thermal chamber and 
must work at the temperature of -15° C, facing control problems related to variations of the 
electromagnetic interactions. Hence a multi-physics simulation has been developed in Open 
Modelica environment  to understand the motor behavior and to allow the development of an 
amended control system. 

 
 
1 INTRODUCTION 

Additive manufacturing technologies are expanding their field of application in an ever-
increasing number of industrial sectors through the development of new processes [1], the use 
of new materials [2] and, by consequence, the design of new machines [3,4]. In the medical 
devices industry, the augmented demand for devices devoted to tissue regeneration based on a 
controlled micro-architecture in recent years led the interest for industrial scale-up in the 
production of hydrogel-based mass-customized artefacts. The present work is related to the 
fabrication of a scaffold with a customized shape through a variant of an additive manufacturing 
process that in the literature has been proposed by different names such as low temperature 
manufacturing (LTM), liquid frozen deposition manufacturing, cryogenic prototyping and rapid 
freeze prototyping [5]. This process can be successfully carried out by controlling a set of 
parameters that includes the role of the viscosity of the starting hydrogel solution and the effect 
of temperature and speed on the success of frozen deposition [6]. 
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The LTM system here discussed constitutes the evolution of a first prototype presented in 
the past and allows improved features and performances (precision, print speed, work envelope) 
through two fundamental design choices: firstly, the adoption of a thermal chamber to control 
humidity and temperature of the work envelope; secondly, the use of a XY-stage actuated by 
high precision linear motors of reduced dimensions. As a consequence, linear motors operation 
at low temperature (-15°C) constitutes a technological challenge because of the temperature 
influence on the electromagnetic phenomena underlying linear motor working principle. In fact, 
such temperature makes the behaviour of the system substantially different from what occurs 
at environmental conditions and requires a complete overhaul of the control system. 

2 LINEAR ELECTROMAGNETIC MOTOR MODEL 

2.1 Stator permanent magnet 

Inside the several existing kinds of permanent magnets, rare earth magnets which are the 
strongest ones produced from alloys of rare earth elements. Two principal types, samarium-
cobalt and neodymium magnets, found the largest number of industrial applications and the 
latter has been used for the model here illustrated, as Neodymium magnets (NdFeB, NIB or 
Neo) which are made from an alloy of neodymium, iron and boron are the most widely used. 
The model is, in particular, composed by two lines of 15 blocks (15x8x20mm). To calculate 
the value of the B field on the symmetry axis of an axially magnetized block magnet the 
approach proposed by [7] has been followed: 

 
(1) 

where Br is the remanence field, independent from the magnet geometry, z is the distance from 
a pole face on the symmetry axis, L, W, and D are the length, the width and the height of the 
block, as shown in figure 1. 

 
Figure 1: Permanent magnet block 

2.2 Slider 

The motor slider is composed by 3 solenoids. Each solenoid is independent from the others 
and they are represented by the same circuit but with a different way of voltage source. In order 
to calculate the force necessary to move the slider, it is necessary to calculate the magnetic field 
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created by each solenoid. As a first approximation, this can be done using the Biot-Savart law 
and assuming that this value does not change moving far to the axis and near to the coil [8]: 

 
(1) 

 

(2) 

 

In the equation above,  and  are the line segment and distance vector from the viewpoint 
of the source charge as shown in figure 2 and represents the permeability of the vacuum.  

 
Figure 2: Solenoid magnetic field representation [8] 

2.3 Operation and power supply 

The motor operational mode has been treated according to the model proposed in [7], which 
uses unipolar rectangular impulse of direct current to power supply the system. 

The change of the amplitude is evaluated by the current factor: 

 
(3) 

The duration of the current impulse is characterized by the power supply current impulse 
duration factor: 

 
(4) 

Among the various possible control approaches, as a first step to simulate the effect of the 
temperature on the motor operation, the well-known six-step commutation has been adopted, 
following the implementation presented in [9].  

Such an approach, beside its relative simplicity, has the inherent advantage of being based 
on a current control loop, so that the effect of the temperature in the copper can be directly 
evaluated in terms of current variation. The solution is based on powering the motor three-
phases with three current square waves with a phase displacement of 120 degrees among each 
other, as illustrated in figure 3. Each phase can be set at three different states, fully positive, 
fully negative and zero. 

113



M. Silvestri and H. Giberti 

 
Figure 3: Six-step commutation concept 

3 OPEN MODELICA MODEL 

3.1 Stator 

The stator of the motor is built up by permanent magnets alternated between each tooth, so 
in OpenModelica is inserted the value of the magnetic field created by the magnets along the 
axis x, positive or negative, depending on the teeth, that appears as a constant in the model of 
the translational emf. To introduce the positive value and the negative value of the permanent 
magnet, the circuit has been duplicated: the positive value of the magnet is set as the constant 
of the electromechanical force of the positive pulse current while the negative value is set on 
the other side. Then, when each pulse works, it produces an acceleration on the same direction 
directly related to the value of the pulse, and it results easy to be controlled. 

 
Figure 4: Stator with pulse divided 

3.2 Slider 

The representation of the slider is obtained by combining three solenoids, represented by 3 
equal R-L circuits isolated. Each solenoid produces a force and the three forces are joined and 
applied to the mass. Along the time, the inductor force is not constant, as it depends on the 
displacement of the motor following a sinusoidal law, then, with the objective to improve the 
accuracy of our model a variable inductor has been introduced. 
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Figure 5: Solenoid with variable inductor (left) and the model of variable inductor (right) 

3.3 Friction 

The friction model proposed in [10] consists of two components which take account of two 
different physical phenomena: the friction force under microscopic motion and the frictional 
effects related to velocity. The first one has been modeled as a non-linear spring whose behavior 
has been obtained from the results of low frequency harmonic motion tests, while the second 
one has been implemented through the non-linear relationship represented by the classical 
Stribeck curve experimentally measured at different speed. 

The overall frictional effect is then approximated by the following relationship: 

 (5) 

where fs(x) is friction force for the non-linear spring characteristics which is a function only 
of displacement. When, as in the present case, movements are in the order of millimeters, fs(x) 
is of the same order of magnitude of the Coloumb friction force. The Open Modelica model of 
fv(v) is illustrated in figure  6. 
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Figure 6: Model of fv(v) 

         

Figure 7: Friction forces depending on position (left) and velocity (right) 

3.4 Controller 

The controller created to implement the six-step commutation described above at the higher 
level uses two input signals (one designated to the reference position of the motor and the other 
coming from the position sensor) and one output, which define the current to power supply 
motor windings. At a lower level, this has been implemented through two separate blocks: the 
first calculate the feedback as the difference between the position reference and the position 
measured by sensor, and the second uses this value in a purely proportional control.  

A further complication is given by the need to stop the functioning of the motor before it 
arrives to the target, taking in account that, when the current stops, the inductor introduces a 
certain delay, because the residual generates a not negligible amount of force. This current will 
depend on the reference position setpoint, so this has been considered in advance by creating a 
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model that depending on the reference position produce a signal that represents the distance to 
the position setpoint where the motor must stop. 

       

 
Figure 8: Model of the first (left) and second (right) blocks of control 

 
 

Figure 9: Controller implementation in the complete system 

4 SIMULATIONS ON VARYING THE TEMPERATURE 

4.1 Temperature effects 

Finally, simulations are executed to test the motor behavior at different temperatures. The 
results illustrated in the next paragraphs show the differences between the two main reference 
scenarios of standard environmental temperature (20° C) and the printer operating temperature 
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(-15° C).  The effect of the temperature on the system dynamic depends on two main 
phenomena: a reduction of electrical resistance in the copper, which is in the order of -14%, 
and an increasing of the residual flux density and intrinsic coercive field intensity generated by 
the motor permanent magnet. Both the effects contribute to increase the magnetic fields and 
hence the force exchanged between stator and slider. 

4.2 Position 

In the reference scenario adopted, it is possible to observe that the positioning is affected by 
an error of 0.5 mm. The absolute value of this error, at this stage of development of the 
simulator, should not be considered significative. It is instead relevant its percentage value, 
close to 5% of the position set point. 

             
Figure 10: Position transient at 20° C (left) and -15° C (right) 

4.3 Speed 

On decreasing the temperature, it is possible to observe that the speed increases of about 3%, 
as well as the speed produced by the current pulse when the motor stops. 

 

                  
Figure 11: Speed transient at 20° C (left) and -15° C (right) 

5 CONCLUSIONS 

A model of a linear motor that represents the functioning at low temperature has been 
implemented in Open Modelica environment. Such a model has been used to a positioning task 
at the operating temperature of -15° C. It reproduces with great accuracy the functioning of the 
stage subsystem and the consequent behavior of the machine, taking into account the influence 
of the temperature on the solenoid intensity, the voltage, the exerted forces, the velocity and the 
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position, which shows an error related to the low temperature effect in the order of 5%. The 
results obtained confirm that, at the temperatures considered, the motor positioning error is 
significant and undermines the correct operation of the controller. On the basis of the values 
found, the correct control system is currently under development.  
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